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Quantum interference in atom-exchange reactions
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Chemical reactions, in which bonds break and form, are highly dynamic quantum processes. A
fundamental question is whether coherence can be preserved in chemical reactions and then harnessed
to generate entangled products. Here we investigated this question by studying the 2KRb — K, + Rb,
reaction at 500 nanokelvins, focusing on the nuclear spin degrees of freedom. We prepared the initial
nuclear spins in KRb (potassium-rubidium) in an entangled state by lowering the magnetic field to where
the spin-spin interaction dominates and characterized the preserved coherence in nuclear spin wave
function after the reaction. We observed an interference pattern that is consistent with full coherence at
the end of the reaction, suggesting that entanglement prepared within the reactants could be

redistributed through the atom-exchange process.

bserving and exploiting quantum co-

herence in reactions has been a long-

standing goal in chemistry. Coherence,

often manifested through interference,

has been observed in photoionization (7)
and in inelastic and reactive scatterings involv-
ing light species such as hydrogen deuteride
(HD), hydrogen fluoride (HF), and deuterium
(D,) in molecular beam experiments (2-5), in
which comparison with full quantum-scattering
calculations is needed to identify the signa-
tures of interference. Coherence can also be
leveraged to control the product-state distrib-
ution through interference between reaction
pathways (6, 7). Early experimental success
has been shown in light-induced processes,
such as photoassociation (8), photoionization
(9), and photodissociation (10, 1I). However,
experimental realization of controlled reactive
scattering through the use of coherent inter-
ference remains elusive. A key underlying ques-
tion is whether quantum coherence prepared
in the reactants survives reactive bimolecular
collisions, given the complex quantum dynam-
ics involved. If coherence can be preserved,
these chemical reactions may not only be con-
trolled but also harnessed as a resource for
quantum science.

To answer this question, we turned to ultra-
cold molecular systems where exquisite con-
trol of the quantum state of molecules, which
has been developed over the last two decades,
allows for preparation in a single quantum state
at microkelvin temperatures or lower (12-18).
Specifically, we chose “°K®*'Rb bialkali mole-
cules as our platform because the atom-exchange
chemical reaction 2KRb — K, + Rb, has been
observed (19) and studied extensively (20, 21).
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Moreover, the product molecules K, and Rb,
are homonuclear diatomic molecules, in which
the bosonic potassium (K) and fermionic rubid-
ium (Rb) nuclei have nuclear spins of Ix = 4
and Iy, = 3/2 (where I is the angular momen-
tum), allowing us to correlate their rotational
states with nuclear spin states through the
exchange symmetry of indistinguishable par-
ticles. To probe correlation of the reaction
outcomes, it is crucial to identify the quantum
states of products from individual events. For
this purpose, we took advantage of a previ-
ously developed technique of coincidence de-
tection, in which pairs of products were
simultaneously and state-selectively ionized,
probed with velocity-map imaging (VMI), and
filtered on the basis of momentum conserva-
tion (22). Such coincident detection was used
to characterize the 2KRb — K, + Rb, process
with full state-to-state resolution. The energy
release in the KRb reaction (=10 cm™) is par-
titioned between the rotational and trans-
lational energies of the product K, and Rb,
molecules, permitting the K, and Rb, molecular
rotation to be excited up to Nk, =12 and
Ngp, = 20. A comprehensive study of the
product state space revealed a distribution
predominantly proportional to the degeneracy
of each product state channel, implying that
the underlying dynamics are chaotic (22).
Nevertheless, reaction products have been con-
trolled by reactant nuclear spins (23), in a
manner that indicates the conservation of
nuclear spin populations in such a reaction.
This fact positions the nuclear spin degree of
freedom as a promising candidate for the study
of quantum coherence and entanglement within
chemical reactions. We note that the role of
coherence was not explored in (23) because the
state-resolved reaction outcomes were aver-
aged rather than coincidentally detected.

Interference pattern in reaction-product
distribution

In this study, we investigated whether co-
herence was maintained within the nuclear

with reactants prepared in an entangled nu-
clear spin state and measured the outcome to
distinguish between coherent and incoherent
processes (Fig. 1). If coherence is maintained, it
will become evident in the final-product nuclear
spin state distribution. However, detecting the
product-molecule nuclear spin state spectro-
scopically is generally challenging because
of small energy splittings compared with
the natural linewidth of the transitions and
Doppler shifts from the fast-flying products.
Instead, we indirectly probed the nuclear spin
degree of freedom, making use of the symmetry
of the nuclear spin states and the parity of the
orbital wave function and how they respect the
exchange symmetry of the two indistinguish-
able nuclei (24) in the homonuclear diatomic
product molecules K, and Rb,. Specifically, the
nucleus of “°K (3’Rb) is bosonic (fermionic),
and thus the total nuclear wave function of K,
(Rb,), which can be factored into a spin part
and a spatial part, is symmetric (antisymmetric)
under exchange (23) (Fig. 1A). By probing the
parity, even or odd, of the rotational states of
the outgoing products, we obtained the sym-
metry of the product nuclear spins.

