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One of the demanding frontiers in ultracold quantum science is identifying laser cooling schemes for complex
atoms and molecules out of their vast spectra of internal states. Motivated by the prospect of expanding the set of
available ultracold molecules for applications in fundamental physics, chemistry, astrochemistry, and quantum
simulation, we propose and demonstrate an automated graph-based search approach for viable laser cooling
schemes. The method is time efficient, reproduces the results of previous manual searches, and reveals a plethora
of new potential laser cooling schemes. We discover laser cooling schemes for YO, C,, OH", CN, and CO,,
including surprising schemes that start from highly excited states or do not rely on a strong main transition. A
central insight of this work is that the reinterpretation of quantum states and transitions between them as a graph
can dramatically enhance the ability to identify new quantum control schemes for complex quantum systems.
As such, this approach will also apply to complex atoms and, in fact, any complex many-body quantum system

with a discrete spectrum of internal states.
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I. INTRODUCTION

Ultracold atomic and molecular systems are rich play-
grounds for modern efforts to understand quantum many-body
physics and its emergent phenomena [1-6] as well as plat-
forms for quantum computing [7-9] and quantum sensing
[10,11]. In order to use atoms and molecules for quantum
applications, control of internal quantum states and their state
of motion is a critical prerequisite. In particular, the quan-
tum control of molecules poses a significant experimental
challenge due to their rich internal state structure [12]. Ul-
tracold molecules hold great promise for exploring the role of
quantum effects in chemistry [13-20], which may lead to a
better understanding of chemical reactions and their control
via external fields [21-24]. Moreover, ultracold molecules
enable ultraprecise measurements of fundamental constants
[25], including the most accurate constraints of the electron
electric dipole moment to date [26,27]. Cold molecules are
also needed for laboratory studies of astrochemically impor-
tant reactions [28,29].

To pursue these applications, laser cooling of molecules
[30] has been successfully demonstrated over recent years
using molecules with nearly diagonal Franck-Condon (FC)
factors such as SrF [31-33], CaF [34-36], YbF [37], BaH
[38], CaOH [39], CaOCHj3; [40], YO [41,42], StOH [43], and
YbOH [44]. Another fruitful approach has been the assembly
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of ultracold molecules from samples of ultracold alkali atoms,
leading to ultracold Cs, [45], KRb [46,47], RbCs [48,49],
NaK [50], NaRb [51], and NaCs [52-54]. The dominant factor
driving the selection of these molecules was the expectation
that they would be amenable to cooling. As a result, the
available ultracold molecules come from a narrow range of
species with applications mostly in fundamental and many-
body quantum physics.

In order to unlock a wider potential for ultracold molecules
and, in particular, to understand chemical reactions at a
quantum-state-resolved level, the field will benefit from ac-
cess to a greater diversity of ultracold molecular species.
These include species that are relevant for chemistry, biology,
industrial applications, etc. [55]. A promising step in this
direction was the recent realization that molecules with sig-
nificant off-diagonal FC factors can also be amenable to laser
cooling, as discussed in Refs. [56,57]. While near-diagonal
FC factors make it more probable that a laser cooling scheme
exists, these works show that focusing on them introduces a
restricting bias that narrowed the search range for molecular
laser cooling. This motivates the development of a bias-free
method that enables a broad search for any molecule for which
sufficient spectroscopic data are available. The task of identi-
fying laser cooling schemes is, however, highly nontrivial as it
requires combing through millions of internal quantum states
across many orders of magnitude in energy and billions of
decay channels between them. Manual searches have resulted
in the identification of laser cooling schemes for molecules at
a rate on the order of one per year.

With the goal of avoiding limiting assumptions and bi-
ases, we have developed an automated approach to search
for laser cooling schemes. Typically, the complex spectra
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FIG. 1. The search for laser cooling schemes needs to address electronic, vibrational, rotational, fine, and hyperfine states spanning multiple
energy scales. The transformation to a graph-based representation of energy levels and decay channels enables the use of highly parallelizable

search algorithms to automatically detect viable laser cooling schemes.

of molecules are given as a list of electronic, vibrational,
rotational, fine, and hyperfine energy levels and transitions
between them. Our method introduces a change of perspec-
tive, reinterpreting molecular spectra in the form of a graph
(Fig. 1). The graph representation allows us to harness the
power of highly efficient graph processing tools, mining the
graphs to identify subgraphs representing viable laser cool-
ing schemes. To represent a technically viable laser cooling
scheme, a subgraph needs to meet a set of carefully chosen
conditions determined by the required level of closure, cool-
ing time, and the wavelengths of available lasers. For our
search, we leverage spectroscopic data of various molecules
that are available in large databases, such as ExoMol [58],
HITRAN [59], Splatalogue [60], and more [61-64]. An au-
tomated search can dramatically speed up the identification
of laser cooling schemes for atoms and molecules, which can
then be confirmed in an experiment. More generally, the graph
approach can help to identify quantum control schemes in any
complex quantum system that has discrete energy levels and
transitions between them.

In this work, we describe our graph-based approach and
demonstrate its application. We discuss the methodology in
Sec. II. In Sec. III, we give examples for five different
molecules, YO, C,, OH™, CN, and CO,, where the auto-
mated search has identified new laser cooling schemes. We
especially describe cooling schemes that can be viewed as
surprising and counterintuitive and that showcase the power of

automation and avoiding human bias. In Sec. IV, we conclude
with a discussion of potential extensions and improvements
of our method. Finally, our goal is to make the graph-based
approach available and accessible to everyone. In Appendix B,
we present a list of selected cooling schemes that we have
identified; and in Appendix C, we present a step-by-step tuto-
rial describing the graph platform, query language, and search
algorithm.

II. METHOD
A. Introduction to graphs and graph processing

Graphs originated in mathematics [65] from the insight
that there are problems that are simplified by a change of
representation, where one focuses on connections between ob-
jects rather than on the objects themselves. Today, graphs are
widely considered a useful and informative way of modeling
and analyzing data [66]. The objects that make up a graph are
called nodes or vertices, and the connections between them
are called relationships, links, or edges. For the remainder
of the paper, we call graph elements nodes and relationships
to align with the documentation of the graph platform used,
which is Neo4j [67]. Additionally, each node and relationship
can have properties, also called attributes, which can contain a
variety of data types, from numbers and strings to spatial and
temporal data. For example, a node representing an internal
molecular quantum state can have properties, such as energy
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and lifetime. Relationships in directed graphs have not only
properties but are also characterized by the direction. In our
work, the relationship represents a spontaneous decay channel
from one energy level to another, and its property is the energy
difference between the connected energy levels. In addition,
each element of a graph can be assigned a label, which marks
its belonging to a group. For example, a node representing an
energy level can belong to a group of metastable states.

Instead of just representing a problem in the form of a
graph, we also want to process the graph to reveal additional
information (e.g., find a grouping of nodes in a transportation
network responsible for congestion). This is the domain of
graph algorithms [68]. They can be roughly categorized into
local and global. Global graph processing is usually interested
in global patterns and structures, and its output may be an
enriched graph or some aggregate value, such as a score. For
example, one may be interested in the toxicity of a molecule
represented as a graph [69] or symmetries in atomic spectra
[70]. In this work, we are interested in locating subgraphs
within a graph, that is, graphs within a larger graph. This
approach belongs to local graph processing and is usually
connected to querying a graph, which can be understood as
sending questions to a graph and obtaining a response. In
our case, the subgraphs represent laser cooling schemes and,
therefore, have to meet a series of conditions. In the next
section, we present a primer on laser cooling to understand
the origin of those conditions.

B. Primer on laser cooling

Doppler cooling [71] entails repeated photon absorption
and spontaneous emission events that aim to decelerate and,
therefore, cool atoms or molecules. What makes it successful
is an exploitation of the Doppler shift so that the absorption
event is velocity dependent. Particles moving toward the laser
beam preferentially absorb its photons, while for particles
moving away from the laser, absorption is suppressed. Ab-
sorption of a photon induces a transition of the ground state
to an excited internal state of the particle. Additionally, the
particle experiences a kick from the transfer of one photon
momentum, decelerating it in the direction of the laser beam.
Then the particle spontaneously emits a photon, which, due
to its random direction, results in an average net momentum
transfer of zero. In this way, we can decelerate particles whose
internal states are well approximated by a closed two-level
system up to the Doppler cooling limit, given by the random
momentum kicks generated by the spontaneous emission [72].
The set of states involved in the repeated absorption-emission
events is known as a laser cooling or cycling scheme, and the
whole process as photon cycling.

This picture becomes more complex when we consider sys-
tems that go beyond the two-level approximation. In this case,
we need to account for many possible decay channels from
the excited state to various lower-energy states. Every such
additional decay channel requires an additional laser to pump
back the particles to the excited state. Otherwise, the particle
leaks into a dark state, that is, the particle is not amenable to
further laser cooling as the dark state cannot absorb another
photon. The presence of multiple decay channels from an ex-
cited state and the need for additional repump lasers constitute

the primary challenge in cooling molecules and multielectron
atoms [73].

Molecular laser cooling schemes that are used today com-
prise up to 12 lasers [74], which address up to 12 decay
channels. However, there may be thousands of decay channels
from a single excited molecular state. A viable laser cooling
scheme needs to be sufficiently closed so that the cooling to
a desired temperature is completed before all molecules leak
into a dark state and get lost from the sample. In particular,
we compare here two estimated quantities: the time #(q, after
which 10% of the molecules remain in bright states of the
laser cooling scheme (that is, until 90% of the molecules are
lost) and the time #.,, needed to cool down a molecule to the
Doppler limit. For a viable laser cooling scheme, it is rea-
sonable to require the condition .o, < f19%. If this condition
can be met, then we call the laser cooling scheme sufficiently
closed. We note that at the end of the cooling process, the
population of the molecular sample will be distributed among
all states addressed by the cycling scheme. By selectively
turning off one of the laser beams, the sample can be optically
pumped into a specific state if desired.

The closure of a laser cooling scheme depends on the
number of available repump lasers. Fundamentally, it depends
on the probability that a molecule follows a particular decay
channel i, which is expressed as a branching ratio, BR;. The
branching ratio depends on the Einstein coefficients, A;, of
allowed decay paths out of the excited state [75] as

BR, = ¥
l Z j Aj ’
where j runs over all decay paths starting at the same excited
state. The lifetime of the excited state is

1

ey

T=—=—. 2)
Z j Aj
The closure of a cooling scheme is simply given by
p=) BR, 3)

where, importantly, i runs only over driven transitions (the
main cooling transition and the addressed repump transitions);
these are the decay paths that are addressed with the lasers,
which repump the molecule back to the desired excited state
after a spontaneous emission event. If all decay channels are
driven by lasers, then p = 1, and the laser cooling scheme
is perfectly closed. In practice, well-closed laser cooling
schemes have p > 0.9999. After n photon scatterings, the
fraction of molecules in bright states, i.e., those addressed by
the lasers, is given by p". Therefore, the number of scatterings
that retain 10% of the molecules in a bright state is

In0.1
Mog% = 7= )

np

and the corresponding time is [30,76]
tiow = 1oz X R, Q)

where
R'=1 (G+1)+%Fnhczi (6)
N 3 ~ ;3] |
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Here G is the number of driven transitions, I' = 1/7, h is
Planck’s constant, ¢ is the speed of light, [; is the inten-
sity of the laser addressing the ith transition, and A; is the
wavelength of the ith addressed transition. In this expression,
the term multiplying the lifetime represents the probability
of occupying the excited state. The first part highlights the
equal distribution of population among all addressed states at
the steady state, while the second part is a correction taking
into account the saturation intensities. In the following, we
assume a constant intensity 7; of 10> mW cm~2 for all tran-
sitions as an experimentally reasonable number. This value
was picked to simplify calculations. However, it may not be
experimentally feasible for all transitions (e.g., for UV lasers).
If any molecular properties or technical constraints require a
different condition, then it can be adjusted in the algorithm as
needed.

