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We study enhanced magneto-association of atoms into weakly bound molecules near a Feshbach resonance
using a quench preparatory stage. In anticipation of experiments with NASA’s Cold Atom Laboratory aboard
the International Space Station, we assume as a baseline a dual-species (*Rb and *'K) gas in a parameter
regime enabled by a microgravity environment. It includes subnanokelvin temperatures and dual-species gases at
densities as low as 108 /cm?. Our studies indicate that, in such a regime, traditional magneto-association schemes
are inefficient due to the weak coupling between atomic and molecular states at low densities, thus requiring
extremely long magnetic field sweeps. To address this issue we propose a modified scheme in which atoms are
quenched to unitarity before proceeding with magneto-association. This modified scheme substantially improves
molecular formation, allowing for up to 80% efficiency within timescales much shorter than those associated with
atomic and molecular losses. We show that this scheme also applies at higher densities, therefore proving to be

of interest in ground-based experiments as well.
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I. INTRODUCTION

Ultracold molecules are today one of the physical systems
most used to study a variety of physical phenomena, rang-
ing from quantum information [1-5] to ultracold chemistry
[6-9], exploration of novel dipolar phases of matter [10-15],
and tests of variations of fundamental constants [16-18].
As a result, developing efficient techniques to produce such
molecules is a highly sought after goal [19-25]. Since most
experiments using such molecules start from a gas of ultracold
atoms, the central question is how to efficiently produce a
dense sample of molecules while still keeping them at ul-
tracold temperatures. Magneto-association provides such a
path and has been routinely implemented in a broad range
of molecular experiments to date [26-31]. In this scheme,
atoms are exposed to a magnetic field B tuned near a Fesh-
bach resonance, causing the s-wave scattering length a to go
through a pole and causing interactions to become extremely
strong [32]. Sweeping the magnitude of the B field across
the resonance will convert atoms adiabatically to weakly
bound Feshbach molecules, which exist for a > 0. Feshbach
molecules can then be further used to explore a variety of
phenomena or can be used as an intermediate state to form
more deeply bound molecular species by using other associa-
tion schemes like stimulated Raman adiabatic passage [33].

The efficiency of magneto-association is fundamentally
controlled by the B-field sweeping rates but also depends
on the initial atomic densities and temperatures [26-31],
as well as depending nontrivially on the microscopic de-
tails characterizing the interatomic interactions [19,20]. For
NASA’s Cold Atom Laboratory (CAL), a multiuser fa-
cility aboard the International Space Station [34,35], the
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microgravity environment will provide experimental condi-
tions vastly different from those achievable in ground-based
experiments exploring magneto-association. Here, we will
show that although the unique experimental conditions avail-
able at CAL favor high phase-space density, long interrogation
times, and suppression of gravitation sag, the ultralow atomic
densities (n = 103-10'! /cm?) desired for various proposed
experiments will drastically affect the efficiency of magneto-
association. At such low densities, as opposed to those
typically found in ground-based experiments (n = 10'?/cm?
and higher), the required B-field sweeps to obtain satisfactory
efficiency are simply too slow, compromising the stability
of the molecular sample against three-body losses. A similar
scenario is also found near narrow Feshbach resonances where
atomic and molecular states are naturally weak. This issue is
of particular importance for studies of dual-species atom inter-
ferometry in which the formation of heteronuclear Feshbach
molecules [24] is of fundamental interest to mitigate some of
the major sources of systematic errors for high-precision tests
of fundamental physics [36-38].

In order to optimize the formation of Feshbach molecules,
we modify the traditional magneto-association (TMA)
scheme. Our scheme adds a preparatory stage where the B
field is changed abruptly (quenched) from off resonance to on
resonance and then is allowed to dwell in this regime while de-
veloping correlations. This strongly correlated state will now
serve as the initial state for magneto-association, providing a
much higher overlap with the desired final molecular states.
This scheme is similar to the one used for ®Rb in Ref. [39]
which provided association of not only dimers but also
Efimov trimers [40]. We show that this scheme, which we de-
fined as quenched magneto-association (QMA), substantially
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improves the efficiency of molecule formation in the ultralow
density regime while still allowing it to be performed within
timescales much shorter than those associated with atomic
and molecular losses. Our proposed QMA is also found to
be superior to TMA at higher densities, thus being of interest
for ground-based experiments. More generally, we conjecture
that QMA can also be potentially useful for molecular associa-
tion studies near narrow Feshbach resonances since it provides
a scheme to produce a strongly correlated state for association
regardless of the strength of the resonance. Keeping in mind
the relevant case of ®’Rb-*'K mixtures available at CAL,
our paper is organized as follows. In Sec. II we describe
our theoretical model and emphasize its main assumptions
and approximations. Section III details both TMA and QMA
schemes and analyzes the important timescales associated
with the atomic and molecular losses. In Sec. IV we present
our results for the association of ’Rb*' K Feshbach molecules
and discuss the main advantages of QMA while verifying its
fundamental differences from TMA schemes.

