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We demonstrate a method for controlling the outcome of an ultracold chemical few-body reaction by
redirecting a tunable fraction of reaction flux from one selected product channel to another one. In the
reaction, three ultracold atoms collide to form a diatomic molecule. This product molecule can be produced
in various internal states, characterizing the different product channels of the reaction. Our scheme relies on
the coupling between two such product channels at an avoided molecular energy level crossing in the
presence of an external magnetic field. The degree of coupling can be set by the magnetic field strength and
allows for a widely tunable flux control between the two channels. This scheme is quite general and also
holds great promise for a large variety of chemical processes with diverse species, since molecular energy
level crossings are ubiquitous in molecular systems and are often easily accessible by standard laboratory
equipment.
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Controlling chemical reactions at the quantum level has
been a long-standing goal since the early days of quantum
mechanics. Formally, a chemical reaction can be under-
stood as reactants following one or several pathways along
reaction coordinates (channels) in a quantum mechanical
configuration space. Pathways can split up or merge along
the way, e.g., due to local couplings between different
channels, such that reaction dynamics are complicated, in
general. For isolated, nonradiating systems, as typically
realized in the dilute gas phase, the dynamics along
pathways are coherent, and quantum interference effects
are bound to occur. Generally speaking, the reactants
approach each other from large internuclear distances,
where they are asymptotically noninteracting. Via this
entrance channel, they enter the reaction zone at shorter
distances where they form a reaction complex and the
chemical dynamics take place. The products then leave the
reaction zone via product (or exit) channels. Controlling
the reaction flux into selected product channels is a central
goal of the field.

Recent progress in ultracold, low-density atomic and
molecular gases has led to a high level of control over
several aspects of cold chemical reactions. This includes
the preparation of reactants on the quantum level, tailoring
their reaction environment (e.g., trap geometry, exposure to
electric, magnetic, or electromagnetic fields), as well as
state-resolved detection of the reaction products. After
gaining tremendous control over cold chemical reactions
involving two atoms [1,2], the field has been expanding
toward more complex reactions involving larger numbers
of atoms. Three-body resonances [3–5] and long-lived
collision complexes [6–13] have been predicted and
observed. In this context, the question arose to what extent
reaction outcomes of collision complexes are merely
statistical and the final quantum state of the reactive system
will be decohered and scrambled up [7,14]. Enhancement
or suppression of the total rates of cold few-body chemical
reactions via shielding of collisions [15–19] or via various
tunable scattering resonances [20–24] have been demon-
strated. Besides globally turning a reaction on or off, it is
also possible to coherently control the outcome of a
reaction. Proposals in this direction can be found, e.g.,
in [25–28]. Recently, first schemes for controlling product
state populations in ultracold gases have been experimen-
tally demonstrated using quantum state-resolved prepara-
tion and detection of reactants and molecular products,
respectively, e.g., [29–34]. These schemes exploited
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particular propensity rules and conservation laws dictating
which exit channels are more likely to be populated for a
given entrance channel.
In this Letter, we demonstrate a new scheme which steers

a few-body chemical reaction between precisely two
selected product channels (see Fig. 1). The scheme can
be viewed as a tunable beam splitter of a reaction pathway,
in analogy to beam splitters in optics where a light beam
can be coherently split up and recombined with another
light beam. By near-resonantly coupling two exit channels,
we can divert a large fraction of the reaction flux from one
particular exit channel to the other one in a controlled
manner. For this, we make use of a molecular level crossing
which can be controlled via an external magnetic field.
Our approach is quite general and flexible. First, avoided

energy level crossings are ubiquitous in chemical systems,
including polyatomic species. Second, besides magnetic
fields other control knobs can be introduced, such as
optical, microwave, or radio-frequency fields. It should,
therefore, be possible to couple almost arbitrary pairs of
quantum states at any reaction coordinate and bound state
energy. In addition, we expect our general scheme to be
quite robust regarding, e.g., variations of the collision
energy.
Our scheme is complementary to another recent reaction

control scheme [34] which uses a Feshbach resonance.
Feshbach control affects the reaction quite differently, as it
acts in the initial phase of a reaction, controlling reaction
flux between whole spin families of product states but not
exclusively between two particular exit states. Furthermore,
Feshbach control is very sensitive to the collision energy of
the reactants.