To estimate .o, We calculate the approximate number of
scatterings for molecules to reach a standstill, n..0. To this
end, we divide the initial momentum of the molecule by that of
an average photon that participates in the cooling process [75].
The initial momentum follows from the Maxwell-Boltzmann

distribution,
Dinit = M(V)init = v/ 3kpTiniim, )

where kg is the Boltzmann constant, Ty is the initial tem-
perature of the molecular gas, m is the molecular mass, and
(-) denotes averaging over the Boltzmann distribution. Impor-
tantly, Tiy;; of the gas also determines which internal molecular
states are thermally occupied and, therefore, can become start-
ing points for the cooling procedure. We explain how we
estimate the required Tjy; of a cooling scheme in Sec. IID.
The average photon momentum is [56]

h BR; h < BR;
3 BRi

—_— = , 8
)"iZjBRj P ; )\,’ ( )

Pmean =

i

where i runs over all driven transitions. This allows the calcu-
lation of the number of scattering processes

-1
ini BR;
Moo = 2 = 2 3kBTmnm<ZT) O

pmean i

Then, following Eq. (5), we compute the cooling time as
Tcool = Ncool X Ril- (10)

To ground these derivations in practical considerations, it
is useful to give some order of magnitude estimates of these
quantities. Typically, one can expect ngool ~ 103 —10%, tego ~
1—100 ms, and R ~ 0.1—10 MHz.

C. Graph search algorithm to identify laser cooling schemes

A manual search for a laser cooling scheme is generally a
very hard task. Imagine locating a connected system of up to
a dozen states that allow nearly closed photon cycling within
a complex spectrum of electronic, vibrational, rotational, and
hyperfine molecular states with a plethora of decay paths
between them. For example, CO, has over 3.5 million states
with over 2.5 billion decay paths between them [77].

Instead, we take advantage of powerful and highly
parallelizable graph algorithms to search for schemes

automatically. This becomes possible by representing the
molecular spectrum and laser cooling schemes within it in
the form of a graph. For example, a molecule in one state
decaying to another state can be represented as a two-node
directed graph, with nodes representing the electronic, vibra-
tional, rotational, fine, and hyperfine energy levels and the
relationship representing the direction of the decay process.
In this way, we obtain a graph that simultaneously represents
both the energy levels of a molecule and the relationships
between the levels.

Next, we search for a subgraph corresponding to a viable
laser cooling scheme. The graph search algorithm is presented
schematically in Fig. 2. We start by identifying all possible
starting states, Sy (first panel of Fig. 2). A ground state is
always a viable starting state; but, interestingly, a higher initial
temperature of the molecular gas may unlock different laser
cooling schemes starting from Sy levels that are excited states.
Therefore, the available S, levels are determined by the preset
maximum initial temperature of the molecular gas, Ty. Assum-
ing that we want at least 10% occupancy of the excited state
compared to the ground state, it follows from the Boltzmann
distribution that Es5, < Ey = —1n(0.1)kgTy. Here Es, is the
energy of a potential starting state relative to the ground state,
and Ej is the maximum energy allowed for a starting state in
So at the preset starting temperature 7. Moreover, note that
here Sy does not need to be the starting point for the main
cooling transition. We only require that the lifetime tg, of So
be longer than ~1 us, in order to allow enough time to pump
from this state to an excited state.

The second step is to identify all higher-energy states to
which Sy states can be driven by accessible lasers. We call
those states reachable excited states and mark them as S;.
The major conditions here are that (1) an electric dipole
allowed transition channel must exist between S; and S,
which ensures the possibility of efficient laser driving between
So and S and (2) the energy difference between Sy and $;
has to be within the range of accessible laser frequencies,
AE(So, S1) € [Vmin»> Vmax], Where v is the laser frequency with
a corresponding wavelength, A = ¢/v, where c is the speed
of light. This is schematically shown in the second panel of
Fig. 2.

The third step is to identify all lower-energy states to which
the S; states can spontaneously decay. We call those states
reachable states and mark them S,. These states constitute all
possible decay paths of the molecule excited to any of the S
states. In particular, note that Sy C S, [78].

At this stage, we have identified all possible states e
{So, S1, S»} that could participate in a laser cooling scheme
(third panel of Fig. 2). Now, among them, we need to identify
viable laser cooling schemes. Here we focus on schemes of
the type as in Fig. 3(a) that are based on a single excited state
S;. In Appendix A, we also describe the search for schemes
as in Fig. 3(b), based on two excited states S; and S; that
decay to the same states S,. As explained in Sec. II B, the
central condition is that the cooling time is shorter than the
time after which only 10% of molecules remain in bright
states, feo0l < f10%, from Egs. (5) and (10). Taking advantage
of highly parallel graph processing, we fix the number of
lasers, G, and identify for each state S; the G decay channels
with the largest BRs that can be driven with accessible preset
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FIG. 2. Illustration of the steps of the graph-based search for laser cooling schemes: (1) The search starts with identifying potential starting
states, Sy (red nodes), i.e., all states with an energy lower than the preset Ey with lifetimes longer than 1 ps. (2) Then it identifies all excited
states S; (purple nodes) that can be reached from S, using laser frequencies from a preset range. (3) The search identifies all states S, (blue
nodes) to which any of the S, states can decay. (4) Finally, within the graph of Sy, Si, and S, states, subgraphs representing laser cooling
schemes are identified. Here we use as an example the '*NH molecule and the following parameters: G = 4, Apin = 330 nm, Ape = 1000 nm,
and 7y = 500 K. To reproduce those results, follow the tutorial in Appendix C.

laser wavelengths, A € [Amin, Amax]- For all schemes found, we
compute #.o, and f1gg and save those that meet the condition
teool < 110% (OF Mool < M10%). To find all relevant laser cooling
schemes, we repeat the search for G = 1,2, ..., Gpax. This
step is schematically shown in the fourth panel of Fig. 2.

A viable laser cooling scheme, in addition to 7.0 < f10%,
also requires that the lifetimes of the reachable states, S,,
are long enough to pump the molecules back to the reach-
able excited states S| before S, decays to other lower-energy
unmarked states. Hence, we could require 7(S2) > #.01. How-
ever, this is quite restricting. In particular, it rules out S, states
that are short lived but have an extremely small BR from the
upper level S;. Therefore, we relax this condition to

T(SZ) > feool X BR(SI - SZ), (11)

where 700 X BR(S] — S) is an estimated average time that
a molecule spends in state S, during the cooling process. Note
that Sy C S5, and therefore this ensures that also the lifetime
of Sy meets the condition in Eq. (11).

The graph search algorithm described above requires the
user to preset some parameters, as listed in Table I. The first is
the number of lasers G, i.e., the maximum number of driven
transitions in a cooling scheme. Other parameters to set are
the minimum and maximum laser wavelengths available for
cooling, Amin and Ana. The choice of parameters is up to
the user, but setups that we consider technologically feasible
nowadays use up to 12 repumping lasers with wavelengths

0131

ranging from 450 nm to 3.5 um. Given the rapid speed
of technological developments, perhaps a laser wavelength
range of 300 nm—-5 um and the simultaneous use of more
than a dozen lasers should be realistic in the relatively near
future.

The user also needs to preset the maximum initial tem-
perature of the molecular gas, Ty. This parameter restricts
the states that are considered starting states, Sy, due to
the condition of Es, < Ey = —1n(0.1)kgTy. We chose Ty =
500 K, which therefore sets Ey ~ 800 cm~!. Counterintu-
itively, sometimes it is beneficial to start with a hotter
molecular gas because it enables access to different efficient
laser cooling schemes that make up for the higher temper-
ature. It can also enable the use of more readily available
laser wavelengths. Finally, the mass of the molecule m is

TABLE 1. Parameters of the graph algorithm that need to be
preset by the user.

Parameter Unit
Number of lasers: G unitless
Range of laser wavelengths: Ay, and Ayax nm
Maximal initial temperature of the molecular gas: T; K
Molecular mass: m u
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FIG. 3. Representative classes of laser cooling schemes. Our
graph-based tool searches for schemes of the type as in (a) and
(b). (a) A simple laser cooling scheme based on one excited state.
(b) A scheme with two excited states that decay to the same S,
states. Including an extra excited state S; is of interest, as it usually
leads to a shorter cooling time #.,,. (¢) Examples of complex laser
cooling schemes that a graph-based approach could search for if a
computationally cheap estimate of the cooling time were available.

needed to approximate the initial momentum of the molecule
in Eq. (9).

D. Limitations of the method

While the graph-based search can quickly find laser cool-
ing schemes of molecules, it also has some limitations and
avenues for further development. Sometimes a deeper under-
standing of the molecular structure may help to uncover even
more laser cooling schemes than the automated search alone.
For example, when deciding on a viable laser cooling scheme,
we compare f1gg and T(S,) to fco0. The quantity 7., depends,
in part, on the initial temperature of the molecular gas, #.oo1 X
~/Tit. We approximate the required initial temperature of a
cooling scheme as

Tinit = max [4 K, —Es,/ In(0.1)kg], (12)

where Eg, is the energy of the starting state. In other words,
for low-energy starting states, we assume 4 K to be the low-
est achievable temperature using buffer-gas cooling [79]. For
excited starting states, we assume a temperature where the
state has an occupancy of 10% compared to the ground state,
based on the Boltzmann distribution at that temperature. So
far, we have assumed that kinetic and internal energies are
in equilibrium. However, this assumption does not account
for the details of the molecular gas preparation. In particular,
it may happen that starting the laser cooling scheme from a

highly excited state does not require a high initial kinetic tem-
perature. This is the case, e.g., in the Swan and Duck cooling
scheme for the C, molecule [56], where the triplet and singlet
energy manifolds have a negligible coupling. Therefore, an
initial condition can be created in which the molecular gas
is prepared in the highly excited triplet ground state at low
kinetic temperature without decaying to much lower-lying
singlet states. Moreover, the assumption of 10% occupancy
can be easily relaxed if one has access to a high-flux molecular
source. To account for these two special cases, it is useful to
output the results also assuming T;;; = 4 K (instead of equal
to max [4 K, —Es,/In(0.1)kg]), which can recover additional
laser cooling schemes that need to be carefully analyzed by a
researcher to determine if they are viable. Such special cases
can also be included in the automated search but go beyond
its current implementation.

Moreover, in this work, we focus on searches for two types
of laser cooling schemes with a single excited state or two
excited states that decay to the same reachable states. We
present these two types of schemes in Figs. 3(a) and 3(b),
respectively. In these simple scenarios, our search already
identifies a plethora of new laser cooling schemes. In princi-
ple, more complex cooling schemes are possible, for example,
involving multiple excited states that do not decay to the
same reachable states [57,74] or multilevel decay channels, as
illustrated in Fig. 3(c). Including more complex laser cooling
schemes will be a meaningful extension. It requires a com-
putationally simple approach for calculating cooling times.
Nowadays, such calculations are performed, for example, us-
ing Monte Carlo simulations, which would render the graph
search prohibitively slow. Hence, finding ways to efficiently
estimate the cooling time for complex laser cooling schemes
represents one of the current theoretical frontiers for the
field.

In general, we are conservative in our estimates of cooling
parameters. Therefore, the number of schemes detected via
our automated search is a lower bound on the number of all
possible schemes. Every addressed limitation described above
will only increase the number of viable cooling schemes.

However, in some cases, the graph search may yield results
that are too optimistic. For example, potential off-resonant
excitation of nearby allowed transitions driven by repumping
lasers may constitute loss channels that are unaccounted for.
An analysis of such effects could be incorporated into the
search by taking into account the proximity of nearby states.
Moreover, we assume that the lifetime of the starting state
7(Sp) needs to be larger than 1 us to allow for effective
pumping into the excited state. More precisely, it should be
larger than the duration of electric dipole transitions between
S() and S 1.

Finally, we note that the quality of the graph search is lim-
ited by the quality and completeness of the spectroscopic data
available. The results obtained are reliable only to the extent
that the input spectroscopic data are accurate. The example of
YO discussed in Sec. IIT A illustrates, though, that there are
spectroscopic data sets sufficiently accurate to allow the prac-
tical use of our tool. Joint theoretical and experimental efforts
are expected to continuously improve open-access databases
of molecular lines and transitions and, as a result, increase the
detection power of our search method.
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E. ExoMol database

For this work, our main data source is the ExoMol database
[58,80], which uses experimental data on molecular energy
levels and transitions combined with first-principles theoreti-
cal calculations. From these data, we extract information on
the quantum states, such as their energy and various quan-
tum numbers, and transitions between the states, including
transition frequencies and Einstein A coefficients, from which
we calculate BRs of possible decay paths via Eq. (1). The
branching ratios and decay rates fully characterize the spon-
taneous emission pathways and the available molecule-light
interactions. As a result, a separate evaluation of the FC fac-
tors is not necessary. Here we have analyzed data on ¥y “0O
(871, 12C, [81,82], O 'H" [64,83], 2C N [84-86], and
2¢ 10, [77].

It should be noted that, in addition to ExoMol, there are
multiple other databases on molecular spectroscopic data,
such as the HITRAN2020 molecular spectroscopic database
[59], Splatalogue [60], the National Institute of Standards and
Technology Diatomic Spectral Database [61], the Cologne
Database for Molecular Spectroscopy [62], and the Diatomic
Molecular Spectroscopy Database [63].

