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We explore the physical origin and the general validity of a propensity rule for the conservation of the
hyperfine spin state in three-body recombination. This rule was recently discovered for the special case of
87Rb with its nearly equal singlet and triplet scattering lengths. Here, we test the propensity rule for #Rb for
which the scattering properties are very different from 3’Rb. The Rb, molecular product distribution is
mapped out in a state-to-state fashion using resonance-enhanced multiphoton ionization detection schemes
which fully cover all possible molecular spin states. Interestingly, for the experimentally investigated range
of binding energies from zero to ~13 GHz x h we observe that the spin-conservation propensity rule also
holds for ®Rb. From these observations and a theoretical analysis we derive an understanding for the
conservation of the hyperfine spin state. We identify several criteria to judge whether the propensity rule
will also hold for other elements and collision channels.
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The particular mechanisms of chemical reactions often
give rise to selection and propensity rules. While selection
rules express strict exclusion principles for product chan-
nels, propensity rules specify which product channels are
more likely to be populated than others [1,2]. Since the
early days of quantum mechanics a central question in
reaction dynamics is whether composite spins are con-
served. Wigner’s spin-conservation rule, for example, states
that the total electronic spin has a propensity to be
conserved [3-5]. The recent progress in the quantum
state-resolved preparation and detection of ultracold atoms
and molecules has now made it possible to experimentally
explore spin conservation rules that also involve nuclear
spins. In a recent study of bimolecular reactions of ultracold
KRb molecules the conservation of the total nuclear spin
was found [6,7]. In a study on the final state distribution of
three-body recombination of ultracold ®Rb atoms our
group found a propensity for the conservation of the
hyperfine state of the atom pair forming the molecule
[8,9]. More precisely, this spin propensity rule states that
the angular momentum quantum numbers F, f,, f;, and
mp = mg, + my, are conserved in the reaction. Here, f,,
fp correspond to the total angular momenta of the two
atoms (a, b) forming the molecule, and F= f; + f;,.

Formally, there is no selection rule that forbids spin
exchange between all three atoms in the recombination
process and a corresponding change in the quantum
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numbers. In fact, recent calculations predict spin exchange
to occur in three-body recombination of 7Li [10] and of
3K [11,12], although being suppressed for ®’Rb [10]. In
order to explain the observed spin propensity rule for 8’Rb
one can justifiably argue that 8’Rb is special since here the
singlet (a,) and triplet (a,) scattering lengths are nearly
identical (a; =~ 90a,, a; ~99a,, where a; is the Bohr
radius). This leads to a strong suppression of two-atom
spin exchange reactions [13—15].

In order to explore the validity of the spin propensity rule
further, we investigate here, both experimentally and
theoretically, the three-body recombination of ultracold
8Rb atoms which have very different two-body scattering
properties from 8’Rb atoms. The singlet and triplet scatter-
ing lengths for ®Rb atoms are a, = 2720a, and a, =
—386.9a, [16], respectively, and the three-body recombi-
nation rate constant L; for 8Rb is about 4 orders of
magnitude larger than for 8’Rb. Nevertheless, as a central
result of our work, we find that the spin propensity rule also
holds for 3Rb, within the investigated range of binding
energies from zero to 13 GHz x & and the resolution of our
experiment [17]. This result is corroborated by the fact that
our measured product distributions are well reproduced by
numerical three-body calculations based on a single-spin
channel. The spin propensity rule that we find for 3’Rb and
85Rb will also hold for other elements if certain conditions
are met, which are formulated in the present Letter.
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FIG. 1. (a) REMPI pathways for detecting molecules with singlet X IZ; and/or triplet a’%; character via the intermediate states
(2)'=F, v/ = 22 [24] [path (S)] and (2)°[1,, 07, v/ = 10 [24] [path (T)], respectively [see blue (red) dashed vertical arrows]. The potential

A

energy curves are derived from Refs. [16,25,26]. (b),(c) REMPI spectra of product molecules using path (S) for (b) and path (7))
for (c). Shown is the normalized remaining atom number N/N, as a function of the REMPI laser frequency v, where vy =
497603.591 GHz (b), vy = 497831.928 GHz (c), are the resonance positions of the photoassociation signals of the intermediate levels
with J' = 1. J' is the total angular momentum excluding nuclear spin. The vertical lines represent calculated resonance positions, where
black (gray) color indicates experimentally observed (unobserved) states. Each line is marked with the vibrational quantum number v.
Ly and J' are given by the linestyle and the plot symbols, respectively (see legends).