In our experiment we investigate three-body recombina-
tion (TBR) of ultracold 87Rb, where three atoms collide and
two combine to form a weakly bound Rb2 molecule. The
molecule and the third atom carry away the released binding
energy in terms of relative motion. TBR is an intrinsically
complex few-body process. However, as shown in our
previous work, for the given species and parameter regime,
TBR can to some extent be understood in terms of two-body
physics. In brief, as the atom pair forming the molecule
undergoes a two-body collision, it is perturbed by the
collision with the third atom. The third atom interacts with
the pair only via mechanical forces, so that the spin state of
the pair is conserved. This simplification offers some
valuable physical insight into our control scheme [33,35].
The colliding atom pair in scattering state jS↑i (see

Table I) can relax to a molecular bound state, to the extent
that the pair’s original spin state j↑i overlaps with the
molecular spin state. This gives rise to a spin-conservation
propensity rule as previously observed in [29,33,36]. By
tuning the spin state j↑i amplitude in the molecular state, we
can control the reaction flux into this state. This can be
accomplished by using a magnetically tunable avoided
crossing of two neighboring molecular levels and an
externally applied magnetic field; see Fig. 2(a). The avoided
crossing consists of two bare hyperfine molecular levels
jB↑i and jB↓i, with orthogonal spin states j↑i and j↓i (see
purple and green dashed lines) with different magnetic
moments. The levels are coupled via spin exchange inter-
action, which mixes them coherently and leads to level
repulsion. As a result of the avoided crossing, we obtain an
upper and a lower molecular level branch denoted by jUi
and jLi, respectively. The spin compositions of the two
branches varywithmagnetic field. Figure 2(b) shows the j↑i
content in terms of the integral

jh↑jU=Lij2 ≔
Z

jh↑jΨU=Lðr⃗Þij2d3r⃗ ð1Þ

TABLE I. Quantum numbers of the spin states j↑i and j↓i, the
scattering state jS↑i, the bare molecular levels jB↑i and jB↓i,
and the reference level jR↑i. Here, F is the total angular
momentum quantum number of the atom pair or molecule
(excluding rotation), and fa;b are the total angular momentum
quantum numbers of the two atoms (a and b) forming the
molecule, respectively.

State F mF fa fb v LR

j↑i 2 −2 1 1 � � � � � �
j↓i 2 −2 2 2 � � � � � �
jS↑i 2 −2 1 1 � � � 0
jB↓i 2 −2 2 2 −5 6
jB↑i 2 −2 1 1 −3 6
jR↑i 2 −2 1 1 −4 4

tunable

reaction complex

FIG. 1. Schematic of a three-body recombination reaction,
viewed in terms of coupled reaction channels. Three atoms on
an entrance channel enter the reaction zone where they form a
reaction complex. Coupling of channels allows for the reaction to
propagate along various pathways. Some couplings can be
externally tunable (e.g., the coupling between the channels
labeled exit 1 and exit 2, as marked by the dashed ellipse).
The particles leave the reaction zone on product (or exit)
channels, e.g., in terms of a diatomic molecule in a particular
internal quantum state (as indicated by different colors) and a free
atom. Exit channels denoted in parentheses are not connected to
the entrance channel and, therefore, obtain no reaction flux.
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for the two branches jUi or jLi of the avoided crossing as a
function of the magnetic field. Here,ΨU=Lðr⃗Þ ¼ hr⃗jU=Li is
the normalized molecular wave function for jUi and jLi,
respectively. As a consequence, we expect the reaction flux
into each of the two levels to follow the respective integral
from Eq. (1) as a function of magnetic field. In Fig. 2(a), the
reaction fluxes into the two branches are qualitatively
indicated by the widths of the arrows for three magnetic
fields.
For our experiments, we prepare an (800� 50) nK-cold