F. Numerical implementation: Neo4j, Cypher, scaling,
and hardware details

We implement our graph search using the Neo4j graph
database [67], which contains an integrated, highly optimized
library with graph algorithms, called the Graph Data Science
Library [88]. The framework can handle graph problems with
up to a trillion relationships and nodes [89]. The graph proce-
dures can be executed via the Cypher query language [90].

An important aim of our work is to make the graph-based
algorithm accessible to any researcher interested in finding
laser cooling schemes for an arbitrary atom or molecule, neu-
tral or charged, given the information on the energy levels and
transition rates between them. To this end, we provide two
versions of the algorithm: a simplified one that can be run in
the cloud and plays a mostly educational role and a full-scale
one that needs to be run with a local installation of the Neo4;j
framework.

The simplified version of the algorithm is described in
Appendix C. We provide a step-by-step tutorial on how to
build a Neo4j database instance for '*NH from data available
in ExoMol and how to search for viable laser cooling schemes
using Cypher. The instance is built in the cloud, so no software
installation is needed. The code provided in the Appendix is
sufficient to understand all concepts of the graph search algo-
rithm, but we also recommend taking advantage of detailed
general tutorials provided by Neo4j [67].

To tackle larger molecules, such as CO, with more than 3.5
million states and more than 2.5 billion decay paths between
them, additional numerical tricks are needed to load the data
and comb through them efficiently. These tricks are presented
in detail in the tutorial and code available on GitHub [91].
Running this code requires a local installation of the Neo4j
framework.

The graph search algorithm that we propose in this work
can easily find viable laser cooling schemes for any system

with up to 2.5 billion decay channels. Taking CO, as an ex-
ample, after downloading and preparing the data files, the data
import into the database instance takes 28 min, the preparation
of the database instance for the search takes roughly 30 min,
and the search itself takes less than 1 min (run on a Linux
workstation with Intel Xeon Gold 6128 CPU 3.40 GHz and
196 GB RAM). Each of these steps is described in more detail
in Appendix C. Although the number of energy levels has
a negligible impact on the search’s run time, the algorithm
scales poorly with the number of decay channels. For ex-
ample, tackling NH; with more than 5 million energy levels
and almost 17 billion decay channels is beyond the scope of
the current implementation, as it increases the run time to
weeks. However, this is not a fundamental limitation; rather,
it is dependent on the efficiency of implementation and the
availability of computational resources.

III. RESULTS: DETECTED LASER COOLING SCHEMES

A. YO: Benchmarking an experimentally laser-cooled molecule

We start with YO as a testing ground for the automated
detection algorithm. This molecule has already been success-
fully laser cooled in experiments, including the demonstration
of laser cooling in a three-dimensional magneto-optical trap
and of sub-Doppler cooling [41,42,92-94]. Therefore, it pro-
vides an ideal testing ground for the practical applicability
of our approach. The experimentally demonstrated cycling
schemes for YO use as Sy the |[v =0, N = 1) state in the
ground electronic state X222t and as S; the lv=0,J=
1/2) and |[v = 1, J = 1/2) states in the electronically excited
A’I1, ), manifold. Repumping transitions are added from the
v = 1, 2 states in the X> X potential to S;. The main leakage
in this cycling scheme arises from decays to the A?Aj3)
electronic state at a 10~ level [93]. ExoMol provides all its
data using the J rotational quantum number associated with
Hund’s case (a), while the ground and excited electronic states
of YO follow different Hund’s cases, (b) and (a), respectively,
with case (b) described by the quantum number N. For YO,
the relation / — N — 1/2 for f parity and / — N + 1/2 for
e parity [95] allows for the translation between the cases.
Once this translation is taken into account, together with the
microwave mixing used to maintain rotational closure, the
laser cooling scheme identified in Ref. [92] is observed in the
form of two cycling schemes with, respectively, A>TT; nlv=
0) or |v = 1) as the S state, the same Sy state, and many
overlapping S, states. Both have a predicted cooling time from
4 K of below 1.5 ms. Interestingly, our automated scheme
also identifies the unwanted decay to A A3, as a leakage that
needs to be fixed to improve the cycling scheme and correctly
calculates its branching ratio from the state A%IT; 2 lv=0)
as larger than that to the X>X* |v = 3) state, as shown in
Ref. [92].

Our automated search demonstrates that YO is an ideal
molecule for laser cooling. In addition to the cycling scheme
discussed above, we find over 1700 different cooling schemes
based on about 140 different excited states that, unlike the
other molecules discussed in this paper, have low cooling
times (< 10 ms from 4 K) and thus lend themselves to
Doppler cooling. These schemes all use lasers with easily
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accessible frequencies between 450 and 1000 nm, except that
a couple of the weakest repumping transitions would require
going up to 5500 nm. If we limit ourselves to schemes with <
10 repumping lasers, then we find cycling schemes that make
use of both states in the A>T and the B>Y electronic manifolds
as excited states for cycling and can cool starting from J states
as high as 15/2. In particular, we find a scheme based on a
B?Y excited state that requires only three lasers and achieves
a closure of p = 0.9992 and t.oo; = 615 us. The newly found
schemes employing states from the B>X manifold as S; states
are faster and have more accessible laser wavelengths than
those using S; states from the AT, 2 manifold, which are
used in the experiment. Moreover, we identify several viable
laser cooling schemes based on two S; states of the type
as in Fig. 3(b), using the algorithm extension described in
Appendix A. The fastest double-S; scheme is an extension of
the scheme discussed above, based on a BZY. excited state. Its
second S state is the lowest-energy state from another elec-
tronic manifold, A2T1, that decays to the same states S,. Most
excitingly, it offers a speedup to the single-S; cooling scheme
at the expense of a larger number of lasers and worse closure.
We present both schemes in more detail in Appendix B 1.

B. C, and schemes based on high rotational states

After YO, we consider the carbon dimer as a testing ground
for our automated detection algorithm. In previous work, we
manually identified laser cycling schemes for C, based on data
from the ExoMol database [56].

Although it does not feature near-diagonal FC factors, C,
has a favorable internal structure that supports laser cooling
schemes, as discussed in Ref. [56]. In brief, C; is a tightly
bound and light molecule with completely decoupled singlet
and triplet manifolds. For the most abundant isotope, '2C,,
there is no nuclear spin and hence no hyperfine structure.
Its ground electronic state, X 'E;, is radiatively connected

to the excited state A'IT, via the Phillips band. At the same
time, the metastable @I, in the triplet manifold is radiatively
connected to the excited d°T1, and b* £ states, generating the
Swan and Ballik-Ramsay bands, respectively. Furthermore,
d’Tl, <> X transitions are observed to form the so-called
Duck band. Our manual search identified a cycling scheme
capable of Doppler cooling using nine lasers in the Swan and
Duck bands and two additional narrow-line cycling schemes
using eight and six lasers in the Phillips and Ballik-Ramsay
bands, respectively. These schemes make use of low-lying
vibrational and rotational quantum numbers, v and J, in the
respective electronic potentials.

By applying our automated scheme, we find ~60 possible
first excitations (from Sy to S;) that lead to cycling schemes
with up to 15 lasers. These do not all represent independent
cycling schemes but rather correspond to different choices for
the first excitation within similar schemes. Figure 4 shows
a pictorial representation of the findings of the automated
search. In the X 'E; electronic ground state, there are five
states that can serve as the initial state Sy, all in the v =0
vibrational state and with J = 0, 2, 4, 6, 8. For each of these,
there exist between 9 and 15 possible choices for the first
excitation. Among these schemes, we also retrieve the Phillips
scheme that we found in the manual search [56]. The 4’11,

b3z_
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FIG. 4. Electronic level diagram for C,. The arrows represent
possible first excitations, where Sy is the number of initial states
identified by the automated scheme and S is the number of possible
excited states for each of these initial states.

g
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manifold has two possible Sy states, [v =0;J =1, 2 =0, 1),
which both couple to the same five states in the d°I1, manifold
or the same two states of the b* ¥, manifold. Among these
schemes are the Ballik-Ramsay and Swan-Duck schemes
found in the manual search.

The results of the automated approach for C, are encour-
aging. All cycling schemes identified in the manual search of
Ref. [56] have been retrieved by our algorithm. Moreover,
while we confirm that the previous Swan-Duck scheme is
the one that provides the fastest Doppler cooling, we see
that it belongs to a set of two equivalent cycling schemes
that use identical S, states and address either d> 1, 10;0,0)
or d3Hg [1;0,0) as the excited state. This means that the
laser wavelengths needed are the same relative to each other,
with a shift of about 43 nm between them. The second most
promising scheme identified is neither the Ballik-Ramsay nor
the Phillips schemes from Ref. [56]. It is a five-laser scheme
starting in XLZ; |0;2, 0) that uses A'TT, |2;1, 1) as the
excited state and with XlE;, lv=0,1,2,3,4;2;0) as the
other lower cycling states (see Fig. 4). This scheme is notable
as it uses both rotationally and vibrationally excited levels.
We present it in more detail in Appendix B 2. The required
cooling time from i, = 4 K of #4xg = 0.3 s may not allow
for direct cooling, but it could be an option for narrow-line
cooling to a lower Doppler temperature. Moreover, the J = 2
scheme belongs to a series of schemes relying on even higher
rotational numbers, which we also present in Appendix B 2.
The identification of new schemes, especially with large J
quantum numbers, showcases the power of the automated
approach.

C. OH' and a scheme starting from an excited state

The prospect of laser cooling the hydroxyl cation is
enticing from an astrophysical and quantum information
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standpoint. The OH" levels and transitions are available in
the ExoMol database, and it was also previously studied in a
manual search [57]. Here we use it as a third benchmark.

OH™ has a relatively simple level structure, similar to C, in
some respects. Its lowest-lying electronic states have triplet or
singlet character, with a relatively weak (relative to vibrational
spacings) spin-orbit coupling constant of 75 cm~! [96]. Exo-
Mol tabulates states and transitions between the ground state,
X3X -, and the excited A3IT state. Losses to other electronic
states are minimal due to selection rules [57]. Finally, since
ion traps have storage times that are much longer than those
of trapping techniques for neutral atoms or molecules, we
can explore cooling times that are longer than a few millisec-
onds. Via a manual approach, we identified a laser cycling
scheme that could cool OH' from cryogenic temperatures
using five to six lasers and from room temperature using eight
lasers [57].

With our automatic search, we find 132 possible first ex-
citations using up to 15 lasers. These can be broken down
into 39 different schemes with unique excited states S; and
different choices of initial states Sy from the same pool of
states. In particular, we retrieve the scheme we identified in
Ref. [57], which uses the states X3X~ v =0,N =0,J = 1)
and A3IT 10, 1,0) as Sy and S|, respectively. Interestingly,
while it is among the quicker cooling schemes, it is neither
the quickest nor the one with the smallest number of required
lasers. The most promising one, with a cooling time of 37
ms from 21.5 K and using only three lasers, turns out to be
a scheme using X3~ |0, 1, 1) as Sy and A3TI |0, 1,0) as
S;. The wavelengths needed by this scheme are within the
range of 357-450 nm, which are easily accessible with current
technology. We present this scheme in detail in Appendix B 3.
Finally, this scheme uses an excited J quantum number as its
launching point, further showing how our automated scheme
can find promising laser cycling schemes that may be over-
looked in a manual search. It also corroborates our claim that
it can be worthwhile to start with a system at a higher temper-
ature in order to access higher-energy states that may enable
cooling schemes whose speed and efficiency can compensate
for the higher initial temperature.

D. CN and state selectivity

The fourth molecule to which we apply our automated
approach is CN. The relevant potential energy curves are
shown in Fig. 5(a). The potential for laser cooling of CN has
been previously explored in Ref. [97]. However, that analysis
only accounted for electronic and vibrational states. It did not
consider the rotational or hyperfine structure of the molecule,
which is necessary to assess the viability of a laser cooling
scheme. The authors proposed a vibrational cycling scheme
between the X?>X 7 electronic manifold and the B>X* mani-
fold, which involves four vibrational levels in the ground-state
electronic manifold (v = 0, 1, 2, 3) and two vibrational lev-
els in the excited electronic manifold (v = 0, 1). Indeed, our
graph-based method identifies similar cycling schemes with
v = 0orv =1 as excited states.