We carry out the measurements with an ultracold cloud
of 2.5 x 10° #Rb ground state atoms at a temperature of
860 nK and at near-zero magnetic field B. The atoms have
spin f =2, my=—2 and are trapped in a far-detuned
optical dipole trap [18]. Three-body recombination pro-
duces weakly bound molecules in the mixed singlet X'Sf

and triplet @’ states [see Fig. 1(a)], which are coupled by
hyperfine interaction [16]. We measure the yields of
molecular products, observing a range of rovibrational
states with vibrational and rotational quantum numbers v,
Lp, respectively, from v = —1to —4 [23] and from Lz = 0
to 6. A main result of our experiments is that we only find
population in molecular states which are in the same spin
state F =4, f, =2,and f;, = 2 (in short Ff,f, = 422) as
the reacting atom pair, although the investigated range of
binding energies covers many bound states with different
spin states. Because the two Rb atoms (a, b) are identical
bosons, the state Ff,f;, = 422 goes along with only having
even angular momenta Ly and a positive total parity.

We have extended our previous state-selective detection
scheme [8] so that it now covers all symmetries of the dimer
product state space, including spin triplet and singlet states
with their respective u/g symmetry. We apply two-step
resonance-enhanced multiphoton ionization (REMPI), sim-
ilar to [26-30], but with a cw laser. By two different
REMPI pathways, (S) or (T), we probe product molecules
via singlet or triplet character [see Fig. 1(a)]. Both schemes
use identical photons for the two REMPI steps at wave-
lengths around 602.2 nm (see the Supplemental Material
[18]). The intermediate states are deeply bound levels of
(2)'Zf and (2)°, for REMPI (S) and (T), respectively.
When ions are produced via REMPI, they are directly
trapped and detected in an eV-deep Paul trap which is

centered on the atom cloud. Subsequently, elastic atom-ion
collisions inflict telltale atom loss while the ions remain
trapped. From the atom loss which is measured via
absorption imaging of the atom cloud [8,31,32] the ion
number can be inferred [18].

Figures 1(b) and 1(c) show REMPI spectra of Rb,
product molecules following three-body recombination,
using paths (S) and (7), respectively. Apart from three
signals stemming from the photoassociation of two atoms
(indicated by PA) [33], each resonance line of loss
corresponds to a molecular product state. The photoasso-
ciation lines serve as references for the [f =2,m, =
=2) +|f = 2,m; = =2) asymptote corresponding to zero
binding energy at about zero magnetic field. The vertical
lines in Figs. 1(b) and 1(c) are predicted frequency
positions for product states for the spin state Ff,f, =
422. These predictions are obtained from coupled-channel
calculations for the X'S/ — 4’ complex [16]. Coinci-
dences of predicted and observed lines allow for an
assignment. As a consistency check for the assignment
of signals in Figs. 1(b) and 1(c) we make use of product
states with Lr > 0 since these give rise to two resonance
lines corresponding to the transitions toward J' = Ly + 1.
Indeed, the data in Figs. 1(b) and 1(c) confirm this
consistency. Inspection clearly shows that all experimen-
tally observed spectral lines in Figs. 1(b) and 1(c) can be
explained as signals from product molecules with the spin
Ff.f, =422. As an additional check for the line assign-
ment, we show in the Supplemental Material [18] that our
experimental spectra do not match up with molecular spin
states other than Ff,f, = 422. This clearly indicates that
the same spin propensity rule previously observed for 3’Rb
also holds for ®Rb.
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For each product signal in the singlet REMPI path (S) we
obtain a corresponding signal in the triplet REMPI path (7).
This is because the spin state Ff,f, = 422, mp = —4 has
sizeable singlet (~15%) and triplet (~85%) admixtures.
The spectra of Figs. 1(b) and 1(c) generally look different
since the rotational constants differ for (2)'T} [By =
289(1) MHz] and for (2)[1,, 0; [B, = 389(2) MHz];
see, e.g., Ref. [34]. The linewidths in Fig. 1(c) are typically
on the order of 100 MHz (FWHM) which is larger than the
typical linewidths in Fig. 1(b) of about 30 MHz. This is a
consequence of the larger hyperfine splitting of the (2)°I1,
state, which is not resolved in our measurements. In
Fig. I(c) atv — vy = 15.90 GHz there is a photoassociation
signal which belongs to the 0; component of (2)°I,.
We show the corresponding REMPI spectrum in the
Supplemental Material [18]. It exhibits the same molecular
states as in Figs. 1(b) and 1(c).