gas of 87Rb atoms which are spin polarized in the hyperfine
state f ¼ 1; mf ¼ −1 of the electronic ground state 5S1=2.
The sample of typically ð3.4� 0.1Þ × 106 atoms is trapped
in a far-detuned optical dipole trap at 1065 nm and has a
peak particle density of ð8� 1Þ × 1013 cm−3. In the atom
cloud, three-body recombination spontaneously occurs and
preferentially produces weakly bound molecules within the
coupled electronic states X1Σþ

g and a3Σþ
u [29,35]. More

than 90% of these molecules can be found in a range of
vibrational (v ¼ −1;…;−6) and rotational (LR ¼ 0;…; 8)
quantum numbers [29,33,35,37], where LR corresponds to
the total angular momentum of the molecule, excluding
electronic and nuclear spins. Furthermore, we note that a
negative vibrational quantum number means that we count
the vibrational levels downward from the respective atomic
threshold, so that v ¼ −1 represents the most weakly
bound state for the considered atom pairs.

The bare states jB↑i and jB↓i are two hyperfine levels
located within the described range of molecular bound
states. Their quantum numbers are given in Table I.
Figure 3(a) shows the avoided crossing, which is located
at around 110 G. The symbols are experimental data, where
we measured the binding energies of the two branches
relative to the atomic jS↑i threshold for each magnetic field.
The solid lines are coupled-channel calculations. The
experimental data are from high-resolution molecular spec-
troscopywherewe state selectively detectmolecules in these
levels, following their formation in three-body recombina-
tion. For this molecular spectroscopy, we use resonance-
enhanced multiphoton ionization (REMPI), where one
photon of a cw laser at a wavelength of 598 nm resonantly
excites the intermediate level ð2Þ1Σþ

u , v0 ¼ 36, J0 ¼ 5,
where J0 denotes the quantum number of the total angular
momentum of the molecule, excluding nuclear spins. This
transition step is strongly saturated inmost cases.Afterward,
a second identical photon ionizes the molecule. The pro-
duced ion is subsequently detected. From the resonant laser
frequencies and an additionally measured photoassociation
line to the same intermediate vibrational state, the binding
energies can be determined [29].
The REMPI photons stem from a ð120� 2Þ mW laser

beam with a diameter of approximately ð100� 10Þ μm in
the detection zone. The laser is frequency stabilized to a
wavelength meter, and we observe a shot-to-shot frequency
uncertainty of about 5 MHz (standard deviation). The
detection of the produced ions works as follows.
Immediately after production, the ions are trapped in a
linear Paul trap, which is centered on the atomic cloud. The
trapped ions elastically collide with the atoms, leading to
atomic loss which is measured; for details, see, e.g.,
Ref. [35]. By scanning the REMPI laser frequency ν over
the optical transitions of the molecular levels, we obtain
REMPI spectra. Figure 3(b) shows such spectra for four
magnetic fields [39]. Each spectrum exhibits four reso-
nance dips which are molecular signals. The leftmost dip
of each spectrum corresponds to the upper branch jUi
of the avoided crossing. The next dip to the right corre-
sponds to the lower branch jLi. The two other signals stem
from the molecular state jR↑i with a binding energy of
≈7.1 GHz × h, which was used as a reference; see Table I.
This state is detected via the intermediate level J0 ¼ 3
(second to rightmost dip) and J0 ¼ 5 (rightmost dip),
respectively. All these measurements are carried out with
the same REMPI laser intensities and pulse lengths
[38]. In general, the deeper the dip, the higher the molecular
production rate. This relation, however, is nonlinear and is
generally subject to saturation effects. The spectra indicate
that the molecular production rate grows with increasing
magnetic field for the upper branch but diminishes for the
lower branch. In contrast, the signals for the reference level
jR↑i remain rather constant for the detection via both the
J0 ¼ 5 and J0 ¼ 3 REMPI intermediate state, respectively.

