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Chemical reactions represent a class of quantum problems that challenge both the
current theoretical understanding and computational capabilities'. Reactions that
occur atultralow temperatures provide anideal testing ground for quantum
chemistry and scattering theories, because they can be experimentally studied with
unprecedented control? yet display dynamics that are highly complex®. Here we
report the full product state distribution for the reaction 2KRb - K, + Rb,. 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 theory* %, 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 aresult of the long-range potential inhibiting the escape of
products. The completeness of our measurements provides abenchmark for
quantum dynamics calculations beyond the current state of the art.

Chemical reactions, at the most fundamental level, are quantum
mechanical processes whereby reactants are transformed into prod-
ucts. Consequently, acomplete characterization of areaction requires
the quantum state resolution of both the reactants and the products.
Over the past decade, ultracold molecules have emerged as a power-
ful platform for achieving complete control over the various inter-
nal degrees of freedom of the reactants’”°. Additionally, collisions
between ultracold molecules occur with the single lowest allowed
partial waves (s- or p-waves)". Using these highly controlled molecules,
studies of overall reaction rates have revealed the effects of long-range
forces'?" and scattering resonances™" with unprecedented resolution.
However, a complete characterization of these ultracold reactions at
astate-to-state level has remained challenging, with progress limited
to weakly bound systems thus far'®”, which calls for acomprehensive
method for detecting the quantum state information of the reaction
products.

Much of our understanding about reactivity at the quantum level
is obtained through a close interaction between experiment and
theory™*, Ultracold reactions bring challenges to current reaction
dynamicstheories, and can play a critical partin the next stage of their
development?. On the one hand, preparing reactants at ultralow tem-
peratures caninduce highly complex dynamicsinreactionsinvolving
merely three or four atoms?. For example, recent studies of reactions
between ultracold bi-alkalis revealed that the transient intermediate
complexes involved can exist for millions of molecular vibrations*%,
and exact calculations for such dynamics require computational pow-
ers beyond the state-of-the-art'. On the other hand, the small sizes of
these systems make them conducive to complete product quantum

state mapping. Such a measurement, when combined with determin-
istic reactant state preparation, will provide the most precise set of
benchmarks for future theories.

Although the complexity of ultracold reactions hinders exact quan-
tum calculations, statistical theories provide a viable alternative for
characterizing their dynamics* . The central assumption of such theo-
riesis that the intermediate complex has sufficient time to ergodically
explorethereaction phase space and redistributeits energy among the
available modes of motion, leading to an equal partitioning of scatter-
ing probabilities into all allowed product channels®. This model has
beenwidely used to predict the measured product state distributions
of complex-forming reactions with reasonable success* ™, although
systematic deviations were found and were often attributed to insuf-
ficiently long complex lifetimes. In contrast, because of the prolonged
intermediate stage of ultracold reactions, state-to-state investigations
of these systems will provide rigorous tests for statistical theories?,
and allow for a critical evaluation of any non-statistical behaviour?,
Furthermore, the precise preparation of the collision energy and partial
waveinanultracold reaction offers an opportunity to examine quantum
effectsin product states near the energy threshold.

In this study, we investigate the product state distribution of the
exchange reaction betweenultracold KRb molecules preparedin their
rovibronic ground state. Using a detection scheme that combines
quantum-state-selective ionization and coincidence ion imaging, we
probe pairs of products (K, and Rb,) that emerge from the same reac-
tion events. In this way, we are able to measure the scattering proba-
bilities for all allowed product rotational state-pairs, [Ny , Ny, ) of which
there are 57 in total. The resulting distribution is quantitatively
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Fig.1|Energetics and product quantum states for ultracold reactions
between KRbmolecules. a, Schematic of the potential energy surface for the
reaction. Reactant KRb molecules are prepared in the rovibrational ground
states|v=0,N=0),and theK,and Rb, productsemergeinstates|v=0, NKZ)and
lv=0, Nsz). Theinsets show the angular momentum vectors of thereactants
and products. Two ground-state KRb molecules collide via p-wave collision,
giving the systematotal angular momentum of /., =1. b, Product rotational

comparedtoastate-counting model based on statistical theory through
hypothesis testing. The test indicates good agreement between the
measurement and the model for a subset containing 50 state-pairs,
but reveals significant deviations in several state-pairs. In particular,
ahighly suppressed scattering probability is observed for the products
with the lowest translational energy, which demonstrates theinfluence
of the long-range potential on product formation.

Each experiment begins with the preparation of a dilute gas of 10*
fermionic*°K¥Rb moleculesinasingle hyperfine level of their absolute
ground electronic, vibrational, and rotational state?. The molecules
are confined within a crossed optical dipole trap (ODT), and have a
peak density of 10" cm™ and a temperature of 500 nK (ref. *°). Once
prepared, the molecules undergo the exchange reaction®

KRB (Vigp = 0, Nigp, = 0) + KRB (Vg = O, Nigy = 0)>

K,Rbj > K(vy, = 0, Ny )+ Rb, (Vi = 0, Ny ). )

Here, v,and N are the quantum numbers associated with the vibra-
tional and rotational degrees of freedom of species s, respectively.
Vibrations of the products are energetically restricted to their
ground states, v =0 and vy, =0 (ref. **). The energetics of this
reaction are schematically illustrated in Fig. 1a****. The deep poten-
tial well (about 2,773 cm™) and the comparatively small reaction
exoergicity (about 10 cm™), combined with the ultracold preparation
of the reactants, give rise to a strong bottleneck effect for the
dissociation of the K,Rb;complex into products. Thisleads to along
complex lifetime of 360 ns (ref. %), which provides favourable con-
ditions for the complex to ergodically explore the reaction phase
space and redistribute its energy statistically among all available
modes before its dissociation.

Because reaction (1) produces more than one molecular species, a
complete characterization of its outcome requires knowledge of the
populationinjoint quantum states of both products®, which we label
as|Ny,, Npy,>- A givenstate-pair is allowed if it satisfies the conservation
of energy, |AE| = U(NKZ, Nsz) + T(NKZ, NRbZ), where AE represents the
exoergicity of the reaction, while Uand T are the internal and transla-
tional energies for the state-pair, respectively. Given the literature
value for|AE| (about 10 cm™) as well as the rotational constants of K,
and Rb, (Methods), energy conservation permits a total of over
200 state-pairs, asrepresented by the light-red-shaded areain Fig. 1b.
Further constraints areimposed by the exchange statistics of the iden-
tical nuclei within each product, which restricts the allowed states to
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state-pairs and their degeneracies. The light-red-shaded region represents
state-pairs that satisfy energy conservation, while the dark-red-shaded squares
represent those thatadditionally satisfy the parity constraintimposed by the
exchange statistics of identical product nuclei. The number superimposed
over each allowed state-pair representsits degeneracy, whichisused to
construct the state-counting model.

57 pairs wherein Ny takesonevenvaluesand Ny, takesonodd values™,
asindicated by the dark-red-shaded squaresin Flg 1b.

