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We show that quantum interference-based coherent control is a highly efficient tool for tuning
ultracold molecular collision dynamics, and is free from the limitations of commonly used methods
that rely on external electromagnetic fields. By varying the relative populations and phases of initial
coherent superpositions of degenerate molecular states, we demonstrate complete coherent control
over integral scattering cross sections in the ultracold s-wave regime of both the initial and final
collision channels. The proposed control methodology is applied to ultracold Oz + O collisions,
showing extensive control over s-wave spin-exchange cross sections and product branching ratios

over many orders of magnitude.

Introduction. Recent advances in experimental tech-
niques for cooling and trapping neutral atoms and po-
lar molecules [1-4] have reignited interest in novel ap-
proaches to controlling atomic and molecular collisions
and chemical reactivity at ultralow temperatures. Such
approaches are central to using ultracold atoms and
molecules in optical lattices as a platform for quantum
information processing and quantum simulation [1, 5-7]
and to studying exotic regimes of ultracold controlled
chemistry [1, 8, 9]. The vast majority of control scenar-
ios developed thus far for ultracold atomic and molecu-
lar collisions are based on a combination of static (dc)
and time-varying (ac) external electromagnetic fields.
Examples include magnetic and optical Feshbach reso-
nances [10-15], electric field-induced resonances [16, 17],
microwave dressing [18-24], parity breaking in super-
imposed electric and magnetic fields [25, 26], and low-
dimensional confinement [27-29].

Despite the success of these control methods, they suf-
fer from a number of serious limitations. First, dc fields
control cannot be applied to control molecular systems
that lack magnetic (or electric) dipole moments, such
as Ha. Such systems are often of great chemical and
astrochemical interest, and have been studied with un-
precedented theoretical accuracy, such as the archetypal
chemical reaction F + Hy — HF + H [30-32]. Sec-
ond, the extent of control is limited by the magnitude
of molecular Stark and Zeeman shifts induced by practi-
cal laboratory dc fields. Finally, the presence of external
field-induced perturbations can be counterproductive in
high-precision experiments, such as those involving op-
tical lattice clocks [33].

Quantum coherent control is a well-established ap-
proach free of these limitations, whereby quantum inter-
ference of transition pathways from an initially prepared
coherent superposition of molecular states is used to
maximize or minimize the transition amplitudes[34, 35].
While coherent control has enjoyed great success when
applied to unimolecular processes (such as photodisso-
ciation), its application to bimolecular collision dynam-
ics has been limited by large uncontrollable incoher-
ent terms, to symmetry reasons [36, 37| or the need

to entangle the internal and external degrees of free-
dom of collision partners, a significant experimental
challenge [34, 38, 39] that can be circumvented by us-
ing superpositions of degenerate magnetic sublevels (m-
superpositions) as initial scattering states [36, 37, 40].

Here, we recognize quantum coherent control [34—
39, 41] as an important approach to manipulating ul-
tracold molecular collisions with an efficiency exceeding
that of their traditional dc counterparts. We show that
by forming coherent superpositions of initial molecular
states, it is possible to achieve complete control over
integral scattering cross sections and branching ratios
in the s-wave regime of both the initial and final col-
lision channels (the double s-wave regime). Using rig-
orous quantum scattering calculations [42] we demon-
strate extensive control of ultracold Oy + O4 collisions,
a system recently observed experimentally in a magnetic
trap [43], over the unprecedented range of ten orders of
magnitude. Our coherent control scenario does not re-
quire external electromagnetic fields and can be applied
to a wide range of atomic and molecular collisions that
are not amenable to external dc field control, such as
those involving Hy [39] and homonuclear alkali-metal
dimers. This significantly expands the toolbox of meth-
ods for manipulating ultracold molecular collisions.

Theory. As a first step to achieving coherent control
of cold collisions, we prepare an initial coherent super-
position of N two-molecule internal states |a;b;), where
a; and b; denote internal states of each of the two col-
liding molecules:

N
s) =D cilaibi) . (1)
i=1

Using the standard expression for the state-to-
state integral cross section (ICS) oupmayr =
ﬁ Zé,mg ZW,m; |Tabé,mg—>a/b/2/m2|2a where ¢ and El
are the initial and final orbital angular momenta of the
collision, m, and mj, are the initial and final projections
of £ and ¢ on the space-fixed quantization axis Z, k is
the initial relative momentum, and 7T, ablmg—a’t/ 0'm!, AT€
the T-matrix elements, we obtain the cross-section for



