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A scattering model is developed for ultracold molecular collisions, which allows inelastic processes, chemical
reactions, and complex formation to be treated in a unified way. All these scattering processes and various
combinations of them are possible in ultracold molecular gases, and as such this model will allow the rigorous
parametrization of experimental results. In addition we show how, once extracted, these parameters can be related
to the physical properties of the system, shedding light on fundamental aspects of molecular collision dynamics.
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I. INTRODUCTION

Ultracold samples of molecules can be exquisitely con-
trolled at the quantum state level, allowing fundamental
physical and chemical process to be studied with unprece-
dented precision. This control has been used to study
state-to-state chemistry with full quantum state resolution for
all reactants and products [1], to probe the potential-energy
surface with exquisite resolution [2,3], and to study the role of
nuclear spins in molecular collisions [4,5], More recently an
experiment has managed to probe the intermediate complex
of an ultracold reaction [6] as such it is now possible to
track the complete chemical process from reactants, through
intermediates, to products.

Understanding the fundamental physical and chemical
process of ultracold molecular collisions is also important be-
cause ultracold gases are fragile systems prone to collisional
processes that can transfer their atomic or molecular con-
stituents into untrapped states or else release large amounts
of kinetic energy, leading to trap loss and heating. An alter-
native mechanism for loss in an ultracold molecular gas was
proposed [7,8], namely a half-collision process in which the
reactant molecules share energy in rotational and vibrational
degrees of freedom, spending a long time lost in resonant
states of a four-body collision complex rather than promptly
completing the collision process. This idea of transient com-
plex formation, colloquially dubbed “sticking,” takes on an
added significance for ultracold molecular collisions where
the number of available exit channels can be very small com-
pared to the number of resonant states.

Initial experiments on nonreactive ultracold molecules
such as NaRb [9,10] and RbCs [11] observed two-body col-
lisional losses, even though these species are nonreactive and
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are in their quantum-mechanical ground state and so have no
available inelastic loss channels. As these complexes were not
directly observed it remained an open question whether these
experiments have produced long-lived collisional complexes
and what the loss mechanism was. However, a subsequent
experiment on RbCs [12] showed that turning on or off the
trapping light that confines the molecules can increase or
decrease the losses of the molecules. This confirmed the
hypothesis of a theoretical study [13] that the nonreactive
molecules first form tetramer complexes, and then the com-
plexes are lost due to light scattering in the optical dipole trap.
In addition, an experiment on chemically reactive ultracold
molecules such as KRb succeeded in directly observing the
corresponding ions of the intermediate complex K;Rb; [6], as
well as of the products K, and Rb, of the chemical reaction.
Just as for nonreactive molecules the trapping light has a
strong effect on the losses of reactive molecules as well as on
the lifetime of the transient complex [14], leading to the same
conclusion as [12,13]. It is therefore clear that any theoretical
treatment of ultracold molecular collisions must be flexible
enough to account for the formation of the complexes.

These experiments can be described by a model that as-
sumes an absorption probability p.ps for any two molecules
that get within a certain radius [15], without ascribing any
particular mechanism to the absorption. Energy and electric
field dependence of two-body loss rates are well fit by the
resulting formulas. For example, the reactive molecules in the
KRb experiment vanish with unit probability pps = 1 with or
without electric field [4,16,17]. The nonreactive species NaRb
and RbCs vanish with probabilities 0.89 [18] and 0.66 [11],
respectively, in zero electric field. Notably, when an electric
field is applied to NaRb, its absorption probability climbs
to pabs = 1 [10]. Assuming the origin of this loss is due to
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complex formation, the increased loss with electric field may
be attributed to the increased density of accessible states of
the complex and/or coupling of these states to the continuum
scattering channels. It is therefore conceivable that complex
formation may be a phenomenon that can be turned on or off
as desired.

While the influence of light scattering on molecular colli-
sions is undeniable, it should be possible for the molecules to
be confined in “box” traps where the molecules remain mostly
in the dark encountering trapping light only at the peripheries
of the trap [19]. In this case, loss due to complex formation
would allow a more direct probe of the fundamental four-body
physics of the collision.

In this paper we propose a phenomenological model of col-
lisional losses, based on the theory of average cross sections
[20], that encompasses both direct collisional losses and loss
due to complex formation. As such this model serves not only
to parametrize experimental measurements, but also allows
those parameters to be related to the physical properties of
the system, potentially shedding light on the dynamics of the
molecular complex.

II. THEORY

The theory must be flexible enough to describe the various
outcomes available when two molecules collide: elastic scat-
tering of the reactants, inelastic scattering, where the reactants
emerge with the same chemical identity but in different inter-
nal states, reactive scattering into various product states, and
absorption into the collision complex. Moreover, depending
on the experiment, the various outcomes of the collision may
or may not be observed. Note that within this model formation
of a collision complex will always be regarded an outcome in
and of itself; we do not consider where the complex ultimately
decays to.

A. Molecular scattering, observed, and unobserved processes

To this end, we define a flexible system of notation as
illustrated in Fig. 1. This figure shows schematically the
distance r between two collision partners (which may be
reactants or products), and the various possible outcome chan-
nels. Channels whose outcome is observed by a particular
experiment are labeled by roman letters while channels whose
outcome is unobserved are labeled by greek letters. The chan-
nels labeling observed processes are further differentiated as
follows. Channels labeled a, b, c, . .. correspond to the elas-
tic and inelastic channels of the reactants, while channels
labeled k, I, m, ... correspond instead to channels of a dif-
ferent molecular arrangement and correspond to the product
channels of a chemical reaction. Note that the unobserved
processes may include both inelastic scattering as well as
chemical reactions: the criterion is simply that this outcome
is not observed.

By convention, we take a to label the incident channel.
The list of channels i will of course depend on the details
of a particular experiment. In some experiments all the final
states can be measured so that there are no channels denoted
by greek letters, while in others none of the final states can
be measured so that there are no channels denoted by roman

complex formation

a
byc, ... } Inelastic
Observed

k,l,m, ..

direct scattering

. } Reactive

indirect scattering

PO, T, ... } Unobserved

FIG. 1. Schematic showing potential-energy curves V' versus in-
termolecular distance r (both in arbitrary units), outlining the various
scattering processes and channel labels. Direct and indirect scatter-
ing processes are shown by red and blue arrows, respectively. The
incoming channel is labeled a; inelastic scattering channels that can
be observed in an experiment are denoted by roman letters b, c, . . .;
reactive scattering channels that can be observed in an experiment are
denoted by roman letters k, [, m, .. .; inelastic or reactive channels
that are unobserved in a given experiment are denoted by letters
p,0, T, ... Finally a dense forest of resonant states of the collision
complex labeled by  with a mean level spacing d (in arbitrary units)
is shown in the well of the potential.

letters (except the incident channel a). In some experiments
inelastic channels are measured but reactive ones are not, or
vice versa. Therefore, one has to determine which processes
are labeled as observed or unobserved processes for a partic-
ular experiment of interest. In Sec. II D, we will detail how
these unobserved processes can be gathered into an overall,
absorption term.

