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Photodissociation of ultracold diatomic strontium
molecules with quantum state control
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Chemical reactions at ultracold temperatures are expected to be
dominated by quantum mechanical effects. Although progress
towards ultracold chemistry has been made through atomic
photoassociationl, Feshbach resonances? and bimolecular
collisions®, these approaches have been limited by imperfect
quantum state selectivity. In particular, attaining complete control
of the ground or excited continuum quantum states has remained
a challenge. Here we achieve this control using photodissociation,
an approach that encodes a wealth of information in the angular
distribution of outgoing fragments. By photodissociating ultracold
83Sr, molecules with full control of the low-energy continuum,
we access the quantum regime of ultracold chemistry, observing
resonant and nonresonant barrier tunnelling, matter-wave
interference of reaction products and forbidden reaction pathways.
Our results illustrate the failure of the traditional quasiclassical
model of photodissociation*” and instead are accurately described
by a quantum mechanical model®’. The experimental ability to
produce well-defined quantum continuum states at low energies
will enable high-precision studies of long-range molecular
potentials for which accurate quantum chemistry models are
unavailable, and may serve as a source of entangled states and
coherent matter waves for a wide range of experiments in quantum
optics!®!1,

To obtain full control over the initial (molecular) and final (contin-
uum) quantum states, we photodissociate diatomic strontium mole-
cules (*8Sr,) that are optically trapped at a temperature of ~5 K (ref. 12).
These molecules are produced by photoassociating laser-cooled Sr
atoms in a far-off-resonant one-dimensional (1D) optical lattice with a
depth of up to 50 pK. The Sr atoms are divalent and do not form cova-
lent chemical bonds. However, the ground-state Sr, dissociation energy
is larger than in typical van der Waals complexes and similar to hydro-
gen bonded systems such as the water dimer. The %Sr, molecules that
we produce are either weakly bound near the ground state threshold
(*S+ 'S atomic limit) or, with an extra step of optical preparation,
near the lowest singly excited threshold ('S + 3P)). The long-lived
(22 ps) excited atomic state 3P is responsible for the low laser-
cooling temperature, efficient molecule creation, accurate state prepa-
ration and high spectroscopic resolution that allows photodissociation
very close to the threshold. Photodissociation is driven by a 10-20 s
pulse of linearly polarized 689 nm light (intensity 0.3-30 W cm ™2,
bandwidth <200 Hz) propagating along the lattice axis. The light
frequency is chosen to probe a continuum energy in the range of
0-15mK because this matches typical electronic and rotational bar-
rier heights. After a controlled delay, the fragments are detected by
absorption imaging via the strong 'S — 'P; Sr transition using 461 nm
light propagating almost parallel to the lattice axis, so that the initial
sample of >10% molecules appears as a point source. This produces a
2D projection of the 3D spherical shell (Newton sphere) formed by
the expanding fragments. The experimental geometry is illustrated
in Fig. 1, including the definition of angles 6 and ¢ for a dissociating

molecule and an image of the fragments showing clear dependence
on both angles. The arrangement of the optical lattice, the photo-
dissociating and imaging light, a camera and a small bias magnetic
field B that fixes the quantum axis are also shown. In all subsequent
images the colour scheme is identical to that of Fig. 1b apart from
the overall normalization and the fields of view are 0.1-0.9 mm on
each side.

Following photodissociation, the angular distribution of fragment
positions is described by an intensity (or differential cross-section)

10,6) = £(0.9) (1)
which is the square of a scattering amplitude f that can be expanded

in terms of partial amplitudes, f(0,$) =)} ¥m(0, ¢). This
expansion uses angular basis functions vy of the outgoing electronic
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Figure 1 | Photodissociation of diatomic molecules in an optical lattice.
a, A homonuclear molecule (black circles) producing fragments

(green circles) with well-controlled speeds forms a Newton sphere.

The distribution of the fragments on the sphere surface is parameterized
by a polar angle 6 relative to the z axis and an azimuthal angle ¢ relative

to the x axis in the xy plane. The photodissociating (PD) light propagates
along +x. b, An experimental image of the fragments corresponds to

the Newton sphere projected onto the yz plane. This particular image is
one of many we observed that is highly quantum mechanical in nature
and distinctly lacks fragments that are emitted along the xz plane.

The distribution is thus not cylindrically symmetric about the z axis

and depends on ¢ in addition to 6. a.u., arbitrary units. ¢, The fragments
(green ovals) are detected by absorption imaging using a charge-coupled
device (CCD) camera and a wide light beam from an optical fibre. The
photodissociating light is coaligned with the lattice axis along x. The
imaging light is nearly coaligned with x (a small tilt is present for technical
reasons). A magnetic field can be applied along the z axis.
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Figure 2 | Photodissociation to a multichannel continuum. a, Schematic
for PD of 38Sr, in the initial ground state X(v;, J;) to an excited continuum
energy ¢, which is subsequently expressed in MHz or in mK (via the
Boltzmann constant kg). b, Potential energy structure (<1 mK) of the

1S+ 3P, continuum, showing both of the electronic potentials (0, and 1,)
that couple to the ground state via E1 transitions’. ¢, The angular
anisotropy parameter (3, for this process measured by two imaging
methods (using axial-view and side-view CCD cameras) and calculated
using a quantum chemistry model. The inset images show fragments

at three different energies £/h labelled in MHz. The images and curves
indicate a steep change in the angular anisotropy in the 0-2 mK
continuum energy range. The experimental errors for axial imaging were
estimated by varying the choice of centre point for the pBasex algorithm
and averaging the results, and for side imaging from least-squares fitting to
equation (2) convolved with a blurring function to account for
experimental imperfections.

channel, where J and M are the total angular momentum and its
projection onto the quantum axis, respectively. The intensities for
separate electronic channels superpose to produce the total intensity
I(0, ¢). Cylindrically asymmetric distributions with ¢ dependence are
possible if several M states are coherently created because
(0, ) = e™99h7,(0, 0). Our measured angular distributions can
be summarized with the parameterization

oo I
1(0,¢) <1+ 3" >~ Bumcos(me) Py (cost) (2)

I=1 m=0

where P]"(cosf) is an associated Legendre polynomial and [ is
restricted to even values for homonuclear diatomic molecules. The 3},
coefficients are directly related to the amplitudes fjy;, but hide some of
the simplicity that is apparent from using the amplitudes with equation
(1). Besides their use in photodissociation, fragment angular distribu-
tions are powerful observables in photoionization experiments'® as they
provide a route to completely measure the ionization matrix element
amplitudes and phases!'®. The internal angular momenta of the frag-
ments may also carry valuable information'”.