Previous work suggests that the nuclear
spin dynamics in the reaction process could be
described by transforming the two nuclear spins
in Kor Rb (in two separate KRb molecules) from
the uncoupled basis to the coupled basis in Ky
or Rb, (23). Assuming that the nuclear spin
wave functions remained coherent through-
out the reaction, coupling two K or two Rb
with the same spin projection led only to
a symmetric total spin state, |S). Coupling
two K or two Rb with different spin projec-
tions resulted in a superposition of |S) and
|A) (A is antisymmetric), where the relative
phase depended on the coupling order, causing
interference between different reaction pathways
(25) [also see supplementary materials (SM)
section S1]. Consequently, destructive inter-
ference led to complete suppression of the
[Ky)™ & [Rby)™ =[S) @ |A) and theA) @ |S)
channels (Fig. 1B). Owing to the spin-rotation
correspondence of the K, and Rb, nuclei, the
product states |e, e) and |o,0), where e is an
even-numbered and o is an odd-numbered
rotation state, were also completely suppressed,
and the population was entirely in the|e, o) and
|o, e) channels. Both the spin and the rotational
components of the K, and Rb, molecule wave
functions became entangled because they in-
herited the entanglement from the reactants
(26). By contrast, if the nuclear spin states
were no longer pure because of decoherence
occurring either before or during the reaction,
the two K and Rb nuclei were no longer in-
distinguishable and the symmetry protection
was lost. As a consequence, the |S,A)(Je,e))
and|A, S)(|o, o)) channels would be populated
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Fig. 1. Atom-exchange reaction with reactant molecules prepared in entan-
gled nuclear spin states yields distinct product outcomes depending on
whether the reaction preserves coherence or not. (A) Reaction of interest.
Would entangled nuclear spins in the reactant KRb molecule result in entangled
products of K, and Rb,? Because of the exchange symmetry of indistinguishable
nuclei in homonuclear diatomic molecules (K, and Rby), the symmetry of the

Fig. 2. Coincidence detection of reaction
products. (A) Experimental timing sequence
highlighting reaction-product ionization detection.
The optical dipole trap (ODT) was modulated at a
10-kHz rate with a 50% duty cycle. At the
beginning of each ODT dark period, a cleanup
pulse consisting of 648- and 674-nm beams was
added to remove the K, and Rb, products formed
while the ODT was on. At the end of the ODT dark
period, we simultaneously turned on K, and Rb,
resonance-enhanced multiphoton ionization
(REMPI) pulses and started ion collection for 95 us.
We repeated the ionization detection 10,000 times
for each experimental cycle. (B) Quantum-state
selective ionization and coincidence detection
setup. Product K, and Rb, molecules were ionized
simultaneously by REMPI pulses targeted at
specific quantum states. lons were accelerated by
electrodes arranged in velocity-map imaging (VMI)
configuration. The microchannel plate (MCP)
detector recorded the position and the arrival
time-of-flight (TOF) of the ions that were used for
filtering the coincidence ion pairs. (C) Coincidence
K; -Rbj pair filtering. Products from the same
reaction event must satisfy the momentum
conservation criteria P, + Pry, = 0. The momen-
tum components perpendicular to the TOF axis

(z axis), Py and P, were mapped onto the impact
positions on the MCP detector. The momentum
component along the TOF axis, P, was mapped on
the TOF. The details of the momentum filter are in
SM section S3.

in addition to the |S,S)(|e,0)) and |A, A)(|o, e))
channels. Inspecting the population distrib-
ution of the four parity channels provides a
feasible way to test whether coherence was
preserved.
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nuclear spins can be probed through the parity of the rotation states. (B) If the
nuclear spin wave function stays coherent throughout the reaction, reaction
pathways destructively interfere for the |S, A, e, e) and |A, S, 0, 0) channels. If the
nuclear spin wave function decoheres into a statistical mixture, either before or
during the chemical reaction, no interference between the bottom two paths
exists, and all four product channels will be populated.
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Coherent chemical reactions with reactant
KRb molecules in an entangled spin state