II. THEORETICAL MODEL

In this study we adopted two major assumptions that al-
low for a qualitative description of magneto-association while
still providing a clear physical picture of how the medium
(density) affects the association process. For the interatomic
interactions we assume a single-channel interaction model
between ®’Rb and *'K atoms, given by a Lennard-Jones

potential,
C A8
v(r):—r—66<l ——), (1)

where Cg &~ 4274a8Eh [41] is the van der Waals dispersion
coefficient and A is a tunable parameter adjusted to provide
the desired value of the scattering length. A more realistic de-
scription of the interactions between alkali atoms, however, is
multichannel in nature and includes the hyperfine interactions
responsible for the B-field dependence of the scattering length
used in experiments with Feshbach resonances. A single-
channel description of this phenomenon is supported by the
universal properties of the system [32] whenever |a| > ryaw,
where ryqw = 2uCs/ Fzz)l/ 4/2 is the van de Waals length and
wu is the two-body reduced mass. In our present study we
model the ’Rb-*'K interactions near the well-known Fes-
hbach resonance for atoms in the |f = 1, my = 1) hyperfine
state (see Fig. 1) by adjusting the values of A in Eq. (1) for
each value of B to produce the same value of a. As usual,
for B fields near a Feshbach resonance the scattering length is

well represented by
AB
, 2

B — By

where the position of the resonance is By ~ 39.4 G,
its width AB ~ 37 G, and background scattering length
apg ~ 284ay [42].

In order to incorporate density effects to properly describe
magneto-association in ultracold quantum gases, we have
employed the local-density model [43—48], allowing for a
physically meaningful way to qualitatively describe the den-
sity dependence of various few-body observables. This model
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FIG. 1. Scattering length (in units of the Bohr radius ay) as a
function of applied B field near the ¥Rb-*'K Feshbach resonance
at By ~ 39.4 G. This resonance is characterized by a width AB ~
37 G and background scattering length av, ~ 2844 [42]. Both ¥ Rb
and ¥'K atoms are in the | f = 1, m; = 1) hyperfine state. B; and B
indicate, respectively, the initial and final values of the B field in a
hypothetical magneto-association scheme.

introduces a harmonic confinement to the few-body Hamil-
tonian, whose strength is adjusted to produce a few-body
“density” that matches that of the experiment. In our current
study, the two-atom Hamiltonian is then written as

4+ u(r), 3)

4
21 8uay,,

where ay, is the harmonic oscillator length. We assume that
the number densities of Rb and K are equal, i.e., ngp = ng =
n, and relate the oscillator length to the number density as [46]

—1/3
ho = \/g (4”7”) . )

This relation allows us to connect our few-body analysis with
the relevant energy, length, and timescales to the macroscopic
system characterized by, respectively,

6772n)2/3 V2RE, h
P L Y R e L R P
21 h E,

We note that our model does not take into account quantum
degeneracy and phase-space density effects for association of
Feshbach molecules such as those experimentally observed
in Refs. [49-51]. Nevertheless, the qualitative aspects of our
analysis (in particular, the comparison between TMA and
QMA protocols) still persist and should be observed in more
elaborate models in which such collective effects are properly
accounted for.

As a result, within our model magneto-association can
easily be visualized through the two-atom energy spectrum, as
shown in Fig. 2. The horizontal energy levels in the 1/|k,a| >
1 regime correspond to harmonic states and represent nonin-
teracting atom states. The desired target Feshbach molecular
state is that with energy given by —Ej, = —h*>/2ua® for a >
0 and is also indicated in Fig. 2. [The energy spectrum is
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FIG. 2. The energy levels of two atoms in a harmonic trap param-
eterized by 1/k,a and orbital angular momentum / = 0 (see text). In
the limit of large 1/|k,al, the spectrum consists of pure harmonic
oscillator levels, whose energies are plotted as dashed lines. Positive
energies correspond to atomic states, and negative energies represent
molecular states. Note that the expected Feshbach molecular state
for large positive a, having binding energy E, = h*/2j1a?, is shifted
slightly due to the oscillator potential. The gray region indicate
the values in which the system is found in the unitary regime,
1/lkyal < 1.