To investigate a multichannel electronic continuum at very low dis-
sociation energies, €, we prepared ultracold molecules in the J;=0
initial state of the least-bound vibrational level v;= —1 (negative v;
count down from threshold) of the ground potential X and photo-
dissociated them at the excited 'S+ 3P; continuum via the electric
dipole (E1) process illustrated in Fig. 2a with an applied field B=0.
There are four allowed channels in the excited continuum, which are
labelled 0, 1,,, 0; and 1, where the letters u/g refer to the inversion
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Figure 3 | E1-forbidden photodissociation experiment and theory.

a, Molecules in M; =0 of the long-lived 1, state below the 1$+3p,
threshold are prepared with a bound-bound (B-B) w pulse and
fragmented at the gerade ground continuum with PD light. b, M1/E2
photodissociation produces photofragments for ¢ > 0 (right), and

as predicted is strongest for p = 0. Solid curves are calculations of

the total transition strength using a quantum chemistry model. E1
photodissociation to the *P; + 3P, continuum also appears for £ < 0 (left).
The inset image shows fragments for p =0 and £/h ~ 8 MHz. The strong
central dot results from spontaneous E1-forbidden photodissociation of
the molecules into low-energy atoms that are captured by the lattice.

symmetry of the wave function and the numbers 0/1 refer to the inter-
nuclear axis projection of the electronic angular momentum. Only
u-symmetric channels are E1-accessible from the ground state. Here,
the light polarization sets the quantum axis along z and the fragments
can only have J=1, M =0 quantum numbers because ] > 1 for the
0, and 1, electronic potentials shown in Fig. 2b. As 1, has an ~30 MHz
(~1.5mK) repulsive electronic barrier, we expect the fragment angular
distribution to evolve in the probed energy range due to barrier
tunnelling. We observe a steep variation of the single anisotropy param-
eter needed to describe this process, 3,y from equation (2). Two
methods were used to measure this data: axial-view imaging processed
with the pBasex algorithm'® and side-view imaging integrated along
the lattice and fitted to a density profile. Figure 2c shows that both
methods agree and reveals an evolution of the fragment distribution
from a parallel dipole (32~ 2 at e/h~5MHz where h is PlancK’s
constant) to a uniform shell (3520 at ¢/h~ 12 MHz) and then a per-
pendicular dipole (5~ —1 at e/h~ 50 MHz). A quantum chemistry
model® was used to calculate the expected anisotropy curve in Fig. 2¢
by connecting the bound and continuum wave functions via Fermi’s
golden rule to compute the amplitudes fj,;, showing strong qualitative
agreement with the data. The theoretical 0] and 1,, Coriolis-mixed poten-
tials agree well with high-precision bound-state **Sr, spectroscopy”!”, but
this work is the first test of their predictive power in the continuum.
El-forbidden photodissociation is an important effect in atmos-
pheric physics and must be considered when calculating the total
absorption cross section for molecular oxygen within the so-called
Herzberg continuum. Surprisingly, however, neither magnetic dipole
(M1) nor electric quadrupole (E2) photodissociation has been
directly observed previously. In most cases E1 is also present, mak-
ing it challenging to study the weaker M1/E2 processes. However,
experiments with ultracold Sr, allow measurements of pure M1/
E2 photodissociation and a comparison with quantum mechanical
calculations. Using resonant m pulses we prepare metastable mole-
cules in a J;= 1, M; =0 state of the least-bound vibrational level of
the subradiant 1, potential that has no E1 coupling to the ground
state'?, as sketched in Fig. 3a. The frequency of the dissociating light
was varied as shown in Fig. 3b. Here p=0 (|p| = 1) implies that the
light polarization has a magnetic field parallel (perpendicular) to the
quantum axis. The prominent, polarization-independent feature on
the left (¢ < 0) is E1 photodissociation above the *P; + 3P threshold,
whereas the weaker, polarization-dependent feature on the right is
M1/E2 photodissociation. As the figure shows, the strength of this
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Figure 4 | Photodissociation of singly excited ('S + *P;) molecules to the
ground-state continuum with energies of several millikelvin. Each row
and column corresponds to molecules prepared in the indicated

1,(v;, J;) state and M; sublevel. (M; =4 was not accessible experimentally.)
The upper and lower sections correspond to PD light polarizations |p| =1
and 0, respectively, where the PD laser’s electric field is Epp. Within each
square panel, the experimental image is on the top right, with

forbidden process tapers off rapidly and is substantial only below
~1mK. The inset displays fragments near the peak of the p=0
spectrum. Although the number of fragments for p =0 is unaffected
by interference between M1 and E2 pathways, our calculations indicate
that their angular distributions (Extended Data Fig. 1) are sensitive to
this rarely observed interference.

We take advantage of the single-channel spinless ground state of
883, to explore chemistry in the ultracold regime, obtain a library of
fragment distributions and test a quasiclassical model of photodisso-
ciation. We prepare singly excited (!S+>P;) molecules with quantum
numbers J;, M; and immediately photodissociate them at the 'S+'S
ground state continuum, in some cases applying B up to 20 G to enable
symmetry-forbidden E1 transitions'®. To control the final value of
J in the continuum (which quantum statistics requires to be even for
bosonic ground-state 38Sr,) we either obtain a unique J by choosing
to start from an even J; and taking advantage of selection rules, or,
if multiple ‘partial waves’ with different J are possible and interfere,
we choose an ¢ value at which a single ] wave strongly dominates, as
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a comparable simulation of a projected Newton sphere on the bottom
right. The full sphere rendition is on the bottom left and the top left shows
the mapping of the fragment detection probability at each angle onto

the radial coordinate of a surface. For [p| = 1, matter-wave interference
occurs if two values of M are produced, leading to strongly ¢-dependent
patterns. For each case, the degree of agreement with the quasiclassical
approximation is indicated by a coloured dot, as explained in the text.

discussed below. To control the final values of M we orient the linear
polarization of the photodissociating light either parallel (p =0) to the
quantum axis, for which selection rules ensure M= M,, or perpen-
dicular (|p| =1), for which M= M;+ 1. Thus, we are able to engineer
and image different continua in either pure M states or as their coher-
ent quantum interference. Disruption from Zeeman shifts is avoided
because the ground continuum is practically nonmagnetic.

Figure 4 shows a full range of distributions parameterized by equa-
tion (1) with either f (6, ¢) = Y; a1,(6, &) or £(6,¢) = ~/R Y 1,16, ¢)+
e /1-RY; Mm+1(0, ). Here the spherical harmonics Yjy = Wy for
the ground continuum, R and ¢ are the relative amplitude and phase
parameters and =2 or 4. (At the chosen continuum energies, the
p =0 patterns for ;=1, 3 would be nearly redundant with J;=2, 4 and
so are omitted.) Quantum mechanical calculations, included for
comparison, assume that the continuum states are dominated by the
higher J contribution. Figure 4 suggests the following observations.
First, the coherent superposition of a pair of M, which occurs for [p| =1
but not p =0, leads to clean observations of distributions without

© 2016 Macmillan Publishers Limited. All rights reserved



cylindrical symmetry, previously unreported for diatomic molecules.
In particular, multiple cases are shown of a molecule fragmenting into
up to eight distinct (6, ¢) regions. Second, the same final states (J =4,
M=41) are produced for |p| =1, M;=0and J;=4, 3 at the chosen
continuum energies. Thus we could expect to observe identical frag-
ment patterns. However, a subtle point is that odd J; and even J; pro-
duce M = M; =1 probability amplitudes with an opposite relative
phase. This results in identical ¢-dependent patterns rotated by 90°
relative to each other. The same mapping of the relative phase onto the
rotation angle occurs for |[p| =1, M;=0 and J;=2, 1. Third, the previ-
ous point roughly holds for the higher values of M; as well, but non-
identical populations of M= M; £ 1 are produced due to asymmetrical
coupling strengths. For example, the matter-wave interference pat-
terns for (J;, M;) = (4, 2) and (3, 2) are not only rotated relative to each
other, but have slightly different shapes.

Over the past few decades a quasiclassical model has been
advanced to predict the angular distributions for single-photon E1
photodissociation of diatomic molecules prepared in arbitrary quan-
tum states®”!°, This approach multiplies the conventional
distribution®® for molecules prepared in spherically symmetric
states or ensembles, I(0) oc 1 + 3,0P5(cos ), by a probability density
|®;|? for the initial molecular axis orientation, which gives
1(0,¢) o< |®4(6, ¢)P[1 + B20P5(cosx)] where y = (6, ¢) is the polar
angle defined with respect to the orientation of linear polarization of
the photodissociating light and (0, ¢) are defined by the quantization
axis, as before. This intuitive model suggests that photodissociation
probes the ‘shape’ of the initial molecules, as detailed in Extended
Data Fig. 2. Its validity, however, has been questioned over the years®.