scattering from the initial superposition (1) to the final
two-molecule internal state |a'b’) as
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Because there is no interference between the terms
with different ¢, my, ¢, and mj in Eq. (2), the effi-
ciency of coherent control of the ICS depends on how
well we can control the individual partial wave contri-
butions. Thus, we expect the control efficiency to be
strongly enhanced at low temperatures, when only a
limited number of initial and final partial wave terms
are present in Eq. (2). In particular, in the limit of zero
collision energy, only s-wave terms with £ = 0,my = 0
contribute to the ICS due to the Wigner threshold law
[44, 45], and the number of partial waves in the final
channel is often strongly limited by angular momentum
conservation [46, 47]. This leads us to expect a large
extent of coherent control of nearly thermoneutral col-
lisions dominated by s-waves in both the incident and
final scattering channels, such as spin-exchange atomic
and molecular collisions considered here, Forster reso-
nant collisions of Rydberg atoms [48-53], atom-dimer
exchange chemical reactions [54], excitation exchange
between identical atoms or molecules [55], charge trans-
fer in cold ion-atom collisions [56-58], and rotational
angular momentum projection-changing collisions, e.g.,
Hg(] = l,m = 1) + HQ(] = 1,m = —1) — 2H2(] =
1,m = 0)].

Consider then a coherent superposition of two inci-
dent s-wave channels |a;15;00) and |a2ba00), which al-
lows for coherent control of the ICS to the final s-wave
channel |a’b'00). Note that the two channels must corre-
spond to the same combined angular momentum projec-
tion Mgy = Mg, +mp, = Mg, +myp, [36]. Superpositions
of states with different Mg, (i.e. mq, +mp, # Ma,+ms,)
only allow for a limited control of differential cross sec-
tions resolved over the scattering angles 6 and ¢ [37]. It
also the reason that no coherent control was observed
in cold m-changing collisions of Hs isotopes [59-62].
This work is free from such limitations. We stress that
while the theory outlined below is developed for s-wave
collisions, it is equally applicable to the partial wave-
resolved ICSs for any given (¢,m,) and (¢, mj).

In the s-wave scattering case, Eq. (2) reduces to

: (3)

Os_salbl = % ’cos n1h + sin neiBTz‘g
where we define ¢; = cosn, ca = sin 776“3, T =
Ta16,00—a'br00 and T = Tg,p,00-a0'00- Note that n de-
fines the relative population of each state in the super-
position while £ gives the relative phase between the
states.

The values of ¢; and co that extremize the ICS can
be found by diagonalizing the matrix 7;; = T;T} [63].
The lowest eigenvalue corresponds to o™ ., = 0, which
shows that it is always possible to coherently suppress

collision-induced transitions to any given final channel
|a’b’'00) regardless of the values of 77 and T5. The opti-
mal values of the superposition parameters n and  that
minimize the ICS are given by

o = cos™" |V/o2/ (01 1 02)| = tan™ (Va1 /oa) ()
Bmin = (02 — 01) — T, (5)

where 01 = 5|T1|? and 0y = 5|T3|? are the s-wave
ICS for the incident channels |a;b100) and |a2b200).
From the second eigenvalue of 7;;, we obtain the max-
imum value of the ICS, which is given by the sum of the
ICSs from the initial channels |a1b100) and |a2b200)

oty =01+ 02, (6)

Using coherent control, it is therefore possible to tune
the s-wave ICSs between zero and o + 02. As o1 and
o9 can reach very large values near collision thresholds
[9, 44, 45] a very wide control range is possible, as shown
below for O5 + Og collisions. The superposition angles
n and S that maximize the ICS are given by

s = o5 | Va1 /(o1 + 02)| = tan™ (Vaa/o) (7)
5max =03 — 0. (8)

Interestingly, the values of the superposition parame-
ters that minimize and maximize the ICS are related
by Nmax + Mmin = 71—/2 and ﬂmax - ﬂmin = m. We note
that while knowledge of the ICS suffices to determine
the optimal values of 7, this is not the case for Bunin
and Bmax, which require knowledge of the phases of S-
matrix elements. Thus, measurements of the ICSs of
molecules in known initial superpositions can be used to
infer complete amplitude and phase information about
the S-matrix elements. Indeed, this is a general charac-
teristic of many coherent control scenarios [34].

Having demonstrated complete coherent control of
the total ICS, we now show that such control can be
extended to include the branching ratios os_1/ /052
for transitions to the final channels [1') = |a}]00) and
[2") = |abbh00). As shown above, there exists a super-
position, defined by the parameters r]rln/in and Brln,in, for
which the s-wave ICS 04,1/ vanishes. Similarly, there
is a superposition with the parameters nrzriin and ﬂfr;in,
for which the ICS o,_ o, vanishes. Then, the ICS ratio
0s—1//0s—2 can be varied from zero to infinity by tun-
ing the superposition parameters from (ngin, Brlr;in) to
(2., B2..), thus achieving complete control over the
branching ratio.