Within a given state-pair, additional scattering channels arise owing
to the relation between the various angular momentum vectors pos-
sessed by the products. These include the rotational angular momen-
tumof each productspecies, Ny_and Ny, , as well as the orbital angular
momentum of their relative motion, L4 (Fig. 1ainsets). Each scatter-
ing channel is associated with a unique set of orientations of these
three vectors, which, under the assumption of total angular momentum
conservation, must satisfy Ny, * Ngo, t Lprog =)o HETE, the quantum
number for the total angular momentum of the system, /., takesona
value of precisely 1 owing to the fact that the reactant KRb molecules
(Ngrp=0) are fermionic and are therefore restricted to collide via
p-wave collisions at ultralow temperatures™. While the scattering chan-
nels associated with a given state-pair are effectively degenerate in
energy and are unresolved by our detection (Methods), eachrepresents
apossible exit channel for the products, and therefore possesses an
equal scattering probability under the assumption that the system
behaves statistically. Thus, we construct a statistical model for the
product state distributionin terms of the scattering probabilitiesinto
various state-pairs, as follows: P?C(NKZ, Ngo,) = DNKZ,NRbZ/ Ys DNy, Ny,
whichwe refer to as the state-counting model. Here,DNKZINRbZrepresents

the number of channels associated with agiven state-pair (Fig. 1b), that
is, its degeneracy, and is counted using aset of triangle inequalities for
the quantum numbers associated with the product angular momentum
vectors (Methods). S here represents the complete set of allowed
state-pairs whose exact members are determined by our measurements.

To probe the populationinagiven product state-pair, we developed
ascheme that combines state-resolved product sampling® with coin-
cidence detection®® (Fig. 2a), and which involves three main steps:
simultaneous ionization of K, and Rb, from select quantum states via
laser pulses, velocity-map imaging of the resulting ions, and determi-
nation of the number of K} and Rb; ion pairs that are associated with
the same reaction events. We focus our discussions here on the
third step, as details of the first two steps can be found in refs. ***2 and
Methods. Each simultaneous observation of aK’ ion and aRb} ion
represents a possible detection of products generated by the same
event in the target state-pair [Ny _, Ny, » — a coincident count. Such an
observation, however, could also be due to products generated by
separate reactions—an accidental count. To identify the coincident
counts, we utilize the fact that products from the same event must
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Fig.2|State-resolved coincidence detection of reaction products.

a, Schematic of the ionization and detection process. Products in rotational
states Ny and Ny, are simultaneously ionized via resonance-enhanced
multiphotonionization (REMPI) pulses. The resulting ions are then
velocity-map-imaged onto a microchannel plate (MCP) detector. The position
and TOF of the ions are recorded and used to screen for coincidence counts. We
applya17V cm™electric field (E) for ion extraction and a 30 G magnetic field (B)
for maintaining the nuclear spin quantization. b, Momentum image of
simultaneously detected K} and Rb, ions associated with the states Ng,=6and
Nyy,=7.Eachsimultaneously detected ion pair is connected by aline. This
image is derived from the raw image of ion impact positions via the

satisfy the conservation of linear momentum,p,_ + py,, =0 whilethose
that are from separate events are uncorrelated, and are therefore not
bound by this constraint. In our system, the momentum components
transverse to the time-of-flight (TOF) axis are mapped to spatial posi-
tionsonaniondetector through velocity-map imaging, while the com-
ponentalongthis axisis encoded in theion TOF (Methods). Toillustrate
this screening process, Fig. 2b shows animage of all simultaneousion
pairs for the state-pair|6, 7), while Fig. 2¢ highlights those that satisfy
momentum conservationand are considered to be from the same reac-
tion events. We assess the efficacy of this process by applying it to
detected K}and Rb;, that are ionized by different laser pulses, and must
thereforebe uncorrelated (Methods). Figure 2d, e displays the number
of K;—Rb; pairs before and after screening, respectively, asafunction

lonization pulse difference

position-momentum relations described in Methods. The dashed circle
corresponds to the maximum achievable transverse momentum for products
in|6, 7). c, Momentum image of the coincident product ion pairs, obtained by
screening for the ion pairs in b, that satisfy momentum conservation.d, The
number of K;-Rb; pairs as a function of the number of ionization pulses by
which their detections are separated. Zero on the horizontal axis corresponds
to simultaneous counts, which contains both correlated (coincident) and
uncorrelated (accidental) ions, while a non-zero difference corresponds to ions
that are generated by separate pulses, and are therefore uncorrelated. e, A plot
similar tod, but with the uncorrelated counts screened out.

of the difference in the pulse number, demonstrating that the uncor-
related counts are effectively screened away.

Using this coincidence detection scheme, we observe coincidence
signals for all state-pairs with internal energies less than or equal to
thatof[12, 7) (U=9.77 cm™). The next state pair thatis higher in energy,
[10,13)(U=10.01cm™), shows asignal that is consistent with zero. This
allows us to determine the complete set of allowed state-pairs, S, which
contains 57 total members. Figure 3a shows the measured product
state distribution, defined as the observed probabilities of scattering
into the various state-pairs: Psc" (N, Nro,) = Ny, N/ 25 Ny N
Here, Ny, n,, representsthe normalized coincident counts for agiven
state-pair, which are obtained through a normalization of the raw coin-
cident counts by the number of experimental cycles, fluctuations in
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Fig.3|Measured productstate distribution and comparison to statistical
theory. a, Measured scattering probability into various product state-pairs
INg, Ngy)-b—h, Comparing the measured (P**) scattering probabilities to
predictions (P%) from the state-counting model. Each frame displays the
probabilities for state-pairs with a particular value of Ni_asafunctionof their
Ngp- Theerror bar for each measurementincludes shot noise as well as 11%
relative fluctuationsin experimental conditions. The state-pairs|10, 13)and
|10, 15)are energetically forbidden to be populated, and have measured
populations that are consistent with zero. The inset of h shows a close-up view

experimental conditions, and the product-velocity-dependent
efficiencies of our ionization sampling (Methods). The results demon-
strate, ingeneral, enhanced scattering probability for state-pairs that
havebothlarge and closely matching values of Ny_and Ny, (forexam-
ple, [10,11)), while scattering into state-pairs with small Ny or Ny, is
disfavoured.

We compare the measured product state distribution to the
state-counting model (ch) inFig.3b—h. Each measurementis assigned
anerror bar of £8P °*, which represents the measurement uncertainty
that arises primarily from the Poissonian statistics of the coincidence
ion counting as well as fluctuations in experimental conditions
(Methods). We quantify the degree to which the measured and pre-
dicted distributions agree using the likelihood ratio test®. Specifically,
we test the hypothesis that the observation matches our model, as
state-pairs that deviate most significantly from the predictions are

382 | Nature | Vol 593 | 20 May 2021

ofthe scattering probability for the state-pair[12, 7), which displays astrongly
suppressed population compared to the prediction.i, The P-value for the
hypothesis that the measured and model distributions agree, as state-pairs
that deviate most significantly from the prediction (labelled in the figure) are
successively removed. An11%relative fluctuationin experimental conditions
was considered for this calculation (Methods). The inset to i shows a close-up of
theboxedregion. The dashed lineindicates P=0.001, athreshold below which
the hypothesisshould berejected.

successively removed fromthe test (Methods). For each new subset of
state-pairs, the P-value for the hypothesisis calculated to characterize
its statistical significance. The results, displayed in Fig. 3i, show that
the threshold of P=0.001, above which the hypothesis cannot be
rejected, isreached after the removal of 7 state-pairs (labelled in Fig. 3).
Thus, for asubset that contains the majority of the allowed state-pairs,
we find the measured outcome to be consistent with the model. Since
allreactants are prepared in asingle quantum state, such an outcome
cannot be attributed to any ensemble averaging effect, but must be
due to the intrinsic dynamics of the reaction.