To indicate the level of agreement with the quasiclassical model, we
include coloured dots for each pattern in Fig. 4. A green dot indicates
exact agreement between the quasiclassical and quantum mechanical
calculations, a yellow dot indicates qualitative agreement that cannot
be made exact by adjusting 3,0, an orange dot indicates disagreement
that can become a qualitative agreement by adjusting 35 and a red dot
indicates clear disagreement for all 5,—usually because fragments
are observed where |®;|> has a node. For all cases in Fig. 4 the quasi-
classical model fails to varying degrees. Although this could be
expected for the 1, initial states'®, surprisingly even photodissociation
of the 0 states (Extended Data Fig. 3) disagrees with the quasiclassical
model in all cases where more than a single J is possible in the contin-
uum. This is because only the single-J cases allow the quasiclassical
assumption of prompt axial recoil to be satisfied at such low continuum
energies. Furthermore, our experiments demonstrate that initial mol-
ecules with different shapes (for example, 0, versus 1,) can produce
nearly identical distributions, highlighting that the fragment distribu-
tions are solely determined by the final (continuum) states.

Ultracold photodissociation readily reveals features of the
continuum just above the threshold. The ability to freely explore a
large range of continuum energies, together with strict optical selec-
tion rules and cleanly prepared quantum states, provides a versatile
tool to isolate and study individual reaction channels. Whereas
Fig. 2 explored tunnelling through an electronic barrier, Fig. 5
shows the case when only rotational barriers are present. Here
molecules prepared in the 0} (v= -3, J;= 3, M; = 0) state are photo-
dissociated with p =0, resulting in continuum states with M =0
and J=2, 4. This mixture can be described by equation (1) with
£(0,0) =R Ya(0, ) + e~/T — R Y40(6, ¢). Figure 5a is a plot of
the branching ratio R and the interference amplitude 2cosé./R(1 — R)
for the 0-15 mK range of continuum energies. The data show a good
qualitative agreement with quantum chemistry calculations, and reveal
a predicted but so far unobserved g-wave shape resonance (or quasi-
bound state) confined by the J= 4 centrifugal barrier. This long-lived
(~10ns) resonance ~66 MHz above threshold could be used to control
light-assisted molecule formation rates?!. Shape resonances can also
be mapped with magnetic Feshbach dissociation of ground-state mol-
ecules??~4, However, photodissociation is more widely applicable to
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Figure 5 | Energy-dependent photodissociation near a shape resonance.
a, Molecules prepared in the 0, (v;= —3, J; = 3, M, = 0) state are
photodissociated at the ground continuum. For p =0, selection rules

lead to a single M =0 but a mixture of J=2, 4. The branching ratio and
interference amplitude of this mixture, as described in the text, evolve
with energy and reveal a ] =4 (g-wave) shape resonance at ~3 mK. The
experimental data were analysed with pBasex and errors were estimated
by varying the effective saturation intensity, used to process the absorption
images, within its uncertainty. The theoretical curves were calculated

with a quantum chemistry model. b, Images of fragments labelled by

their continuum energies £/ in MHz that show the evolution with energy.
The faint anisotropic, energy-independent pattern with roughly the same
radius as the 62 MHz image is from spontaneous decay into the shape
resonance.

molecules with any type of spin structure in any electronic state, and
allows more control over the quantum numbers. In Fig. 5b an aniso-
tropic, energy-independent pattern is visible on all images with a
radius close to that of the 62 MHz image. We have confirmed that this
signal arises from spontaneous photodissociation of the molecules
into the g-wave shape resonance (Extended Data Fig. 4).

This work explores light-induced molecular fragmentation in the
fully quantum regime. Quasiclassical descriptions are not applicable
and our observations are dominated by coherent superpositions of
matter waves originating from monoenergetic continuum states with
different quantum numbers. The results agree with a state-of-the-art
quantum chemistry model®’, but challenge the theory to describe
more complicated phenomena. For example, preliminary observations
of photodissociation to the doubly excited continuum (as in Fig. 3b)
indicate rich structure near the threshold. This continuum is not well
understood, while interactions near the *P; + 3P, threshold play a key
role in recent proposals and experiments in ultracold many-body sci-
ence”. Other excited continua with even longer lifetimes (for example,
the subradiant 1;and 07 manifolds) exist for Sr, and similar molecules
and should enable the exploration of entangled continuum states.
Photodissociation can shed light on the ultracold chemistry of a rich
array of molecular states, as well as on new reaction mechanisms—as
was shown here with M1/E2 photodissociation. With improved con-
trol of the imaging and of the optical lattice effects, experiments can
get even closer to the threshold. We expect to reach nanokelvin frag-
ment energies in the lattice, leading to high-precision measurements
of binding energies for tests of fundamental physics and molecular
quantum electrodynamics**?’. Ultralow fragment energies can also
aid in the creation of novel ultracold atomic gases?®. A promising
future direction would be to enhance the quantum control achieved
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here by manipulating the final continuum states with external
fields?**°. We have shown the extreme sensitivity of weakly bound
molecules to small magnetic fields'®, and the same principle applies
just above threshold. This external control over ultracold chemistry
should allow the study and manipulation of new reaction pathways.

Online Content Methods, along with any additional Extended Data display items and
Source Data, are available in the online version of the paper; references unique to
these sections appear only in the online paper.
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METHODS

Experimental details. After laser cooling a gas of atomic Sr in a 1D optical lattice,
molecules were created via photoassociation to the 0; (v = —4, J = 1) excited state
(binding energy 1,084 MHz) followed by well-directed spontaneous emission to
the X! E;(v = —1) ground states with /=0 or 2 (binding energies of 137 and
67 MHz, respectively)'”>!. Any remaining atoms were removed with a pulse of
imaging light. The molecular sample trapped in the lattice is about 20 pm in
diameter and 200 um long. To prepare metastable 1,(v;= —1, J;= 1) excited states
(binding energy 19 MHz, lifetime ~5ms), we used a lattice wavelength of ~910nm
to enable resonant 689 nm w pulses to transfer the population from X(v=—1,J=0)
to this state before photodissociation'?. For our experimental conditions, this
transfer was ~40% efficient. To prepare shorter-lived OI or 1, excited states, we
used a 689 nm light pulse to drive a resonant bound-bound transition from either
the J=0 or 2 ground state to the desired state during photodissociation. In both
cases, we used the polarization of this light and excited-state Zeeman shifts'>153?
to select M;. For reference, the binding energies for the 1,(v;=—1, J;) excited states
are 353 MHz for J'=1; 287 MHz for J' =2; 171 MHz for J'= 3 and 56 MHz for ] =

for the 0} (v; = —3, J;= 3) state, the binding energy is 132 MHz and for 0 (—4, )
it is 1,084 MHz. The 'S+ 'S and 'S+ *P; thresholds may be spectroscopically
located with kilohertz precision using the lineshape model of ref. 17.

The photodissociating light propagates along the tight-confinement x axis of
the optical lattice (Gaussian waist ~40um), and is linearly polarized along either
the y axis or the z axis. Except for Fig. 2, for which the net magnetic field is nearly
zero, a field of a few to a few tens of gauss is applied along the z axis to fix a quanti-
zation axis for excited bound states. The ground bound and continuum states are
insensitive to this field, so to avoid mixed-quantization effects from tensor light
shifts'® the optical lattice was linearly polarized along the z axis. We confirmed that
our results are unaffected by the small lattice trap depth (typically 0.6-0.8 MHz).
A full description of the laboratory-frame spherical tensor components of the
fields driving the photodissociation transitions is available in the Supplementary
Information.