In our automated search, we have accounted for addi-
tional spectroscopic details of CN that were not included
in the study of Ref. [97]. The ExoMol database provides
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FIG. 5. (a) Potential energy curves for the low-lying electronic
states of CN [84]. (b) X?>E " < A?II cycling schemes for CN. Each
J < J,J £ 1 cycling scheme is divided into two separate families
depending on the 4+ symmetry of the initial state. Each state in the
ATI electronic manifold can have v = 0 or 1. States in the X>X+
electronic manifold can have v = 0, ..., N, where N is arbitrary. The
diagram is not to scale, and states with energy differences < 1 GHz
are shown as degenerate.

information on the rotational structure, enabling a more com-
plete understanding of possible cycling schemes. The main
featureisthatthev =0 <> v =0, 1, 2, ..., nscheme is really
composed of two classes of cycling schemes, depending on
the original parity (+/—) of the Sy state used. Given the
+ <> — parity selection rules, if Sp has +(—) parity, then so
will all S, states, while S; will have —(4) parity. This creates
two isolated cycling systems that can be exploited to achieve
state preparation in a state of a specific parity. The two systems
are separated by over 200 GHz in frequency, so different laser
systems would be needed to address each. Focusing on the
rotational structure, we discover that the cycling scheme men-
tioned above uses transitions Js, = 1/2 < Js, 5, = 1/2,3/2.
Finally, our algorithm identifies a fast cooling time for this
scheme of 1 ms from 4 K.

Our study further highlights how the predominantly
X2%+ « B2X* scheme proposed in Ref. [97] is the only one
using S| states from the B>%* manifold. Our search addi-
tionally reveals CN cycling schemes based on X>X+ < A1
transitions. These schemes require longer cooling times from
cryogenic temperatures (of the order of 100s or 1000s of
milliseconds, compared to the cooling times of the order of 1
ms for the previous schemes), but are interesting due to their
rotational structure. While these schemes exhibit the same

013135-9



DAWID, BIGAGLI, SAVIN, AND WILL

PHYSICAL REVIEW RESEARCH 7, 013135 (2025)

=+ parity and vibrational structure described above, different
schemes are made up of a ladder of rotational states, with
transitions Jg, 5, = Js,, Js, &= 1. This may enable laser cooling
of different rotational states for state-selective applications.
These findings again highlight that the automated detection
approach can find cycling schemes with higher quantum
numbers, which tend to be overlooked by manual searches.
Figure 5(b) schematically summarizes the findings of these
X2%+ < A cycling schemes. We present them in more
detail in Appendix B 4.

E. CO; and three billion decay channels

Finally, we go beyond diatomic molecules and apply our
method to the more complex CO, molecule. Going from a
diatomic to a triatomic molecule significantly increases the
number of degrees of freedom and, hence, the number of
quantum states and transitions that need to be taken into
account. In particular, we analyze over 3.5 million states con-
nected with over 2.5 billion decay channels.

One surprising find is that our automated scheme identifies
from one to three orders of magnitude fewer cycling schemes
(only four) than for the diatomic molecules that we discussed
above. This is likely a consequence of the significantly in-
creased number of decay channels from a given energy level.
One of the schemes identified is quite promising, as it employs
six lasers to achieve closure, starting from the absolute ground
state as Sp. We present it in detail in Appendix B 5. Although
this scheme is theoretically viable due to the full closure of 1,
it will not be able to cool CO, through a Doppler scheme on
experimentally relevant timescales; due to its low scattering
rates the cooling time would be about 6 min. Nevertheless,
the presence of a closed cycling scheme may lend itself for
narrow-line cooling techniques.

The fact that we identified only a few slow cooling schemes
for CO; helps illustrating that further improvements to our
algorithm may reveal additional cooling schemes. The main
limiting factor to our approach is that many possible S, states
we identify have very short lifetimes and, therefore, repump-
ing lasers cannot efficiently close certain cycling schemes.
However, it is possible that these states are only interme-
diate decay channels to other metastable states that would
allow repumping. We currently do not consider these indi-
rect repumping schemes, which we present schematically in
Fig. 3(c), but an extension of our algorithm to this end may be
extremely fruitful.

Furthermore, our analysis overestimates the cooling time
of the schemes that it identifies, as already discussed in
Sec. IID. Relaxing some of our constraints may reveal
schemes with experimentally relevant cooling time. The first
assumption that leads to longer cooling times is the use of
the mean initial velocity in Eq. (7) to calculate the momen-
tum from which molecules are to be slowed down. In an
actual experiment, that would mean that half of the Maxwell-
Boltzmann distribution would be slowed to a halt. However,
this is a very strict assumption that is not typically realized
in molecular cooling experiments. In fact, it is quite common
that only molecules in the low-velocity tail of the Maxwell-
Boltzmann distribution are cooled, sufficient to create sizable
cold samples. Relaxing this condition can lead to a cooling

time shorter by up to two orders of magnitude. A second
assumption is that the occupancy of the starting state S, rela-
tive to the absolute ground state is 10%. This can easily be
relaxed to 1% or lower, allowing the use of lower starting
temperatures and, therefore, lower initial momenta. This im-
provement scales as /T [e.g., Eq. (9)]. Relaxing the above
two conditions is only advisable for molecules that can be
produced in large quantities and with high-flux sources. For
a molecule such as CO,, which is easily obtained as a product
of combustion, such relaxed conditions are likely appropriate,
although a precise quantitative assessment is beyond the scope
of this work. Improvements in the initial cooling in the form of
better cryogenics would also shorten the cooling time. Finally,
the use of coherent cooling schemes, such as bichromatic [98]
or polychromatic [99] cooling, would not be limited by low
scattering rates, thus bypassing the limitations on Doppler
cooling that arise from low scattering rates.

IV. CONCLUSION

In this work, we have described and demonstrated a novel
method to automatically identify laser cooling schemes for
molecules. A key element of our approach is the change
in representation, expressing the list of internal states and
transition rates in the form of a graph. In our initial tests of
the approach, we have identified thousands of laser cooling
schemes for YO, C,, OH', CN, and CO,, all of which are
molecules with non-diagonal FC factors. Many of the laser
cooling schemes identified would have been difficult to find
manually, not only due to the large number of energy lev-
els and decay channels but also due to human biases, such
as focusing on schemes that start from the absolute ground
state, reliance on diagonal FC factors, or omission of higher
rotational and vibrational states. In particular:

(i) For every molecule that we analyzed in this work, we
have recovered the known schemes and identified unknown
ones.

(ii) For the previously unknown schemes, higher rota-
tional and vibrational branches were involved, enabling the
production of ultracold molecules with a high rotational quan-
tum number without additional state transfers. In the case of
CN, they also allow for parity selection.

(iii) For YO, we identify over 1700 cooling schemes based
on about 140 different excited states with accessible laser
wavelengths and fast cooling times.

(iv) For OHT, the automated search identified a laser cool-
ing scheme that is faster and requires fewer lasers than the
one found manually [57]. This scheme does not start from
the absolute ground state, illustrating our claim that it can
be worth starting the laser cooling process at a higher initial
temperature to gain access to efficient cycling schemes at
higher-energy internal states,

(v) For CO,, we identified a scheme that may be difficult
to use for Doppler cooling due to slow cooling time but may
lend itself to narrow-line cooling.

We highlight that among the newly identified schemes,
some start from highly excited states. This opens the prospect
for laser cooling experiments that may not require a cryogenic
buffer gas source, which could be a significant simplification
over current approaches. We also note that our method can be
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directly applied to other molecules as well as to multielectron
atoms. Of course, the search quality ultimately relies on the
completeness and accuracy of the spectral databases used;
improved available spectroscopic data may lead to additional
findings. Moreover, the search returns only schemes that meet
predetermined conditions, including the range of possible
laser wavelengths. As a broader range of laser wavelengths
becomes available in laboratories, also additional laser cool-
ing scheme may become viable.

We focused here on relatively simple laser cooling schemes
involving only one excited state or two excited states decaying
to the same lower-energy states. Despite this restriction, we
have been able to identify many cooling schemes. We also
showed in the example of YO that the automatically identi-
fied scheme involving two excited states S| [41,57] offers a
speedup to the fastest scheme with only one excited state. In
future work, the automated search can be expanded to more
exotic schemes, e.g., ones with multiple reachable excited
states S| decaying to different lower-energy states or with
multilevel decays. The main challenge that needs to be solved
before incorporating such complex schemes into the graph
search is of a theoretical nature. Currently, an efficient parallel
search is not possible, as we lack a closed-form estimate of the
cooling time in such cases. For example, adding Monte Carlo
simulations of the cooling time on top of the search would
make it computationally prohibitive. The search method can
be further improved by taking into account losses caused by
potential off-resonant excitation of nearby allowed transitions
driven by repumping lasers and by tying a required lifetime
of the starting state (instead of a rigid 1 ps) to the achievable
coupling strength to the excited state.

We stress that—due to limits in the accuracy or com-
pleteness of available spectroscopic data—ultimately the
feasibility of a cooling scheme can only be confirmed in an
experiment for manual and automated searches alike. With
the method discussed here, we identify cooling scheme candi-
dates far more rapidly and extensively than in a manual search,
which then makes it easier for experimentalists to quickly
survey molecules of interest and confirm a candidate.

Finally, we point out that a variety of problems in quan-
tum physics may benefit from a reformulation as a search
on an appropriate graph. Focusing on molecules, the graph
representation can be generally helpful to quickly identify
allowed transitions, without the need for detailed knowledge
of the sometimes complex selection rules. For example, this
may help identifying new quantum control schemes and state
pairs that can serve as molecular qubits [100]. Also, it may be
possible to identify state preparation and pumping schemes
for precision measurements using molecules, such as the
measurement of the electron-to-proton mass ratio [101]. A
graph-based search can also simplify the identification of tran-
sitions that are useful for stimulated Raman adiabatic passage
[102,103] or other coherent state transfer techniques. Finally,
the utility of reformulating quantum control problems in the
form of a graph may well go beyond molecules. The basic
concepts developed in this work—the graph formulation and
the search algorithms operating on the graph—apply to any
complex quantum system with a discrete excitation spectrum.
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APPENDIX A: EXTENDING GRAPH SEARCH TO LASER
COOLING SCHEMES WITH TWO S, STATES

Expanding the graph search to include an extra excited
state S; is of interest, as it usually leads to a shorter cooling
time 7.,01. We focus here on cooling schemes of the type as
in Fig. 3(b). This involves searching for more complex sub-
graphs, so we need to modify the search conditions. We also
need to use formulas for cooling time, closure, and scattering
rate adjusted for the presence of an additional subscheme. We
follow here the rate model by Fitch and Tarbutt, described in
Sec. 3.1 in Ref. [30].

The graph search for double-S; laser cooling schemes of
the type as in Fig. 3(b) requires first running the search for
single-S; schemes as in Fig. 3(a) but with a relaxed condition
on their viability. Recall from Sec. IIC that we consider a
cooling scheme to be viable if the cooling to a desired tem-
perature is completed before 90% of molecules are lost from
the sample, i.e., feoo1 < f1o9 (Or equivalently ngeo < n10%)-
Anticipating at best a double speedup from including a second
excited state, we consider all single-S; cooling schemes that
meet the condition of ’“’T"‘ < t199 (or equivalently % < nyo%)
and label participating S; and S, states as S} and S, candidates
to participate in double-S; schemes. Thanks to this prepro-
cessing step, we greatly reduce the number of states that the
more complex search needs to comb through, and the resulting
runtime of this more complex search query is shorter than the
one of the search for single-S; schemes.

Next, among candidates for S, states, we search for two
excited states, S{‘ and Sf , connected with the same starting
state. Moreover, note that the rate model for multi-S; states
that we follow here assumes the same lifetime of the excited
states [see Eq. (34) in Ref. [30]]. This is an approximation.
To minimize any potential errors, we limit the search to S
pairs with similar lifetimes. We assumed that they can differ
at most by 50%, but this condition can be modified by a user.
Then we assume that the S, lifetime is an average lifetime of
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both states:

T = 3(ta + T8). (A1)
Finally, we require that both excited states S4 and S¥ decay
to the same reachable states S,, and we identify them among
candidates for S, states. This requirement also comes from the
assumptions built into the rate model by Fitch and Tarbutt.