The observed and unobserved processes are those that are
expected to produce inelastic scattering or chemical reactions
immediately, that is, without forming a collision complex,
shown in Fig. 1 by the red arrow labeled direct scattering.
Typically, the results of these processes release kinetic energy
greater than the depth of the trap holding the molecules, and
hence lead to what we term direct loss. By contrast, indirect
scattering processes which proceed via complex formation,
shown in Fig. 1 by the blue arrows, will not immediately lead
to trap loss. Molecules lost into the collision complex require a
second step to leave the trap which consists of either absorbing
a photon of trapping light, colliding with another molecule,
or decaying into an allowed channel of reactants or products.
The present theory will not explicitly address this second step,
focusing only on the formation of the complex.

B. Scattering cross sections for various processes

A set of linearly independent scattering wave functions
corresponding to these various processes can be written in the
channel state representation as

Wy =Y iR, )

where j runs up to the number of channels, the functions ¢(7)
form a basis set for the motion in all coordinates, 7, except the
intermolecular distance, r, and the elements F;; form a radial
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wave function matrix F [21-23]. Applying the usual scatter-
ing boundary conditions at asymptotic separations between
the collision partners the radial wave function F defines, up
to a normalization, the scattering matrix S

lim F ~ ¢~ (r) — ¢ (r)S, 2)
r—00
where ¥ are diagonal matrices with elements

1
+ .
v (r) NG exp[Li(kir — ml;/2)], 3)
and k; is the asymptotic wave vector and /; is the partial wave
for channel i. Corresponding to each S-matrix element is the
state-to-state probability of a scattering process from channel
a to channel i, with i =a,b,c,... .k, I,m,...,p,0,1T,...
given by

Pa—si = |Sia|2- (4)

As the S matrix is unitary, we have for each incident channel

a
= > ISulP+ D ISl

i=a,b,c,..., i=p,0,T,...
k,l,m,...

Pobs + Punobs» 5

where we have separated the scattering matrix into an ob-
served block (i running on roman letters) and unobserved
block (i running on greek letters).

The probability for observed processes, pops, can be further
subdivided into elastic, inelastic, and reactive parts pops =
Pel + Pin + Pre, With

2
Pel = Pa—a = |Saa| P

Pin = Z Pa—si = Z |Sia|27

i=b,c,... i=b,c,...
— _ 2
Pe= Y Pasi= Y ISul’. 6)
i=k,l,m,... i=k,l,m,...

There is of course no reason to subdivide unobserved pro-
cesses in this way.

In general, if some processes are unobserved, then from
Eq. (5), the observed block of the scattering matrix will appear
subunitary:

D ISul < 1. (7)

i=a,b,c,....k,l,m,...

The amount by which this sum falls short of unity will be
a measure of the unobserved probability, which in general is
recast into an overall absorption probability p,,s. Therefore,

Pabs = Punobs = 1- Pobs = 1- Pel — Pin — Pre- (8)

In the next subsection we will see that collisions result-
ing in complex formation can also be properly included in
the absorption probability. It is also convenient to define a
quenching probability which is the sum of the inelastic, re-
active, and absorption probabilities

Pqu = Pin + Pre + Dabs = I = pa=1- |Saa|2- &)

Finally, the corresponding state-to-state cross section is given
by

u 2
k—2|5ai — Sial”, (10)

Ousi = 8

where g = 2 if the identical collision partners are initially
in the same quantum-mechanical state and 1 otherwise. The
cross sections corresponding to these processes are given by

“ 2
Oel ng_2|1 — Saal”s

b g
Oin = gk_2 Pin;
b
Ore = gk_2 Pre>
T
Oabs = gk_2 Pabs>
Oqu = Oin + Ore + Oaps.- (11

C. Complex formation and highly resonant collisions

The treatment so far has ignored the possibility of complex
formation. The collision complex is comprised of a dense
forest of resonant states, depicted schematically in Fig. 1
by horizontal lines. These states, denoted p, are potentially
numerous and complicated and are therefore best character-
ized by statistical quantities such as their mean level spacing
d (equivalently mean density of states p = 1/d) and their
coupling matrix elements W;, to the open channels. For the
purposes of the theory it is assumed that the lifetime of the
complex is long compared to the mean collision time, so
that complex formation and decay can be considered distinct
events. This assumption appears to be validated by the obser-
vation of K;Rb, complexes in KRb 4+ KRb ultracold reactions
[6] and by the measure of their lifetimes [14]. In this case,
losses due to complex formation can also occur. Complex for-
mation can therefore be considered as an unobserved process,
as defined in the previous section. We will see that the theory
of highly resonant collisions can recast this type of loss into a
phenomenological absorption term, included in the definition
(8) for the unobserved processes.

The key concept for understanding highly resonant colli-
sions and the corresponding complex formation can be found
in the compound nucleus (CN) model introduced by Bohr for
understanding nuclear collisions [24]. This theory postulates
that a compound state involving all the nucleons forms im-
mediately when a particle (such as a neutron) encounters the
nucleus. These compound states have long lifetimes which
lead to a dense set of narrow resonances in the cross section
as a function of energy. Since Bohr’s initial insight, the statis-
tical theory of highly resonant scattering has been developed
considerably [20,25-30]. We draw heavily on this literature in
what follows.

The essential simplification of the statistical theory is the
assumption that the density of states is too great for any of
the individual resonances to be resolved; therefore, scattering
observables can be replaced by suitable averages [20,27]. The
virtue of this approach can be illustrated using an example
with a single channel, where the cross sections for elastic and
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absorption scattering are given by
4 i
o0 =gzl =S ow =gz (1-ISP),  (12)

the overall absorption process accounting for all but the elastic
process, similar to what can be seen in Eq. (11) and Eq. (8).
If all the incident flux were reflected then |S|?> = 1 and there
would be no absorption. If only a part of the flux were re-
flected |S|*> would be less than unity, due to absorption. For
indirect processes like complex formation there is no true
absorption; eventually the molecules reemerge and complete a
scattering event. However, long-lived complexes can give the
appearance of absorption if the lifetime of the complexes is
long enough, and moreover leads to true loss if the complex is
destroyed by a photon or by a collision with another molecule.
These effects are accounted for in the following. The lifetime
and subsequent decay of the complex is not treated within the
model we detail here.

