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ABSTRACT: Interferences emerge when multiple pathways
coexist together, leading toward the same result. Here, we report
a theoretical study for a reaction scheme that leads to constructive
quantum interference in a photoassociation (PA) reaction of a 87Rb
Bose−Einstein condensate where the reactant spin state is prepared
in a coherent superposition of multiple bare spin states. This is
achieved by changing the reactive scattering channel in the PA
reaction. As the origin of coherent control comes from the spin part
of the wavefunction, we show that it is suﬃcient to use radio
frequency (RF) coupling to achieve the superposition state. We
simulate the RF coupling on a quantum processor (IBMQ Lima),
and our results show that interferences can be used as a resource
for the coherent control of photochemical reactions. The approach
is general and can be employed to study a wide spectrum of chemical reactions in the ultracold regime.

O

coupling and radio frequency (RF) coupling. Finally, our
study generalizes the ﬁndings by Blasing et al.7 to constructive
interference.
Photoassociation (PA)8 is a light-aided chemical process
where two atoms absorb a photon producing a bounded
excited molecule while scattering. When we operate PA in the
ultracold regime, it involves only a small number of scattering
channels. Experimentally, a Bose Einstein condensate (BEC)
of 87Rb can be prepared in a f = 1 hyperﬁne state via optical
evaporation.9 The magnetic ﬁeld tuning during the optical
evaporation results in a BEC with bare mf = − 1, 0, +1 spin
states or a statistical mixture of all three. In our calculations, we
consider a BEC of 87Rb in f = 1 and mf = 0 bare spin states.

bservation of quantum interference is a common
phenomenon in the physics of elastic collisions, but
when it comes to inelastic collisions (many chemical
reactions), it is quite rare. Several experiments1−3 have
shown that if there exist multiple pathways for a chemical
reaction, then these pathways may interfere with each other
producing interference patterns. In a recent study, Hu et al.4
coherently controlled an ultracold chemical reaction by
employing nuclear spin conservation during the experiment,
which provides unprecedented quantum-state control over the
reactants and products in a chemical reaction of two KRb
molecules. In another study, Devolder et al.5 developed a novel
theory that uses quantum interference for complete coherent
control in the ultracold regime where a single partial wave is
dominant. This is achieved by changing the populations and
the relative phases of the initial coherent superposition of
degenerate molecular states. The theory showed an ultimate
coherent control over ultracold spin-exchange collisions of
oxygen molecules. An experimentally feasible quantuminterference-based approach has been shown theoretically6
which extracts features from the diﬀerential cross-section for
the coherent control in reactive collisions at low temperatures.
Blasing et al.7 carried out an experiment that tried to answer
the question “what happens in the reaction when the reactants
are prepared in a quantum superposition?” The result was
complete suppression of the chemical reaction which is
explained by the destructive interference between diﬀerent
reaction pathways. In this theoretical study, we will show how
can we achieve constructive interference by changing the
reactive scattering channel. In addition, we explain how
superposition is achieved in the reactants using Raman
© 2021 American Chemical Society