Because of the precise control over the collision energy, our exper-
iment is sensitive to effects of the long-range potential on product
formation in near-threshold states. In particular, we observe a highly
suppressed scattering probability into the state-pair |12, 7), which we
attribute to centrifugal barriers impeding the formation of low
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Fig.4|Influence of thelong-range potential on product formation near the
energy threshold. a, Abinitio effective long-range potentials for different
scattering channels belonging to the state-pair|[12, 7). Ry _g, is the distance
between the product pair; a, is the Bohr radius. Each channel is defined by the
quantumnumbers N, ,qand L .4 associated with the coupled rotational
(Nproa=Ng, + Ng, )and orbital (L ,.q) angular momenta of the products,
respectively. b, Total transmission probability (black curve) through the
centrifugal barriers and its contributions from different channels (curves of
other colours) as functions of the translational energy of[12, 7). The
colour-coding scheme follows that of a. The maximum contribution of each
channelis givenby theinverse of the degeneracy of this state-pair,

translational energy productsin this state-pair. Such an effect is beyond
the state-counting model, which implicitly assumes a unit probability
for product escape. To characterize this effect, we calculated the effec-
tive long-range potentials associated with the different scattering
channels of |12, 7) (Fig. 4a), as well as the probability of products being
transmitted through the associated centrifugal barriers as a function
of the total translational energy, 7(12, 7) (Fig. 4b) (Methods). Under
the assumption that the population before transmission is close to
that given by the state-counting model, we use the ratio between the
measured and predicted scattering probabilities, 0.046, as an estimate
for the transmission probability. To this value, we assign conservative
uncertainties of +0.046 and —0.023 to account for possible deviations
inthe pre-transmission population caused by any non-statistical effects.
Comparing 0.0463:3%¢ against the curve in Fig. 4b, we find the
translational energy of this state-pair tobe 7(12,7) =1.3:3% x 103 cm™!
Atsuchanenergy, the orbital motion of the productsis predominantly
characterized by the single lowest allowed partial wave for[12, 7), the
g-wave (L,,,q=4). This minute energy scale could enable the control of
product formation via external fields**°, thereby extending this
exceptional controllability over ultracold reactants to products.
Using the newly determined translational energy and the known
internal energy of [12,7), we calculate the reaction exoergicity
tobe|AE|=T(12,7) +U(12,7) =9.7711:333% cm™. To the best of our
knowledge, this represents the most precise determination of an
exoergicity for any bimolecular chemical reaction. We note that the
uncertainty in the exoergicity is dominated by that of 7(12, 7), since
U(12,7) is derived from the precisely measured molecular constants
for K, (ref. *) and Rb, (ref. *?) to be accurate to within1x10™* cm™
(Methods).

Thebreakdown of the state-counting model for the nearest-threshold
state-pair highlights theimportance of considering the escape process
for the products. To this end, we calculate the product escape proba-
bilities for the remaining 56 state-pairs by explicitly following their
dynamics over the full-dimensional long-range potential** (Methods).

1/23=0.0435,andisreached when the translational energy increases
sufficiently above the correspondingbarrier height. We use the ratio between
the measured and predicted scattering probabilities (Fig. 3h), 0.046, as an
estimate for the transmission probability, and allow variations of +0.046 and
-0.023to account for uncertaintiesin the populationbefore barrier
transmission. This corresponds toa translational energy of1.3757x 1073 cm™
(magentalines). This valueisalsoindicated ina. ¢, Potentials for the state-pair
|4,19). The magentaline indicates the corresponding translational energy,
whichis calculated based on the reaction exoergicity determined in this study.
LninandL,,,,, respectively, represent the minimumand maximum allowed
orbital angular momentum for this state-pair.

The results show near unit probabilities (>0.999) for all 56, indicating
alack of any barriers or bottlenecks that impede product formation
inthese states. In particular, based on the newly determined exoergic-
ity, the translational energies for these state-pairs far exceed the heights
of the associated centrifugal barriers. This is illustrated in Fig. 4c for
the second-nearest-threshold state-pair, |4, 19). The overall absence of
long-range effects on the productsimplies that the deviations observed
inother state-pairs (for example, |8, 15) and [12, 5)) may originate from
non-statistical dynamics?®, a definitive explanation for which will
require exact quantum scattering calculations beyond the current
state of the art.

Whereas the reactants used in the present study were prepared in
their absolute ground states, our molecular state preparation can
readily be extended to initialize the reactants in arbitrary rotational
and vibrational states, or even superposition states with controllable
relative phases. By further combining the ability to measure product
quantum state informationin a pair-correlated fashion, as we have dem-
onstrated here, ultracold molecules represent a promising platform
withwhich to advance our understanding of reaction dynamics***, and
torealize state-to-state control of chemical reactions. This control may
be leveraged to engineer correlations between the states of product
molecules emerging from a single reaction, potentially leading to a
method for generating quantum entangled particles.
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Methods

Reaction exoergicity from the literature

Knowledge of the reaction exoergicity, AE, isimportant for our initial
determination of the allowed rovibrational states of the products and
their translational energies. To this end, we calculate it using known
molecular dissociation energies, as

AE=Dy(K,) + Do(Rb,) - 2D,(KRb). )

Here, D, represents the dissociation energy, which is measured from
the rovibrational ground state of each species to the threshold of its
dissociation into two free atoms. In the case of “°K¥Rb, Ni et al.”
obtained D, fromthe frequency difference between the lasers used to
drive a molecular Raman transition, which were calibrated using a
frequency comb to megahertz-level precision. In the cases of K, and
Rb,, large numbers of rovibronic transition frequencies were measured
and used tofitthe ground electronic potentials, yielding values for the
well depth, D,, that are accurate to better than 0.1cm™. These fitted
potentials allow for the calculation of the harmonic frequencies, w,.
The dissociation energies of K, and Rb, are then obtained by adding
the zero-point-energy to the well depth, thatis, D, = D, + w,/2 The best
known literature values for D, w,, and D, are summarized in Extended
Data Table1, along with their references.

Using the tabulated values for D, and equation (2), we calculate an
exoergicity of AE = - 9.53(7) cm™. We note that this is lower in absolute
value compared to the assumed -10.4(4) cm™ calculated in ref. ™, which
used an earlier literature value for Dy(Rb,) (ref. *). As such, we use
AE~-10 cm™ asarough initial estimate.

Internal energy of astate-pair
Theinternal energy of aproduct pair|Ny, Npp,)in thevibrationalground
state (Jvg,= 0, vgp, = 0))is given by

U(N, Nip,) = B N (N, +1) = Dy (N (N, +1))?

. (3)
+ Bgb,Nro,(Nrb, 1) = Dro,(Nrb (Nro, + 1)

Here, Band D are the rotational and centrifugal distortion constants,
respectively. The best known literature values for Band D are listed in
Extended Data Table 2, along with their references. Note that they are
scaled by mass from the values measured for their more abundant
isotopic counterparts, according to B, = B,(u,/p,)and D, = D, (s /11,) .
Here, urepresents the reduced mass, a represents *Rb, or *’K,, b rep-
resents ¥Rb, or *°K,. The internal energies for all state-pairs relevant
to this study are listed in Extended Data Table 3.

Counting the number of scattering channels within a state-pair
For agiven state-pair [N, Ng,, ), additional scattering channels arise
due to the freedom in choosing the relative orientations of the corre-
spondingrotation vectors Ny, and Ng;, . The number of such channels
can be determined with the assumption of total angular momentum
conservation throughout the reaction

Jtot = Nreac + Lreac = Nprod + l-prod' (4)

where

Nreac™ Nkro@) + Nkroe) )

Nprod: NKZ + NRbZ'
Here, ], represents the total angular momentum of the system, N,,.
(Nproa) represents the coupled rotational angular momentum of the
reactants (products), and L,,. (L,.4) represents the orbital angular
momentum of the reactants (products). The above relations between

angular momentum vectors are equivalent to a set of triangle inequali-
ties on the corresponding quantum numbers, written as

INcro@ ~ Vkrb@|SNreac < INkro@) + Niro2)l»
INk, = Nrp,/SNproa < INk, + Ngo»
INreac - LreaCIS-It()t < |Nreac + Lreacl'
|Lprod - Nprodlsjto[ < |Lprod + Nprodl'

(6)

Owing to the presence of a30 G magnetic field during the reaction
(Fig.2a), anadditional constraint on the product angular momentum
quantum numbers is imposed by the conservation of total parity?