After the photodissociating light pulse, the fragments were allowed to expand
kinetically for several hundred microseconds before their positions were recorded
with standard absorption imaging®. This expansion time is needed to mitigate
blurring due to the finite pulse width and limited imaging resolution, but has the
cost of diluting the signal over a larger area, which makes imaging artefacts more
problematic. Therefore, we adjusted this expansion time as needed to optimize the
signal-to-noise ratio and angular resolution.

Most absorption images were taken with imaging light aligned nearly along the
x axis, projecting the fragment positions into the yz plane. Several hundred absorp-
tion images were averaged to produce a final record of the fragment positions. To
remove imaging artefacts and incidental absorption from unwanted atoms, the
experimental sequence was alternated so that every other image contained none
of the desired fragments, but everything else. The final image was then computed
as the averaged difference between these interlaced ‘with fragment’ and ‘without
fragment’ images. For Fig. 2 insets and side-view data, we also used an optical
pulse to deplete the ground-state population with J=2 before photodissociating
the J;=0 states.

Forbidden photodissociation angular distributions. A comparison of experi-
mental images of fragment distributions and calculations for the M1/E2 photo-
dissociation of Fig. 3 is presented in Extended Data Fig. 1. Note that a large light
intensity was required to drive the forbidden photodissociation process sufficiently
rapidly to observe these angular distributions. Besides power broadening the line
shapes in Fig. 3b, this high intensity may have affected the measured fragment
distributions in Extended Data Fig. 1.
Quasiclassical model. In the photodissociation literature there is a well-known
quasiclassical model describing the angular distribution of fragments produced
by the photodissociation of aligned molecules

Ige(6, ¢) = |8:(0, §) P [1 + B1oP5(cosx)] (3)
where the angles are defined in the main text. For homonuclear diatomic
molecules in the Born-Oppenheimer approximation, the probability density for
the internuclear axis orientation of an initial state with quantum numbers J, M;
and |£2/| is given by Wigner-D functions as

) (1D} (0,6, 0)P + Dfy,_0,(0,6,002)  (4)

20,0 = 0)p = 2L
8w

where (2 is the internuclear projection of the electronic angular momentum.

We observe disagreement with the quasiclassical model in the majority of cases.
At first glance this is surprising because, theoretically, the quasiclassical model
has been shown to be either equivalent or a good approximation to the quantum
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mechanical result for most cases of one-photon E1 photodissociation of a diatomic
molecule with prompt axial recoil'®. However, our measurements are performed
at very low continuum energies to reach the ultracold chemistry regime, and thus
may violate the assumption of axial recoil®. Additionally, ref. 19 predicted that the
quasiclassical model should fail for the special case of ‘perpendicular’ transitions
(|A£2| =1) with initial states that are a superposition of {2, states differing by +2.
This special case includes our measurements of 1, initial states in Fig. 4, and our
observations support this prediction.

Extended Data Fig. 2 compares the quasiclassical model with both quantum
mechanical predictions and experimental images for several cases. For each,
the construction of the quasiclassical prediction is outlined. As in Fig. 4, we use
coloured dots to indicate the level of agreement between the two predictions. To
determine this agreement, the quasiclassical model neglected the nonadiabatic
Coriolis mixing of |2;] (ref. 32). There is also some ambiguity in choosing a value
of 359 to use with the quasiclassical model. Conventionally, /3, should be equal to
2 for parallel transitions with Af2=0and to —1 for perpendicular transitions with
|A 2] =1.1In cases of persistent disagreement, we varied (3, as a free parameter
within the physically allowed range of [—2, 1]. Such a variation has been consid-
ered previously as an effect of the breakdown of the axial-recoil approximation.

We do observe three cases of exact agreement (indicated by green dots in
Extended Data Fig. 3), two of which are highlighted in Extended Data Fig. 2. The
reason the quasiclassical model gives exact results is that selection rules only allow
a single J in these cases, making the axial-recoil approximation no longer necessary.
Specifically, these cases correspond to 0 initial states with odd J; for either |M;|=J;
with p=0or J;=1 and M;=0 with |p| =1, for which the angular distribution is
energy independent. Agreement occurred here without needing to adjust (3.

In Fig. 2, p=0 and the initial state J;= M;= 0 is spherically symmetric, so the
angular distribution is parameterized only by [35. Thus, the quasiclassical model
can always be adjusted to agree at any continuum energy.

Photodissociation of 0 states. Single-photon E1 photodissociation of 0, excited
states to the ground continuum is shown in Extended Data Fig. 3, in analogy with
Fig. 4 for 1, states. In Fig. 4 and Extended Data Figs 24, the sign of M; does not
affect the results, and our experiments used M;> 0 for some of the data sets and
M; <0 for others. To avoid confusion we did not label the figures with | M;|, which
suggests a superposition of M;, but instead chose M,; to be positive in the figures.
Spontaneous photodissociation. Extended Data Fig. 4a contains images of the
fragments following spontaneous decay of the excited state 0.} (v; = —3, J;= 3, M;)
to the ground continuum. As we selectively populate individual M; sublevels, the
measured distributions are anisotropic. They are well described by the incoherent
superposition

4 1 3

I(@)%Z|Y4M(0a¢:o)|2 M M—M M (5)
M 1 1

Here, ] is restricted to 4 because the strongest decay is to the ] =4 shape resonance
in the ground continuum. If all M; were equally populated, which would add a sum
over M; to equation (5), then the distribution would be isotropic.

The shape resonance aids the measurement of the angular distributions because
it favours a narrow range of continuum energies. Extended Data Figure 4b contains
the results of pBasex analysis of the inset image and highlights how the radial
distribution of the atomic fragments is clustered around 66 MHz, revealing an
~10ns shape resonance lifetime. Extended Data Figure 4c shows that the angular
distribution from this analysis matches expectations from equation (5).
Absorption images in figures. Supplementary Tables 1-3 list the parameters used
to generate the theoretical images shown in Fig. 4 and Extended Data Figs 1-3.
To display theoretical results as simulated absorption images, the intensities are
projected into the yz plane by integrating over the x direction. To approximate the
blurring present in experimental images from limited optical resolution and light
pulse durations, the image is convolved with a Gaussian distribution

N(y,z o<f

where Ry is the mean radius, o is the standard deviation, #=cos " (Z /A% 24 y 2422 )
and ¢ = sin’l(y/A/x2 +y? ) . The fractional blur was o/Ro=0.05 except for

Extended Data Fig. 4, where 6/Ry=0.2.

The same colouring scheme (Matlab colourmap jet) is used in all experimental
and theoretical absorption images, up to differences between CMYK and RGB
colour mode presentation. Each image was linearly rescaled to fit the finite range
[0,1] of this scheme. To ensure that the same colour corresponds to zero absorption
in all images, despite the presence of noise and imaging artefacts, the experimen-
tal images are scaled to have an average value of 0.25 in zero-absorption regions
and a maximum value of 1. Likewise, the theoretical images are scaled to have

x24y2 4z —Ro) 202)1(9’ ¢)dx (6)
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a minimum value of 0.25 but a maximum value of 0.85 instead of 1, to be more
visually similar to experimental images.