■

USING RAMAN COUPLING TO ACHIEVE
SUPERPOSITION
A superposition state can be experimentally achieved by
applying two counter-propagating Raman lasers adiabatically
which drives transitions between these atomic Zeeman
levels.10,11 As a result, the Rb atom makes a transition from
mf to an mf − 1 hyperﬁne Zeeman state by absorbing and
emitting a photon. This process induces, in addition, a change
in the momentum of the atom by 2kr, where kr is the photon
recoil momentum.12,13 Thus, the atoms are dressed into a
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superposition of hyperﬁne spin and mechanical momenta. In
our previous work,14 we analyzed the spin−orbit coupling in
the BECs that realize a pair of qutrits. The Hamiltonian12,13
that describes such a spin (mf)momentum (K) coupling can
be written in the coupled basis |mf, K⟩ = {|−1, q + 2Kr⟩, |0, q⟩, |
+1, q − 2kr⟩} as
ij ℏ2
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The last term becomes negative because of the opposite sign of
CG coeﬃcients. Ωr = 0 and δ = 0 can be visualized as not
applying the Raman coupling beams, and thus, we no longer
have the superposition in the reactant. This corresponds to all
the population of BEC in the |f = 1, mf = 0⟩ hyperﬁne state (C0
= 1, C±1 = 0 in eq 3) and thus ksup/k0,0 → 1. At large values of
Raman coupling and zero detuning, half of the population is
transferred equally to |f = 1, mf = 1⟩ and |f = 1, mf = −1⟩ from |f
= 1, mf = 0⟩ hyperﬁne spin state, which results in the
convergence of the coeﬃcients of the ground state C±1 → 1/2
and C0 → 1/ 2 , resulting in the reaction rate ratio (eq 3)
ksup/k0,0 → 0 (destructive interference).
Now consider what happens if we change the reaction
scheme and use a PA reaction which selectively photoassociates only those colliding atoms (denoted as a and b here)
whose total angular momentum |F = fa + f b, mf = mf,a + mf,b⟩ = |
2, 0⟩. Using the single particle basis, |fa, mf,a⟩|f b, mf,b⟩,
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Here, m is the mass of 87Rb, q is the quasi-momentum (usually
at the minimum of the BEC’s lowest energy band), Ωr is the
strength of the Raman coupling (which determines the Rabi
frequency for the Raman transition between two hyperﬁne mf
states), δ(B) is the detuning of the Raman laser, ϵ(B) = 0.65Er
is the quadratic Zeeman shift (at |B⃗ bias| ≈ 5G), Er = ℏkr2/2m is
the recoil energy, and B is the strength of the external magnetic
ﬁeld. In deriving Hamiltonian (1), we made use of the rotatingwave approximation. After applying the Raman lasers, the
population is transferred to mf = 1 and mf = −1 from an
initially created mf = 0 state due to which the BEC eventually
ends up in the ground state of Hamiltonian (1), described by

|F = 2, mf = 0⟩ = (|1, −1⟩|1, +1⟩ + 2|1, 0⟩|1, 0⟩
+ |1, + 1⟩|1, − 1⟩)/ 6

The detailed theoretical discussion of the reaction rate ratio
calculation for this scheme is available in the Supporting
Information. The ratio of reaction rates for this reaction
scheme is
ksup
k 0,0

|ψ0⟩ = C −1|q + 2k r , −1⟩ + C0|q , 0⟩ + C1|q − 2k r , 1⟩

= |C0 2|2 + |C1C −1|2 + 2Re[C0 2C1*C −*1]

(4)

Here, we see that due to same signs of the CG coeﬃcients for
the scattering channel |F = 2, mF = 0⟩ the last term comes out
to be positive, and this increment is solely caused by the
constructive interference between the reactive channels.
Figure 1a shows the normalized PA rate ratio ksup/k0,0 of
BEC for the |F = 0, mf = 0⟩ channel, as a function of Raman
coupling Ωr/Er which ranges from 0 to 15 at detuning δ = 0Er.
We see that when Ωr/Er = 0 which is equivalent to no Raman
beam being applied, and as a result, we do not have any
superposition in the reactant state, C0 = 1 and C±1 = 0 in eq 3,
thus ksup/k0,0 → 1. Superposition states induced by a large
Raman coupling and zero Raman detuning, nearly complete
suppression of the PA rate is observed (red curve), which is
interpreted as destructive interference. Our result is consistent
with the experiment7 where a complete suppression of the PA
rection was observed although the PA laser remained on.
Figure 1b corresponds to the |F = 2, mf = 0⟩ scattering channel,
where we see that the reaction rate ratio for the case when we
consider interference (blue curve) is always higher than the
case without the interference term, which we interpret as
constructive interference.
We next study the eﬀect of detuning δ/Er on the PA rate.
Since the BEC is prepared at the band minima, ﬁrst the dressed
band structure was calculated for Ωr = 5.4Er, and diﬀerent
values of δ/Er and the quasi-momentum values were obtained
(corresponding to the minimum energy for a particular δ
value). These values were used in Hamiltonian 1 to obtain the
superposition coeﬃcients, and then, the reaction rate ratios
were calculated. Figure 2 shows the normalized PA rate ratio
ksup/k0,0 at diﬀerent values of detuning δ/Er ranging from −3 to
3 and at Raman coupling Ωr = 5.4Er. Figure 2a shows the