Application: Coherent control of ultracold molecular
collisions. As an example consider the coherent control
of ultracold collisions of 170y (X?3%) molecules in their
ground electronic and rovibrational states (v = N = 0,
where v is the vibrational quantum number and N is
the quantum number related to the square of the ro-
tational angular momentum N?). Cold and ultracold
02(X3%) + 02(X3%) collisions were studied theoret-
ically by several groups [42, 64—66] and have recently



been observed experimentally in a magnetically trapped
oxygen gas at 800 mK [43]. We calculate the T-matrix
elements for ultracold Oy + O collisions using a rig-
orous time-independent quantum scattering approach
[42] as described in the Supplemental Material [67].
Due to their nonzero electron spin S = 1, O2(X3%)
molecules can occupy three different spin states |Mg)
with Mg = —1,0, and 1 (assuming S = 1 and neglect-
ing the hyperfine structure for simplicity). An inelastic
collision can change the spin projection of one or both
molecules i.e., [Ma, Mg), = |M}y, M), where

1

My, M) = —————
M M), 201+ 01, 015)

(9)
These are internal states of the colliding molecules that
have been identical particle symmetrized and that in-
clude the parity p of the state[42]. In this paper, we
drop the index p, writing |My, Mp), when the calcu-
lated quantity (ICS or branching ratio) includes a sum
on partial waves and then on the both parities.

More specifically, consider the nearly thermoneutral
spin-exchange collisions [0,0),, <+ |[~1,+1) , which can
be used to generate entanglement [70] and quantum
many-body phases in spinor Bose-Einstein condensates
[71-73] and play an important role in ultracold atom-
molecule and atom-ion chemistry [54, 74, 75]. At ultra-
cold temperature, these flip-flop collisions occur in the
s-wave regime for both the incident and final channels,
thus forming an ideal testing ground for the application
of the coherent control theory developed above. This
regime could be achieved experimentally by evapora-
tive or sympathetic cooling of trapped 7Oy molecules
[43, 76].

To coherently control the spin-exchange ICS to the fi-
nal channels |0,0) and |—1, 4+1), consider three different
kinds of coherent superpositions of the initial molecu-
lar spin states |0,0), and [—~1,+1) . In particular, an
entangled two-molecule superposition

[YE) =cosn|-1,+1) _,, + sin ne'’ 0,0),—., (10)

cannot be represented as a direct product of the indi-
vidual molecules’s states. While this superposition is
the simplest to consider from a theoretical perspective,
and provides robust control (see below), it is challenging
to prepare experimentally, as it requires entangling the
internal states of the colliding molecules.

A non-entangled initial superposition has the form of
a tensor product of two single-molecule superposition
states |[4) |¥p), where

) = Na (Veosti|=1) + Vsinne's 0)) (1)
[B) = No (\/sin neig |0) + /cosn |+1>) , (12)

where Ny = (sinn+cosn)~'/2. For two identical bosonic
molecules such as Og, this initial state must be sym-

metrized to account for identical particle permutation

[[Ma, Mp) +p|Mp, Ma)].
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FIG. 1. Minimum (lower traces) and maximum (upper
traces) ICSs from the initial superpositions |[¢g) (black),
|¥5) (red) and [¢5) (blue) to the final collisional channel
(a) 10,0) and (b)|—1,+1).

symmetry [42] giving

‘w2s> = N22 [COSU |_17 +1>p::tl +sin nelﬂ ‘05 O>p:+1
+ +/cosnsin nei§(|—1,0>p:i1 + |07+1>p::t1)]’ (13)

This initial state can be created in, e.g., merged beam
experiments [77] by preparing coherent superpositions of
internal states of the individual molecules prior to colli-
sion. In a similar way, we can prepare a non-entangled
three-state superposition

[ta) = Ny [/EosTi(|=1) + |+1)) + /sinne’ o)),
(14)
where N3 = (sinn 4+ 2cosn)~'/2. After symmetrization,
the initial wavefunction becomes

[45) = NF [ cosn|=1,+1),_, +sinne”[0,0),_,

+y/eospsinne ® (|-1,0), 4+ 0,41), ;)
+cosn(|-1,-1),_; +[+1, —|—1>p:+1)]
(15)

A key difference between the entangled and non-
entangled superpositions is the presence of the un-
controlled “satellite terms” [see Ref. [34]] [-1,0),_1,

and [0,+1),_, in [95) and |=1,0) i1, 10,4+1), sy,
|_17 _1>p:+1, a’nd |+1ﬂ +1>p:+1 in |w§>
Figure 1 shows the minimum and the maximum val-

ues of the ICS obtained with the initial superpositions
[¥E), |¥Ss) and [5) to the final channels |0,0) and
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FIG. 2. Coherent control of the ICSs 0,4y for ultracold
O2 + O3 collisions starting from the initial superposition
\1/)5) as a function of the superposition parameters 1 and
B at a collision energy of 1 uK in the absence of external
fields. The final states are |[—-1,+1) (a) and |0,0) (b). Panel
(c) shows the branching ratio os—_141/0s—00. While the
values shown are limited to 8 to aid visibility, the maximal
value of the branching ratio is 1.2 x 10°.