The field of view differs between experimental images because of cropping for

presentation, and falls in the range of 0.1-0.9 mm on each side. For a given image,
the field of view may be accurately determined by calculating the maximum diam-
eter D of the photodissociation products as D = Cr./ (¢ — U) /h. Here, the kinetic
expansion time 7 was 0.3 ms for Fig. 1, 0.8 ms for Fig. 2, 0.6 ms for Fig. 3,
0.3-0.4ms for Fig. 4, 0.39 ms for Fig. 5, 0.6 ms for Extended Data Fig. 1, 0.3-0.4 ms
for Extended Data Fig. 3 and 0.1 ms for Extended Data Fig. 4. The dissociation
energies € not labelled in insets are listed in Supplementary Tables 1-3. From
conservation of energy, the parameter C = 2./h/msg, ~1.348 x 10~* ms~'/2and
the lattice depth U must be included as a small offset'”**. For Fig. 1b, for example,
this gives D =0.34 mm. For theoretical images, D was set to 80% of the image
width.
Extracting angular distribution parameters. For angular distributions that
are cylindrically symmetric (depend only on 6), the polar basis set expansion
(pBasex) algorithm!® can extract the 3D distribution from 2D projections such as
absorption images by fitting the data with the Abel transform of a weighted sum
of the Legendre polynomials. We used the software implementation of the pBasex
algorithm in ref. 36 to analyse the images in Figs 2 and 5 and Extended Data
Fig. 4. For low signal-to-noise images, we found that the extracted distribution
is artificially skewed towards spherical symmetry>. To eliminate this systematic
error, we performed pBasex inversion on a background image made from the set
of without-fragment images that is processed to remove imaging artefacts and
rescaled so that the average value equals that of the background regions in the
final image. The final distribution is then the difference between those extracted
for the original image and for the background image. The parameters (3, of Fig. 2
and R and 6 of Fig. 5 were determined from least-squares fitting of the number of
fragments versus 6 in the final distribution.

In some cases, such as with the e/h =32 MHz inset of Fig. 5b, experimen-
tal issues may lead to images with deviations from the expected cylindrical
symmetry. This may occur, for example, from imperfect control of the photodis-
sociating light polarization, which may introduce a ‘skewness’ in the distribution.
Apparent deviations from perfect cylindrical symmetry may also have occurred

because of absorption imaging error induced by imperfectly correcting for the
atomic saturation, which is especially important when the imaging beam exhibits
substantial variations across its spatial profile (as was the case for our experiment).
In such cases, we proceeded with pBasex analysis but included an estimate of the
resulting bias when determining error bars.

For Fig. 2, further analysis was performed by integrating 2D projections along
y to convert the images to 1D curves along z. This allows parameters such as 3, to
be directly extracted by fitting the 1D curve with the expected angular distribution,
similar to Extended Data Fig. 4c. Although this analysis can be performed with
the axial-view images, for Fig. 2 we did this through separate experiments with
images taken along the y axis, which had the benefits of a reduced optical depth and
a smoother intensity profile of the imaging beam. These side-view images are 2D
projections of the photofragment position onto the xz plane, and are complicated
by the distribution of occupied sites in the optical lattice.
Calculation and parameterization of angular distributions. Supplementary
Information details the calculation and parameterization of photodissociation
angular distributions used in this work. Supplementary Tables 1-3 list the param-
eters for all of the theoretical images as well as experimental continuum energies.
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Extended Data Figure 1 | Angular distributions for the M1/E2
photodissociation of 1,(v;= —1, J;=1, M; = 0) state with p=0 to the
ground continuum. Images are arranged as in Fig. 4. The experimental
images are labelled by the continuum energy </h in MHz. To improve

contrast, the strong centre dot from spontaneous decay, as seen in Fig. 3b,
was removed before processing and is covered by a box. The theoretical
images are calculated using a quantum chemistry model.

© 2016 Macmillan Publishers Limited. All rights reserved
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Extended Data Figure 3 | Photodissociation of molecules near the the 1, initial states, contrary to the quasiclassical picture. As before,
1§+ 3P, threshold to the ground-state continuum. In contrast to Fig. 4, compatibility with the quasiclassical approximation is indicated
here the initial states are OI with (v;, J;) = (—4, 1) or (-3, 3) as indicated. by the coloured dots.

These initial states lead to nearly identical distributions as those with
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shown underneath. A short expansion time was used to increase visibility. this energy corresponds to a shape resonance with a binding energy of

b, For quantitative analysis, another image (inset) of the M; =0 case was —66+ 3 MHz. ¢, The extracted fragment angular distribution qualitatively
taken with a longer expansion time and analysed with the pBasex matches the calculation (red curve) of equation (5).
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1 Supplementary Methods

1.1 Parametrizing angular distributions
1.1.1 Anisotropy (or beta) parameters

We can represent the angular distribution of any physical intensity (or differential cross section) with the
expansion

0o l
I1(0,¢) 1+ Z Z P™(cosb) [,Blm cos(ma@) + Yim sin(me) (7)

=1 m=0

in terms of real-valued “anisotropy” coefficients B, and 7, where ;90 = 0. If there is no dependence
on ¢ the associated Legendre polynomials reduce to Legendre polynomials, P(cosf) = Pi(cosf), and the
remaining coefficients ;9 are conventionally denoted ;.
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If both atomic fragments of a dissociated homonuclear diatomic molecule are detected equally, then
conservation of momentum requires the inversion symmetry I(m — 0, ¢+ ) = I(6, ¢). The expansion (7) has
this symmetry if the coefficients with odd [ are zero.

If the only nonzero coefficients are those with even [ + m, then the expansion (7) will additionally be
symmetric under reflection across the equator, I(m — 8, ¢) = 1(0, ¢). For homonuclear diatomic molecules,
this symmetry requires the coefficients with odd m to be zero. Intensities without this symmetry display a
“skewness,” such as the asymmetry in Fig. 1(b) and several other figure insets that are likely due to imperfect
laser polarization or incomplete saturation correction during absorption imaging.

1.1.2 Partial scattering amplitudes

For our experiments, the measured intensity (or differential cross section) can be written as a sum of the
squared absolute values of complex scattering amplitudes for separate electronic channels,

8 =Y. )
Q

here indexed by the quantum number {2 for the internuclear projection of angular momentum.

To calculate the intensity, we compute the partial scattering amplitudes f}&} of a partial-wave expansion
of the scattering amplitude in terms of angular basis functions,

£, Zf}% (0, ), 9)

as described in Sec. 1.2.1. In terms of Wigner D-functions, we chose the angular basis functions to be

2J+1
$0.0) = |2 Dia(0,0,0), (10)

so that for €2 = 0 they are equivalent to spherical harmonics, w Y M( ,0) =Y (6, 9).
The expansion (7) is equivalent to Eq. (8) if we write the anisotropy coefficients as the real and imaginary
parts of a weighted sum over products of pairs of partial scattering amplitudes,

Bim +m = > Wil 1T M) fI0F fi / Z]f{‘” . (11)
Q,J,J M JMSQ

The real-valued weights may be written in terms of Wigner 3j symbols as

, o 2l I =m) [T LN (T T
Wi (@, 7,7, M) = (-)" QlJr[&]mg H[(llrm)' ) (mM -m M) (Q 0 Q)’ (12)

where the shorthand [J] = 2J 4+ 1 and (5” is a Kronecker delta. As an aside, note that the quantities

p}{\y’ﬁ;}m = };24}* },Qj};/ffm/ YoM ‘f{ﬂ} in Eq. (11) have properties similar to density matrix elements.

