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We explore the physical origin and the general validity of a propensity rule for the conservation of the hy-
perfine 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 85Rb for which
the scattering properties are very different from 87Rb. The Rb2 molecular product distribution is mapped out
in a state-to-state fashion using REMPI detection schemes which fully cover all possible molecular spin states.
Interestingly, for the experimentally investigated range of binding energies from zero to ∼ 13 GHz× h we ob-
serve that the spin-conservation propensity rule also holds for 85Rb. 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.

The particular mechanisms of chemical reactions often
give rise to selection and propensity rules. While selection
rules express strict exclusion principles for product channels,
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 dynam-
ics is whether composite spins are conserved. Wigner’s spin-
conservation rule, e.g., 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 ul-
tracold atoms and molecules has now made it possible to ex-
perimentally 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 distribu-
tion of three-body recombination of ultracold 87Rb atoms our
group found a propensity for the conservation of the hyperfine
state of the atom pair forming the molecule [8, 9]. More pre-
cisely, this spin propensity rule states that the angular momen-
tum quantum numbers F, fa, fb and mF = m f a +m f b are con-
served in the reaction. Here, fa, fb correspond to the total an-
gular momenta of the two atoms (a, b) forming the molecule,
and ~F = ~fa +~fb.

Formally, there is no selection rule that forbids spin ex-
change between all three atoms in the recombination process,
and a corresponding change in the quantum numbers. In fact,
recent calculations predict spin exchange to occur in three-
body recombination of 7Li [10] and 39K [11, 12], although
being suppressed for 87Rb [10]. In order to explain the ob-
served spin propensity rule for 87Rb one can justifiably argue
that 87Rb is special since here the singlet (as) and triplet (at )
scattering lengths are nearly identical (as ≈ 90a0,at ≈ 99a0,
where a0 is the Bohr radius). This leads to a strong suppres-
sion 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 theo-
retically, three-body recombination of ultracold 85Rb atoms

which have very different two-body scattering properties from
87Rb atoms. The singlet and triplet scattering lengths for 85Rb
atoms are as = 2720a0 and at = −386.9a0 [16], respectively,
and the three-body recombination rate constant L3 for 85Rb is
about four orders of magnitude larger than for 87Rb. Neverthe-
less, as a central result of our work, we find the spin propen-
sity rule to also hold for 85Rb, within the investigated range of
binding energies from zero to 13 GHz× h 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 87Rb and
85Rb will also hold for other elements if certain conditions are
met, which are formulated in the present work.

We carry out the measurements with an ultracold cloud
of 2.5× 105 85Rb ground state atoms at a temperature of
860 nK and at near-zero magnetic field B. The atoms have
spin f = 2,m f = −2 and are trapped in a far-detuned optical
dipole trap [18]. Three-body recombination produces weakly-
bound molecules in the mixed singlet X1Σ+

g and triplet a3Σ+
u

states [see Fig. 1(a)], which are coupled by hyperfine inter-
action [16]. We measure the yields of molecular products,
observing a range of rovibrational states with vibrational and
rotational quantum numbers v,LR, respectively, from v = −1
to −4 [22] and from LR = 0 to 6. A main result of our ex-
periments is that we only find population in molecular states
which are in the same spin state F = 4, fa = 2, fb = 2 (in short
F fa fb = 422) as the reacting atom pair, although the investi-
gated range of binding energies covers many bound states with
different spin states. Because the two 85Rb atoms (a,b) are
identical bosons, the state F fa fb = 422 goes along with only
having even angular momenta LR 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), similar
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FIG. 1. (a) REMPI pathways for detecting molecules with singlet X1Σ+
g and/or triplet a3Σ+

u character via the intermediate states (2)1Σ+
u ,

v′ = 22 [19] [path (S)] and (2)3Πg, 0+g , v′ = 10 [19] [path (T)], respectively (see blue (red) dashed vertical arrows). The potential energy curves
are derived from [16, 20, 21]. (b,c) REMPI spectra of product molecules using path (S) for (b) and path (T) for (c). Shown is the normalized
remaining atom number N/N0 as a function of the REMPI laser frequency ν , where ν0 = 497603.591 GHz (b), ν0 = 497831.928 GHz (c),
are the resonance positions of the photoassociation signals (PA) 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. LR and J′ are given by the linestyle and the plot symbols,
respectively (see legends).

to [21, 23–26], 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 identi-
cal photons for the two REMPI steps at wavelengths around
602.2nm (see [18]). The intermediate states are deeply-bound
levels of (2)1Σ+

u and (2)3Πg for REMPI (S) and (T), respec-
tively. 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 tell-tale atom loss while the ions remain trapped. From
the atom loss which is measured via absorption imaging of the
atom cloud [8, 27, 28] the ion number can be inferred [18].