(= 1)Mkrow (- 1)Mkro@ (= 1) Lreac = (= 1)Mio(— 1)Vroz(—1)Lprod, 7)

Because the KRb reactantsin our experiments are prepared in their
rovibrational ground state and collide via p-wave collisions, we
have N1y = Nkro) = 0, and therefore /i, = L, = 1. Given this initial
condition, we count, for each given pair of [Ny , Ny, ), the number of
[Nprod» Lprog? COMbinations that satisfy equations (6) and (7) to obtain
its degeneracy (D). The results are documented in Extended Data
Table 3. As an example, for the state [N =2, Ny, =1) there exist
five channels, whichare|Ny o4, Lyrog?=11, 0), 11,2, 12,2), 13, 2)and (3, 4).
Note that the nuclear spins and their associated angular momentaare
ignored for the purpose of this state-counting. This is justified by the
results of our previous work, in which it was shown that the nuclear
spins remain unchanged throughout the reaction, and are therefore
effectively decoupled from the dynamics®.

The state counting arguments given above rely on the assumption
that the different combinations of |N,,oq, Lyroq? Which satisfy equa-
tions (6) and (7) for agiven pair of [Ny, Ny, )are effectively degenerate
in energy. In other words, the hyperfine structures of the K, and Rb,
product molecules, along with any corresponding energy splittings
thatwould break the degeneracy of the different|N,, .4, L,.oq> COMbina-
tions associated with each INi,» Mo, pair, have beenignored. For the
purposes of this work, this assumption is justified as the energy
splittings associated with the hyperfine structure of each product
species are substantially smaller than the spectral resolution of the
REMPI detection used in the experiment, which is approximately
45MHz (ref. ).

Specifically, using the hyperfine Hamiltonian and calculated hyper-
fine coupling constants reported in ref. *8, along with the rotational
and centrifugal constants given in Extended Data Table 2, we have
calculated the spectral width of each rotational manifold. This is accom-
plished by diagonalizing the Hamiltonian in the presence of a30 G
magnetic field for each product species and including rotational states
up to Ny, =12 fortheK, productsand Ngp,=19 fortheRb, products. The
spectral width here is defined as the energy difference between the
highest energy hyperfine state and the lowest energy hyperfine state
associated with a particular rotational quantum number. From the
results of these calculations, we find that the spectral widths of the
product rotational states that are relevant to this work, which arise
fromthe hyperfine structure of each product species, arelessthan1.11
MHz for Rb,and less than 0.27 MHz for K,. Because this is substantially
smaller than the experimental resolution of 45 MHz, the hyperfine
structure of the productsis not resolved and the different combinations
Of INprods Lproa?@ssociated with each pair of |V, Ny, Y canbe considered
degenerate.

We also note here that the spectral width associated with the hyper-
finestructure of the product moleculesis smaller than the experimen-
tal uncertainty in the reaction exoergicity, 9.7711:3:99552 cm ™, reported
inthe maintext. In units of frequency, this uncertainty corresponds to
an upper error bound of 20 MHz and a lower bound of 15 MHz, which
are both larger than the hyperfine width of the product rotational
states. We have therefore ignored the hyperfine structure of the prod-
uctsin determining the reaction exoergicity in the main text.
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Resonance-enhanced multiphotonionization of K, and Rb,

The state-selective sampling of the reaction products is achieved via
1+1’resonance-enhanced multiphotonionization (REMPI), the schemes
for which were first reported in our previous work®. In brief, to ionize
K, (Rb,) molecules that emerge from the reaction in a particular rovi-
bronic state Xx* (=0, N, )(Xlz (v=0, Ngo, )), we first resonantly
drive abound-to- bound transition tothe excited state B (v =1, Ny, )
(B'n L(V'=4, Nsz)) using a continuous-wave diode laser w1th awave-
Iength around 648 nm (674) nm. The excited molecules are thenionized
through abound-to-continuum transition using a 532 nm pulsed YAG
laser. Theresonance frequency for each bound-to-bound transitionis
determined by scanning the frequency of the diode laser across the
correspondingrovibronic resonanceintheKk,or Rb, product, andlocat-
ing the frequency thatyields the maximumion counts. Theinitial search
for these transitionsis guided by frequencies that are calculated using
molecular potentials from refs. 24645 All K, (Rb,) bound-to-bound
transitions targeted in this study share approximately the same transi-
tiondipole moment of 1.6 (1.5) ea,, and are saturated at the diode laser
intensity of 6.0 (5.5) mW mm that we used. However, Doppler shifts
due to finite product velocities introduce non-uniformities in the
ionization efficiency of productsin different quantum states, an effect
that we account for using a numerical model later in Methods.

Experiment timing during ionization

Extended Data Fig. 1 illustrates the timing of the various lasers
involved in the state-selective ionization of the reaction products.
Thereactant KRb molecules are created inside an optical-dipole trap
(ODT) that has a peak optical intensity of 11.3 kW cm™ Shortly after
creation, a 50% duty-cycle square-wave modulation at a 10 kHz rep-
etitionrateis applied to the ODT intensity to create alternating bright
and dark phases. This allows reactions to occur without the interfer-
ence of the ODT light for half the time, while also maintaining a
time-averaged trapping potential for the KRb sample. In previous
work, it was shown that the ODT light strongly photo-excites theK,Rb5
complex, which influences the reaction pathway?. During the dark
phase of each ODT modulation period, 45 ps after the ODT turns off,
we apply aREMPI pulse that consists of three wavelength components
-648nm, 674 nmand 532 nm - to perform state-selective ionization
of the reaction products.

Duringthe bright phases of the ODT intensity modulation, reaction
products arestill being generated, albeit at amuch lower rate compared
to that during the dark phases. The quantum states of these products
are unknown, but can potentially include the target state-pair of our
REMPL, [Ny , Nyp,,)- Since our goal is to ionize products of the unper-
turbed KRb + KRb reaction during the dark phases, the ionization of
products in the same target state-pair produced during the bright
phases will confound our measurement. To avoid this, we apply, at the
end eachbright phase, a“cleanup” pulse that consists of a pulse of 648
and 674 nm lights at the same frequencies used in the REMPI pulse.
This will photo-excite productsin N and N, , which, upon the ensu-
ing spontaneous emission, will have negligible probabilities to decay
back to the original states. As such, they will not be ionized by the fol-
lowing REMPI pulse. By monitoring the decay of theK} and Rb;signals
over the course of the reaction, both in the presence and absence of
the cleanup pulses, we found that these pulses do not noticeably per-
turb the reactants in the ODT.