To estimate the properties of the identified double-S;
schemes, we need to employ modified formulas for cool-
ing time, closure, and scattering rate, taking into account an
existence of two subschemes within a cooling scheme. The
closure of a double-S; cooling scheme is simply given by an
average of closures of two composing subschemes:

1 4 B 1
p=3 ZijBRi+;BRJ- =3 (Patpp), (A

where i and j run only over driven transitions of subschemes
A and B, respectively. The scattering rate for a double-S;
cooling scheme [30] is

R =1 (Ng+N.) | 2Tmhe
h N, 3 N,

>k BRy
— Dk LAy BRyj

N\ 1

l

BR; 4 +BR; 3 :| (A3)

x 3 3
II,A)\I’ABRI,A + IlyﬂA,]’BBRl‘B

Here N, =2 is the number of excited states S, N, is the
number of S, states (from which molecules are driven to S
states), ' = 1/7, h is Planck’s constant, ¢ is the speed of
light, I;; is the intensity of the laser addressing the transition
between kth excited S| state and /th lower-energy S, state, and
A 1s the wavelength of the k/th addressed transition. Finally,
there is a difference in an average momentum of a photon
that participates in a cooling scheme, pmean. This impacts
the formula for the number of scatterings necessary to reach
rest, Neool. The average photon momentum is an average of
mean photon momenta of two subschemes weighted by the
respective closures:

1 BRY, 1 BR?;
= +
AP

Pmean =
i i

where i and j run over driven transitions of subschemes A
and B, respectively. The number of scattering processes is
therefore

Pinit
ool =
pmean
-1
2 1 BRY, 1 BRZ;
= —/3kgTniim| — — J
h B Linit Pa Z )\.A + A )\B

i ! Jj J

(A5)

APPENDIX B: SELECTED IDENTIFIED LASER
COOLING SCHEMES

In this Appendix, we present the most promising laser
cooling schemes identified for 3y '*0 [87], '>C, [81.82],
190 'H" [64,83], '2C "N [84-86], and '2C 190, [77], based
on data from ExoMol. It would be unfeasible to present ev-
ery scheme identified here since, even just for the simplest
studied molecule, '*C,, we detected in total 388 laser cooling
schemes. We count schemes separately if they are composed
of a unique set of Sy, S, and S, states. Therefore, we refer
the interested reader to the GitHub repository accompanying
this paper [91], where we store the full list of schemes. Note
that the schemes identified meet the conditions described in
Sec. IIC. In particular, their #.0(4 K) < #104; but we put no
other constraint on the total cooling time. So depending on the
molecule, the detected schemes may have very long cooling
times of up to seconds (if closure permits it) and therefore may
not yet be infeasible, given current technological capabilities
for ultracold experiments.

1. YO

8y 140 has already been laser cooled experimentally
[42,92-94]. Here, besides recovering these laser cooling
schemes, we have identified over 1700 new schemes, based
on about 140 excited states, from ExoMol data [87,104]. In-
terestingly, the fastest schemes are not the known ones based
on A%IT1, /2 as the excited S state, but the newly identified ones
based on B>X. Given that schemes employing states from
the A’I1;, manifold have been presented extensively in the
context of their experimental realization, we focus here on the
B%Y manifold. In particular, we present the fastest of such
schemes in Fig. 6. It also has a twin counterpart with states of
opposite parity.

The scheme in Fig. 6 is based on the main transition
X2%* — B?X. With just three lasers (each addressing a pair
of transitions that are at the same frequency but lead to
states of different e/f parity) it achieves a closure of p =
0.9992 and feoo1 = 615 ps with R™! = 0.216 us and n1ee01 =
2845. One more laser of A = 549.73 nm can be added to
address two additional transitions 34 — 154 and 34 — 544,
resulting in R~ =0.278 us, teool = 790 us, :’ﬁ =0.232, and
p = 0.9998. One can continue to address leaf{age to pairs of
higher vibrational states, but it is more beneficial to use the
next laser of A = 1602.16 nm to address the transition 34 —
559 (A?A), which produces R~! = 0.309 us, feoo1 = 878 us,
ZI_Q/] = 0.078, and p = 0.99994, yielding a very efficient cy-
cling scheme using only five lasers.

We also identified several viable laser cooling schemes
based on two S; states, of the type as in Fig. 3(b), so us-
ing the algorithm extension described in Appendix A. We
present the most interesting double-S; scheme in Fig. 7.
It is an extension of the scheme discussed above and pre-
sented in Fig. 6, constructed by adding a lowest-energy state
(v=0, J=0.5) from another electronic manifold, A*II,
that decays to the same S, states. Most excitingly, it of-
fers an additional speedup (R™! = 0.167 us, teoo = 530 ps)
to the single-S; cooling scheme at the expense of a larger
number of lasers (eight) and worse closure (2= = (.824

9

and p = 0.9994). Interestingly, another identified viable
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{502.89 nm

BR = 0.0SSOJ [BR =0.0648

502.89 nm J

482.14 nm
BR = 0.5239
482.14 nm
BR = 0.3634

FIG. 6. The fastest identified cooling scheme for YO with three lasers (can be much improved by adding two more lasers). The numbers
in each circle give the state ID (each state is described in detail in Table II). The box on each arrow gives the laser wavelength and the BR of
the transition from the higher-energy state to the lower-energy state. Sy states are red and S states are purple. States of S, ¢ {So, S;} are shown
in blue. Note that each pair of transitions here can be addressed with one laser. The resulting three-laser cooling scheme is characterized by

Tnic =4 K, R7' = 0.216 U8, fgoo1 = 2845, teoo1 = 615 us, "“3"/‘ = 0.966, and p = 0.9992. The closure can be improved up to by adding two
lasers of A = 549.73 (achieving "°°°‘ = 0.232, o001 = 790 ps, and p = 0.9998) and 1602.16 nm (achieving - "°°°‘ = 0.078, t.000 = 878 us, and

p = 0.99994), as described in the text

double-S; cooling scheme is also an extension of the scheme
in Fig. 6, but this time the second S; state is a higher vibra-
tional state from A2I1 electronic manifold. Its properties are
as follows: Ty = 4 K, R™' = 0.185 s, 7cool = 3184, tegol =
588 us, 2= = (0,705, and p = 0.9994.

For Y& we identified in total 1781 schemes based on
140 different S; states: 4 cooling schemes based on 6 tran-
sitions, 10 with 7 transitions, 33 with 8 transitions, 97 with 9
transitions, 155 with 10 transitions, 230 with 11 transitions,
256 with 12 transitions, 286 with 13 transitions, 344 with

14 transitions, and 366 with 15 transitions. Note that some
pairs of transitions require only one laser because they lead to
degenerate states. Almost all schemes have very short cooling
times below 2 ms.

2. G,

We present here three of the most interesting cooling
schemes identified for '>C, based on ExoMol [105] data
[81,82]. The first interesting observation is that we identi-
fied a series of laser cooling schemes relying on states with

TABLE II. Molecular states involved in the laser cooling scheme presented in Figs. 6—7. Abbreviations follow Table 1 in Ref. [87].

,tins, T = 10000 s is the ground or metastable state

{ef: “e”, gi: 4, parity: “+”, g: 0.007737, tau: 3.5473e-8, J: 0.5, Omega: 0.5, v: 0,

Epsilon: —0.5, id: “22”, state: “A2Pi”, Lambda: 1, energy: 16295.142495}

{ef: “e”, gi: 4, parity: “+7, g: 1.995791, tau: 3.073e-8, J: 0.5, Omega: 0.5, v: 0,

Epsilon: 0.5, id: “34”, state: “B2Sigma”, Lambda: 0, energy: 20741.6877}

{ef: “f”, gi: 4, parity: “-”, g: —0.66741, tau: 942950.0, J: 0.5, Omega: —0.5, v: 0,

Epsilon: —0.5, id: “1517, state: “X2Sigma+", Lambda: 0, energy: 0.7761}

{ef: “f, gi: 4, parity: “-”, g: -0.66741, tau: 0.05211, J: 0.5, Omega: —0.5, v: 1,

Epsilon: —0.5, id: “152”, state: “X2Sigma+", Lambda: 0, energy: 856.519}

State id Role State properties *Energies are in cm ™!
22 S
34 S
151 So
152 Sy
153 A
154 S»
541 So
542 Sy
543 Sy
544 Sy
559 Sy

{ef: “f”, gi: 4, parity: “-”, g: —0.66741, tau: 0.026311, J: 0.5, Omega: —0.5, v: 2,
Epsilon: —0.5, id: “153”, state: “X2Sigma+", Lambda: 0, energy: 1706.6031}

{ef: “f”, gi: 4, parity: “-”, g: -0.667411, tau: 0.017713, J: 0.5, Omega: —0.5, v: 3,
Epsilon: —0.5, id: “154”, state: “X2Sigma+", Lambda: 0, energy: 2551.0341}

{ef: “e”, gi: 8, parity: “-”, g: 0.667402, tau: 997510.0, J: 1.5, Omega: —0.5, v: 0,
Epsilon: —0.5, id: “541”, state: “X2Sigma+", Lambda: 0, energy: 0.7761}
{ef: “e”, gi: 8, parity: “-”, g: 0.667402, tau: 0.052102, J: 1.5, Omega: —0.5, v: 1,
Epsilon: —0.5, id: “542”, state: “X2Sigma+", Lambda: 0, energy: 856.519}
{ef: “e”, gi: 8, parity: “-”, g: 0.667403, tau: 0.026307, J: 1.5, Omega: —0.5, v: 2,
Epsilon: —0.5, id: “543”, state: “X2Sigma+", Lambda: 0, energy: 1706.6031}

{ef: “e”, gi: 8, parity: “-”, g: 0.667403, tau: 0.01771, J: 1.5, Omega: —0.5, v: 3,
Epsilon: —0.5, id: “544”, state: “X2Sigma+", Lambda: 0, energy: 2551.0341}
{ef: “e”, gi: 8, parity: “-”, g: 0.39954, tau: 0.0009435, J: 1.5, Omega: —1.5, v: 0,
Epsilon: 0.5, id: “5597, state: “Ap2Delta”, Lambda: —2, energy: 14500.12397}
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502.89 nm
BR = 0.0380

482.14 nm
BR = 0.5239

502.89 nm

482.14 nm
BR = 0.3634

647.73 nm

613.71 nm
BR = 0.6253

647.73 nm
BR = 0.0025

613.71 nm
BR = 0.3688

i

BR = 0.0648

BR = 0.0019

549.73 nm
BR = 0.0002

549.73 nm
BR = 0.0004

727.58 nm
BR = 6e-6

727.58 nm
BR = 8e-6

FIG. 7. The fastest identified cooling scheme for YO based on two S, states, requiring eight lasers. Note that each pair of transitions
here can be addressed with one laser. The resulting eight-laser cooling scheme is characterized by T;,; = 4 K, R'=0.167 us, feool = 3180,
teool = 530 us, :’ﬁj = 0.823, and p = 0.9994. The color convention is described in the caption of Fig. 6.

increasing even rotational quantum numbers, J = 2,4, 6, .. ..
The schemes for J = 2 and J = 4 are presented in Figs. 8(a)
and 8(b), respectively. The figure caption contains more infor-
mation such as the cooling time and closure. The states taking
part in those schemes are listed in Table III and IV, respec-
tively. Each of these four-laser schemes for J =2,4,6, ...
involve an S; with v = 0.

Interestingly, each of the four-laser schemes has a five-laser
counterpart but involving an S; with v = 1. We present an ex-
ample for J/ = 2 in Fig. 9. The five-laser scheme has a reduced
tc00l cOmpared to the four-laser scheme. The higher vibrational
excitation of §; in the five-laser scheme, compared to that of
the four-laser scheme, results in an S; with a shorter lifetime.
This leads to a shorter #.o0 [€.2., Egs. (6) and (10)]. One can
excite to even higher-energy and shorter-lived vibrational lev-
els and thereby further reduce #.o; but this will require more

(@)

2154.8 nm 1552.8 nm
BR =0.0365 BR =0.2835

3483.2 nm 1209.6 nm
BR =0.0014 BR =0.6786

and more lasers due to the increased leakage. The cooling time
also slowly increases with the number of lasers [see again
Egs. (6) and (10), which shows that in the limit of perfect
laser saturation, f.oo  T(G + 1)]. Therefore, the sweet spot
is six lasers and resulting cooling time is fcoo) = 312 ms. This
example also showcases why one should run the search for
an increasing number of lasers, instead of immediately setting
the maximum allowed number of lasers.

For C, we identified in total 388 cooling schemes, includ-
ing 9 laser cooling schemes requiring 4 lasers, another 9 with
5 lasers, 15 with 6 lasers, 16 with 7 lasers, 43 with 8 lasers,
29 with 9 lasers, 47 with 10 lasers, 33 with 11 lasers, 49 with
12 lasers, 39 with 13 lasers, 48 with 14 lasers, and 51 with 15
lasers. As one may expect, we observe a general increase in
the number of viable laser cooling schemes as the number of
lasers increases.