In the statistical theory of scattering, the average of any
energy-dependent quantity f(E) can be defined as

1
(f(E))=Z/d6f(6)D(E;€), 13)

where D(E; €) is the distribution, centered at E, that defines
the average, and Z = f de D(E;¢). D is often taken to be
either a Lorentzian function or else a finite step function cen-
tered at E. In any event, here D is assumed to be broad enough
to contain many resonances. In these terms and factoring out
the explicit momentum dependence, an average cross section
can be written [27]:

T o2
(o) = 2 (k“o). (14)
To calculate the average elastic cross section then requires

taking the average (|1 — S|?). Using the definition for the
variance for a variable X,

AX = (X)) — [(X) %, (15)
we obtain
(1 =8P =11=(S) >+ AS. (16)

The average elastic cross section can therefore be written in
the form

T
(oa1) = k—2(|1—5|2)
— o1 —(S) 2+ g AS
_gk_2| —(S) | +gﬁA
= 0 + Oce. a7

These two contributions comprise a mean cross section, de-
noted the “shape elastic” cross section, and a contribution
from the fluctuations, denoted the “compound elastic” cross
section [20,27]. Since the lifetime of a collisional process is
proportional to the energy derivative of the S matrix [31-34],
writing the cross section in this way elegantly separates out the
cross section for direct scattering, the shape elastic part, from
indirect scattering, the compound elastic part. Meanwhile, the
average absorption cross section is

T 2
(Oabs) = gk—z(l = (ISI"). (18)

The essence of the CN model is to associate elastic scatter-
ing with just the shape elastic part of the elastic cross section
and include the compound elastic part in the absorption cross
section. This is achieved by simply making the replacement
S — (§) in Eq. (12). The elastic cross section in the CN model
is therefore

- % 2
Gel =gk—2|1 —{(8) |” = 0%, (19)

while the absorption cross section is
. T 2
Gups = g7 (1 = [{S) 1)
b4 b4
=870~ (IS1*) + 82 AS
= (Oubs) + Oce, (20)

again using the definition of the variance. As desired, simply
by replacing S in Eq. (12) with (S}, the compound elastic part
now appears in the absorption cross section.

D. Generalized theory of average cross sections

Generalizing the averaging procedure above to the multi-
channel case, one incorporates the effect of resonant complex
formation by energy averaging the appropriate cross sections
over many resonances [35],

T 2
(Ousi) = gk_2 {ISial™)

= g51(S) P + 875 A8,

=0l 4 oM. 2D
Doing so defines two components of the scattering. The first
component associated with an energy-smooth S matrix (S)
is direct scattering, which is scattering from channel a to i
which proceeds without forming a collision complex—this
is the generalization of the “shape elastic” cross section in
the single channel example above. The second component
associated with the energy fluctuations of the S matrix AS
is indirect scattering, which is also scattering from channel
a to i but which proceeds via a collision complex—this is
the generalization of the “compound elastic” cross section in
the single channel example above. As such this approach is
completely general and can equally well treat systems which
proceed purely directly, purely indirectly, or any combination
thereof. For ultracold collisions of alkali-metal dimers, which
we are primarily interested in here, the potential-energy sur-
face is barrierless, meaning in principle there is no reason why
direct reactions should not occur [4,36,37].

More insight can be gained into the distinction between
direct and indirect processes by considering the time behavior
of an incident wave packet [27], which follows directly from
the definition of the cross sections in Eq. (21). o9 is defined
to vary slowly with energy, whereas o™ contains all the rapid
variation in the cross section due to any resonances. The com-
ponent of the wave packet associated with direct scattering
therefore has a time behavior similar to a scattering problem
on the same potential in the absence of any resonances. On
the other hand, the component of the wave packet associated
with indirect scattering has a time behavior similar to the long
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lifetime of a resonant state. As such the indirect component of
the wave packet will come out delayed compared to the direct
component.

Following the prescription of the CN model, the cross
sections for any process whose outcome is observed are asso-
ciated with the corresponding direct scattering cross section.
The elastic, inelastic, and reactive cross sections are therefore
given by

] T
Go = 04" = gzl = (Sua) 2,

N : b
Gin =o' = 83 Z | (Sia) 17,

i=b,c,...

: T
Ge =0 =85 ) (S I* (22)

i=k,l,m,...

These are presented as total cross sections; for example, 6j,
is the total inelastic cross section and includes all inelastic
scattering of molecules that is observed. If individual inelastic
channels are resolved experimentally, they correspond to indi-
vidual terms of this sum and the same for reactive scattering.

Direct processes to channels that are not observed con-
tribute to the absorption cross section, G5, and their total
contribution is formally given by

~di ; T
Gl =0 =g D 1S I* (23)
i=p,0,T,...

The cross section for complex formation also contributes to
the absorption cross section, and is simply the total cross
section for all indirect processes. As such it is given by

~ind _ _ind ind ind ind
Oabs = Oel + Oin + Ore + Oabs
4
i=a,b,c,...,
k,l,m
PO, Tyn

The total absorption cross section is then the sum of the direct
and the indirect contributions

~ ~ dir ~ind
Oabs = Oyps T O - (25)

This is the generalization of Eq. (20). In this theory, the matrix
elements of the highly resonant S matrix S;, (and therefore
also AS;,) are presumed to be unknown. Information about
absorptive scattering will be inferred from the subunitarity of
the energy averaged S matrix, (S), in the observed channels.
Appropriate forms of these effective S matrices will be derived
in Sec. IIF.

It should be emphasized that by treating the complex as an
absorption process we are describing only the phenomenon
of molecules combining to form a collision complex. Eventu-
ally such a complex would decay producing outcomes in any
available channel, but a full treatment of this process would
require detailed understanding of the decay mechanism of the
complex, or equivalently the full S matrix on a fine enough
energy grid that the appropriate averages given in Eq. (21)
could be meaningfully performed.

Finally, it is often useful to define a quenching cross sec-
tion, which describes scattering into any channel other than
the incident channel, regardless of what that channel is. The

quenching cross section is therefore given by

5qu = Gin + Gre + Guabs :g%(] — | (Saa) |2) (26)
The corresponding rate coefficients B to the cross sections
given above are obtained by replacing 1/k* by 7/uk, where
w is the reduced mass of the colliding molecules.

Hereafter, we adopt the perspective of CN theory: S matri-
ces will be averaged over many resonances and the resulting
mean values will be used to evaluate cross sections.