Figures 1(b) and (c) show REMPI spectra of Rb2 product
molecules following three-body recombination, using path (S)
and (T), respectively. Apart from three signals stemming from
the photoassociation of two atoms (indicated by PA) [29],
each resonance line of loss corresponds to a molecular prod-
uct state. The photoassociation lines serve as references for
the | f = 2,m f = −2〉+ | f = 2,m f = −2〉 asymptote corre-
sponding to zero binding energy at about zero magnetic field.
The vertical lines in Figs. 1(b) and (c) are predicted frequency
positions for product states for the spin state F fa fb = 422.
These predictions are obtained from coupled-channel calcu-
lations for the X1Σ+

g − a3Σ+
u complex [16]. Coincidences of

predicted and observed lines allow for an assignment. As a
consistency check for the assignment of signals in Figs. 1(b)
and (c) we make use of product states with LR > 0 since these
give rise to two resonance lines corresponding to the transi-
tions towards J′ = LR± 1. Indeed, the data in Figs. 1(b) and
(c) confirm this consistency. Inspection clearly shows, that all
experimentally observed spectral lines in Figs.1(b) and (c) can
be explained as signals from product molecules with the spin
F fa fb = 422. As an additional check for the line assignment,

we show in [18] that our experimental spectra do not match
up with molecular spin states other than F fa fb = 422. This
clearly indicates that the same spin propensity rule previously
observed for 87Rb also holds for 85Rb.

For each product signal in the singlet REMPI path (S)
we obtain a corresponding signal in the triplet REMPI path
(T). This is because the spin state F fa fb = 422, mF = −4
has sizeable singlet (≈ 15%) and triplet (≈ 85%) admix-
tures. The spectra of Figs. 1(b) and (c) generally look dif-
ferent since the rotational constants differ for (2)1Σ+

u (Bv′ =
289(1) MHz) and for (2)3Πg,0+g (Bv′ = 389(2) MHz), see,
e.g., [30]. 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 conse-
quence of the larger hyperfine splitting of the (2)3Πg state,
which is not resolved in our measurements. In Fig. 1(c) at
ν −ν0 = 15.90 GHz there is a photoassociation signal which
belongs to the 0−g component of (2)3Πg. We show the cor-
responding REMPI spectrum in [18]. It exhibits the same
molecular states as in Figs. 1(b) and (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 calcula-
tions. For this, we measure the ion production rate for each
assigned resonance line in Fig. 1 and Fig. 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 γi of
each molecular product state for the three REMPI paths (via
(2)1Σ+

u , (2)3Πg 0+g , and (2)3Πg 0−g ). If a state is observed via
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FIG. 2. Comparison of calculations and experiments. Measured
(scaled) ion production rates γi for the product states (v,LR) with
binding energies Eb are given for the three REMPI paths together
with calculations for the three-body recombination channel rate con-
stants L3(v,LR) (see the legend for the color coding). The ion signals
for the (2)3Πg 0−g and (2)1Σ+

u paths have been scaled (see text).

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 be-
tween the three data sets we have globally scaled the ion sig-
nals for the (2)3Πg 0−g and (2)1Σ+

u 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, LR = 4),
see black arrow. These scaling factors compensate the dif-
ferences in the ionization efficiencies of the different REMPI
paths, which are due to the different singlet and triplet com-
ponents of the product molecule as well as differences in the
electric dipole transition moments, which are generally not
very well known yet [31]. After the scaling, the three distri-
butions 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 cal-
culated channel rate constants L3(v,LR) for a temperature of
0.8 µK. 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 Schrödinger equation in an adiabatic hyperspheri-
cal representation [32, 33]. For this, we use pairwise additive
long range van der Waals potentials with a scattering length
of −443a0 [34] for 85Rb and with a truncated number Z of
LR = 0 bound states (Z = 9 for Fig. 2). The calculated total
recombination rate constant at 0.8 µK (including thermal av-
eraging) is L3 = 3.07×10−25 cm6/s and is consistent with the
values found in Ref. [35].