(b)

2155.9 nm 1553.5 nm
BR = 0.0365 BR = 0.2835

3485.7 nm 1210.0 nm
BR =0.0014 BR =0.6787

FIG. 8. Laser cooling schemes based on higher rotational branches for C,. We present here the cooling time for the lowest-energy So.
(a) The cooling scheme with four lasers based on J = 2 states with T;,;; = 6.8 K, R'=657 US, Meool = 6643, teoo = 436 ms, :’:—:’;‘ = 0.016,

and closure p = 0.999994. (b) Same as (a) but for J = 4, with Ty = 22.6 K, R™! = 65.8 Us, f1eeer = 12126, teoq1 = 797 s, %;;1 =0.030, and
p = 0.999994. The color convention is described in the caption of Fig. 6.
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TABLE III. Molecular states involved in the laser cooling schemes presented in Figs. 8(a) and 9. Abbreviations follow Table 4

in Ref. [81].
State id State properties *Energies are in cm ™!, 7 in's, T = 10000 s is the ground or metastable state
428 {gtot: 5, el_state: “X1Sigmag+", Sigma: 0, tau: 10000, parity_rot: “e”, J: 2, parity_tot: “+”,
gLande: 0.0, Omega: 0, v: 0, id: 428, Lambda: 0, energy: 10.874961}

429 {gtot: 5, el_state: “X1Sigmag+", Sigma: 0, tau: 1702.1, parity_rot: “e”, J: 2, parity_tot: “+”,
glande: 0.0, Omega: 0, v: 1, id: 429, Lambda: 0, energy: 1838.238745}

430 {gtot: 5, el_state: “X1Sigmag+", Sigma: 0, tau: 1079.8, parity_rot: “e”, J: 2, parity_tot: “+”,
glande: 0.0, Omega: 0, v: 2, id: 430, Lambda: 0, energy: 3637.327786}

431 {gtot: 5, el_state: “X1Sigmag+", Sigma: 0, tau: 13.319, parity_rot: “e”, J: 2, parity_tot: “+”,
glande: 0.0, Omega: 0, v: 3, id: 431, Lambda: 0, energy: 5407.217738}

434 {gtot: 5, el_state: “X1Sigmag+", Sigma: 0, tau: 0.64954, parity_rot: “e”, J: 2, parity_tot: “+”,
glLande: 0.0, Omega: 0, v: 4, id: 434, Lambda: 0, energy: 7146.764074}

722 {gtot: 5, el_state: “A1Piu”, Sigma: 0, tau: 0.000013134, parity_rot: “t™, J: 2, parity_tot: “-”,

glande: 0.1667, Omega: —1, v: 0, id: 722, Lambda: —1, energy: 8278.035245}
728 {gtot: 5, el_state: “A1Piu”, Sigma: 0, tau: 0.000010619, parity_rot: “f”, J: 2, parity_tot: “-”,

glande: 0.1667, Omega: —1, v: 1, id: 728, Lambda: —1, energy: 9861.977838}

3. OH*

We present here a cooling schemes identified for '°0 'H"
based on ExoMol [106] data [64,83] that outperforms both
the scheme that we found manually in Ref. [57] as well as
all of the others identified in our automated search. In spe-
cific, we have found a scheme that outperforms the others
in terms of the number of lasers, accessibility of laser wave-
lengths, and cooling time. The cooling scheme is shown in
Fig. 10. It requires only three lasers, achieves f.,,) = 37 ms
and p = 0.99994. The states participating in the scheme are
listed in Table V. A probable reason for overlooking this
scheme during the manual search is that the starting state Sy
has N = 1, whereas the absolute ground state has N = 0. In
addition, one could add one more laser (with A = 509.82 nm)
to this scheme, covering the transition between states 7 and
29. That would result in a bit slower cooling (f.,,] = 46 ms)
but in almost perfect closure (p = 0.99999997).

For OH™ we identified in total 509 laser cooling schemes,
including 2 schemes requiring 2 lasers, 28 with 3 lasers, 79
with 4 lasers, 51 with 5 lasers, 2 with 6 lasers, 2 with 7 lasers,
8 with 8 lasers, 10 with 9 lasers, 39 with 10 lasers, 61 with 11
lasers, 72 with 12 lasers, 60 with 13 lasers, 56 with 14 lasers,
and 39 with 15 lasers.

4. CN

We identified a few notable laser cooling schemes for
12C 14N based on ExoMol [107] data [84-86]. Interestingly,
each has a twin of the opposite parity, allowing for the state
selection at the stage of cooling. One of the fastest laser
cooling schemes is presented in Fig. 11(a). The states that take
part are listed in Table VI. It requires 11 lasers addressing 13
transitions (there are two pairs of states that differ in energy by
less than 1 GHz). Its closure can be improved by adding fur-
ther lasers. This scheme also has a twin of the opposite parity,
shown in Fig. 11(b). Its closure is a bit worse (p = 0.998904),
but it is equally fast.

In addition, we identified schemes that require fewer lasers
(Fig. 12), though they are slower (on the order of 400 ms). The
scheme in Fig. 12(a) has a closure of p = 0.9998. But adding
a laser at A = 3240.37 nm, to address the transition between
states 107 and 206, reaches p = 0.999998 and %";‘ = 0.004,
though it slows down to 7., = 436 ms. States tafﬁng part in
the scheme in Fig. 12(a) are listed in Table VII. In Fig. 12(b),
we show a counterpart of (a) that relies on S in v = 1 state
instead of v = O state. Both schemes have twins of opposite
parity and both also use states of J = 1/2 and J =3/2 allow-
ing for further state selection.

TABLE IV. Molecular states involved in the laser cooling scheme presented in Fig. 8(b). Abbreviations follow Table 4 in Ref. [81].

State id State properties *Energies are in cm ™!, 7 in's, T = 10000 s is the ground or metastable state

1196 {gtot: 9, el_state: “X1Sigmag+", Sigma: 0, tau: 10000, parity_rot: “e”, J: 4, parity_tot: “4”,
glande: 0.0, Omega: 0, v: 0, id: 1196, Lambda: 0, energy: 36.212883}

1197 {gtot: 9, el_state: “X1Sigmag+", Sigma: 0, tau: 1693.4, parity_rot: “e”, J: 4, parity_tot: “+”,
glande: 0.0, Omega: 0, v: 1, id: 1197, Lambda: 0, energy: 1863.33762}

1198 {gtot: 9, el_state: “X1Sigmag+", Sigma: 0, tau: 1078.6, parity_rot: “e”, J: 4, parity_tot: “+”,
gLande: 0.0, Omega: 0, v: 2, id: 1198, Lambda: 0, energy: 3662.164972}

1199 {gtot: 9, el_state: “X1Sigmag+", Sigma: 0, tau: 13.113, parity_rot: “e”, J: 4, parity_tot: “+”,
glLande: 0.0, Omega: 0, v: 3, id: 1199, Lambda: 0, energy: 5431.792252}

1490 {gtot: 9, el_state: “A1Piu”, Sigma: 0, tau: 0.00001315, parity_rot: “f”, J: 4, parity_tot: “-”,

glande: 0.05, Omega: —1, v: 0, id: 1490, Lambda: —1, energy: 8300.549519}
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TABLE V. Molecular states involved in the laser cooling scheme presented in Fig. 10. Abbreviations follow Ref. [83], more details in the
footnote.

State id State properties *Energies are in cm ™!, 7 in's, T = 10000 s is the ground or metastable state
7 {degeneracy: 2, Fef: “F3f”, v: 0, el_state: “A”, tau: 0.0000028007634990774732,

J: 0,1d: 7, N: 1, energy: 28049.05116}
11 {degeneracy: 6, Fef: “F2f”, v: 0, el_state: “X”, tau: 10000,

J:1,id: 11, N: 1, energy: 34.4599}

14 {degeneracy: 6, Fef: “F2f”, v: 1, el_state: “X”, tau: 0.003614466540883231,

J: 1,1d: 14, N: 1, energy: 2989.351896}
17 {degeneracy: 6, Fef: “F2f”, v: 2, el_state: “X”, tau: 0.0019477898817769452,

J: 1,id: 17, N: 1, energy: 5787.256617}
29 {degeneracy: 6, Fef: “F2f”, v: 3, el_state: “X”, tau: 0.0014024511171105165,

J: 1,1d: 20, N: 1, energy: 8434.347592}

“Fef - F/(e/f), F1/F2/F3 spin component and rotationless parity; v, state vibrational quantum number; J, total angular momentum (without
the nuclear spin); N, nuclear and electronic rotation.

TABLE VI. Molecular states involved in the laser cooling scheme presented in Fig. 11(a). States in Fig. 11(b) have opposite parity, as an
example we put in this table state 126. Abbreviations follow Table 5 in Ref. [86].

State id State properties *Energies are incm™!, 7 in's, T = 10000 s is the ground or metastable state
25 {ef: “e”, gtot: 6, parity: “+7, g: 2.002312, Sigma: 0.5, tau: 6.276881037662201e-8,
J: 0.5, Omega: 0.5, v: 0, id: 25, state: “B(2SIGMA+)”, Lambda: 0, energy: 25797.87218}
126 {ef: “f™, gtot: 6, parity: “-”, g: —0.667445, Sigma: —0.5, tau: 6.276783543771163¢-8,
J: 0.5, Omega: —0.5, v: 0, id: 126, state: “B(2SIGMA+)”, Lambda: 0, energy: 25801.76964 }
102 {ef: “f”, gtot: 6, parity: “-”, g: —0.667444, Sigma: —0.5, tau: 99900.0999000999,
J: 0.5, Omega: —0.5, v: 0, id: 102, state: “X(2SIGMA+)”, Lambda: 0, energy: 3.777245}
103 {ef: “f”, gtot: 6, parity: “-”, g: —0.667444, Sigma: —0.5, tau: 0.11327196802158737,
J: 0.5, Omega: —0.5, v: 1, id: 103, state: “X(2SIGMA+)”, Lambda: 0, energy: 2046.162428}
104 {ef: “f”, gtot: 6, parity: “-”, g: -0.667443, Sigma: —0.5, tau: 0.058569375608610474,
J: 0.5, Omega: —0.5, v: 2, id: 104, state: “X(2SIGMA+)”, Lambda: 0, energy: 4062.252487}
107 {ef: “f”, gtot: 6, parity: “-”, g: —0.000771, Sigma: 0.5, tau: 0.000010735097750447735,
J: 0.5, Omega: —0.5, v: 0, id: 107, state: “A(2PI)”, Lambda: —1, energy: 9145.438068 }
109 {ef: “f”, gtot: 6, parity: “-”, g: —0.000773, Sigma: 0.5, tau: 0.000009456513821230949,
J: 0.5, Omega: —0.5, v: 1, id: 109, state: “A(2PI)”, Lambda: —1, energy: 10933.09055}
111 {ef: “f”, gtot: 6, parity: “-”, g: —0.000777, Sigma: 0.5, tau: 0.00000851467606252028,
J: 0.5, Omega: —0.5, v: 2, id: 111, state: “A(2PI)”, Lambda: —1, energy: 12695.1779}
344 {ef: “e”, gtot: 12, parity: “-”, g: 0.667436, Sigma: —0.5, tau: 98183.60333824251,
J: 1.5, Omega: —0.5, v: 0, id: 344, state: “X(2SIGMA+)”, Lambda: 0, energy: 3.781184}
345 {ef: “e”, gtot: 12, parity: “-”, g: 0.667436, Sigma: —0.5, tau: 0.11329429533686929,
J: 1.5, Omega: —0.5, v: 1, id: 345, state: “X(2SIGMA+)”, Lambda: 0, energy: 2046.173377}
346 {ef: “e”, gtot: 12, parity: “-”, g: 0.667435, Sigma: —0.5, tau: 0.058579863542777465,
J: 1.5, Omega: —0.5, v: 2, id: 346, state: “X(2SIGMA+)”, Lambda: 0, energy: 4062.274444}
349 {ef: “e”, gtot: 12, parity: “-”, g: 0.846607, Sigma: —0.5, tau: 0.000010936572155162485,
J: 1.5, Omega: —1.5, v: 0, id: 349, state: “A(2PI)”, Lambda: —1, energy: 9094.326452}
350 {ef: “e”, gtot: 12, parity: “-”, g: —0.046296, Sigma: 0.5, tau: 0.000010738508018653686,
J: 1.5, Omega: —0.5, v: 0, id: 350, state: “A(2PI)”, Lambda: —1, energy: 9150.698066}
352 {ef: “e”, gtot: 12, parity: “-”, g: 0.846298, Sigma: —0.5, tau: 0.000009617387193930866,
J: 1.5, Omega: —1.5, v: 1, id: 352, state: “A(2PI)”, Lambda: —1, energy: 10882.03968}
355 {ef: “e”, gtot: 12, parity: “-”, g: 0.845985, Sigma: —0.5, tau: 0.000008648673715972027,

J: 1.5, Omega: —1.5, v: 2, id: 355, state: “A(2PI)”, Lambda: —1, energy: 12644.18487}
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TABLE VII. Molecular states involved in the laser cooling scheme presented in Fig. 12(a). Abbreviations follow Table 5 in Ref. [86].