E. Threshold behavior

To facilitate applying the CN model to ultracold molecular
scattering it is useful to separate the effects of averaging and
absorption from threshold effects due to low collision ener-
gies. The S matrix defined in Eq. (2) is, in general, energy
dependent, which leads to the usual Bethe-Wigner threshold
laws for the cross section [38,39]. This energy dependence is
unrelated to the microscopic interactions between the collid-
ing molecules at small r that dictate the molecular scattering
processes. As such these processes are better parametrized by
energy-independent short-range quantities. To do so, we em-
ploy the ideas and methods of multichannel quantum defect
theory (MQDT) [40-52], which has been successfully applied
in various ways and with various notations to the problem of
ultracold scattering. At present, the version of this theory most
commonly applied in ultracold collisions is the Mies-Julienne
version, whose notation we follow here [44,45].

Scattering theory is usefully described in terms of real-
valued, asymptotic reference functions in each channel. These
functions are solutions to a single-channel Schrédinger equa-
tion, with some predetermined potential. They therefore do
not represent free plane waves, but possess a phase shift &;;
their asymptotic form is

.
fir) = ﬁ sin(kir — ml;/2 + &),

1

gi(r)= % cos(kir — wl; /2 + &). 27

In terms of these functions, the asymptotic wave function can
be written

lim F ~ f + gR, (28)
r—00
where f and g are diagonal matrices with elements f; and g;.

Equation (28) defines the reactance matrix R. The scattering
matrix in Eq. (2) is then given by

. (1+IiR .
S;; = e ( + ) e (29)
ij

1 —iR

for general running indexes i, j. Defined in this way the scat-
tering matrix still has an energy dependence due to threshold
effects. MQDT gets around this by choosing a new set of
reference functions, fi, 8i, defined by WKB-like boundary
conditions at short range, in the classically allowed region
of channel i (details of these wave functions are given in
Ref. [44]). For our purposes here the key property of these
reference functions is that they are related in a standard-
ized way to the usual energy-normalized asymptotic reference
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functions by the transformation

£\ Ci_l 0 fz
(&) B (Ci tan ,; Ci) <§i>’ o

where C;(E) and tan A;(E) are explicitly energy-dependent
factors, with E being the total energy of the system. The
dependence of C; and tanA; with energy has been given
explicitly near threshold [53], enabling analytical scattering
formulas to be constructed.

The pair of reference functions f; and g; are used as
follows. Supposing that strong channel couplings lead to a
complicated many-channel scattering wave function, never-
theless there is an intermolecular distance ry beyond which
the channels are essentially uncoupled (this radius is indicated
schematically in Fig. 1). The wave function at radii r > r( can
then be written

F(r>n)~f+gY, (31)

in terms of a short-range reactance matrix Y. Because of
the carefully chosen normalization of f, and g;, Y does not
carry the energy dependence characteristic of the threshold
behavior. From the standpoint of the threshold ¥ can be con-
sidered constant (later, we will incorporate an explicit energy
dependence due to resonant states). The threshold energy de-
pendence is then restored via the transformation

R=C'[Y"'—tanr] 'C, (32)

where C and tan A are the appropriate diagonal matrices de-
fined in [44]. Alternatively, the energy-independent reference
functions can be written in terms of incoming and outgoing
waves

fEf=a<if. (33)

The scattering wave function can then be represented at short
range by a scattering matrix S, defined via

_ 14y
[ (34)
1—-1iY
with inverse transformation
1-8
=i—. 35
1+S (35)

The bar notation refers to the S matrix at short range. In the
next section we will apply the statistical theory approach to
highly resonant scattering from nuclear physics to replace §
with a suitably energy averaged version, (S), that is itself
energy independent and includes the absorption effect due to

the unobserved and indirect absorption processes.

F. Short-range S-matrix accounting for absorption processes

This section details the construction of the short-range
energy-averaged scattering matrix S‘abs, which accounts for
any absorption processes that may be present in a given ex-
periment. The elements $?% of this matrix are indexed by the
observable channels i, j = a, b, c,...,k,I,m,....Itis con-
structed so that it may be subunitary to account for absorption
due to the two effects described above—direct absorption and
complex formation.

The derivation of this matrix proceeds in three steps: the

first constructs an effective, subunitary S matrix Sumbs that
accounts phenomenologically for direct absorption to unob-
served channels, based on an optical potential; the second
constructs an energy smooth S matrix that accounts for ab-
sorption due to complex formation by averaging a highly
resonant S-matrix S'; finally, both types of absorption are
combined to obtain a matrix §**° for the combined absorption
processes. 5 will then be used in the next section to com-

plete the construction of the matrix (S).

1. Absorption due to unobserved channels

Flux entering in any channel that vanishes due to unob-
served processes is conveniently modeled by incorporating a
complex-valued optical potential in each channel

PLi+ 1) yitr)
2m,r? 2

where V; is the real-valued potential in the absence of such
absorption for channel i [15,54,55]. V; therefore incorporates
the appropriate long-range interaction terms for a given sys-
tem [49], and could for example include a dipole-dipole term
[56]. In the absence of an exact treatment of the short-range
interactions using a full potential-energy surface and a full
collisional formalism, the influence of the optical potential
y; is to create a new linear combination of asymptotic func-
tions. Specifically, the short-range ¥ matrix in Eq. (31) can be
replaced in each channel by a purely imaginary quantity iy;
[55]. The wave function in this channel now reads

fi + &iiyi, (37)
for a real-valued parameter y;, which we term the unobserved
absorption coefficient in channel i. The optical potential repro-
duces the overall phenomenological loss from channel a to all
the unobserved channels p, o, 7, . . .. Recasting the wave func-

tion in terms of incoming and outgoing waves from Eq. (33)
gives

Vi(r) + , (36)

A PN | NN
fit iy =+ 5 + -, )%

A I—yi\|:
=[fi—ﬁ(—l+;>]%<1+yi). (38)

Here the factor é(l + y;) represents an overall normalization,
such that the coefficient of the outgoing wave term in the
square brackets gives the short-range scattering matrix

S 1 —yi
Sunobs — ((—__7L g, 39
N (H—y,-) ’ &

This is a unique overall term for the channel i as the unob-

served channels p, o, ... are not explicitly enumerated in
Sunobs

Eq. (36). We note that S is by definition independent of
energy and as such does not need to be energy averaged.

The coefficients y; are purely phenomenological parame-
ters of the theory. By considering 0 < y; < 1, as Ref. [15]
does, 5" is in general subunitary, becoming unitary when
vi = 1. A special case of this result is in the incident channel,
where i = a. In this case, |§22°b5 2 is the probability that the
molecules incident in channel a are not lost to the unobserved
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process. Then, the (short-range) unobserved absorption prob-
ability is given by

1—y.\’ 4y,
Punobs = 1- < Y ) = Y 5" (40)

2. Absorption due to complex formation

The next step is to include the possibility for the scattering
wave function to span the region of the resonances, resulting
in indirect absorption due to resonant complex formation. The
indirect processes all couple to the dense forest of resonant
states ;o which results in a highly resonant short-range scat-
tering matrix, here denoted S§™. As described in Sec. 11 C, we
average the resonant matrix to get an energy-smooth scatter-
ing matrix (§").