From these weights W;,,, and the properties of 3j symbols, the maximum value of [ contributing in the

expansion (7) is limited to twice the largest value of J for which there is a nonzero f}QM} The maximum value

of m is limited by the furthest off-diagonal magnetic coherence, that is, the nonzero quantity f,/ {61}« },QI}V[?m

with largest m = M — M’.

1.2 Calculation of angular distributions
1.2.1 Theoretical description of photodissociation

The theory of photodissociation employed here follows the seminal work of Ref. [1]. The fragmentation
process is characterized by the differential cross section that is defined by Fermi’s golden rule with the

2| WWW.NATURE.COM/NATURE
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electric-dipole (E1), magnetic-dipole (M1), or electric-quadrupole (E2) transition operators. Since we work
with a coupled manifold of electronic states for both the ungerade bound states and ungerade continuum,
we do not assume the Born-Oppenheimer approximation in contrast to Zare [1]. In this case the theory of
photodissociation for diatomic molecules is very similar to the non-degenerate atom-diatom case treated in
detail by Balint-Kurti and Shapiro [2, 3].

In the absence of external fields, the wave function of the initial (bound) state depends on the set of the
electronic coordinates {r} and on the vector R = (R, ©, ®) describing the relative motion of the nuclei, and
is given by

Ul ({rh R) =

J:
- 2J1+1 Jik i Jix i
2\ T6 0 o) (Do, (0,000, ({x}, R) + 0:D3 o, (2.0,00% o, (r}. B)) . (13)

where o; = p;(—1)7 is the spectroscopic parity and J;, M;, and p; are the quantum numbers of the total
angular momentum, its projection on the space-fixed Z axis (previously denoted z), and the parity with
respect to space-fixed inversion. Note that in the above expression the quantum number 7; related to the
action of the reflection in the body-fixed yz plane on the electronic coordinates does not appear. In our case
it is equal to zero, and the parity of the Q; = 0 electronic states is always “+”.

In Hund’s case (c) the internal wave function ¢%'q ({r}, R) can be represented by the Born-Huang
expansion [4, 5]

o,({r},R) Zasn o, ({r}; R)XEY o, (R). (14)

Here, the ¢,,.0,({r}; R) are electronic wave functions, that is, the solutions of the electronic Schrédinger
equation including spin-orbit coupling, which depend parametrically on the interatomic distance R. The
X’Zr)LiJiQi (R) are rovibrational wave functions. Finally, the index n labels all relativistic dissociation channels.
Note that for homonuclear diatomic molecules the electronic wave function has an additional gerade/ungerade
(g/u) symmetry resulting from the D, point group of the molecule. For simplicity we do not indicate the
g/u symmetry in the notation ¢, q,({r}; R). The rovibrational wave functions are solution of a system of
coupled differential equations. See, for instance, Ref. [6] for the equations corresponding to the ungerade
excited manifold of the electronic states.

The wave function ¥}/ ({r}, R) of the final continuum state corresponding to the wave vector k = (k, 0, ¢)
can be represented by the following expansion reflecting different partial waves J of the fragmented atoms,

(27 +1)
U ({r}, CIP ,Dira(¢,6,0 D} o(6,6,0
({r}, R JZMQZJ QZ I /2 Fomg) 0 wral ) al )

J J
< (Do (9.0, 0064} B) + 0.Df; o0 (#.0,006" (1) B)).  (15)
where j denotes the total angular momentum of the photofragmented atoms, m; is its projection in the

space-fixed Z axis, and p is the product of atomic parities. The numerical coefficients Cifjﬂ depend on the

states of the photofragmented atoms and can be found in Ref. [7]. The internal wave function is given by
the following multichannel generalization of the Born-Huang expansion,

s J
il (h ) = 3 6n (e RGia(R), (16)
where Xing(R) is a radial channel function that satisfies the boundary condition

2u
XJo(R) ~ Ry| 22 (&m ja(kR) + SHign (kR)) - (for R — 00) (17)
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in terms of the scattering matrix S;ZS’:Q. Here, p is the reduced mass and jj, ny are spherical Bessel functions.

In this work we considered four different photofragmentation processes: (i) the E1 process starting from
the ungerade manifold of the electronic states that correspond to the 1S + 3Py dissociation limit and ending
at the ground electronic continuum, (ii) the M1 and (iii) the E2 processes starting from the gerade manifold
corresponding to the same dissociation limit and ending at the ground electronic continuum, and finally (iv)
the E1 process starting from ground state molecules and ending at the ungerade manifold corresponding to
the 1S + 3Py dissociation limit.

The first three processes begin with manifolds that are described by two coupled electronic states: 07
and 1, for the E1 process and O;‘ and 1, for the M1 and E2 processes. The corresponding wave functions
for the initial states are given by Egs. (13) and (14) with the summation over §2; limited to —1, 0, and 1,
and with n fixed to 1S +3P;. The wave function for the final continuum state, however, corresponds to the
Born-Oppenheimer approximation and is given by Egs. (15) and (14) with only the Q@ = 0 term and with
n fixed to 1S + 1S. Note that in the single-channel approximation = €', so for simplicity we denote the
rovibrational wavefunction by Xifzf (R). The electronic transition operator for the E1 process was assumed
to be constant and proportional to the atomic value, while the operators for the M1 and E2 transitions
followed the asymptotic form of Refs. [8, 9]. Otherwise, the remaining derivation of the expression for the
differential cross section follows Ref. [1] and is not reproduced here, although the multichannel character of
the initial state wave functions complicates the angular momentum algebra.

Now we discuss the boundary condition for the final continuum rovibrational wave function X;?g)zf (R).
The single-channel approximation is valid for the Og ground electronic continuum. In this case, at large
internuclear distances R the partial wave expansion (15) becomes [10]

: 4 2
Xigf (R) =~ i'e' h/;k sin(kR+ 465+ Jm) (for R — 00), (18)
T
where §; is the phase shift for a given partial wave J. However, in practice it is more convenient to work
with real functions than with complex functions that satisfy this boundary condition. Therefore, we chose
to instead use the real-valued large-R boundary condition [10]

2
P (R) ~ 1/ h‘;k sin(kR+ 6y + Jr) (for R —» 00), (19)
T
and to include the phase factor i’/e?7 in the partial scattering amplitudes.

Therefore, for the first three processes the differential cross section is given by Eq. (8) with & = 0. The
partial scattering amplitudes in the expansion (9) for this scattering amplitude are then given by

ooy ( LT[ L J
Xn‘]iQi -0 Q- QZ Q'L -M M- Mz MZ ’

(20)

Ji
{Q} T is 4m(2J; + 1) Py L
= 2 J T
JM Q:E_:J' e \/(1+5Qi0)(1+590)<XnkJQ Q-

where T, S%_Qi is the electronic transition operator of rank L = 1 for E1 or M1 transitions and L = 2 for
E2 transitions for the experimental conditions described in Sec. 1.2.2. The anisotropy parameters in the
expansion (7) then follow from using these partial amplitudes with Eqgs. (11) and (12).

The M1 and E2 processes were not observed separately because of selection rules. In this case, both
processes must be included and the observed cross section may be written as the sum

2
I(9,¢) = f§?\/]},M1 + fﬁ/}[,m ) (21)

of separate scattering amplitudes (9) using Eq. (20). This expression explicitly allows for interference between
the M1 and E2 processes. Note that this interference may affect the angular distribution even if it does not
affect the strength of the transition, which is proportional to the integral of the differential cross section
over all angles. The strength curves in Fig. 3(b) were calculated this way, and were included in the figure
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by scaling their amplitudes together to better match experiment, while keeping their relative amplitudes
fixed by theory. Note that the experimental procedure used to produce the data in Fig. 3(b) is an imperfect
measure of the photodissociation lineshape, so the comparison with theory is qualitative.