(a)

(b)

FIG. 2. Schematics of the proposed reaction control scheme.
(a) The two bare states jB↑i and jB↓i are coupled and form an
avoided crossing as a function of the magnetic field. This results
in a lower and an upper branch, jLi and jUi, respectively. These
two branches correspond to two exit channels of the three-body
recombination reaction starting from the scattering state jS↑i. By
tuning the external magnetic field, the reaction flux can be
continuously steered between jLi and jUi. The widths of the
vertical arrows illustrate this behavior in a qualitative way.
(b) Calculated spin contents jh↑jUij2 and jh↑jLij2 which corre-
spond to the j↑i components of jUi and jLi.
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This suggests that for the reference level jR↑i [as well as for
the bare states jB↑ð↓Þi] the reaction flux and the REMPI
efficiencies are quite independent of the magnetic field.
For the quantitative analysis, we have carried out another

set of experiments, where we measured the ion production

rate for the individual molecular states at the resonant
REMPI laser frequencies [center positions of the dips in
Fig. 3(b)]. Again, the produced ions are collected in
the Paul trap. They are detected, however, by immersing
them into a freshly prepared low-density [ð1.0� 0.1Þ×
1013 cm−3] atomic cloud, where three-body recombination
is decreased so much that atom loss can be attributed
mainly to elastic atom-ion collisions. We obtain the
number of ions by comparison to atom loss calibration
measurements carried out with laser-cooled Baþ ions
which can be counted using fluorescence detection, as
described in [35]. From the ion numbers we derive ion
production rates, which are directly proportional to the
molecule formation rates to the extent that the REMPI
efficiency is constant.
Figure 4(a) shows measured ion production rates, as a

function of the magnetic field. Here, for each magnetic
field we adjusted the REMPI laser pulse length in order to
typically create less than five ions for a molecular state
since our ion counting scheme works best for low
numbers of ions; see Ref. [35]. Within the measured
magnetic field range, the production rate for the upper
branch grows by a factor of 19� 3 with increasing
magnetic field. At the same time, the production rate
decreases correspondingly for the lower branch. The rates
for the reference level jR↑i via J0 ¼ 3 and J0 ¼ 5 remain
constant within a variation of 10%, in agreement with our
more qualitative observations in Fig. 3. These results
highlight the large tuning capability of our scheme for
diverting the reaction flux between two product channels.
When adding the signals for the states jUi and jLi, it
becomes apparent that the total rate decreases for fields
larger than ≈120 G such that ≈20% is missing at 160 G.
Judging from our theoretical calculations (which will be
discussed in the following) and from the constant signal
of jR↑i, such a decrease in the molecular production rate
is not expected. The missing signal can, however, be
explained by a corresponding decrease of REMPI effi-
ciency for the state jUi due to a quantum interference
effect which lowers the transition matrix element from
jUi toward the intermediate state (see Supplemental
Material [40]). For the other magnetic fields, as well
as for the states jLi and jR↑i at all magnetic fields, the
first REMPI step is strongly saturated.
It is instructive to compare the measured molecule