In order to determine the average of S we exploit the
chaotic nature of highly resonant collisions [57-61], and treat
§™ statistically using random-matrix theory (RMT) [62,63].
Here we only sketch the essential steps of the derivation; see
Ref. [35] and references therein for a more complete treat-
ment. We first introduce an effective Hamiltonian H°" for the
resonances,

HE = E, 8, —im »_ WuiW, (41)

in the diagonal representation, which describes the dynamics
of the resonances [35,64]. Equation (41) is based on a par-
titioning of the Hilbert space into a bound state space and
a scattering channel space, introduced by Feshbach [28-30].
While Eq. (41) is complete the effort involved in computing
all the parameters, especially for the large number of bound
states that we are interested in here, makes this approach
impractical [29]. Following RMT, we therefore consider the
parameters as purely statistical quantities. Generally in statis-
tical theories the energies E,, of the resonances are assumed to
form a distribution whose nearest-neighbor spacing statistics
satisfy the Wigner-Dyson distribution with mean level spacing
d and the coupling matrix elements W;,, between a channel i
and a resonant state u, are assumed to be Gaussian random
variables with vanishing mean and second moment

(WiW, ) = 8,08 V7, (42)

where v; is the magnitude of the bound state-scattering chan-
nel coupling for channel i. However, we will not need to
specify the distributions for our present purposes.

In terms of the MQDT reference functions f,-, g; defined
above resonant scattering will result in a short-range Y™
matrix

F~f+ gy, (43)

similar to Eq. (31) with the running indices i, j=
a,b,c,....k,I,m,.... It is assumed that all the resonant
states have outer turning points at distances r < ryp, so that
Y™ contains the full structure of the resonances and therefore
takes the form [35]

Wi W,
Yirgs =7 g . (44)
e

In the weak-coupling limit, v; < d, the resonances are iso-
lated and can, if desired, be described in terms of resonant
widths given by v, = 27 Y, |W;,|%.

In order to average over many resonances, we use the
statistical independence of the coupling matrix elements,

(WiuWyia) = 8iaV}, (45)

to assert that (Y"*) is diagonal. This implies that (S‘{;?S) =0if
i # j, which confirms that Y™ contains no direct contribution
to the scattering and describes purely resonant scattering as
desired. Moreover, the average of Y™ over many isolated
resonances is equivalent to the average over a single represen-
tative resonance. As the resonances are separated on average
by a spacing energy d this average becomes

1 [Eutd)2 T2
(i) = - / dE ——. (46)
d Eu—d/Z E - El‘«

Evaluating this integral in the principal value sense gives

2 [} :
. ; tE
<YT.“) ~ "% im 79/ dE explitk)
u d t—0t —00 E
2.2
TEV;
=1 ! s 47
i— (47)

where the contour is closed on the upper half of the complex
plane. Therefore, in each channel, the wave function account-
ing for indirect absorption due to complex formation is given
by

fi+&iix, (48)
in terms of a real-valued parameter
n2v?
;= -, 49
X p (49)

which we term the indirect absorption coefficient in channel
i. Although coming from an entirely different mechanism, the
form of the wave function in Eq. (48) is exactly the same as
that for unobserved absorption given by Eq. (37). Similarly,
this leads to a short-range scattering matrix in each channel i
that corresponds to indirect absorption

_ 1 —x
(3is) = (—x)&y- (50)

This is a unique term for the channel i due to the fact that
the off-diagonal elements are zero. Again specializing to the
case of the incident channel, i = a, the (short-range) indirect
absorption probability in channel a is given by

- <1—xa>2_ 4x, 51)
pres_ 1_"_xu —_— (1+xa)2.

The unobserved and indirect absorption cases are formally
similar. In both cases, the short-range scattering matrix is
given by an absorption coefficient y; and x; in each channel
i. For unobserved processes the absorption coefficient y; is a
purely phenomenological fitting parameter, whereas for indi-
rect processes the indirect absorption coefficient x; contains
information about the complex itself, namely, the ratio of
bound states—scattering channel coupling to the mean level
spacing. The form of x; is reminiscent of Fermi’s golden rule
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FIG. 2. Interplay of the dimensionless indirect and unobserved
absorption coefficients x and y on the dimensionless absorption co-
efficient z given by Eq. (55).

as it connects the average scattering matrix to the square of the
bound-continuum matrix element v? and the density of states
p = 1/d. It should be noted that this result is quite general,
and need not rely on the assumption of weak coupling. Equa-
tion (49) can be derived in a number of ways: using a Born
expansion of the S matrix [35,65], via the replica trick [66], or
using the supersymmetry approach [67,68].

3. Total absorption

As the unobserved and indirect cases are formally similar,
we can combine both processes to recover the total absorp-
tion process in Eq. (25). The resulting short-range scattering
matrix is given by

S.abs — lS,unobs (S.res> (52)

] 1=y \ (1 —x
gobs — (2 5 )s,). (53)
! L+yi /\1+x

The two kinds of effects can be consolidated into a unified

form
i 1 —z
5o = <1 +Z>3,, (54)

in terms of an effective absorption coefficient

so that

_ Xty
L4y

that combines both unobserved and indirect types of absorp-
tion. Figure 2 illustrates Eq. (55) and the interplay of the
different values x; and y;. Notice that if either y; or x; should
be zero, then z; automatically reverts to the other one.

Once again, specializing to the case of the incident channel
i = a, the (short-range) absorption probability in the incident
channel a as defined in Eq. (8) is then given by

-1 <1_Za>2_ 42 (56)
Pabs = 1+z,) = RETR

(55)

i

Therefore, even in the presence of both types of absorption, if
the only observable fact is that absorption has occurred, then
a value z, (or an equivalent parametrization) can be extracted,
as has been done in several studies [11,15,18,69-73].

Finally, the coefficients z, y, or x can also depend implicitly
on different experimental tools of control such as an electric
field £ [10], a magnetic field B, or the intensity of surrounding
electromagnetic waves, whether it is due to the surround-
ing trapping laser [13], red-detuned photoassociation [74],
or blue-detuned shielding [75-77]. Therefore, the coefficients
should carry such dependence so that z = z(€, B, I), similarly
for x and y. We omit this dependence to simplify the notations
in the following, unless stated otherwise.