We now carry out a more quantitative analysis where we
compare the experimental signal strengths of the various
REMPI paths and also compare them to theoretical calcu-
lations. For this, we measure the ion production rate for
each assigned resonance line in Figs. 1 and S1 [18]. For a
given REMPI path, the ion rate signal is expected to be
proportional to the product molecule population rate, if we
assume equal REMPI ionization efficiencies for the states.
Our data show that this assumption is indeed fulfilled for
most data points within the uncertainty limits of the
recordings.

Figure 2 shows the extracted ion production rates y; of
each molecular product state for the three REMPI paths
[via (2)'Z, (2)°1,0, and (2)I1,0; . If a state is observed
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FIG. 2. Comparison of calculations and experiments. Mea-
sured (scaled) ion production rates y; for the product states
(v,Lg) with binding energies E, are given for the three
REMPI paths together with calculations for the three-body
recombination channel rate constants L3(v, Ly) (see the legend
for the color coding). The ion signals for the (2)3HgO; and

(2)'=} paths have been scaled (see text).

via two or three different J’ levels for a given path, we plot
the average of the rates and mark the standard deviation
from the mean with an error bar. In order to ease the
comparison between the three data sets we have globally
scaled the ion signals for the (2)°I1, 0, and (2)'Z; paths by
a factor of 7.3 and 3.2, respectively, so that the signal bars
for all REMPI paths in Fig. 2 are the same height for the
state (v = —2, Lp =4); see black arrow. These scaling
factors compensate for the differences in the ionization
efficiencies of the different REMPI paths, which are due to
the different singlet and triplet components of the product
molecule as well as differences in the electric dipole
transition moments, which are generally not very well
known yet [35]. After the scaling, the three distributions of
the product rates are similar, indicating that for a given
REMPI path the ionization efficiency is rather constant
over the states.

In addition to the experimental data, we plot in Fig. 2
calculated channel rate constants L3 (v, L) for a temper-
ature of 0.8 uK. The calculations use a single-spin model
[18] which is similar to the one used in Ref. [8] in order to
solve the three-body Schrédinger equation in an adiabatic
hyperspherical representation [36,37]. For this, we use
pairwise additive long range van der Waals potentials with a
scattering length of —443a, [38] for ®Rb and with a
truncated number Z of Li = 0 bound states [Z =9 for
Fig. 2]. The calculated total recombination rate constant
at 0.8 K (including thermal averaging) is L; = 3.07 x
107> cm®/s and is consistent with the values found
in Ref. [39].