All data sets in Fig. 2 display the trend that the population
of a molecular state due to three-body recombination typically
decreases with increasing binding energy Eb of the product
state, which is consistent with the work for 87Rb [8]. The
overall agreement between theory and experiment in Fig. 2

is good, as the experimentally observed relative strengths of
the signals for low LR 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 ob-
served spin propensity rule is a consequence of the follow-
ing scenario. a) The reaction takes place at interparticle dis-
tances where the interactions of particles a and b (forming
the molecule) with particle c are nearly spin-independent and
therefore only mechanical. b) Within the investigated range
of binding energies all possible molecular products have good
quantum numbers F, fa, fb. c) In the reaction region, the spin
composition of the reacting pair a,b is essentially given by
F fa fb = 422. We will show below that [within the framework
of condition a)] the conditions b) and c) hold when the split-
ting between neighboring triplet and singlet vibrational levels
is much smaller than the atomic hyperfine splitting. As a con-
sequence of conditions a), b) and c) the molecule formation is
driven by mechanical forces from atom c 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 re-
action occurs. Our numerical calculations [18] show that
the formation of 85Rb2 molecules mainly takes place near
a hyperradius R ≈ 1.5rvdW, extending from R ≈ 1.1rvdW to
2rvdW. Here, rvdW = (2µC6/h̄2)1/4 = 82a0 denotes the van
der Waals length for Rb, and µ and C6 are the reduced mass
and the van der Waals coefficient of the two-particle sys-
tem, respectively. The hyperradius R describes the charac-
teristic size of the three-body system and is given by R2 =
(~rb−~ra)

2/d2 +d2(~rc− (~ra +~rb)/2)2, where~ri is the location
of particle i and d2 = 2/

√
3 [32]. The fact that the reactions

occur at these large R can be understood within the frame-
work of the adiabatic hyperspherical representation, where an
effective repulsive barrier for the three-body entrance channel
forms at a hyperradius of about R = 1.7rvdW [18, 36].

We now consider the formation of a molecule state with a
size <∼ rhf ≈ 0.6rvdW. Only for such a state can spin com-
ponents other than F fa fb = 422 be substantial (for more de-
tails see [18]). Here, rhf = (C6/Ehf)

1/6 is the hyperfine ra-
dius and Ehf = 3.04 GHz×h is the atomic hyperfine splitting.
Given the hyperradius R > 1.1rvdW and the interparticle dis-
tance rab≡ |~ra−~rb|< rhf, the distances of particle c to the oth-
ers must be rca, rcb > 0.6rvdW. Since the interaction between
two Rb atoms is essentially spin-independent for distances
larger than the spin-exchange distance rex = 0.25rvdW (where
the hyperfine splitting becomes larger than the spin-exchange
interaction) [18], this validates point a) of the scenario de-
scribed above. Concerning point b), our coupled-channel cal-
culations show that the weakly-bound molecular states up to
a binding energy of about 50 GHz× h have almost pure spin
states F fa fb. This can be explained by the fact that the 85Rb
triplet and singlet scattering lengths are large in magnitude.
For 85Rb, where these scattering lengths are of opposite sign,



4

this leads to a near energetical degeneracy of the triplet vibra-
tional levels vT with the singlet vibrational levels vS = vT −1
[37, 38]. Since, in addition, the singlet and triplet vibrational
wavefunctions 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 fa, fb for the molecule.
Subsequent coupling of ~fa, ~fb in the molecule forms a total ~F .

To show point c), we first note that due to the magni-
tude of R the three-body system can be effectively decom-
posed (with respect to spin) into a two-body collision of two
f = 2,m f =−2 atoms (a and b) and a third atom (c) which is
spin-wise only a spectator, see also [18]. During the two-body
collision of atoms a and b, spin admixtures to the original
422 state can occur at close distance. However, these admix-
tures are only on the % level for 85Rb even for short atomic
distances ri j ∼ 0.25rvdW, and therefore negligible. That this
admixture is small can be derived from the fact, that the two-
body scattering wavefunction 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 fa fb
spin state character of the weakly-bound molecular states, as
discussed before.