Coincidence detection of product pairs

Coincidence imaging is a powerful tool for simultaneously probing
multiple product molecules fromindividual reaction events. The driv-
ing force behind this technique is our three-dimensional detection
systemwhich s capable of measuring both the TOF and the transverse
velocity of product ions. This information can be used to extract the
three-dimensional momentum vectors of the initial product molecules,

which enables theidentification of coincident K, and Rb, product pairs
based on the correlations of their momenta®**"*,

Following REMPI of the neutral product molecules, the resulting
ions are accelerated towards a microchannel plate (MCP) detector
(Roentdek DLD80) along the TOF axis, while simultaneously expand-
ing ballistically at a rate determined by the initial velocities of their
parent neutrals. The electrode plates providing the acceleration elec-
tricfield operate in a velocity-map imaging configuration®, such that
the transverse momentum of each neutral product (p,, p,) is mapped
ontoitsimpact position onthe detector (X, Y) according to the relations

Py [2m (X = X3) = [2mAXs and p e [2m (Y- YD) = . [2mAY, .
Here, s represents the product speCIes (K, or Rb,), m represents
molecular mass, and {X,°, ¥.%} represents the impact position of
zero-velocity products that is, in general, shifted from the detector
centre due to the presence of Lorentz forces during the ion flight.
The axialmomentum of a product (p,), on the other hand, is mapped
into its TOF as a result of its location relative to the centre between
the repeller and extractor plates®, according to the relation
p, , = (TOE, -~ TOF?)/(nAt/TOF? - 1) = ATOE/(nAt/TOF? - 1). Here,
TOF0 represents the TOF for products with zero initial velocity, which
is69.27 usand 102.13 ps for K, and Rb,, respectively; At represents the
time between the initial formation of the K, and Rb, product pair and
its subsequent ionization (Extended Data Fig. 1), which can take any
value in the range 0-45 us; and n7is a dimensionless parameter deter-
mined by thegeometry of our electrodes, whose value is136. Additional
details of the ionization and detection setup are reported in ref.*°,

Weidentify coincidenceion pairs as those that satisfy the momentum
conservation condition Py, * Pgy, = 0,07 equivalently Pi,x tPro, =0
Pyt Pro,y =0 and P2t Pro, . =0 Given how a product molecule’s
momentaarerelated toits TOF and impact position, as well as the finite
position and timing resolutions of our ion imaging system, the con-
servation of momentum translates into a set of screening criteria,

‘AXKz + AXpo, Mo, /My, ‘ < noy. [1+mg, /my,, (8)
‘A Yo, t Ao, /msz/mKZ‘ <noy. [1+mg, /my,, 9

nAt/TOFY -1
+ATOFg,, nAt/TOFS, -1
Rb,

nAt/TOFQ -1
<nor |1+ 702 .
| | nAt/TOFY, -1

ATOFy,

(10)

Here, oy , rrepresenttheloresolutionof our detection systemalong
the X, Yand TOF axes, respectively, which are measured tobe 0.23 mm,
0.23mmand 11 ns. The multiplication factor nis empirically determined
tobe3.

The efficacy of the above screening process is manifested inits abil-
ity todiscriminate against uncorrelated ion counts, whichwe demon-
strate in Fig. 2 using the product ion data for [N, = 6, Npy,=7) asan
example. Figure 2d shows the total number ofdetected K}-Rb pairs
generated by two ionization pulses which are separated from one
another by k pulses. There, one observes a prominent peak at k=0,
which corresponds tothe number of simultaneously detected ion pairs,
ng,. The measured counts with k # O, which correspond to uncorrelated
ion pairs generated by separate pulses, form a uniform background
withamean value of .y and a standard deviation of 6ny,q 4. Figure 2e
shows the counts remaining after allion pairs are subjected to screen-
ing based on equations (8) to (10). There, one observes a strong sup-
pression of the background level, indicating that the uncorrelated pairs
are effectively screened away. The height of the k=0 peakis reduced,
asaccidental counts are screened away, while true coincidence counts



remain. Since the background level remains finite after screening, we
use it as a proxy for the number of accidental counts that remain, and
subtract it offto obtain the true coincidence counts, 1 i, = Ngim ~ Mpkgd-
The measured values of gy, Mg, aNd 811y, 4 fOr all state-pairs are listed
in Extended Data Table 4.

The uncertainty for the coincidence counts, &n;,, has contribu-
tions from three sources - the shot noise associated with the simul-
taneousion counts . /ng,, the fluctuation of the background level
8npygq, and the fluctuation in experimental conditions (an.;,, see
the following section). Since these errors are uncorrelated, they
are summed in quadrature to yield the overall uncertainty,
0N i = ‘/nsim + (8Npyga) > + (@ X Neyip)” - For state-pairs with sufficient
statistics (ngy, = 5), which makes up the vast majority of the measured
state-pairs, the contribution of ny,,4 to the overall uncertainty is very
small (<5%). The values for 8n_;, are reflected by the error bars in
Fig. 3b-h, whose sizes are +8n_;,. This uncertainty is propagated
into that of the normalized coincidence counts as well as the meas-
ured scattering probabilities that constitute the product state
distribution P3°®.

We note that while methods for obtaining coincident quantum state
information for a pair of products already exist>**, their resolution is
insufficient for resolving the small spacing between rotational levels
of heavy molecules suchas K, and Rb,. Hence the current scheme rep-
resents a new approach to complete product state detection that is
generally applicable to reactions involving polyatomic species.

Normalization of coincidence counts

The screening process described in the previous section allows us to
extract the number of coincidence ion pair counts, n;n(Ny , Nyp ) from
the dataset associated with each given state-pair. In order for
Neoin(Ni,» Nrp ) to proportionally reflect the scattering probability into
[Nk, Nb,» however, it must undergo normalizations against experi-
mental biases that differ from one dataset to another. Sources for these
biasesinclude the number of experimental cycles associated with each
dataset, fluctuations in experimental conditions between datasets,
andthe product-velocity-dependent efficiency of our REMPIsampling.
In this section, we describe the procedures used to account for these
biases.

Normalization against product-velocity-dependent ionization sam-
pling efficiency. In our experiment, products generated by the reaction
aresampledin astate-dependent fashion using REMPI. The efficiency
of this sampling depends on the product velocities due to two mecha-
nisms: (1) high-velocity products have a higher chance of escaping the
volume covered by the REMPIbeams before the REMPI lasers are pulsed
on; and (2) products with velocity components along or against the
direction of REMPI beam propagation will experience Doppler shifts
to the bound-to-bound transition frequency, which affects the prob-
ability for the product to be promoted to the excited state. We can
respectively quantify the degree to which these two mechanisms
affect the sampling of correlated product pairs using a geometric
factor, Fyeomeny(T), and a Doppler factor, Fyo, (7). Here, Trepresents
the translational energy of products in agiven state-pair, and is related
to the product velocities as vy (T) = ,JZTmRbZ/(mRbZ +my )/my, and
Upo(T) = JZ Ty /(mgy,, + my )/ Mgy, In this section, we develop models
for these factors.

Physically, the geometric factor represents the fraction of product
pairs that are generated during the dark phase of the ODT modula-
tion (Extended Data Fig. 1), and remain inside the volume exposed to
the REMPI beam when it is pulsed on. Over the region of interest, our
REMPIbeam can be approximated as almm-diameter cylinder with a
uniformintensity (for each frequency component). Since aK, product
molecule will always travel faster compared toits Rb, coproduct, Fyeomenry
is determined solely by the fraction of K, molecules that remain within

the beams given their velocity. To model this factor, we developed a
numerical simulation that generates and samples reaction products
according to the beam geometry and timing diagram shown in the
insets of Extended DataFig. 2. The simulation takes the velocity of the
productsand other parameters fromthe experiment (that s, repetition
rate fand details of the timing) as inputs, and reports the fraction of
products exposed to the REMPIbeam over many detection periods. In
brief, each period of the REMPI detection begins with the turn off of
the ODT confining the KRb molecules, at which point products begin
toemerge fromreactions with velocity vand propagate outward; after
atime t,,, the REMPI beams are pulsed on, and the number of prod-
ucts under its exposure isaccumulated; this periodis repeated several
hundred timesto collect statistics. Inthe end, the number of exposed
productsis divided by the total number of products generated to obtain
the exposed fraction Fyeomeqry (V).