All datasets in Fig. 2 display the trend that the population
of a molecular state due to three-body recombination
typically decreases with increasing binding energy E; of
the product state, which is consistent with the work for
8Rb [8]. The overall agreement between theory and
experiment in Fig. 2 is good, as the experimentally
observed relative strengths of the signals for low Lp are
in general well reproduced by the calculated recombination
rates. This suggests that our single-spin model fully
captures the characteristics of the three-body chemical
reaction in the given parameter regime, which can be
viewed as additional evidence for the spin propensity rule.

Based on our theoretical analysis, we conclude that the
observed spin propensity rule is a consequence of the
following scenario. (i) The reaction takes place at inter-
particle distances where the interactions of particles a and b
(forming the molecule) with particle ¢ are nearly spin
independent and therefore only mechanical. (ii) Within the
investigated range of binding energies all possible molecu-
lar products have good quantum numbers F, f,, and f5.
(iii) In the reaction region, the spin composition of the
reacting pair a, b is essentially given by Ff,f, = 422. We
will show below that [within the framework of condition (i)]
the conditions (i) and (iii) hold when the splitting between
neighboring triplet and singlet vibrational levels is much
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smaller than the atomic hyperfine splitting. As a conse-
quence of conditions (i), (ii), and (iii), the molecule for-
mation is driven by mechanical forces from atom ¢ while the
spin state of the reacting pair is not affected.

To show that this scenario holds for our experiments, we
first analyze the typical interparticle distances where the
reaction occurs. Our numerical calculations [18] show that
the formation of #Rb, molecules mainly takes place near a
hyperradius R =~ 1.5r,4w, extending from R = 1.1r 4w to
2ryaw- Here, rygw = (2uCgy/h?)'/* = 82a, denotes the van
der Waals length for Rb, and u and Cg are the reduced mass
and the van der Waals coefficient of the two-particle
system, respectively. The hyperradius R describes the
characteristic size of the three-body system and is given
by R? = (Fy — 7,)*/d* + d*[F. — (¥, + }) /2] where 7; is
the location of particle i and d*> = 2/ V/3 [36]. The fact that
the reactions occur at these large R can be understood
within the framework of the adiabatic hyperspherical
representation, where an effective repulsive barrier for
the three-body entrance channel forms at a hyperradius
of about R = 1.7r,qw [18,40].

We now consider the formation of a molecule state
with a size <ryr &~ 0.67,4qw. Only for such a state can spin
components other than Ff,f, = 422 be substantial (for
more details see the Supplemental Material [18]). Here,
ot = (Co/Epe)'/® is the hyperfine radius and Ep; =
3.04 GHz x h is the atomic hyperfine splitting. Given
the hyperradius R > 1.1r4w and the interparticle distance
Fap = |F, — 74| < e, the distances of particle ¢ to the
others must be r.,, r., > 0.6r,4w. Since the interaction
between two Rb atoms is essentially spin independent for
distances larger than the spin-exchange distance r. =
0.25r,qw (where the hyperfine splitting becomes larger
than the spin-exchange interaction) [18], this validates
point (i) of the scenario described above. Concerning point
(ii), our coupled-channel calculations show that the weakly
bound molecular states up to a binding energy of about
50 GHz x h have almost pure spin states F'f,f;,. This can
be explained by the fact that the 3Rb triplet and singlet
scattering lengths are large in magnitude. For 3°Rb, where
these scattering lengths are of opposite sign, this leads to a
near energetical degeneracy of the triplet vibrational levels
vr with the singlet vibrational levels vg = vy — 1 [41,42].
Since, in addition, the singlet and triplet vibrational wave
functions are very similar at long range, the interaction
between the two atoms is effectively spin independent. As a
consequence the atomic hyperfine interaction of each atom
is essentially unperturbed, which leads to the atomic
hyperfine structure with the quantum numbers f,, f

for the molecule. Subsequent coupling of f; f; in the

molecule forms a total F.