(2)

Here, C±1 and C0 are coeﬃcients of the superposition ground
state as a result of coupling. The laser that drives a spinsensitive PA transition is then applied in the experiment,
selectively photoassociating only those colliding atoms
(denoted as a and b here) whose total angular momentum |
F = fa + f b, mf = mf,a + mf,b⟩ = |0, 0⟩. Using the single particle
basis, |fa, mf,a⟩|f b, mf,b⟩,
|F = 0, mf = 0⟩ = (|1, −1⟩|1, +1⟩ − |1, 0⟩|1, 0⟩
+ |1, + 1⟩|1, − 1⟩)/ 3

After considering the indistinguishable nature of bosons, we
see that there are two pathways for this transition. Bosons with
mf = ∓1 and mf = ±1 combine together to give a molecule in
mf = 0, and similarly two individual Bosons in mf = 0 do the
same job. Therefore, the PA reaction happens through two
pathways simultaneously. Both the reaction pathways contribute toward the total reaction rate with opposite signs due to
opposite Clebsch−Gordon (CG) coeﬃcients (±1/ 3 for |F =
0, mf = 0⟩), and the contribution also depends on the
coeﬃcients of the superpositioned states from eq 2. The rate of
the PA reaction kPA ∝ |⟨ψmol|d⃗·E⃗ |ψscat⟩|2, where the proportionality factor is independent of the spin,15 ψmol and ψscat are the
total molecular and scattering wavefunctions. E⃗ and d⃗
correspond to the electric ﬁeld of the PA laser and the dipole
operator. For the Raman dressed atoms in the |F = 0, mf = 0⟩
scattering channel, the ratio of reaction rates between atoms in
the superposition (ksup) and bare spin (k0,0) states is7,16,17
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interference. Our result is consistent with experimental
ﬁndings.7 As shown in Figure 2b, our theory predicts that
the reaction rate ratio should be always higher in the case when
we consider interference (blue) as compared to the nointerference case (black curve) which denotes constructive
interference. Additionally, it is worthwhile to note that the
diﬀerence is highest between these two cases when the Raman
beam is resonant (the detuning δ is 0 Er). It happens because
when the Raman beam is resonant, it results in more
population transfer to mf = ±1 from mf = 0 (increase in C±1
and decrease in C0 in 2), and as we increase the detuning
≈±2Er, the majority of population is transferred in either mf =
∓ 1 which suggests that C0 = 0 and one of C± = 0 which makes
ksup/k0,0 → 0 (eqs 3 and 4).

■

USING RF TO ACHIEVE SUPERPOSITION
Since PA control only comes from the spin part of the
superposition wavefunction, the momentum part created by
the Raman beam is a distraction for the underlying Physics.
Thus, it is suﬃcient to use RF to couple diﬀerent mf spin states
which we model below. The three-level hyperﬁne spin states
can be schematically represented by a pair of Bloch spheres,18
where one pole corresponds to mf = 0 and another pole
corresponds to mf = ±1. Initially created BEC of 87Rb in f = 1
and mf = 0 bare spin state is now coupled to the mf = ±1 states
with a RF ﬁeld. By controlling the time for which the RF pulse
is applied, we can introduce a rotation along Y(θy), as shown in
Figure 3a. As a result of rotation, the population transfer takes
place. We simulated the θy rotation via a state vector simulator
in Qiskit19 and conﬁrmed the results by comparing it with the
calculations obtained from the IBM quantum device. Figure 3b