Our experiment started with the preparation of
ultracold rovibrational ground-state *°K3"Rb
molecules in a single hyperfine state at 500 nK.
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The molecular gas was trapped in an optical
dipole trap (ODT) in an apparatus with ion
spectrometry and velocity map imaging (27).
The entangled KRb state could be prepared
relatively easily by magnetic field ramping
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Fig. 3. Coherent reaction product-state distribution. (A) KJ-Rb; coincidence
pair counts per 1000 cycles for each \NKZ,NRb2> after momentum filtering along
all three directions as a function of pulse-number difference between the two
ions. A pulse-number difference of O means that the K3 and Rbj are generated
by simultaneous ionization. The finite background ion pair counts in |10, 10)
and |9, 9) are further explained in the main text. The background data are shown
in fig. S1. (Inset) |10, 9) pair velocity-map image on the xy plane. (B) The normalized
measured population of each parity channel after background subtraction of the
products (red data) overlaid on the expected K, and Rb, rotational-state population

because of the interaction between the two
nuclei in KRb. We started with KRb in state
ly;) = |N,my,mf, mf®) = 0,0, —4,1/2) at
542 G, where N is the rotational quantum
number, 7,y is the rotation projection, and m}‘
(m}‘b) is the K (Rb) nuclear spin projection
along the quantization axis. We then ramped the
magnetic field to 5 G within 10 ms. Throughout
the field ramp, the KRb molecules remained in
an energy eigenstate (SM section S4) and
ended in the state

N’f> - (1‘0,0./ _4‘71/2> + B‘Ov 07 _37 _1/2>

+v/0,0, -2, —3/2) (1)

where (a, B,v) = (0.595,0.719,0.359) at 5 G
and the K nuclear spin and the Rb nuclear
spin were entangled. The 2KRb— K, + Rb,
reaction occurs continuously through colli-
sions. We strobed the ODT on and off at a 10-kHz
repetition rate, which allowed us to probe
products formed in the dark, thereby mini-
mizing any perturbations from the ODT. The
reaction products formed in the presence of
the ODT were removed by cleanup pulses
(Fig. 2A).
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throughout the reaction.

If the coherence is preserved (Fig. 1B), we
expect the populations in the different rota-
tional parity channels to be

TR

Poo  Poe 0 e
| 0.7049 0
- [ 0 0.2951] (2)

where @ = |aB|> + |By|” + |oy|> (SM section
S1). In this case, P, refers to the population
fraction with even K, and odd Rb, rotational
quantum numbers. Pye, Pee, and P,, are de-
fined analogously, and all four populations
add to 1. If the nuclear spin state decoheres
into a statistical mixture, we expect

3 1
1—-—2 =z
= 5% 3% | _[o5575 01475
Ps 1 {0.1475 0.1475 (3)

1
—xr -
2 2

Coincident detection is required to distinguish
between the coherent and statistical mixture
outcomes because noncoincident detection
would only be sensitive to the sum of the other
product (e.g., PNK2 — even = Peo + Pee). Experi-
mentally, we restricted ourselves to the state

|even,odd)

leven,even)  |odd,even)
‘NKz s NRb, >

|odd,odd)

distributions: If the nuclear spin wave function remains pure, the population
distribution follows the light-gray bars; if the nuclear spin wave function fully
dephases, the expected distribution is represented by the solid black and gray
bars. The P, and Pqe error bars are propagated from the standard deviation of shot
noise of the |10,9) and |9,10) coincidence counts; the Py, and Pee ranges are
propagated from the 68% confidence intervals of the |9, 9) and |10, 10) count rates
after background subtraction with Bayesian analysis. The measured results align well
with the fully coherent case, indicating that the nuclear spins stay coherent

pairs | N, , Ngp,) = |10, 9), [10,10), |9, 10), and
|9, 9) because of their higher signal compared
with other channels. Additionally, the degen-
eracy of the |10, 9) pair is well described by the
statistical model (22), which is essential for
proper normalization.