State id State properties *Energies are in cm ™!, 7 in's, T = 10000 s is the ground or metastable state
1 {ef: “e”, gtot: 6, parity: “+”, g: 2.002305, Sigma: 0.5, tau: 10000,
J: 0.5, Omega: 0.5, v: 0, id: 1, state: “X(2SIGMA+)”, Lambda: 0, energy: 0.0}

2 {ef: “e”, gtot: 6, parity: “+7, g: 2.002304, Sigma: 0.5, tau: 0.11329005653173821,

J: 0.5, Omega: 0.5, v: 1, id: 2, state: “X(2SIGMA+)”, Lambda: 0, energy: 2042.387527}
3 {ef: “e”, gtot: 6, parity: “+”, g: 2.002302, Sigma: 0.5, tau: 0.05857887645714955,

J: 0.5, Omega: 0.5, v: 2, id: 3, state: “X(2SIGMA+-)”, Lambda: 0, energy: 4058.490117}
4 {ef: “e”, gtot: 6, parity: “47, g: 2.002299, Sigma: 0.5, tau: 0.039867860368878974,

J: 0.5, Omega: 0.5, v: 3, id: 4, state: “X(2SIGMA+-)”, Lambda: 0, energy: 6048.345767}
107 {ef: “f”, gtot: 6, parity: “-”, g: —0.000771, Sigma: 0.5, tau: 0.000010735097750447735,

J: 0.5, Omega: —0.5, v: 0, id: 107, state: “A(2PI)”, Lambda: —1, energy: 9145.438068 }
203 {ef: “f, gtot: 12, parity: “4”, g: —0.400464, Sigma: 0.5, tau: 10352.717070595178,

J: 1.5, Omega: 0.5, v: 0, id: 203, state: “X(2SIGMA+)”, Lambda: 0, energy: 11.339227}
204 {ef: “f”, gtot: 12, parity: “+”, g: —0.400463, Sigma: 0.5, tau: 0.11325474129663118,

J: 1.5, Omega: 0.5, v: 1, id: 204, state: “X(2SIGMA+)”, Lambda: 0, energy: 2053.656583}

205 {ef: “f”, gtot: 12, parity: “+”, g: —0.400463, Sigma: 0.5, tau: 0.05856064868254569,

J: 1.5, Omega: 0.5, v: 2, id: 205, state: “X(2SIGMA+)”, Lambda: 0, energy: 4069.679601 }

For CN, we identified in total 843 cooling schemes: 2
requiring 2 lasers, 4 with 7 lasers, 4 with 8 lasers, 4 with
9 lasers, 220 with 10 lasers, 190 with 11 lasers, 169 with
12 lasers, 4 with 13 lasers, 121 with 14 lasers, and 125 with
15 lasers.

VIII. Its long cooling time of 371 s probably does not allow
for Doppler cooling but may be a basis for indirect cooling
methods. This scheme is the first of a series of interconnected
cooling schemes, as shown in Fig. 13(b). Each of these require
six or seven lasers to achieve perfect closure. Interestingly,
each pair of adjacent cooling schemes shares three or four

5. CO, states as their S, states, as illustrated in Fig. 13(b). Together,

In Fig. 13(a), we present the quickest cooling scheme
identified for '2C'°0, based on ExoMol [108] data [77].
The states participating in the scheme are listed in Table

these pairs form a ladder of cooling schemes requiring higher
and higher initial temperature and therefore having longer and
longer cooling times.

TABLE VIII. States participating in the cooling scheme of CO,. Abbreviations follow Table 2 in Ref. [77].

1

State id State properties *Energies are incm™', 7 in s, T = 10000 s is the ground or metastable state

1 {ef: “e”, gtot: 1, nl: 0, m1: 0, n3: 0, m2: 0, 12: 0, Ci: 1.0, m3: 0,

m4: 0, tau: 10000, J: 0, n2lin: O, r: 1, id: “1”, v1: 0, v2: 0, v3: O,
energy: 0.0, tot_symmetry: “Al1”}
1832 {ef: “e”, gtot: 3, nl: 0, m1: 0, n3: 1, m2: 0, 12: 0, Ci: 1.0, m3: 0,
m4: 1, tau: 0.0023679621911542378, J: 1, n2lin: O, r: 1, id: “1832”,
v1: 0, v2: 1, v3: 0, energy: 2349.917065, tot_symmetry: “A2”}
2 {ef: “e”, gtot: 1, nl: 0, m1: 1, n3: 0, m2: 0, 12: 0, Ci: 1.0, m3: O,
m4: 0, tau: 0.7935248373274083, J: 0, n2lin: 2, r: 2, id: “2”, v1: 0,
v2: 0, v3: 1, energy: 1285.408201, tot_symmetry: “A1”}

3 {ef: “e”, gtot: 1, nl: 1, m1: 1, n3: 0, m2: 0, 12: 0, Ci: 1.0, m3: 0,

m4: 0, tau: 0.565866908103214, J: 0, n2lin: 0, r: 1, id: “3”, v1: 1,
v2: 0, v3: 0, energy: 1388.1842, tot_symmetry: “Al1”}
3654 {ef: “e”, gtot: 5, nl: 0, m1: 0, n3: 0, m2: 0, 12: 0, Ci: 1.0, m3: 0,
m4: 0, tau: 10000, J: 2, n2lin: O, r: 1, id: “3654”, v1: 0, v2: O,
v3: 0, energy: 2.3413, tot_symmetry: “A1”’}

3655 {ef: “e”, gtot: 5, nl: 0, m1: 1, n3: 0, m2: 0, 12: 0, Ci: 1.0, m3: 0,

m4: 0, tau: 0.7936130025554339, J: 2, n2lin: 2, r: 2, id: “3655”,
v1:0, v2: 0, v3: 1, energy: 1287.7511, tot_symmetry: “A1”}

3657 {ef: “e”, gtot: 5, nl: 1, ml: 1, n3: 0, m2: 0, 12: 0, Ci: 1.0, m3: 0,
m4: 0, tau: 0.5657644609396215, J: 2, n2lin: O, r: 1, id: “3657”,

vl: 1,v2: 0, v3: 0, energy: 1390.525301, tot_symmetry: “A1”}
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FIG. 9. The cooling scheme with five lasers, based on states
with J =2 and S; (id: 728) with v =1. Here T,; = 6.8 K,
R = 63.7 s, ol = 5570, teoop = 355 ms, :’l% = 0.026, and p =
0.999989. It is based on largely the same S, states as the scheme
in Fig. 8(a) but uses a higher vibrational level as the S, state, and
therefore gains on the cooling time as a more excited state has a
shorter lifetime. The cooling time is given for the lowest-energy So.
The color convention is described in the caption of Fig. 6.

APPENDIX C: BUILD YOUR OWN NH DATABASE
FROM SCRATCH

To avoid the installation process, we will build this small
database fully in the cloud, taking advantage of the Neo4;j
AuraDB cloud service [109]. Note it requires setting up an
account. The free instance of the database has limits (up to 1
GB of the database instance, and up to 200k nodes and 400k
relationships, as of Jul 7, 2023), so we will tackle the NH
molecule available in Exomol [80]. For molecules with more
energy levels and decay channels, a local installation of (free)
Neo4j Desktop will be necessary (or a paid cloud instance).

399.05 nm
BR =0.1267

449.20 nm 356.96 nm
BR = 0.0063 BR = 0.8669

FIG. 10. Three-laser cooling scheme for OH'. Here T, =
215K, R7' = 11.2us, fegol = 3260, oo = 37 ms, ";ﬁ =0.081,
and p = 0.99994. Adding one more laser to address the 7 — 29 tran-
sition results in Ty = 21.5 K, R™! = 14.0 us, neeo = 3260, oo =
46 ms, ,'1’;“"" =4 x 107, and p = 0.99999997. The color convention

is described in the caption of Fig. 6.

(1) Setup an account and create a free database instance of
Neo4j Aura [109]. This will generate the password that needs
to be saved to access the database again. Open the database.
This will also lead to additional tutorials available to users.

(2) Download the data on '*NH energy levels and decay
channels from the Exomol website [80,110]. “MoLLIST: line
list” contains three files: 14N-1H__MoLLIST.trans.bz2,
14N-1H__MoLLIST.states.bz2, and 14N-1H__MoLLIST.
readme [64]. 14N-1H__MoLLIST.states.bz2 contains a
compressed list of energy levels. In particular, every
energy level is characterized by its identification num-
ber, energy in cm~!, and various quantum numbers.
14N-1H__MoLLIST.states.bz2 contains a compressed list
of transitions with the identification numbers f and i
for upper (final) and lower (initial) levels, respectively,
Einstein-A coefficients denoted by A (s™!) and transition
frequencies v (cm™!). The content detailed description is in
14N-1H__MoLLIST.readme.

(3) Unpack the files and convert them to csv
(e.g., with the Linux commands sed ’s/ \+/,/g’
14N-1H__MoLLIST.trans > NH_transitions.csv
and sed ’s/ \+/,/g’ 14N-1H__MoLLIST.states >
NH_states.csv) and remove the first empty column
(e.g., with cut -c 2- file.csv > file_without_
the_first_character_in_each_line.csv)

(4) Add a header to each file that tells the database the
name of each column. Below are headers for NH_states.csv
and NH_transitions.csv, respectively.

id,energy,gtot,J,N,F,parity,v,state

:START_ID, :END_ID,Einstein_coeff,frequency

(5) Go to “Import” tab in the Neo4j AuraDB instance and
transfer there two csv files.

(6) Build your graph data model. Add node label. Name
it “State”, select NH_states.csv as the file describing it,
and map its properties from the file (“Map from file” and
“Select all”). Hover over the edge of the node till you see a
plus appearing, click and hold for a relationship to appear that
starts and ends in the same node label. Name it “DECAYS”,
select NH_transitions.csv as the file that describes it, se-
lect “From” as :START_ID and “To” as :END_ID, and map
its properties from the file (this time ignore : START_ID and
:END_ID).

(7) Click “Run import”. It will create 1,285 nodes and
22,545 relationships. Click “Explore results”. It will visualize
results for you.

(8) As the database is small compared to other molecules,
we need only a few steps to run the graph search. We start by
computing the branching ratios as in Eq. (1).

(a) Find every node that has an outgoing decay channel
and name the node ‘s1’. Then find also all decay channels
exiting the ‘s1’ node:

match (s1)-[r:DECAYS]->()

(b) For a fixed node ‘sl’, sum up the Einstein co-
efficients of outgoing decay channels and save it as
‘decays_sum’ (in parallel for every node!)

with s1, sum(r.Einstein_coeff) as
decays_sum

(c) Now again, find the same nodes, but this time match
the pattern ‘energy level sl decays to energy level s2’
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FIG. 11. Two of the fastest laser cooling schemes identified for CN. Cooling times are given for the lowest-energy S, in each. (a) The
cooling scheme using 11 lasers and T =4 K, R™' = 0.9 us, neoo = 1516, to00) = 1.34 ms, ;’°°°‘ = 0.650, and p = 0.99901. Only the
dominant transitions are described in detail in the figure. The remaining transitions have A € [387. 69 763.2] nm and BR € [0. ()003 0.0029].
(b) This scheme has the opposite parity of (a) and the same properties, except for a smaller p = 0.998904 and therefore larger =0.721.
The color convention is described in the caption of Fig. 6.

with every decay channel considered separately. Name the set r.energy_diff = 10000000/ (sl.energy-s2.
relationship ‘r1’. energy)
match(s1)-[r1:DECAYS]->(s2) return count(r)
(d) Set a new property of the relationship, namely (b) Your output should again be 22 545.
‘branching_ratio’: (10) Compute the lifetime t of every energy level as in
set rl.branching_ratio = Eq. (2).
r1.Einstein_coeff/decays_sum (a) Computing ‘tau’:
(e) Return a number of relationships to which we added match (s1)-[r:DECAYS]->()
the new property. Your output should be 22 545. with s1, sum(r.Einstein_coeff) as
return count(rl) decays_sum
(9) Change all transition frequencies (in cm™') to laser set sl.tau = 1/decays_sum
wavelengths (in nm). return count(sl)
(a) Computing energy differences between S; and S (b) Your output should be 1 284 (we have 1 285 nodes,
connected with a decay channel: but one of them is the ground state with no outgoing decay
match (s1)-[r:DECAYS]->(s2) channels).