Figure 1. PA rate ratio ksup/k0,0 of BEC, as a function of Raman
coupling Ωr/Er at detuning δ = 0Er, panel (a) shows the curve for the
channel |F = 0, mf = 0⟩. The black (red) curve corresponds to
theoretical prediction without (with) the destructive interference term
in eq 3. The curve for the channel |F = 2, mf = 0⟩ is shown in panel
(b). The black (blue) curve corresponds to theoretical prediction
without (with) the constructive interference term in eq 4. The blue
data points in (a) are the experimental data points from a study by
Blasing et al.7

Figure 2. PA rate ratio ksup/k0,0 as a function of δ/Er at Ωr = 5.4Er,
panel (a) shows the curve for the channel |F = 0, mf = 0⟩. The black
(red) curve corresponds to theoretical prediction without (with) the
destructive interference term in eq 3. The curve for the channel |F = 2,
mf = 0⟩ is shown in panel (b). The black (blue) curve corresponds to
theoretical prediction without (with) the constructive interference
term in eq 4.The blue data points in (a) are the experimental data
points from Blasing et al.7

Figure 3. Achieving superposition using RF pulse, panel (a) shows
the schematic representation of the rotation θy along the Y-axis on the
Bloch sphere. Panel (b) shows the redistribution of the population as
a function of θy. The red curve corresponds to state vector simulation
of mf = 0 population, and the asterisk data points on it corresponds to
data obtained from the IBM quantum device. Similarly, the blue
(yellow dash) curve corresponds to mf = +1(−1), and the
square(plus) data points on it corresponds to data obtained from
the IBM quantum device (IBMQ Lima).

results corresponding to the |F = 0, mf = 0⟩ channel where we
see that the reaction rate ratio is always lower when we
consider the interference (red curve) denoting destructive
7824
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shows the population distribution as a function of θy. Initially
(at θy = 0), all the population exists only in the mf = 0 state. As
we increase θy, the population transfer initiates. At θy = π/2, we
see half of the population is in mf = 0, and the remaining half is
equally distributed in mf = ±1. At θy = π, the entire population
is distributed equally in mf = ±1 states. After this point, if we
increase θy, the mf = 0 population increases again and shows
symmetric behavior (θy = π represents the south pole on a
Bloch sphere, as shown in Figure 3a, and after this instant,
further rotation will take the state vector toward the north pole
making population symmetric about π). The population
distribution, as shown in Figure 3b, goes well with the
experimentally observed results in Figure 1D of ref 18 for the
time scale of 40 μs.
As a result of RF coupling which results in population
transfer to mf = 1 and mf = −1 from an initially created mf = 0
state, the spin part of the scattered wavefunction for a single
BEC eventually ends up in a superposition described by
|ϕa⟩ = C −′ 1|1, −1⟩a + C0′|1, 0⟩a + C+′ 1|1, 1⟩a