We probed the population of molecules in
each rotation state using simultaneous state-
selective resonance-enhanced multiphoton ion-
ization (REMPI) of K, and Rb,, following (22, 23)
(SM section S2) and a timing sequence shown
in Fig. 2A. The ions were accelerated by elec-
trodes arranged in the VMI configuration and
collected by a time- and position-sensitive mi-
crochannel plate (MCP) detector (Fig. 2B). For
each experimental cycle (cycle time of 55 s), we
probed the reaction products for 1 s. We ac-
cumulated data for ~3000 cycles (~46 hours)
for each state pair. Momentum conservation
ensured that the total momentum of the K,
and Rb, molecules originating from the same
reaction events remained zero because the
reactants started with near zero momentum.
We filtered the momentum along the time-
of-flight (TOF) axis (¢ axis) using the TOF
and additionally the momentum along x and
y directions using MCP position information
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Fig. 4. Reaction with reactant molecules prepared in a statistical mixture.
(A) Ramsey spectroscopy of KRb molecules in the superposition of two
hyperfine states, |0, 0, —4,1/2) and |0, 0, —4, 3/2), prepared by two consecutive
microwave pulses (scheme and timing shown in the inset). The solid line is a
fitting of molecule number to a damped oscillation with a Gaussian decay
envelope. The dashed line is the fitted envelope exp(f(t/Tz)z), from which T, =
1.03(6) ms is extracted. (B) Comparison of the measured population of the four
[Nk, , Nry, ) state pairs (open red circles) versus the expectation for the pure and
statistical-mixture outcomes. The data are taken with reactants prepared in a 50-50
mixture of 0,0, —4,1/2) and |0, 0, —4, 3/2). Error bars are propagated from the
standard deviation of the shot noise of each state pair's coincidence counts. The
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solid black and gray bars are the expected population for a completely decohered
state, and the light-gray bars show the expected population distribution for a pure
initial state i2|0, 0,-4,1/2) +%|0,0, —4,3/2). (C) Controlling the population
between |e, ) and |e,0) channels by tuning the population ratio in the statistical
mixture of |0,0, —4,1/2) and |0, 0, —4, 3/2). The population of the |0, 0, —4,1/2)
state is cos?(§), and the population of |0,0, —4,3/2) is sin?(3), where 6 is the
up-leg rotation angle. The dotted line is the theory calculation of the Pee/Peo
(following Eq. 5) overlaid on data (blue circles), where the error bars are propagated
from the standard deviation of the shot noise on the |10, 10) and |10, 9) coincidence
counts. The deviation of the measurements from the dotted line at large rotation
angles could be attributed to imperfect state preparation.

from VMI for all collected reaction events to
extract coincidence counts of each of the prod-
uct state pairs (Fig. 2C and SM section S3). The
accumulated coincidence-count rates of the

N, N,
four state pairs (Fig. 3A) are { N:;O;) N::’;)ﬂ -

173.148 6.7+1.8

6.141.8 55.944.9 | where error bars represent
shot noise. The coincidence counts of [10,10)
and |9, 9) could represent decoherence or could
emerge from other sources, such as the ion-
ization of other state pairs. This scenario might
occur when one product was ionized through
state-selective REMPI and the other product
was off-resonantly ionized by two 532-nm
photons, which could register as a coincident
count during data accumulation.

To quantify such a background contribution,
we detected the |10, 10) channel at 50 G, where
the KRb was dominantly in |0, 0, —4,1/2) (with
0.994 population), and we did not expect any
reaction outcome in |10, 10). In this background
measurement, we found a coincidence-count
rate of 7.1 £ 1.7, which could account for the
entire contribution to the measured [10,10)
and |9, 9) counts at 5 G. Additionally, we looked
for counts that came from both products being
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off-resonantly ionized by turning off the reso-
nant legs of the REMPI beams and found them
negligible.

For the [10, 9) and |9, 10) channels, we sim-
ply subtracted this background source from
the measured signal. For the [10,10) and |9, 9)
channels, because the measured signal was
lower than the measured background because
of random fluctuations, we used Bayesian an-
alysis (28) to find the 68% confidence intervals.
We then normalized all channels, accounting
for the velocity factors and channel degener-
acies (SM section S5), to extract the branching

[ Pey Pee 0.709+0.035 [0,0.007]
ratios {POO Poe] = [ [0,0.012] 0.276+0.026 |
These measurements (Fig. 3B) were near the
coherent values of P (Eq. 2).

To further quantify the degree of coherence
in the uncoupled spin basis that was preserved
in this reaction, we assumed a dephasing mod-
el [because previous work in (23) established
population conservation] in which all the off-
diagonal terms in the density matrix decay by
an equal amount. As such, we multiplied the
off-diagonals of the initial pure-state KRb +
KRb spin-density matrix by a common factor, T,

to find the decohered spin-density matrix of the
reaction products

Pk, Rb, = L UPkrp @ Prey U

+(1=T)U (pxwp ® PKRb)diagUT (4)
where pggp, = |We) (W], U is the unitary trans-
formation that transforms the two K and
Rb nuclear spins from uncoupled basis to
coupled basis, and (pg, © Prp ) giag 15 the dia-
gonal part of the pure-state density matrix
Prrp @ Pxrp- With these assumptions, the
final branching ratio could be described by
I'Pc+ (1—T)Ps. From Bayesian analysis
(SM section S6), we found that the result, in
the space of detected products, was consistent
with full coherence (I' = 1) and no lower than
0.9014 (95% confidence interval), limited by
data statistics. These results showed that the
nuclear spin wave function remained coherent
throughout the reaction. Assuming that the
rotational states also stayed coherent, we could
further infer that the nuclear spin states of K,
and Rbsmolecules, along with their rotational
states, were entangled. Intriguing questions
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regarding the direct verification and the lifetime
of the entanglement after the products separate
were beyond the scope of this study.