(b)

914.97 nm
BR =0.2390

1455 43 nm
BR 0.1195

FIG. 12. (a) A cooling scheme for CN with 7 lasers, Tipii = 4 K, R™! = 85.9 us, ncoor = 4515, oo = 388 ms, Zi’g"‘ =0.401, and p =

0.9998. (b) A cooling scheme with nine lasers, Ty = 4 K, R™' = 94.5 s, oo = 3944, teooy = 373 ms, ”°°°1 = 0.99, and p = 0.9994. Only the
dominant transitions are described in detail in the figure. The remaining transitions have A € [914.65, 2051 82] nm and BR € [0.001, 0.012].
The color convention is described in the caption of Fig. 6.

013135-19



DAWID, BIGAGLI, SAVIN, AND WILL

PHYSICAL REVIEW RESEARCH 7, 013135 (2025)

(@)

9394.00 nm g‘:f'g 22;’;;
BR = 0.0003 e

FIG. 13. Laser cooling schemes for CO,. (a) The best detected laser cooling scheme with R~ =
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= 16576 us, neool = 22384, t.oo = 371 s,

Zeodl — 1076, p = 1. (b) Interestingly, all detected laser cooling schemes are interconnected. Additional details are given in Figs. 6, 8, and 11.

10%

The cooling time is given for the lowest-energy S (state 1).

(11) Set also lifetimes of ground and metastable states to
a large number.

(a) ‘Tau’ for special nodes - ground and metastable
states:

match (s1) WHERE NOT (s1)-[:DECAYS]->()

set sl1.tau=1000

return count(sl)

(b) Your output should be 1 (the ground state).

(12) Search the graph for subgraphs representing laser
cooling schemes meeting preset conditions. Your output
should look like the one presented in Table 9. To under-
stand where various constants in the queries come from, see
Appendix D.

(a) Find schemes for a specific number of lasers (G =
num_decays) with preset parameters:

with 4 as num_decays, 500 as
max_initial_temp_K, 320 as min_laser_nm,

1500 as max_laser_nm, 1le-8 as br_cutoff,

le-6 as min_starting_tau

(b) Find reachable starting stable states Sy (depend-

ing on ‘max_initial_temp_K’) and excited states S

connected with Sy via a decay channel with energy dif-

ferences addressable with lasers of wavelengths between

‘min_laser_nm’ and ‘max_laser_nm’ (Ey = kgTp, 1 K =

0.6950348004 cm™!)

match (s0)<-[r1:DECAYS]-(sl1) where
sO0.energy < -log(0.1)#*max_initial_temp_K*

0.6950348004 and sO.tau > min_starting_tau

and rl.energy_diff > min_laser_nm and

rl.energy_diff < max_laser_nm

(c) Remember all found excited states S; and com-
pute the initial temperature of the potential laser cooling
scheme from the Sy energy (ZTin = max(4K, E(Sy)/
(—log(0.1)kg)), 1 cm™! = 1.438776877 K)

with s1, apoc.coll.max([4,
s0.energy*0.62485285866738]) as
initial_temp, s0.id as starting_id,
num_decays as num_decays, min_laser_nm as
min_laser_nm, max_laser_nm as max_laser_nm,
br_cutoff as br_cutoff, min_starting_tau as
min_starting_tau

(d) For each remembered S, find the G outgoing decay
channels with the largest BR.

(e) Start by finding all outgoing decay channels for
each remembered S;:

match (s1)-[r2:DECAYS]->(s2) where
r2.energy_diff > min_laser_nm and
r2.energy_diff < max_laser_nm and
r2.branching _ratio > br_cutoff

(f) Store BR of all outgoing decay channels in ‘br_list’
for each remembered S;:

with s1, collect(r2.branching_ratio)
as br_list, num_decays as num_decays,
initial_temp as initial_temp, starting_id as
starting_id, min_laser_nm as min_laser_nm,
max_laser_nm as max_laser_nm, br_cutoff
as br_cutoff, min_starting_tau as
min_starting_tau

(g) Find the G’th largest BR (= minimal_
considered_BR_per_scheme) for each remembered S;:

TABLE IX. Output of the query no. 5 to find schemes for a specific number of lasers (G = num_decays) with preset parameters.

S1_id SO_id T_init num_decays n_cool t cool_ms n_cool_nl0_ratio closure lambda_list_nm

744 1 4.0 4 1030 2 0.02 0.99994935  [335.27,336.37, 374.51, 375.83]
745 3 20.8 4 2352 5 0.00 0.99999997  [335.61, 374.93, 421.87, 478.64]
744 7 61.0 4 4023 8 0.09 0.99994935  [335.27, 336.37, 374.51, 375.83]

013135-20



AUTOMATED GRAPH-BASED DETECTION OF QUANTUM ...

PHYSICAL REVIEW RESEARCH 7, 013135 (2025)

with s1, apoc.coll.min(reverse(apoc.coll.

sort(br_list)) [0..num_decays]) as
minimal_considered_BR_per_scheme,

initial_temp as initial_temp, starting_id as

starting_id, min_laser_nm as min_laser_nm,
max_laser_nm as max_laser_nm, br_cutoff
as br_cutoff, min_starting_tau as
min_starting_tau

(h) For each remembered S, find outgoing decay chan-
nels with BR larger and equal to the corresponding G’th
largest BR computed in the previous step. All found pat-

terns are potential laser cooling schemes.

match (s1)-[r2:DECAYS]->(s2) where
r2.energy_diff > min_laser_nm and
r2.energy_diff < max_laser_nm and s2.tau
> min_starting_tau and r2.branching_ratio
> br_cutoff and r2.branching ratio >=
minimal_considered_BR_per_scheme

(1) Compute neoo1, Mio%, and R~! of each found
potential cooling scheme. Also prepare for comparing

7(82) > teool ¥ BR(S| — S), that s,

min(t(S2)/BR(S1 — $2)) > tcoo-  Compute

‘sum_inv_lambdas_3’, and ‘min_tau_br_ratio’.
with s1.id as id, count(DISTINCT r2) as

equivalently,
‘closure’,

round(closure,8) as closure, lambda_list as
lambda_list_nm

order by t_cool_ms, num_decays,
n_cool_nl0_ratio

(1) As discussed in Sec. IID, it can be useful to output
the results for T_init = 4 K. If so, use instead:

where sqrt(4)/sqrt(initial_temp)*n_cool <
n10 and sqrt(4)/sqrt(initial_temp)*n_coolx*
inv_R_s < min_tau_br_ratio

return id as S1_id, starting_id
as S0_id, round(initial_temp,1)
as approx_T_init, num_decays,
round(sqrt (4)/sqrt(initial_temp)*n_cool,0)
as n_cool_3K, round(sqrt(4)/sqrt(initial_
temp) *n_cool*inv_R_s*1000,1) as
t_cool_ms_3K, round(sqrt(4)/sqrt(initial_
temp)*n_co0l/n10,3) as n_cool_nl0_ratio_3K,
round(closure,8) as closure, lambda_list as
lambda_list_nm

order by t_cool_ms_4K, num_decays,
n_cool_nl10_ratio_4K
(13) Visualize the selected laser cooling scheme for fur-

ther investigation.

num_decays, sum(DISTINCT r2.branching_ratio)

as closure, sum(DISTINCT 1 /

(r2.energy_diff*r2.energy_diff*r2.energy_diff))

as sum_inv_lambdas_3, sl.tau as lifetime,
sum(DISTINCT r2.branching_ratio /

r2.energy_diff) as sum_of_BR_lambda_ratios,

min (DISTINCT s2.tau/r2.branching_ratio)
as min_tau_br_ratio, initial_temp as
initial_temp, starting_id as starting_id,
collect(round(r2.energy_diff,2)) as
lambda_list

(G) Compute njg, R~
"“NH is 15 u.

with id as id, num_decays as num_decays,
closure as closure, initial_temp
as initial_temp, starting_id as
starting_id, min_tau_br_ratio as
min_tau_br_ratio, log(0.1)/log(closure)
as n10, lifetime * (num_decays + 1) +
0.04160402474381969 * sum_inv_lambdas_3
as inv_R_s, sqrt(initial_temp * 15)
* closure * 0.39579544150466855 /
sum_of_BR_lambda_ratios as n_cool,
lambda_list as lambda_list

' Neool. The molecular mass

(k) Return only the schemes that meet n.,, < 119 and
whose shortest-lived S,’s live longer than the average time
that the molecule spends in these S, states during the cool-

ing procedure (T(S2) > f.o01 * BR(S| — $2)).

where n_cool < nl0 and n_cool*inv_R_s <
min_tau_br_ratio

return id as S1_id, starting_id as
S0_id, round(initial_temp,1) as T_init,
num_decays, round(n_cool,0) as n_cool,
round(n_cool*inv_R_s*1000,1) as t_cool_ms,
round(n_cool/n10,3) as n_cool_nl0_ratio,

of

(a) Show the scheme with a set number of decays,
starting from a specific excited state:
with 4 as num_decays, 744 as sl_id
match (s1)-[r2:DECAYS]->(s2) where sl.id
sl_id
with s1, collect(r2.branching_ratio) as
list, num_decays as num_decays, sl_id as
sl_id

with s1, s1_id as s1_id,
apoc.coll.min(reverse(apoc.coll.sort(list))
[0..num_decays]) as minimal_considered_BR_
per_scheme

match p = (s1)-[r2:DECAYS]->(s2) where
sl.id = s1_id and r2.branching_ratio >=
minimal_considered_BR_per_scheme

return p

(b) Your output should be one of the schemes in Fig. 2.

APPENDIX D: A BIT OF MATH TO EXPLAIN
CONSTANTS IN THE CODE

To identify viable laser cooling schemes, the graph al-

gorithm needs to compute 7., from Eq. (10), tj9g from
Eq. (5), and check the lifetimes of participating reachable

states S, so that the average time that a molecule spends in
this state during the cooling process is shorter than the state
lifetime.

The simple math below is just to convince the reader that

the constants that appear out of nowhere in the algorithm
presented in Appendix C are valid. In the code, we compute
separately 71,401 from Eq. (9), 1199 from Eq. (4), and R~! from
Eq. (6) and then compute f.oo and t1gg aS Mool X R~ and
niog X R71, respectively.

(i) The calculation of nig4 appears in the code sim-

ply as log(0.1)/log(closure), where closure is p
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The value of the Planck constant /2 and conversion factors
between K and J and between u (Da) and kg are taken from

from Eq. (3) computed in the code as sum(DISTINCT
r2.branching_ratio). Everything here is unitless.

(ii) The calculation of n., takes a few steps.
(1) First, we compute the Ti,;; in K as apoc.coll.
max ([4,s0.energy*0.62485285866738]), following

— Esy
Tinit = max (4 K, 57

cm™!, and kg = 0.6950348004 % [111].

(2) Then, we compute iBTl?’ present in
Eq. (9) as sum(DISTINCT r2.branching_ratio /
r2.energy_diff) as sum_of_BR_lambda_ratios.

(3) Finally, we compute n., from Eq. (9) equal
to %«/3k37}nitm(2iBA—l§’)_l with sqrt(initial_temp
* 15) * closure * 0.39579544150466855 /
sum_of_BR_lambda_ratios as n_cool, where Ty
is in K, 15 is the molecular mass of "*NH in u, A; in nm,
and

), where Es, is s0O.energy in

0.39579544150466855

=h~" x /3 x KtoJ x utokg x nmtom

= (6.62607015 x 10734 J x s)~!

x /3x1.380649% 10-23 Jx1.66053906660x 10-27 kgx 107,

Ref. [111].
(iii) Now we need to compute R~! from Eq. (6), simplified

asR™' =1(G+ 1)+ 3mhel™" Y, 5, where

ifg’
I=1Wxem?2=1Jxs"x (1072 m)~2.

(1) We first compute )", ;5 with sum(DISTINCT 1
/ (r2.energy_diff#*r2. ene]ﬁ“gy_diff*rQ .energy_
diff)) as sum_inv_lambdas_3, where A is in nm.

(2) Then we compute R~! as 1lifetime *
(num_decays + 1) + 0.04160402474381969 *
sum_inv_lambdas_3 as inv_R_s, where 7 is in s,
resulting R~ lisalsoin s, and

0.04160402474381969 = 2 hel ™ 'nmtom ™
=27 x 6.62607015 x 107**J xs
x 299792458 ms™" x 177!

x s x 107 m? x (10’9 m)’3.
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