Extended Data Fig. 2 Shows Fymeqry (V) OVer the range of expected
velocities for K, (v=0-44 ms™). Itis calculated according to the tim-
ing scheme used in the experiment (see Extended Data Fig. 1), that is,
f=10kHz, ¢, =45 ps, and a 50% duty-cycle for the ODT modulation.
Products with v >11.1 m s are fully contained within the cylindrical
volume before ionization, and therefore have Fyeomeqy (V) =1; those with
v>11.1ms™, onthe other hand, experience a decay in Fomer, (V) that
approximately scales as1/v. Using the simulation result, we calculated,
for all allowed state-pairs, the geometric factor relevant for the nor-
malization of coincidence counts Fyomeqry (7).

To characterize the Doppler effect on the product sampling, we use
amethod based on density matrix equations to analyse the dynamics
of the REMPI process*®. The 1+1’ REMPI technique used here consists
of aninitial single-photon bound-to-bound transition from the elec-
tronic and vibrational ground state xlz;(v =0, N)toanelectronically
excited intermediate-state B',(v’, '), followed by a single-photon
bound-to-continuum transition that ionizes the molecules. We drive
the bound-to-bound transition using a frequency-tunable laser oper-
ating around 648 nm for the detection of K, and 674 nm for Rb,. The
bound-to-continum transition is excited by a 532 nm pulsed laser for
both product species. For the convenience of discussion, the
ground state is denoted by|0) and the intermediate-state is denoted
by [1). The differential equations for the components of the density
matrix which describe the dynamics of the REMPI process can be writ-
tenas

d

apoo(t) =- %(001/’10 -c.c.), (1D
A O=-(+ T, + Sy, —cc.) 12)
dtpu == U1t lion)Py > 01P0 ~ C-C- ),
d 1 . i )
aplo(t) =" E(rl_" rion)plo + lAlplo + EQIO(pu _po())'

where c.c. stands for complex conjugate, Q, is the Rabi frequency of
the bound-to-bound transition, 4; = w — w, is the detuning, I is the
spontaneous decay rate of|1), and [}, is the ionization rate of the
bound-to-continuum transition. Here Aw, represents the resonant
transition energy and Aw is the photon energy. To consider realistic
intensity profiles of the REMPI laser pulses over time, the correspond-
ing time-dependent rates Q,(¢) and [;,(¢) are used in the numerical
calculation (Extended Data Fig. 3a). The ionization probability can be

extracted via P, =IP,OSS(t) A C“}:‘(ﬁ;)(t) dt, with P, (£) =1-pgo(6)—py(8). To

take into account the Doppler effect, w, is replaced by w,(1 + v,/c)and
theionization probability thus becomes v,-dependent, where v, is the
projection of the product’s velocity onto the propagation direction of
the REMPI beams and cis the speed of light. The formula for P,,,(v,),

after substituting the corresponding values of the parameters I3, [;,,,




Article

0931 and 4,, applies to both K, and Rb, products. We use Pﬁ}n(uz) and
P'fonz(vz) to denote the ionization probabilities of the two species,
respectively.

For the coincidence detection scheme used in this work, the
probability of simultaneously ionizing a correlated product pair
is PIN(v,) = Pl (v,)Piox( — my v, /mgy, ), where u, here represents the
velocity projection of K, on the REMPI beam direction and
—my U,/ mg, is that of Rb, obtained based on the momentum con-
servation. By averaging over all possible directions of the product’s
velocity, the factor that characterizes the Doppler effect on the meas-
urement efficiency of a correlated product pair is derived to be
Fooppier®) = 35 | du, PESin(w,)/ P&, = 0), where v is the magnitude
of the velocity of K, and is determined by the quantum states of
products and the reaction exoergicity. The factor Fy, ., (v) is cal-
culated by solving the differential equations (equations (11)-13) as
afunction of v, as shownin Extended Data Fig. 3b. In the calculation,
weused /7/(2m) =14MHz, 4, = 0, a peak value of Q,(t)at 2t x 58 MHz,
which is estimated using the calculated transition dipole moment
and the measured laser intensity, and a peak value of I}, (f) at
2mx (10+4) MHz estimated based on the measured ionization
efficiency.

Normalization against fluctuations in experimental conditions. In
agiven experiment where we probe astate-pair [Ny _, Ngy, ), the number
of detected coincidence counts, n.;,, is proportional to the product
of the state-dependent ionization probabilities, P, (N )Pion(Nrp,) -
Across different experiments, drifts inthe power, detuning, and relative
timing of the REMPI lasers introduce fluctuations to P, (N ) and
Pion(Nyp,), resulting in a biased sampling of coincidence counts. To
correct against such an effect, we note that, in the same experiment,
the total number of K} and Rb; ion counts, ny; and ng,;, are propor-
tional to P, (N ) and Py, (Ng,,) respectively, and thus experience
the same fluctuations. This allows us to construct a normalization
factor as

B s (Ng,» Nsz)"Ngbz(NKZr Ngb,)
(s (N, = Ny, Niw )Xo (Ni » N, = N ) ’

SN, Ney,) (14)

where (ny,(Ni =Ny, Niy)) is the average value of the number of K3
ions from all experiments that share a common value for N, _, and
(o (N, Nip, = Nyp,)) is the average value of the number of Rb; ions
from all experiments that share a common value for Ny, . We assess
the effectiveness of this method of normalization by examining the
relative differences in the coincidence counts obtained from two
separate experiments on the same state-pairs, before and after apply-
ing the S factor. From 11 different state-pairs where repeated data are
available, we find that the average fluctuation in n.;, decreases from
a=0.11to a = 0.054 after normalization. Since this method of nor-
malization is somewhat ad hoc, we retain the conservative value of
a=0.11for purposes of estimating experimental errors and hypothesis
testing despite applying this normalization to all measured data.

Using the factors Fyeometrys Fooppler aNd S from the above derivations,
as well as the number of cycles associated with each experiment, C,,,,
we arrive at an overall normalization factor

G(NKZ' Nsz)z
Cexp(NKz' NRbZ)Fgeometry(NKz' NRbZ)FDoppler(NKZ' NRbZ)S(NKZ' Nsz)
Z{N{(ZN.'H,Z} Cexp(Nll(z' NI’{bz)Fgeometry(NI’(z' N},sz)FDoppler(Nll(z' N},(bz)S(Nll(z' NI’{bz) .