production rates in Fig. 4(a) with the size of the j↑i spin
component of the product molecule, as, according to our
simplistic reaction model, the reaction flux into a channel
should be directly proportional to the spin state overlap of
the entrance and exit channel. Using Eq. (1), we calculate
the spin contents jh↑jU=Lij2 for the two molecular
branches. Our results are obtained from numerical two-
body coupled-channel calculations using accurate Born-
Oppenheimer potentials and are shown in Fig. 4(b). Indeed,
the spin component curves in Fig. 4(b) resemble the
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FIG. 3. (a) Avoided crossing of the bare states jB↑i and jB↓i,
giving rise to an upper branch level jUi (red) and a lower branch
level jLi (blue). The solid lines are calculated binding energies
from a coupled-channel calculation. The data points are binding
energies extracted from REMPI spectroscopy, where resonance
positions were measured in small frequency steps with three
repetitions of the experiment per frequency setting. Here, h is
Planck’s constant. The error bars mainly reflect the typical
uncertainty of the laser frequency and have been extracted from
Lorentzian fits of the resonance positions (95% confidence level).
(b) REMPI spectra of the avoided crossing as a function of the laser
frequency ν for four different magnetic fields B. The REMPI
spectra show the normalized atom number with a scale as indicated
for the spectrum at the magnetic field of 85 G. Each data point
represents the mean value of five repetitions of the experiment, and
the error bars correspond to one standard deviation. Four spectra
corresponding to different magnetic fields are presented. The
leftmost dip and the adjacent dip correspond to jUi and jLi,
respectively. The two dips on the right correspond to a reference
level jR↑i, detected via the intermediate levels J0 ¼ 3 and J0 ¼ 5
[38], respectively. The offset ν0 ¼ 500.974 420ð10Þ THz is the
photoassociation transition frequency toward the intermediate
state ð2Þ1Σþ

u , v0 ¼ 36, J0 ¼ 1 at zero magnetic field. The offset
νZ is the Zeeman shift of the reference level which corresponds
to the Zeeman shift of the atom pair ðf ¼ 1; mf ¼ −1Þ þ
ðf ¼ 1; mf ¼ −1Þ.
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formation rate curves quite well. The position at which the
molecular production rates cross is shifted by about 8 G
compared to the position where the molecular j↑i spin
content of both channels is equal, but this could be an
artifact of the lowered REMPI efficiency for the state jUi at
higher fields. Therefore, the overall agreement suggests that
the simplistic model can indeed be used to explain and
design the reaction control, at least to first order. This is
quite remarkable, since the simplistic reaction model is
based only on two-body physics.
The detailed investigation, however, reveals a discrep-

ancy concerning the strict linearity between the production
rate of a molecular state and its spin content. At low
magnetic fields, the ratio of the experimentally observed
molecular production rates in both channels (28.4� 4) in
Fig. 4(a) is by a factor of 1.5 different from the spin content
ratio (19.5) in Fig. 4(b). This discrepancy seems to point to

additional physics beyond the simplistic model, which
relies on pure two-body physics. To gain additional
insights, we have conducted numerical three-body calcu-
lations for the production rates of the individual molecular
states. The model that we use for these calculations (see
Supplemental Material [40]) is already quite sophisticated,
as it includes all relevant spin degrees of freedom and uses
realistic pairwise two-body interactions down to short
distances of 40a0. While the calculations again qualita-
tively agree with the swapping of the production rates
between the two channels at the avoided crossing and,
therefore, confirm our general control scheme, quantita-
tively there are deviations from the results of both the
simplistic model as well as experiments (see Supplemental
Material [40]). This could point toward effects of pure
three-body interactions which are not captured by pairwise
two-body interactions as used for our calculations.
Furthermore, discrepancies can arise from approximations
that have to be made for the calculations such as the
truncation of molecular potentials to a low number of
bound states. Future experimental and theoretical work
should help to identify the specific reasons for the quanti-
tative discrepancies and will lead the way to optimized
control schemes.
In conclusion, we have demonstrated a scheme to divert

the reaction flux between two product exit channels in a
controlled fashion by coupling these product channels. Our
scheme can be considered a local beam splitter for the
reaction pathway. Here, we have already demonstrated the
function of this beam splitter, while experimental proof of
its coherent nature remains to be an interesting task for
future work. Furthermore, in the future, our general method
may be extended or combined with other methods. One
could, for example, implement two or more such local
beam splitters for increased interferometric control of
chemical reactions. In addition, it is very promising to
combine our scheme acting on the exit channels, with a
scheme acting on the entrance channel (such as the
Feshbach scheme in [34]) for tailoring product distributions
on an unprecedented level.
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