Controlling the product-state distribution
with decoherence

As we found the initial reactant state |y;) (Eq. 1)
to be robust to decoherence, both from experimen-
tal noise and chemical reaction, we could not
contrast the coherent outcome with that of a
statistical mixture by letting the state deco-
here. Thus, we deliberately prepared the re-
actants in a statistical mixture of two energy
eigenstates. Specifically, we drove microwave
transitions to prepare the KRb molecules
in a superposition of two energy eigenstates,
|0,0,—4,1/2) and |0, 0, —4, 3/2), through the
intermediate state |1,0,—4,3/2), using se-
quential microwave pulses (Fig. 44, inset). The
ambient magnetic and electric field were set to
200 G and 424 V/cm, where the microwave tran-
sitions were sufficiently isolated from neigh-
boring ones. By applying an up-leg pulse with
rotation angle 6 on the Bloch sphere and a down-
leg & pulse, we created a superposition state
0s(0/2)|0,0, —4,1/2)+ sin(6/2)|0, 0, —4, 3/2).
We characterized the coherence decay using
Ramsey spectroscopy and found a Gaussian
decay envelope with a 1.03(6)-ms time constant
(Fig. 4A). This time scale was much shorter
than the p-wave collision time of ~250 ms (fig. S3)
for indistinguishable fermionic KRb mole-
cules measured under our experimental con-
ditions. Therefore, the reaction process was
dominated by s-wave reactions between dis-
tinguishable KRb molecules, which proceed
~100 times faster than the p-wave collision
rate (20). Following the procedure used to
produce Eq. 2 and 3, it can be shown that the
expected population distribution for this sta-
tistical mixture is

Py Pee _ 1-y y
monl-la e

where y = sin®()cos?(¥) and the emergence
of e, e is a result of decoherence. For a 50-50
statistical mixture (6 = n/2) of |0,0, —4,1/2)
and |0,0, —4, 3/2), the measured branching
ratio of the four states is shown in Fig. 4B,
aligning well with the expected values in Eq.
5 and demonstrating control of the reaction
products when using decoherence. Furthermore,
by tuning the population ratio between the
|0,0,—4,1/2) and (0,0, —4,3/2) states, the
reaction-product distribution agreed with
the theoretical predictions (Fig. 4C).

Summary

We investigated the fundamental question of
whether coherence could be preserved in re-
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active scattering using a model atom-exchange
reaction that proceeded in a well-isolated gas
phase setup. We examined specifically the
nuclear spin degree of freedom by preparing
entangled nuclear spins in reactants and mea-
suring product outcomes. Similarly to Hong-
Ou-Mandel interference of indistinguishable
particles (29-32), the coherent phase infor-
mation was mapped onto the outcome pop-
ulation distribution, manifested as destructive
interference of the |e, e) and |o, o) channels. By
measuring the populations of each parity
channel, we observed that coherence of the
nuclear spin wave function was preserved, which
suggested that the products were in an entan-
gled state/Pe,|S, S)|e,0) + /Poe|A, A)|0, €).
However, direct characterization of the rel-
ative phase in the product quantum state would
require future measurements in a different
basis (33), in which driving even-to-odd rota-
tional transitions and resolving individual nu-
clear spin states of K, and Rb, molecules would
be necessary.

Although this work is reminiscent of hyper-
fine spin entanglement generated in atomic
collisions (34-36), the persistence of nuclear
spin coherence in the presence of short-range
interactions during chemical reactions, which
typically couple different degrees of freedom,
is unexpected. Our work shows that a reaction
that exchanges atom partners could be a re-
source to generate entangled pairs, allowing
trivial entanglement to be separated and re-
arranged into parting molecules—a strategy
that could be extended to various other chemical
processes, such as molecular qubits built from
chemical synthesis (37). Lastly, our findings
precede the study of coherence in reactions
under wet and warm conditions, which may
be of interest for a wide range of chemical
phenomena, including in the brain (38).
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