To show point (iii), we first note that due to the
magnitude of R the three-body system can be effectively
decomposed (with respect to spin) into a two-body

collision of two f =2, m; = =2 atoms (a and b) and a
third atom (c) which is spin-wise only a spectator; see also
the Supplemental Material [18]. During the two-body
collision of atoms a and b, spin admixtures to the original
422 state can occur at a close distance. However, these
admixtures are only on the percentage level for Rb even
for short atomic distances r;; ~0.25r,qw, and therefore
negligible. That this admixture is small can be derived from
the fact that the two-body scattering wave function is very
similar to the one of the corresponding last molecular
bound state at short distance. The scattering state therefore
shares the relatively pure F f,f, spin state character of the
weakly bound molecular states, as discussed before.

Our coupled-channel calculations using the potentials of
Ref. [16] show that for molecular bound states with a
binding energy larger than 50 GHz x / the spin decom-
position changes, because the splitting of adjacent singlet
and triplet vibrational levels becomes larger than the
hyperfine splitting. This is shown in Fig. 3(a). In our
experiment we only observe product states down to the
v = —4 level in the 422 family, for which the norm of the
422 entrance channel component remains between 0.99
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FIG. 3. (a) Binding energy and spin character of weakly bound
8Rb, molecules for various vibrational quantum numbers v =
—1 to —11 at B =0 (red circles). Here, Lx =0, F =4, and
myp = —4. Zero energy corresponds to two separated atoms in
state f,f, = 22. The spin character is given as the norm of the
spin triplet component. Shown are the three spin families with
F = 4 which correlate with the states Ff,f, = 422, 423, 433 at
the E, = 0 threshold. Red dashed arrows are guides to the eye
and indicate the change of each family’s spin character with
increasing binding energy. The norm of the 422 spin component
is presented in parentheses for the 423 and 422 families. For the
433 family the 422 norm is about 1% for the shown bound states.
Blue and green circles are the bound state levels of the pure
singlet and triplet potentials, respectively, the dissociation limit of
which is at E = +3.542 GHz x h above E;, = 0. (b) Ratio p for
various binding energies (see text).
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and unity. All other unobserved spin families have a norm
of the 422 channel component much less than unity. In
Fig. 3(b) we plot the ratio p of the triplet and singlet
level splitting and the hyperfine splitting, p = |Ep(v)—
Eg(v —1)|/Ey. Here, p is a main indicator for the con-
servation of the spin propensity rule, when conside-
ring weakly bound states. For p > 1 hyperfine mixing of
singlet and triplet states is increasingly suppressed, and the
propensity rule is expected to break down. For p < 1 the
strong mixing of singlet and triplet states ensures that the
product states are characterized by the spin family quantum
numbers Ff,f,, a central precondition for the propensity
rule. Furthermore, when p <1 the bond length of the
product molecule is larger than r.,. Since the bond length
sets a typical length scale for the reaction distance, the
reaction will likely take place at such large distances that
interactions are purely mechanical.

A similar analysis as for Rb atoms can be used to also
explain the spin propensity rule for 3Rb as observed in
Refs. [8,9]. Here, the singlet and triplet vibrational states for
vy = vg are nearly degenerate, as the singlet and triplet
scattering lengths are almost equal. Furthermore, the atomic
hyperfine splitting in 8’Rb is larger by a factor of ~2.4 than in
8Rb. As a consequence the spin propensity rule holds for
even larger binding energies of up to 100 GHz x & (see
Fig. S5 in the Supplemental Material [18]).

In the future, it will be interesting to investigate the
breakdown of the spin propensity rule for #Rb by studying
product molecules with binding energies larger than
~50 GHz x h. For these measurements the ability to
state-selectively detect singlet and triplet product molecules,
as demonstrated here, will be essential. The spin propensity
rule will also break down when F is not a good quantum
number anymore, e.g., by applying strong magnetic fields.
85Rb features a broad Feshbach resonance at 153.3 G [43]
where spin-mixing in the incoming channel naturally
becomes important [11,12,44]. Besides for Rb the spin-
conservation propensity rule may hold for other elements.
Cs, for example, might be a good candidate when working in
a regime where dipolar relaxation processes are negligible.
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