|—1,+1) as a function of collision energy Econ. The val-
ues for y and 3 were determined by the Egs. (4), (5), (7),
and (8). A remarkably wide, nine orders of magnitude
range of control is observed for both final states. We fur-
ther observe from Fig. 1 that the vast extent of coherent
control in the s-wave regime is insensitive to whether the
initial superposition is chosen to be entangled or non-
entangled. The increase of c™® with increasing collision
energy observed in Fig. 1 is due to the growing contribu-
tions of the £ > 2 partial waves of the controllable term
cosn|=1,+1),_,, +sin ne's |0, 0),— 41, as well as by the
spin exchange processes from the satellite terms, which
change the value of the total angular momentum pro-
jection M = M 4+ Mg, and thus require £ > 2 to occur.
At E.on < 5 mK, the s-wave to s-wave contribution to
the ICS exceeds 99 % making the total ICS fully con-
trollable and the contributions from the satellite terms
negligible. In contrast, at collision energies above the
height of the ¢ = 2 centrifugal barrier (Econ > 5 mK)
the non-s-wave contributions become dominant. As the
contributions due to the satellite terms remain small
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FIG. 3. Minimum (lower traces) and maximum (upper

traces) of the branching ratio os—_141/0s00 for the ini-
tial superpositions |[¢g) (black), |45) (red) and [¢5) (blue).
The branching ratios in the absence of control are also shown
as middle traces for the initial states |—1,+1) (triangles) and
|0,0) (squares).

compared to the d-wave contribution to the interference
term, the ICSs depend only slightly on whether the ini-
tial superposition is entangled or non-entangled.

Figure 2 (a) and (b) shows the ICS for ultracold
O3 4+ O3 collisions as a function of the initial super-
position parameters n and 5. In addition to the wide
range of control for both the final spin exchange chan-
nels |—1,41) and|0,0), we note that it is possible to
tune the ICS in a continuous manner, reaching all inter-
mediate values between zero and on.x by varying the
superposition angles n and S. The dependence of the
ICS on 7 and S exhibits characteristic oscillations given
by Eq. (3), which can be recognized as a signature of
coherent control.

Finally, consider coherent control of the branching ra-
tio 05— —1+1/0s—00, Which is minimized when the ICS
Os——1+1 18 minimized and maximized when o599 is
minimized. At 1 pK, for example, the branching ratio
can be varied from 1072 to 10® demonstrating a truly
outstanding range of control, spanning seventeen orders
of magnitude! As a reference, the branching ratios in the
absence of control are 2.69 and 1.15 for the initial states
|-1,4+1) and |0,0). Figure 2 (c) shows the branching
ratio as a function of the initial superposition param-
eter. A sharp peak around the maximal value is ob-
served. The range of control observed in Fig. 3 is much
wider than in any previous study of coherent control
[34, 36, 37], showing that the ultracold s-wave threshold
regime provides optimal conditions for coherent control
of quantum scattering dynamics. As in the case of the
ICS, we observe a gradual loss of control as the colli-
sion energy is increased until control is completely lost
outside of the s-wave regime at E.o; > 5 mK.

In conclusion, we have developed a general theory of
quantum interference-based coherent control of ultra-



cold collisions, which allowed us to establish the possi-
bility of complete coherent control over quantum scat-
tering in the regime where only a single partial wave is
involved in both the incident and final collision channels.
We show that ultralow temperatures strongly enhance
coherent control by favoring s-wave threshold scatter-
ing, and we determine the optimal parameters of the
coherent superpositions required to maximize and min-
imize the ICS. The theory was applied to control ultra-
cold spin-exchange collisions of oxygen molecules. We
demonstrate vast control over both the ICS and their
branching ratios in the s-wave threshold regime. These
results demonstrate the possibility of using quantum in-
terference as a powerful tool for controlling ultracold
collision dynamics, which can be applied to a much

wider range of molecular species (such as Hg) than dc
field control. While ultracold collisions of rotationally
excited molecules will generally be accompanied by ro-
tational relaxation outside of the double s-wave regime,
ortho-Ha+ ortho-Hs collisions present a notable excep-
tion allowing for extensive coherent control. A natural
extension of this work would be to explore coherent con-
trol of exothermic processes, which occur either directly
in the multiple partial wave regime or via an isolated
shape resonance [60, 78]. Our preliminary results show
a large extent of control is possible in both cases.
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