(15)

Here, the sum in the denominator is carried out over the datasets for
all state-pairs that we probed in this study, including 57 allowed pairs
(S) and two forbidden ones (|10, 13) and |10, 15)). Applying this overall
factor to all detected coincidence counts, we obtain the normalized
coincidence counts as N,in(Ny,, Nrp,) = eoin(Ni,» Nro, )/ G(Nk,» Nro,) -
We note that, owing to the normalizations, \V_,;,can take on non-integer

values. The scattering probabilities (Fig. 3) then derive from the normalized

1 1 H meas, —
coincidence countsaccordingto PR (Ny , Ny, ) = M Newd 2.8 NNy Neos

Likelihood ratio test for the statistical model

The degree to which the measured product state distribution (Pg-*)
agrees with the state-counting model (P2, is quantified using the like-
lihood ratio test®. Formally, we test the null hypothesis H,: 6 € 0,
where 6= {u (N, Npy )}s Tepresents the set of mean coincidence
counts given the true product state distribution, @ = {1 (N ,, Ngp )} s
represents the set of mean coincidence counts given the statistical
model, and S is the entire set of allowed state-pairs. The values for y,
dependboth onthe model and the experimental biasesin our sampling
of coincidence counts, and is expressed as

_ Palley N )Gy Vo) (16)
ZS PEC(NKZ’ Nsz)G(NKz’ Nsz) coin’

Ho (N, Nro,)

where G represents the overall normalization factor, and
Nt =X s Neoin(Nk » Nry ) represents the sum of the set of all measured
coincidence counts{nwin(NKz, Nsz)}s-

The likelihood for H, is given by

Ls(6o) = [ Pelncoin(Ni,» Nro,)» o Nk, Nro )1 17)
s

Here, L represents the likelihood function, 8, is the maximum likeli-
hood estimate (MLE) when fisrestricted toliein @g, and Pnin, 1,,)iS
the probability of observing a particular count n;, givenamean count
of ,. Since the accumulation of coincidence counts for each state-pair
is a constant-rate process, we model P, as a Poisson distribution, but
with an uncertainty inits mean introduced by experimental fluctua-
tions captured by a Gaussian function. It is expressed as

oo A 0 X 1(m-p\?
P, 1, @) = LF () = g(@)] () :fo(e - ][aﬂjﬁe‘z(au) Jdm. 18)
Here, f(x,m) =e™m*/x! represents a Poisson distribution with mean
m, and g(m, i, @) = (/21 ) texp[ - (m - u)%/(au)?/2] represents a
normal distribution with mean g and standard deviation a. Note
that a characterizes the relative fluctuation of the mean, and has an
empirically-determined value of a, = 0.11 for our measurements.

By maximizing Ls over @, we obtain the maximum likelihood for
the observed outcome, £4(6). Here, G represents the MLE of the param-
eters. Given £4(6,) and £(6), we can calculate the likelihood ratio
statistic as
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Within the framework of the likelihood ratio test, the P-value for H, is

Ps=P(X; >As). (20)
Here, Prepresents probability,xiisthe chi-square distribution with
degrees of freedom, and kisthe length of S, which is determined to be
57 in our study. We use P; < 0.001as a threshold for rejecting H,,.

Using the values for {n q;,(Nk , Npp,)}s and {u, (N, Ny )} Obtained
from this work, we find A; = 276and p, ~107° for &= 0.11. This means
that H, should be rejected, and the outcome of our measurements is
inconsistent with the state-counting model based on statistical
theory.

Ontheother hand, we can test whether the model describes a subset
of our measurements. To this end, we successively remove, from the
above analysis, the state-pair that displays the largest deviation from
the model prediction, and recalculate the P-value for H,. To quantify



the degree of deviation for each state-pair, we calculate its state-specific
likelihood ratio statistic

maxyoe[o,w]{ﬂ: [ncoin(NKZ' NRbZ)'ﬂo(NKZ' NRbZ)]}
Pc [ncoin(NKz' Nsz)' HO(NKZ' Nsz)] ’

Ay Ny, = 2108 (21)

o Nroy

as well as the associated P-value, A, Neo =P(x; > AN New)* Theresults
aredisplayedin Extended Data Tablé4. The state pair Fthat deviates the
most from the state-counting modelis|12, 7) (P=107%), which we have
identified to be a near-threshold state-pair for which the long-range
centrifugal barriers strongly suppress product formation. Other
state-pairs that strongly deviate include the ones with low translational
energies, for example, |12, 5) (P=10"%) and|8,15) (P=10"").

Let S¥=S-{S, ..., S} denote the reduced set for which the first,j
members of S with the smallest state-specific P-values are removed.
Using equations (16)-(20), we calculate the P-values for the reduced
sets, P4, for j=0,1,..., 57. The results are shown in Fig. 3i. Here, one
observes that the P-value for Hyincreases monotonically as we succes-
sively remove the largest outliers, and increases above the 0.001 thresh-
oldfor rejecting Hyafter 7 state-pairs are removed. In other words, for
asubset that contains the majority (50) of the allowed state-pairs, we
find the measured outcome to be consistent with the state-counting
statistical model.

Distribution of product translational energy

Ina2012 review article?®, Nesbitt speculated that energy deposition
into product translation should be dynamically disfavoured for ultra-
cold complex-forming reactions such as KRb + KRb. The basis for this
speculation is the observed propensity for complexes bound by van
dar Waals forces to strongly favour the formation of low translational
energy products upon their dissociation. Here, we examine whether
sucha propensity exists in our result by displaying the measured and
predicted scattering probabilities for all allowed product state-pairs as
functions of their translational energy, and searching for any system-
atictrendsinhow they deviate from each other (Extended Data Fig. 4).
Tothisend, we construct ‘blurred’ distributions by applying a Gaussian
broadening of 0.25 cm™ 1o width to the measured and predicted ampli-
tudes of each state-pair. Comparing the two blurred distributions,
we do not observe any strong monotonic trends in their difference.

Product escape probabilities

In this section, we calculate the probability for products to escape
fromthe complex and into each allowed state-pair. For this purpose,
we consider the microscopically reverse process of product capture
into the complex, and the associated capture probability C(Ng » Ngp)-
The details of the implementation for diatom-diatom systems
have been published in ref. *. In brief, the time-independent
Schrédinger equationis solved in diatom-diatom Jacobi coordinates
(R, r,, 1y, 6,, 6,, ) using the log-derivative method*® with the
Wentzel-Kramers-Brillouin (WKB) approximation®® to damp the
wavefunction within the capture radius. The interaction potential
is determined using a similar method as inref. . In the calculations,
only the p-wave (L,.,. =1) and e=-1were considered, given the fer-
mionic nature of the KRb reactants. 3/3/15/15/20 points were used
for the r,/r,/0,/0,/¢ quadratures. The log-derivative propagation
steps are chosenas AR=0.05q, for R € [35.0, 80.0la,, AR=0.5a, for
R €[80.0,200.0]a,, and AR=1.00a, for Re[200.0,800.0]a,, respec-
tively. The number of rotational bases is chosen to be Ny™ =20and
Ngby =30. The effective potentials for the calculation are defined in
the manner of adiabatic channel potential energy, as

Lprod (Lprod + 1)

P
21 wo,R

VET(R) = W «(R) + (22)

Here, §={Ny , Nro,» Nprod Lprod} 1S the set of product quantum num-
bers, W,  is the diagonal element of interaction potential matrix in
the space-fixed frame, which can be calculated by an orthogonal
transformation from the body-fixed counterpart. The results show
that all allowed state-pairs besides[12, 7) have effectively unit prob-
abilities (C>0.999) to escape the complex, indicating that product
formation in these state-pairs is not hindered by any barriers or
bottlenecks.
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Extended DataFig.1| Timing diagram for productionization. The relative modulation period. Unperturbed reactions occur during the dark phase of the

timing between the ODT, REMPI, and cleanup pulses during the state-selective period, while reactionsinfluenced by the (1,064 nm) ODT light occur during
ionization of reaction products. The inset shows a close-up view of asingle thebright phase. The numbersin parenthesesindicate pulse durations.
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sampling. The plot shows the fraction of product pairs that remain within the velocities of the K,and Rb, products, respectively. Theinset shows the