Finally, for the fourth process of photofragmentation beginning with ground state molecules and ending
at the 1S + 2P continuum, the wave function of the initial (bound) state satisfies the Born-Oppenheimer
approximation. Therefore we set €; = 0 in Eq. (13) and limit the Born-Huang expansion (14) to a single
product. However, the partial wave expansion (15) for the final continuum must explicitly account for the
Coriolis coupling between the 07 and 1, electronic states, and for the angular momentum j = 1 and total
parity p = —1 of the atomic fragments. For this multichannel continuum case, we imposed the complex
boundary conditions of Eq. (17). The remaining derivation of the expression for the differential cross section
follows Refs. [11, 2, 3, 12]. The differential cross section I(6, ¢) then follows from Eqgs. (8) and (9) using the

partial scattering amplitudes
Q) _ Am(2J; +1) Tps L J AT j Ji

JM Z Z 1+590)(1+5Q,0)< XnvalTar - 2.) QY -Q, ) \-M M-M, M)
(22)

Qi=—J; Q=

1.2.2 Field components for the experimental conditions

For E1l transitions in our experiment, the lab-frame spherical tensor components of the field driving the
transition are

T3 (E) = B, (23)

T (E) = ——5Ey, (24)

using the notation of Ref. [13]. For linear polarization parallel to the z axis, which is labeled “p = 0” in
Fig. 4, E, = 0. For linear polarization along the y axis, which is labeled “|p| = 1”7 in Fig. 4, E, = 0. Likewise,
for M1 transitions these components are

T;(B) = B. (25)
V2

Note that in Fig. 3 “p = 0” now corresponds to linear polarization along the y axis, such that B, = 0, and
“lp| = 17 to linear polarization parallel to the z axis, such that B, = 0. For electric E2 transitions, these
components are

Ti,(B) = By. (26)

T¢(VE) =0 (27)
T3,(VE) = 3 (k) (28)
T2,(VE) = £ L (ikE)) (20)

for traveling-wave light propagating along the x axis with wavenumber & [14].
For 6 and ¢ defined as in Fig. 1, these experimental conditions produce angular distributions that can
be described only with Sy, coefficients in the expansion (7), leading to the simplified form of Eq. (2).

1.2.3 Energy independent angular distributions

For 88Sr, photodissociation, there are a few cases where the angular distributions are independent of the
continuum energy. For E1 photodissociation to the ground continuum (where symmetry restricts J to even
values) this occurs if J; is even because AJ = 0,+1. This also occurs with odd J; for either |M;| = J;
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with p =0 or J; = 1 and M; = 0 with |p| = 1, because selection rules only allow a single value of J in the
continuum. For M1/E2 photodissociation to the ground continuum from J; = 1, M; = 0, this occurs when
the dissociation laser is linearly polarized along the z axis, because of AM selection rules. In these cases,
the energy-dependent radial integrals in Eq. (20) are common to all partial scattering amplitudes, so the
angular distributions are independent of the continuum energy. They are also relatively simple to calculate,
because they reduce to evaluating geometrical factors.

1.2.4 Single-J approximation for angular distributions

In a similar fashion, Eqgs. (20) and (22) can be used to explore what range of angular distributions may
occur in an experiment by making simplifying assumptions about the radial integrals. For example, for E1
photodissociation to the ground continuum we could approximate the radial matrix elements in Eq. (20) to
be nonzero only for a single J but multiple M, such that

where TE M, (E) are the lab-frame spherical tensor components of the dissociating field, as described in
Sec. 1.2.2 for our experimental conditions. For a selected initial state, the calculation of the angular distri-
bution simplifies to evaluating geometrical factors that depend only on the allowed quantum numbers.

In addition to energy-independent cases, this approximation works well for the energy-dependent data
in Fig. 4 with odd J;, because the continuum energies were chosen so that a single J was responsible for
most of each angular distribution: J = 4 for J; = 3,4 and J = 2 for J; = 1,2. This approximation also
explains some interesting properties that we observe. For example, the (M; = 0, |p| = 1) cases are identical
except for a 90° rotation in ¢, which corresponds to alternating the sign of the §;o parameters with J;. For
M; # 0, a qualitatively similar rotation often occurs. Finally, for [p| = 1 the cases of |M;| = J have the
same coefficients as those of p = 0 for |M;| = J — 1, since they produce the same single sublevels M in the
continuum.

1.3 Parameters for theoretical images in figures

Supplementary Tables 1, 2, and 3 list the parameters used to generate the theoretical images shown in Fig. 4
and Extended Data Figs. 1-3.

2 Supplementary Tables

Supplementary Table 1: Parameters 3, of the theoretical images in Extended Data Fig. 1 for the p = 0
case of M1/E2 photodissociation of 14(v; = —1,J; = 1, M; = 0).

e/h (MHz) | B20 Ba2 Bao Baz Baa
4 0.4178 —0.3599 0.1095 —0.01290 0.002280
8 0.2475 —0.3563 0.3077 —0.03626 0.006409
12 —0.06407 —0.2117 0.4362 —0.05140 0.009087
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Supplementary Table 2: Parameters [y, of the theoretical images in Fig. 4 and Extended Data Fig. 2 for E1
photodissociation of 1,(v; = —1,J;, M;). Values for odd J; that depend on the continuum energy ¢ (given
below in MHz) are rounded to four significant figures. However, the energies for odd J; were chosen so that
Eq. (30) with J = J; + 1 is a good approximation. Fig. 4 uses the values from this approximation, which
are given on a second line as fractions. Extended Data Fig. 2 uses the unapproximated values. For even
J;, the values are independent of the continuum energy. Where the transition is forbidden by symmetry
(pi = M; = 0, even J;), the experimental pattern is enabled by an applied magnetic field that admixes
excited states [15] such that the parameters correspond to the approximation (30) with the substitution

J; — J; £ 1. Omitted values are zero because of symmetry.

Ji M| e/h | B20 B2 Bao Baz Beo Be2 Bso Bs2
lpl =1
4 0 76 85/77 25/77  729/1001  81/1001 “1/11 1/22  —392/143 7/143
4 1 74 1360/1463  450/1463  6561/19019 81/1729 2/209 0 6664/2717 —105/2717
4 2 7 65/154  45/176  —243/728  —81/2288 5/8  —9/176  —245/143  21/1144
4 3 68 —40/121  20/121  —243/1573 —162/1573 —170/121 4121 1400/1573  —7/1573
4 4 — —5/11 0 —243/143 0 17/11 0 —56/143 0
3 0 71 0.3097 —0.3909 0.3584 —0.05354 0.8934 —0.009862 —2.561 —0.04574
85/77  —25/77  729/1001  —81/1001 —1/11 “1/22  —392/143  —7/143
3 1 71 0.1445 —0.2850 —0.1389 —0.01507 —1.653 —0.007708 1.816 0.03244
400/539 —150/539 —1530/7007  —27/637  —10/11 0 280/143 5/143
3 2 72 —0.4966 —0.1545 —1.515 0.02140 1.633 0.03091 —0.6213 —0.01110
—20/77 —15/88  —5589/4004 27/1144 59/44 3/88 —98/143 —7/572
3 3 72 —1.835 —0.05559 1.208 0.03464 —0.4569 —0.01112 0.08381 0.001497
—3880/2233 —20/319  30861,/29029 162/4147 —134/319 —4/319 392/4147 7/4147
2 0 52 5/7 5/14 —12/7 1/7
2 1 48 2/7 2/7 12/7 ~3/35
2 2 i 5/7 0 —12/7 0
10 32 5/7  —5/14 ~12/7 17
1 1 31 —0.3445 —0.1311 0.1921 0.01601
S50/49  —10/49 36/49 3/49
p=0
4 0 100/77 1458/1001 20/11 490/143
4 1 78 85/77 729/1001 —1/11 ~392/143
4 2 71 40/77 —81/91 —2 196,/143
4 3 68 —5/11 ~243/143 17/11 —56/143
4 4 — —20/11 162/143 —4/11 7/143
2 0 56 10/7 18/7
2 1 55 5/7 _12/7
2 2 4 ~10/7 3/7
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Supplementary Table 3: Parameters fj,, of the theoretical images in Extended Data Fig. 2 and 3 for E1
photodissociation of 07 (v;, J;, M;), with v; = —3 for J; = 3 and v; = —4 for J; = 1. Only odd J; are allowed
by symmetry. The values that depend on the continuum energy ¢ (given below in MHz) are rounded to four
significant figures. However, as in Supplementary Table 2, the energies were chosen so that Eq. (30) with
J = J; + 1 is a good approximation. Extended Data Fig. 3 uses these approximate values, which are given
on a second line as fractions below. Extended Data Fig. 2 uses the unapproximated values. Omitted values
are zero because of symmetry.