Our coupled-channel calculations using the potentials of
[16] show that for molecular bound states with a binding en-
ergy larger than 50 GHz×h the spin decomposition 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 remains between 0.99
and unity. All other unobserved spin families have a norm
of the 422 channel much less than unity. In Fig. 3(b) we plot
the ratio ρ of the triplet and singlet level splitting and the hy-
perfine splitting, ρ = |ET(v)−ES(v− 1)|/Ehf. Here, ρ is a
main indicator for the conservation of the spin propensity rule,
when considering weakly-bound states. For ρ > 1 hyperfine
mixing of singlet and triplet states is increasingly suppressed
and the propensity rule is expected to break down. For ρ < 1
the strong mixing of singlet and triplet states ensures that
the product states are characterized by the spin family quan-
tum numbers F fa fb, a central precondition for the propensity
rule. Furthermore, when ρ < 1 the bond length of the prod-
uct molecule is larger than rex. 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 85Rb atoms can be used to also
explain the spin propensity rule for 87Rb as observed in [8,
9]. Here, the singlet and triplet vibrational states for vT =
vS are nearly degenerate, as the singlet and triplet scattering
lengths are almost equal. Furthermore, the atomic hyperfine
splitting in 87Rb is larger by a factor of≈ 2.4 than in 85Rb. As
a consequence the spin propensity rule holds for even larger
binding energies of up to 100 GHz×h (see Fig S5 in [18]).

0 0.5 1
Triplet fraction

200

150

100

50

0

E 
   

(G
H

z 
× 

h)

0 2 3
ρ

-5

Singlet Triplet

-10

-9

-8

-7

-6
-5
-4-4-5(0.96)

-6(0.85)

-8(0.56)

-9(0.31)

-10(0.22)

-11(0.18)

422-1

-6(0.04)
-7(0.14)

-7(0.43)

-8(0.68)

-9(0.77)

-10(0.81)

Ff  f   = 423 433
-4

-7

-6

-8

-9

-10

-11

-5(0.01)
v = -4(0.008) -2

-3

b

a b -3

1

(a) (b)

FIG. 3. (a) Binding energy and spin character of weakly-bound
85Rb2 molecules for various vibrational quantum numbers v = −1
to −11 at B = 0 (red circles). Here, LR = 0, F = 4, and mF = −4.
Zero energy corresponds to two separated atoms in state fa fb = 22.
The spin character is given as the norm of the spin triplet compo-
nent. Shown are the three spin families with F = 4 which correlate
with the states F fa fb = 422,423,433 at the Eb = 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×h above Eb = 0. (b) Ratio ρ

for various binding energies (see text).

In the future, it will be interesting to investigate the break-
down of the spin propensity rule for 85Rb by studying product
molecules with binding energies larger than ∼ 50 GHz× 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 Fes-
hbach resonance at 153.3 G [39] where spin-mixing in the in-
coming channel naturally becomes important [11, 12, 40]. Be-
sides for Rb the spin-conservation propensity rule may hold
for other elements. Cs, e.g., might be a good candidate when
working in a regime where dipolar relaxation processes are
negligible.
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[43] G. Pichler, S. Milošević, D. Veža, and R. Beuc, Diffuse bands in
the visible absorption spectra of dense alkali vapours, J. Phys.
B: Atom. Mol. Phys. 16, 4619 (1983).

[44] T. Köhler, K. Góral, and P. S. Julienne, Production of cold
molecules via magnetically tunable Feshbach resonances, Rev.
Mod. Phys. 78, 1311 (2006).

https://doi.org/10.1103/PhysRevA.67.060701
https://doi.org/10.1103/PhysRevLett.85.728
https://doi.org/10.1103/PhysRevLett.108.263001
https://doi.org/10.1103/PhysRevLett.108.263001
https://doi.org/10.1039/B820917K
https://doi.org/10.1039/B820917K
https://doi.org/10.1201/9781420059045
https://doi.org/10.1201/9781420059045
https://doi.org/10.1201/9781420059045
https://doi.org/10.1201/9781420059045
https://doi.org/10.1103/PhysRevA.87.033611
https://doi.org/10.1103/PhysRevA.87.033611
https://doi.org/10.1103/PhysRevA.103.022825
https://doi.org/10.1103/PhysRevResearch.3.013196
https://doi.org/10.1103/PhysRevResearch.3.013196
https://doi.org/10.1103/PhysRevA.72.032710
https://doi.org/10.1088/0022-3700/16/24/017
https://doi.org/10.1088/0022-3700/16/24/017
https://doi.org/10.1103/RevModPhys.78.1311
https://doi.org/10.1103/RevModPhys.78.1311

	Spin-conservation propensity rule for three-body recombination of ultracold Rb atoms
	Abstract
	Acknowledgments
	References