REMPIbeam volume at the time of ionization as afunction of the velocity ofthe  ionizationgeometry.
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Extended DataFig. 3 |Modelling the Doppler factor for product sampling.
a, Normalized opticalintensity profiles of the REMPI laser pulses. Thered trace

corresponds tothe 648 nmor 674 nmlights, and is proportional to Qg,. The
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Doppler factor Fy,,p(v) versus the velocity of the K, product. The lower and
upper bounds correspondtof;,,/(2m) at peak values of 6 MHz and 14 MHz,
respectively.
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Extended DataFig. 4| Distribution of product translational energy. The
measured (blue circle) and predicted (red diamond) scattering probabilities
for allallowed state-pairs are plotted versus their translational energies (7).
The two sets of points are offset horizontally by 0.014 cm™ for clarity. To aid in
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theidentification of systematic deviations, we multiply each scattering
probability by anormalized Gaussian function withalowidthof 0.25cm™, and
sum them up to constructbroadened distributions as shown by the blue and
red curves. These curves are scaled by afactor of 0.2 for convenience.
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Extended Data Table 1| Molecular dissociation energies of “°K®’Rb, “°K, and *Rb,

Species D, (cm™')  wo (cm~I) D, (cm~!)  Reference

TKSTRb -4180.442 29
40K, -4450.904(4) 91.032(1) -4405.389(4) 46
S7Rb, -3993.53(6) 57.121(1) -3964.97(6) 42

D.: well depth; w: vibrational constant; Dy: dissociation energy.



Extended Data Table 2 | Rotational and centrifugal distortion constants for “°K, and *Rb,

Quantity Symbol Value (cm~1) Reference
0K, rotational constant Bk,  5.478155(84)x10> 41
40K, centrifugal constant Dy, 7.8641(68)x 1078 41
87Rb, rotational constant BRrp, 2.188943(61)x107? 42
*"Rb, centrifugal constant Dy, 1.29507(56)x 108 42

Values are scaled by mass from the measured values for **K, and *Rb,.
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Extended Data Table 3 | The internal energy (U) and degeneracy (D) for all measured product state-pairs

NK‘ Nsz U(cm’l) D NK‘ Nsz U(cm l) D NK ]\be0 U(cm l) D
0 0.043779(1) 2 4 1 1.13938(1) 5 8 3 4.20654(4) 11
0 3 0.262671(7) 2 4 3 1.35827(1) 11 8 5 4.60054(5) 17
0 5 065667(2) 2 |4 5 1.75227(2) 14 | 8 7 5.16963(6) 23
0 7 1.22577(3) 2 4 7 2.32137(4) 14 | 8 9 5.91381(7) 26
0 9 1.96994(5) 2 4 9 3.06554(6) 14 | 8 11 6.83304(9) 26
0 11 2.88918(8) 2 4 11 3.98478(8) 14 | 8 13 7.9273(1) 26
0 13 3.9834(1) 2 |4 13 5.0791(1) 14 | 8 15 9.1966(2) 26
0 15 5.2527(1) 2 4 15 6.3483(1) 14 | 10 1 6.06880(7) 5
0 17 6.6970(2) 2 4 17 7.7926(2) 14 | 10 3 6.28769(7) 11
0 19 8.3161(2) 2 4 19 9.4117(2) 14 | 10 5 6.68169(7) 17
2 1 0.372465(4) 5 6 1 2.34447(3) 5 10 7 7.25079(8) 23
2 3 0.591358(8) 8 | 6 3 256336(3) 11 |10 9 7.99496(9) 29
2 5 0.98536(2) 8 | 6 5 2.95736(3) 17 | 10 11 8.9142(1) 32
2 7 1.55445(3) 8 6 7 3.52645(4) 20 | 10 13t 10.0085(1) 32
2 9 2.29863(5) 8 6 9 4.27063(6) 20 | 10 15% 11.2777(2) 32
2 11 3.21787(8) 8 |6 11 5.18987(8) 20 | 12 1 8.5878(1) 5
2 13 4.3121(1) 8 6 13 6.2841(1) 20 | 12 3 8.8067(1) 11
2 15 5.5814(1) 8 6 15 7.5534(1) 20 | 12 5 9.2007(1) 17
2 17 7.0256(2) 8 6 17 8.9976(2) 20 | 12 7 9.7678(1) 23
2 19 86448(2) 8 |8 1 3.98764(4) 5

The uncertainty (number in parentheses) associated with each internal energy value is derived from the uncertainties of the molecular constants reported in Extended Data Table 2 through
standard error propagation. Energetically forbidden state pairs are labelled with t.



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

Nk, DNRb, Cexp Mgim  "bked OMbked 198() | Nk, NRb, Cexp Ngim  "bked bked 108(P)
0 1 1947 2 0.2 0.4 28 |6 1 1629 17 06 0.7 0.3
0 3 1603 11 0.6 0.7 02 |6 3 820 18 1 1 0.0
0 5 1402 2 0.6 0.7 13 |6 5 859 34 2.8 1.7 -0.1
0 7 1871 11 0.5 0.8 06 |6 7 1372 91 34 1.7 0.0
0 9 1984 16 1.1 1 10 |6 9 989 73 4.1 1.8 -0.3
0 11 1998 24 1.4 1.3 24 |6 11 957 86 7 2.7 -0.4
0 13 2614 31 1.2 1.1 15 |6 13 935 56 3.3 1.7 2.5
0 15 2019 29 2 1.4 05 |6 15 968 220 8.7 2.7 1.6
0 17 998 12 0.4 0.7 05 |6 17 638 123 3.3 1.9 1.7
0 19 1000 21 0.2 0.4 09 |8 1 1594 30 24 1.6 -0.1
2 1 1551 5 0.3 0.6 21 |8 3 1021 52 4.2 2.2 -0.1
2 3 918 12 05 0.8 01 |8 5 1011 74 101 3.8 0.4
2 5 1016 21 1.7 1.2 03 |8 7 1018 137 6.1 2.2 0.5
2 7 1067 13 1.4 1.3 14 |8 9 1260 228 105 3 1.5
2 9 994 26 1.9 1.5 00 |8 11 962 145 105 3.1 0.2
2 11 1051 25 3.1 1.7 04 |8 13 1050 254 7.2 2.2 0.6
2 13 1398 53 2.6 1.6 02 |8 15 1334 684 176 3.9 11
2 15 1028 39 3 1.6 05 |10 1 2006 33 2.8 1.7 -4.1
2 17 1127 47 2 1.2 04 |10 3 980 26 2.7 1.6 2.3
2 19 1614 144 2 1.3 06 |10 5 1051 122 89 3 -0.1
4 1 1046 7 0.4 0.8 04 |10 7 975 151 4.8 2.5 -0.5
4 3 1697 28 23 15 06 |10 9 1048 287 9.7 3 0.0
4 5 1021 43 3.8 2 04 |10 11 982 428 111 3.3 -0.3
4 7 1416 42 3.2 1.6 07 |10 13" 1039 10 7.7 2.9

4 9 979 44 32 1.7 04 |10 150 854 9 109 3.2

4 11 1456 112 88 2.8 44 |12 1 1988 106 1.2 1 0.5
4 13 962 67 4.4 2 03 |12 3 904 119 2 1.4 1.4
4 15 1063 101 8.2 2.8 01 |12 5 1032 311 4 2 6.1
4 17 1062 112 36 1.9 03 |12 7 2544 31 5.3 2.1 -18
4 19 909 207 2.6 2 2.4

These include the number of cycles over which ion counts are accumulated C.,,, the number of simultaneous counts ngy, the background level n,,qq, and the background fluctuation dnpygg-
The values for Ny, Ny, @nd SNy g4 are obtained after the momentum-based screening is applied. The coincidence counts for each state-pair are calculated as N, = Ngim = Niga- Also included
are the (base 10) logarithm of the state-specific P-values used towards hypothesis testing.

tEnergetically forbidden state-pairs.
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