G. Complete short-range S matrix

We now combine the short-range absorption scattering ma-

. cab . .
trix $*°, which gathers the unobserved direct processes and
all the indirect processes, with a short-range direct scatter-

ing matrix 5° that includes all the direct processes (elastic,
inelastic, and reactive) to obtain (S)—which is the energy
average of the physical short-range S matrix of the system of
interest S.

The starting point is a short-range unitary scattering matrix
5° that contains all the direct processes such as the molecular
elastic, inelastic, and reactive scattering in the absence of any
absorption due to unobserved channels or complex formation.
For example, 5° could be obtained from a scattering calcu-

lation containing only asymptotically open channels. As 5°
contains no resonances it is by definition energy insensitive
and there is no need to take its energy average. 5° is defined
at ry by a wave function of the form

f=7s (57)
restricting, as usual, the indices 7, j of the matrices to the ob-
served channels i, j = a,b,c,...,k,[,m,.... Starting with

this foundation, we transform S'O to include the effect of the
absorption processes contained in 5.

Generically, a short-range process, 1, makes itself apparent
through the linear combination of outgoing waves that accom-
pany a certain flux of incoming waves; thus process 1 defines
the long-range wave function at r > r,

Fi=[f - f'SiV, (58)

where f~ and f* are diagonal matrices consisting of incom-
ing and outgoing channel wave functions, respectively, and N
is a overall normalization matrix that is not relevant to our pur-
poses here. We are interested in how the linear combination of
f~ and f* would change if a second short-range process, for
example, absorption, would be introduced.

To this end, we first diagonalize S| so as to write it in terms
of its eigenphases §,

(S1)ij = Z (ilo) exp(2ide) (el f) - (59)
It is then possible to define the square root of this matrix,

(5172), = 3" (ile exp(is.) fal ) (60)

o
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The wave function in the presence of process 1 can then be
written

Fi=[f8;"7— f+8/%]8\"° N, ©61)

thus effectively defining a new set of incoming and outgoing
reference functions f ‘Sl_l/ *and f +S}/ ?. We now introduce
a second short-range scattering process, which changes the
boundary condition of the wave function at the asymptotic
matching radius ry. This new scattering wave function, due
to both processes, can be written as a linear combination
of the new incoming and outgoing waves defining a second
scattering matrix S,

Fio=[(fs7") = (r*s?)sa]. (62)

where we have left off another arbitrary normalization. Fi-
nally, factoring out Sl_l/ 2 gives

Fio=[f —£78/°8,8/%]s; " (63)

This identifies the joint scattering matrix for both processes
together as

Si2=578,8"". (64)

Notice that when we shut off process 1 by setting S| =1
we get S1, =S, the scattering matrix in the absence of
process 1. Consider for example a single channel, with §; =
exp(2id;), S» = exp(2is,); then Eq. (64) simply asserts that
the phase shifts add. This approach to combine S matrices can
be applied recursively to include other processes as desired.

Using Eq. (64) can combine §” and §*:

) = 891535 (65)

Equation (65) is the main result of the paper and is quite

general. Of course, from Eq. (52), 5" in Eq. (65) can reduce

to either §""* or (8" if only unobserved or indirect absorp-
tion is present. Therefore, the size of the matrix considered
in Eq. (65) can be as high as the number of elastic, inelastic,
and reactive channels that are observed in an experiment being
modeled.

III. TWO-CHANNEL CASE

Rather than study any particular system, in order to gain
insight we consider the case with just two open channels con-
sisting of an incident channel a and one additional observed
channel b, with channel a higher in energy as illustrated in
Fig. 3. We emphasize that while we label the second chan-
nel with a b, which identifies the channel with an inelastic
scattering process, it could equally well be labeled k, and
be identified with a reactive scattering process. Whatever the
nature of the scattering to channel b is, we contemplate the
scattering process @ — b and the influence that absorption has
on this process.

Upon reaching short range r = r(, each channel experi-
ences some kind of absorption with coefficient z,, z,, whose
exact origin we do not worry about here. It could consist
of direct scattering to unobserved channels, or to complex
formation, or some combination of both. In the absence of
these processes the two channels would be somehow coupled
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FIG. 3. Schematic showing the two-channel case. Potential-
energy curves are plotted versus intermolecular distance r (both in
arbitrary units). The two channels are labeled a and b, while the
coupling between the channels is characterized by the dimensionless
quantity w. At short range, absorption from direct and/or indirect
processes is described by an effective dimensionless absorption co-
efficient z,,, z;, in each channel.

and scattering from one to the other could occur when they
are both open. Using the convention in [15,52], we select
reference functions f and g in each channel so that the diag-
onal matrix elements of the short-range matrix Y vanish [78];
as such the scattering length in each channel may appear in
the MQDT parameters C and tan A introduced in Sec. IIE.
The short-range matrix Y° is therefore defined by a single,
real-valued, off-diagonal coefficient w via

Y' = (\?E “/OE) (66)

This notation uses the letter w to designate the coupling be-
tween the observed channels, since y was already used above
to denote the unobserved absorption coefficient. This matrix
Y" gives the form of the unitary short-range matrix 5° that
characterizes the direct inelastic or reactive scattering as

0 1+¥° 1 <1 —w 2iﬁ> 67)

T1—irY 1+ w\2iVw 1-w
as also given in Ref. [52]. Written in this way, we could of
course regard scattering from a to b as yet another absorption
process, writing Sga = (1l —w)/(1 + w) and identifying an
inelastic or reactive absorption coefficient w. However, here
we are interested in the prospect of observing the molecular
product directly, and so to treat the scattering matrix element
S’Bb explicitly. From Eq. (54), we have

_ab 1—z4 O
Sa S — I-BZ(: 1—z |- (68)

1+2zp

To construct the complete short-range matrix (S) using
Eq. (65), we require the square root of SO, which is given by

w002 1 1 iJw
el )
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from which we obtain

(8) = 8% *5™ %) "
1 Fa— W iJw(ry, + rp) (70)
T 4w \iVw(rg + 1) p—wry )’

using the shorthand notation r; = (1 — z;)/(1 + z;), i = a, b.
The expression in Eq. (70) is quite general. It is however
instructive to make the assumption that z, = z;, = z; that is,
the two channels experience the same absorption, to simplify
results and gain intuition. In this case the short-range matrix
(S) simplifies to

2i/w(l —z2) )

) — 1 ((1 —w)(1-72)
A+w)(1+2)\ 2iVwl—20 (A-w)(1-2))
(71)

Notice that, in a case where channel b was not observed,
this model would return to the single matrix element (S),, =
(1 — ¢g)/(1 4 g), written in terms of an effective absorption
coefficient

q= w4z (72)
I+ wz
that describes composite absorption from the combination of
inelastic or reactive scattering to an unobserved channel with
absorption due to complex formation. This nicely illustrates
the flexibility of the model to treat channels as either observed
or unobserved, as required.