Ji M| e/h | B20 B2 Bao Baz Beo Be2 Bso Bs2
lpl =1
3 0 72 0.5258 —0.3728 0.4946  —0.05980 0.6317 —0.01999 —2.652 —0.04736
85/77  —25/77 729/1001  —81/1001 ~1/11 “1/22  —392/143  —7/143
3 1 71 0.3251 —0.2842 —0.2059  —0.02529 —1.437 —0.005318 1.893 0.03381
400/539 —150/530 —1539/7007  —27/637  —10/11 0 280/143 5/143
3 2 70 —0.4253 —0.1640 —1.463 0.02271 1.548 0.03281 —0.6596 —0.01178
20/77  —15/88  —5580/4004  27/1144 59,44 3/88  —98/143  —7/572
3 3 69 —1.801 —0.06003 1.161 0.03740 —0.4509 —0.01201 0.09050  0.001616
-3880/2233  —20/319 30861/20020  162/4147 —134/319  —4/319 302/4147  7/4147
10 33 5/7 —5/14 —12/7 17
1 1 32 —0.4751 —0.03716 0.3941 0.03284
S50/49  —10/49 36,49 3/49
p=20
3 0 72 2.131 2.272 3.022 3.223
100/77 1458,/1001 20/11 490/143
3 1 73 1.861 0.7914 —1.079 —2.573
85,77 729/1001 “1/11 ~392/143
3 2 74 0.9400 —1.677 —1.561 1.298
40/77 —81/91 2 196/143
3 3 7T _5/11 243/143 17/11 56/143
1 0 33 0.4265 1.035
10/7 18/7
11 32 5/7 ~12)7

8 | WWW.NATURE.COM/NATURE



SUPPLEMENTARY INFORMATION gHaVZAH;

Supplementary References

[1] R. N. Zare, “Photoejection Dynamics,” Mol. Photochem. 4, 1-37 (1972).

[2] G. G. Balint-Kurti and M. Shapiro, “Photofragmentation of triatomic molecules. Theory of angular and
state distribution of product fragments,” Chem. Phys. 61, 137-155 (1981).

[3] G. G. Balint-Kurti and M. Shapiro, Quantum Theory of Molecular Photodissociation, in Advances in
Chemical Physics: Photodissociation and Photoionization, Volume 60 (ed. K. P. Lawley), John Wiley
& Sons, Inc., Hoboken, NJ, 1985.

[4] M. Born and K. Huang, Dynamical Theory of Crystal Lattices, Oxford University Press, Oxford, 1956.

[5] B. Bussery-Honvault, J.-M. Launay, T. Korona, and R. Moszynski, “Theoretical spectroscopy of the

calcium dimer in the A 'S}, ¢ 311, and a 3H: manifolds: An ab initio nonadiabatic treatment,” J.
Chem. Phys. 125, 114315 (2006).

[6] W. Skomorowski, F. Pawlowski, C. P. Koch, and R. Moszynski, “Rovibrational dynamics of the stron-

tium molecule in the A 121_, ¢ 31, and a 32: manifold from state-of-the-art ab initio calculations,”
J. Chem. Phys. 136, 194306 (2012).

[7] D. V. Kupriayanov and O. S. Vasyutinskii, “Orientation and alignment of ?Ps /2 fragments following
photodissociation of heteroatomic molecules,” Chem. Phys. 171, 25-44 (1993).

[8] B. Bussery-Honvault and R. Moszynski, “Ab initio potential energy curves, transition dipole moments
and spinorbit coupling matrix elements for the first twenty states of the calcium dimer,” Mol. Phys.
104, 2387-2402 (2006).

[9] B. H. McGuyer, M. McDonald, G. Z. Iwata, M. G Tarallo, W. Skomorowski, R. Moszynski, and T.
Zelevinsky, “Precise study of asymptotic physics with subradiant ultracold molecules,” Nature Phys.
11, 32-36 (2015).

[10] R. D. Levine, Quantum Mechanics of Molecular Rate Processes, Oxford University Press, Oxford, 1969,
pp- 43-50.

[11] J. A. Beswick and R. N. Zare, “On the quantum and quasiclassical angular distributions of photofrag-
ments”, J. Chem. Phys. 129, 164315 (2008).

[12] P.S. Shternin and O. S. Vasyutinskii, “The parity-adapted basis set in the formulation of the photofrag-
ment angular momentum polarization problem: The role of the Coriolis interaction,” J. Chem. Phys.
128, 194314 (2008).

[13] J. R. Brown and A. Carrington, Rotational Spectroscopty of Diatomic Molecules, Cambridge University
Press, Cambridge, 2003.

[14] M. Auzinsh, D. Budker, and S. Rochester. Optically Polarized Atoms: Understanding light-atom inter-
actions, Oxford University Press, Oxford, 2010.

[15] B. H. McGuyer, M. McDonald, G. Z. Iwata, W. Skomorowski, R. Moszynski, and T. Zelevinsky, “Control
of Optical Transitions with Magnetic Fields in Weakly Bound Molecules,” Phys. Rev. Lett. 115, 053001
(2015).

WWW.NATURE.COM/NATURE | 9



	Photodissociation of ultracold diatomic strontium molecules with quantum state control

	Authors
	Abstract
	References
	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿ Photodissociation of diatomic molecules in an optical lattice.
	﻿Figure 2﻿﻿ Photodissociation to a multichannel continuum.
	﻿Figure 3﻿﻿ E1-forbidden photodissociation experiment and theory.
	﻿Figure 4﻿﻿ Photodissociation of singly excited (1S + 3P1) molecules to the ground-state continuum with energies of several millikelvin.
	﻿Figure 5﻿﻿ Energy-dependent photodissociation near a shape resonance.
	﻿Extended Data Figure 1﻿﻿ Angular distributions for the M1/E2 photodissociation of 1g(vi = −1, Ji = 1, Mi = 0) state with p = 0 to the ground continuum.
	﻿Extended Data Figure 2﻿﻿ Comparison of quasiclassical and quantum mechanical (QM) theory with experimental (Exp) images for selected cases from Fig.
	﻿Extended Data Figure 3﻿﻿ Photodissociation of molecules near the 1S + 3P1 threshold to the ground-state continuum.
	﻿Extended Data Figure 4﻿﻿ Spontaneous photodissociation of molecules prepared in states.
	Abstract