Article

along the Y-axis (θy) which ranges from 0 to 20. At θy = 0, all
the population exists in mf = 0, and thus, we do not have
superposition in the reactant state, which corresponds to C0′ =
′ = 0 in eqs 5 and 3. Thus, ksup/k0,0 → 1. As we
1 and C±1
increase the angle of rotation θy, the population transfer takes
place, as shown in Figure 3b, and the reaction rate ratio
drastically falls down for the case in which we considered the
interference (red curve/asterisks). At the rotation angle, θy =
π/2, the reaction is completely suppressed for the interference
case. The reason being at this point half of the population is
present in mf = 0 state, and another half is equally distributed
in mf = ±1 states, which corresponds to C0′ = 1/ 2 and C′±1 =
1/2 in eq 3, leading to ksup/k0,0 → 0. At θy = π, the reaction rate
ratio for the interference case is ksup/k0,0 → 1, but the reason is
entirely opposite to that of θy = 0 case; at this point, all the
population is equally distributed in mf = ±1 states which
corresponds to C0′ = 0 and C±′ 1 = 1/ 2 . After this point, the
trend repeats as expected from the population distribution. In
general, the reaction rate ratio for the case where we consider
interference (red curve) is always less (or equal as explained),
compared to the case, in which we do not consider interference
term (black cure) in eq 3, this is interpreted as destructive
interference.
Similarly, Figure 4b shows the normalized PA rate ratio ksup/
k0,0 of BEC for the |F = 2, mf = 0⟩ channel, as a function of
rotation along the Y-axis (θy). At θy = 0, C′0 = 1 and C′±1 = 0,
and this corresponds to ksup/k0,0 → 1 from eq 4. As we increase
the angle of rotation θy, the population transfer takes place. At
θy = π, the reaction rate ratio for the case where we consider
interference (blue curve) matches with the case where we do
not consider interference. The reason being at this point all the
population is equally distributed in mf = ±1 which corresponds
to C0′ = 0 and C±′ 1 = 1/ 2 . Therefore, out of two reaction
pathways, only one of them exists (mf = ±1 + mf = ∓1 → mtot
= 0). It is important to note that Figure 4a,b shows symmetry
about θy = π which comes from the nature of population
distribution, as shown in Figure 3b. Also, the periodicity of
reaction rates, as shown in Figure 4a,b, is π and 2π,
respectively. The origin of these periodicities can be explained
via the symmetric nature of superposition coeﬃcients along
with the corresponding rate expressions (eqs 3 and 4). In
general, the reaction rate ratio for the case where we consider
interference (blue curve) is always greater (or equal as
explained), compared to the case, in which we do not consider
interference term (black cure) in eq 4, this is interpreted as
constructive interference.
In summary, there are multiple approaches to achieve
constructive interference within PA reaction. For example, the
recent study by Kondakci et al.18 showed the interferometric
control over the |F = 0, mf = 0⟩ reaction channel by exploiting
the quadratic Zeeman shift which introduces an additional
relative phase between mf = 0 and mf = ±1 hyperﬁne spins in
the superposition state eq 2. We have shown that by changing
the scattering channel from |F = 0, mf = 0⟩ to |F = 2, mf = 0⟩,
we can achieve a constructive interference. The reason behind
this result is the similar (opposite) sign of CG coeﬃcients in
the latter (former). We are investigating the existence of a spinsensitive PA frequency,20 which corresponds to the |F = 2, mf =
0⟩ scattering channel. Our study shows that quantum
interferences can be employed to coherently control a
photochemical reaction. The approach is general and can be
used to study a wide range of chemical reactions in the

(5)

w h e r e C −′ 1 = sin(θy /2)/ 2 , C 0′ = c o s ( θ y / 2 ) , a n d
C+′ 1 = sin(θy /2)/ 2 are the coeﬃcients of superposition, the
ﬁrst and the second number inside the ket denote F = 1 and
the associated hyperﬁne spin (mf), respectively. Equation 5
shows that the superposition created via RF does not have any
momentum parts and thus is much simpler to work with. The
reaction rates ratios for both the reaction channels do not
change, and eqs 3 and 4 still apply.
Figure 4a shows the normalized PA rate ratio ksup/k0,0 of
BEC for the |F = 0, mf = 0⟩ channel, as a function of rotation

Figure 4. PA rate ratio ksup/k0,0 of BEC, as a function of θy, panel (a)
shows the curve for the channel |F = 0, mf = 0⟩. The black (red) curve
corresponds to theoretical prediction without (with) the destructive
interference term in eq 3, and the black diamond (red asterisk)
corresponds to data points obtained from the IBM device. The curve
for the channel |F = 2, mf = 0⟩ is shown in panel (b). The black (blue)
curve corresponds to theoretical prediction without (with) the
constructive interference term in eq 4, and the black diamond(blue
asterisk) corresponds to data points obtained from the IBM quantum
device (IBMQ Lima).
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ultracold regime. Next, we plan to investigate the role of
entanglement21−23 to control and predict the interference
patterns observed in diﬀerent scattering experiments which are
similar to the PA reaction of SOC BEC.3,24
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