To see the basic interplay between direct scattering and
absorption, it is worthwhile to consider the probabilities for
various outcomes, shorn of the additional complications of
threshold effects. Equation (71) encodes the following three
types of probability.

(i) The elastic scattering probability due to a direct process
for the incident channel a,

(1 —w)*(1 —2)
(4 w)*(1 +2)*

(i1) The probability to enter in channel a and emerge in
channel b due to a direct process,

Pet = | (Sua) I* = (73)

, o dw (1—2)
(4w (142

(iii) The absorption probability due to unobserved channels
and/or complex formation

Pin = | (Sba) | (74)

Pabs = 1= 1 (Saa) P = 1 (Sha) I?

_ 4z
T (1427

where we recover Eq. (56).

These various probabilities are shown in Fig. 4 as a
function of the interchannel coupling w and the absorption
coefficient z. As seen in the top figure, the elastic probability
is quite low unless both w or z have a low value. In the
other panels the influence of each process on the other can
be appreciated. The middle panel shows that direct scattering
only happens with appreciable probability when the absorp-
tion coefficient z is small, below around 0.2. On the other
hand, the absorption probability is indifferent to coupling
strength w as can be seen on the bottom panel and implied by

(75)
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FIG. 4. Top to bottom: short-range probabilities for elastic scat-
tering, inelastic scattering, and absorption versus the dimensionless
quantity w which characterizes the interchannel coupling and the
dimensionless absorption coefficient z.

Eq. (75), which is independent of w. This kind of absorption is
a one-way journey: incident flux that gets to short range is lost
and will not emerge from channel b. Note that the coefficients
w and z are not interchangeable and do not play equivalent
roles in the theory. One observable actually pertains to seeing
the scattering end in a particular observable channel, whereas
the other is simply absorption.

So far, we have just dealt with the short-range scattering
matrix (S). In order to get the asymptotic S matrix, (S), we
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need to include threshold effects using MQDT. The QDT
parameters C, and tan A, in Eq. (32) are known analytically

for s-wave threshold collisions for a 1/ long-range potential
[15,53]

C, > ~ka[l + (s, — 1)),
tani, ~ 1 —s,, (76)

where s, = a/a, a being the scattering length in channel a,
a =2nRe/I'(1/4) is the Gribakin-Flambaum length [52,79],
and Rg = 2uCs/ hz)l/ * is the van der Waals length. We fur-
ther assume that channel b is far from threshold, as such
C, =1 and tan A, = 0. Following the approach outlined in
Sec. I1E, (S) and the corresponding cross sections and rate
coefficients can be obtained from (S) and the QDT parameters
in each channel.

We first consider the case where no exit channel is explic-
itly observed. In this case the quenching coefficient ¢ in (72)
plays the role of an absorption coefficient. Then g can directly
replace y in the quenching formulas of Ref. [52]. For example,
the physical quenching probability is

C2(1+¢q)*
(14+gC2)2+ g% tan’> A’

Pqu = Pqu ()
Here the factor pg, = 4q/(1 +¢q)* is the probability for
quenching given that the molecules get close together, while
the final factor modifies this probability due to the quantum
reflection effects that modify the molecules’ chances of get-
ting close together. This effect has been discussed at length
elsewhere [52] and we do not repeat the discussion here.

In terms of the elastic and quenching rate coefficient, we
have from Eq. (26) and Eq. (28) of Ref. [52]

L Ah st (2)°(2 — 5,)?

H L () - D

- 4nh_<u)+z> 1+ (s, — 1)?
1+

qu — §——a 7 .
poNTH w2 g () (s — 12

(78)

Of course, when z = 0, two channels with inelastic collisions
but no absorption, B, identifies with

3 4nhél 1+ (s, —1)°
in = g—aw———
n=8 1+ wi(s, — 12

or when w = 0, one channel with absorption but no coupling
to inelastic channels, B4, identifies with

7 Arh _ 14 (sqa— 1)
abs — a. s
e T 2 a1

which are the equations found previously in Ref. [52].

As a simple illustration of the relation between direct
scattering and absorption, Fig. 5 shows several representative
cross sections for the two-channel case. For concreteness, we
show cross sections for molecules with the mass and Cg coef-
ficient of NaRb. In this case, there are several undetermined
coefficients, z,, Zp, Sq» Sp, and w; likely too many to make a
meaningful fit to the NaRb data. For this illustration we have
somewhat arbitrarily set z;, = 0.5, set the incident channel
scattering length to s, = 1.0, and set the interchannel cou-
pling to w = 1.0, which would give the maximum inelastic

(79)

(80)
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FIG. 5. Example cross sections for NaRb molecules colliding in
an excited state, for two different values of z, = 0.2 (left panel) and
0.8 (right panel). Shown for the two-channel case are the quenching
(blue dashed) and inelastic (red dotted) cross sections as computed
from Eqgs. (73), (74), and (71), fixing the dimensionless quantities
7, = 0.5, s, = 1.0, and w = 1.0. For comparison, the black curve
shows the cross section for the single-channel case (w = 0) with an
absorption coefficient z, and phase factor s,,.

scattering in the absence of absorption. Note that the phase
parameter s, in the final channel is irrelevant, as this channel
is assumed far from threshold.

The left and right panels in the figure give results for
absorption coefficients in the incident channel of z, = 0.2 and
7, = 0.8, respectively. In each panel, results from an explicitly
two-channel model are shown in color. Specifically, the blue
and red curves describe the quenching and inelastic cross
sections, respectively. Unsurprisingly, the total quench cross
section is greater than the cross section for inelastic scattering
alone. As a comparison, the black line shows the cross section
that results if we use a one-channel scattering model with the
same absorption coefficient z = z, and phase parameter s = s,
in that channel. It is seen that the inelastic process alters the
quenching cross section significantly. The right panel repeats
this calculation, for a larger incident channel absorption co-
efficient z, = 0.8. This larger value of z, both raises the total
quenching cross section and reduces the relative cross section
for inelastic scattering.

In practice, if both the quenching and inelastic cross sec-
tions were measured, their energy-dependent cross sections
(or temperature-dependent rate coefficients) could be simul-
taneously fit by formulas such as these, yielding consistent
values of the absorption coefficients w, z,, and z,, and the
incident phase parameter s,,.

IV. APPLICATION TO VARIOUS EXPERIMENTAL
SITUATIONS

Cast in terms of the present theory it is interesting to draw
some tentative conclusions about the experiments that have
been performed so far. Quantitative description will likely
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require further information, yet the basic formulas Eq. (56)
and Eq. (55) may guide our thinking. Note that in this section
we remove the subscript a of the absorption coefficients, for
clarity.

A. Collisions of endothermic processes

The most basic collision of ultracold molecules is one
in which both molecules are in their absolute ground state
and are not chemically reactive at a temperature low enough
such that all other channels are asymptotically closed. This
was achieved in collisions of NaRb molecules [9] and RbCs
molecules [11]. In this case the presumed losses are due to
complex formation, as such z reduces to x. Light is present
in these experiments and may strongly affect the molecular
losses [12]; therefore, x should in general depend on 7, which
is the intensity of the trapping laser.

Knowing the energy dependence of the loss cross sec-
tion enables one to extract the absorption coefficients from
experimental data. Thus, for NaRb collisions, the fitted pa-
rameter gave x(/) = 0.5 [18], while for RbCs collisions it
gave x(I) = 0.26(3) [11], at the specific laser light intensities
of these experiments. While the intensity dependence of x
remains unknown, we can make the following assumption. If
the light absorption is saturated with intensity we assume that
any complex that is formed decays immediately. In this case
the value of x is a measure of the formation of the complex,
and represents a direct measure of the ratio between the mean
bound state-scattering channel coupling and the mean level
spacing of resonances in the complex at the specific laser
light intensities. Interpreting the mean coupling as a mean
width, via v?> = y /27, Eq. (49), would give the ratio of mean
resonance width y to mean level spacing d, y/d = 2x/m.
The ratio would be y/d = 0.32 for NaRb and y/d = 0.17
for RbCs. Thus the theory produces from the data a concrete
prediction that can be used to test a microscopic theory of
molecular collisions. This interpretation relies on the assump-
tion that the measured x in the presence of the light truly
represents the complex formation. This assumption would of
course not be necessary if the measurement were repeated in
a box trap.

Even under this assumption, the comparison between em-
pirical and calculated values of y/d is complicated by the
presence of external fields in the experiment, as x can also
depend on those fields in addition to the intensity, so that
x =x(&,B,I). For a pure field-free case (no electric field
nor magnetic field), a coupled representation scheme can be
used to estimate d when the total angular momentum quantum
number J and its laboratory projection M are conserved [80].
However, even though the electric field is zero, the NaRb and
RbCs measurements are performed in a nonzero magnetic
field. It seems therefore appropriate to include in the micro-
scopic estimates collections of states with different values of
J that are mixed by the field. It remains uncertain, however,
how many values of J are relevant to the estimate of y /d for
a given magnetic-field value. It should also be noted that the
application of an electric field appears to alter the absorption
coefficient, raising it to the universal value x(€ > 0) = 1 [10],
indicating that the electric field increases the strength of chan-
nel coupling, the density of resonant states, or perhaps both.

B. Chemically reactive collisions

An alternative set of experiments, spanning the past
decade, has measured loss in ultracold KRb molecules, dis-
tinguished from NaRb or RbCs in that the KRb + KRb —
K; + Rb; reaction is exothermic. In the pioneering experi-
ments [4], the products were not observed; therefore, reactive
scattering contributed to the unobserved processes described
by the coefficient y in addition to the x in the endothermic
case. In general, these experiments exhibit loss consistent
with an absorption coefficient z(I) = 1 from Eq. (55), cor-
responding to loss of all molecules that get close enough to
react or form a collision complex [17]. However, Eq. (55)
does not lead to the identification of the separate mechanism
for unobserved (chemical reaction in that case) and indirect
(complex formation) processes. Nevertheless, the existence
of both processes has been verified experimentally, by the
identification in REMPI spectroscopy of both the products K,
and Rb,, and the intermediaries K2Rb§r [6]. From Eq. (55),
we note that in this parametrization z(/) = 1 can occur only
if x(I) = 1 or y(I) = 1. It seems likely that indirect loss from
complex formation does not occur with unit probability, that
is, x(I) is likely less than unity, since this is certainly the case
for the nonreactive species NaRb and RbCs (see above). The
difference in energies that renders the KRb reaction exother-
mic, a mere 10 cm ™', is decided at long range as the products
recede from one another, and likely has little bearing on the
complex itself and the couplings that determine the value of
x(I). We therefore provisionally conclude that the loss of KRb
molecules with unit probability is mainly due to the unob-
served loss (chemical reactions) compared to indirect loss and
that y(I) >~ z(I) ~ 1.

An additional possibility occurs for vibrationally excited
states of NaRb [9]. These molecules experience loss due to
complex formation when in their ground state, but in their
first vibrationally excited state they also have sufficient en-
ergy to inelastically deexcite or to chemically react. In this
experiment, neither the inelastic nor the reactive products are
observed. Therefore, inelastic and reactive processes should
be regarded as unobserved absorption processes. The total
loss is therefore described by the absorption coefficient z(I) of
Eq. (55). Here x(I) would characterize the loss due to complex
formation, which in the simplest interpretation can be taken as
the same as for the nonreactive ground-state scattering, x(I) =
0.5, while y(I) characterizes the losses due to the inelastic and
reactive processes. From the data of the NaRb experiment in
v = 1, the total absorption coefficient z(/) = 0.93 has been
extracted [18]. From Eq. (55) we infer that the unobserved
absorption coefficient is y(/) = 0.8. This value, lying close to
unity, emphasizes that the unobserved absorption coefficient,
responsible for losses due to inelastic collisions and chemical
reactions, takes a high value close to unity, just as in the KRb
case.

V. CONCLUSION

When ultracold molecules collide, a likely outcome is a
transformation that releases energy and sends the molecules
fleeing from the trap, effectively destroying the gas. But for
ultracold alkali-metal dimers this destruction need not be
immediate, if the molecules first form a collision complex.
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Various fates await the molecules upon collisions: elastic
scattering, inelastic scattering, reactive scattering, or resonant
complex formation. In the work we have detailed a simple
quantum-defect model capable of treating all these myriad
processes on an equal footing.

In the absence of full scattering matrices, the model
captures the essence of these various processes, providing
parametrizations of the various cross sections. The model
is flexible enough to account explicitly for those processes
that are ultimately observed, and to account implicitly for
those that are not. The result is a framework capable of be-
ing adapted to fit the available data for a given experiment,
relating the observables to a small set of parameters. These
parameters, in turn, represent a tangible goal for microscopic
theories of the four-body dynamics.

The theory as presented treats only the first step of the scat-
tering process: molecules colliding and heading off on one of

the paths—elastic, inelastic, reactive, or complex formation.
In particular, the theory does not treat the possible decay of
the complex; to do so will require a more detailed treatment of
the decay rate and product distribution of the complex—work
that is currently in progress.
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