obtained by solving the two-body Schrédinger equation for
the Hamiltonian in Eq. (3) for the lowest angular momentum
state, I = 0.] The effect of sweeping the B field from high to
low (from B; to By in Fig. 1) corresponds to sweeping 1/k,a
from left to right (from 1/ka; to 1/k,ay) in Fig. 2. Transitions
from atomic to molecular states are stronger in the inferac-
tion region 1/lk,a| < 1, i.e., when interactions are unitary,
nlal® > 1. Therefore, within our physical picture, magneto-
association reduces to the problem of nonadiabatic crossing of
energy levels (Landau-Zener) [52]. In our case, multiple levels
can participate in the process. Nevertheless, the Landau-Zener
(two-level) model still provides a qualitative interpretation of
the phenomena and can serve as a guide for understanding
of the important parameters controlling molecular associa-
tion. For instance, within the Landau-Zener model [52] the
probability of transitioning from energy level €, to €, via a
linear sweep, €; — €, = a,t, where o, is the sweeping rate, is
given by

Py,=1—e¢%", (6)

Here, ' = 6122 /hiae, with €1, being the coupling between states
€1 and €. Applying this picture to our case in Fig. 2, where
energies are given in units of E, (5), allows us to access im-
portant information. For instance, since efficient association
is obtained for I' > 1, the sweeping rates are required to
be a, o« n*/3, which can be too slow in the ultralow density
regime of CAL. We will explore these issues next and provide
an alternative approach to circumvent this limitation.

III. QUENCHED MAGNETO-ASSOCIATION

As already anticipated from the discussion in the previous
section, TMA schemes, i.e., applying a linear B-field sweep

across a Feshbach resonance, might be inefficient for the low-
density regime relevant for a microgravity environment. Here,
we detail TMA, and we discuss an alternative scheme that
overcomes its limitations but can also be applied to ground-
based experiments. We also discuss and characterize atomic
and molecular losses.

A. Sweeps and quenches

Within our model, the key physical aspect that makes TMA
inefficient at low densities is the fact that during the B-field
sweep the system remains in the interaction region, 1/|k,a| <
1, for a too short amount of time, thus requiring slow sweeps.
The TMA scheme is illustrated in Fig. 3(a), where the B-field
is linearly swept from B; to B during a time #,. In order to
determine the interaction time #,, we assume B(t) = B; — ajpt,
where ap = |By — B|/tsw ~ 26.03 G/t is the sweep rate,
and determine values of B from Eq. (2) in which the condition
1/lk,al < 1 is satisfied. After some algebra we arrive at the
interaction time given by

k, A
ty & 2‘—( Gbg) ' o n' Pty @)
ap

As aresult, during a given sweep, atoms in the relevant states
interact only during a much reduced amount of time as n — 0.

In order to improve the interaction time and, consequently,
the association efficiency, we propose the scheme illustrated
in Fig. 3(b). In such a scheme, the system is first quenched
to 1/]k,a| = 0, corresponding to changing the B field from B;
to By within timescales much shorter than #,. We note that at
low densities the technical aspects of quenching the B field be-
come increasingly easier since ¢, increases as n decreases. For
our studies we assume that the quench is performed instanta-
neously. After the quench, we allow the system to dwell for a
time 74y at 1/|k,a| = 0, thus letting interactions evolve before
finally sweeping the field to its final value, By, according
to B(t) = By — ajt, where af; = |By — Byl /tew ~ 1.51 G/tsy.
As a result, in QMA the interaction time is now given by

t, knape ) A
tjztdw‘f‘—u:tdw“l“#, (8)
2 B
on! B,

which can be substantially enhanced by controlling #4,,. We
note that this scheme is also similar to the one explored in
Ref. [31], although assuming #4,, & 0 and obtaining an effi-
ciency of about 30% at densities of 10'?/cm?.

Numerically, we study both TMA and QMA using the
time-propagation methodology developed in Refs. [40,53],
with a few caveats introduced by the quench. For TMA
the initial state for propagation is a pure state; that is, it is
given by

Wi =y (), (€))

where 1, is an eigenstate of energy E4 for a = a; (see Fig. 2).
In the quenched case, however, the initial state for propagation
is instead a superposition of states given by

W= Y epexp[ - ygr@, o)
B
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FIG. 3. Schematic of magnetic field vs time in the traditional
and quenched magneto-association schemes. (a) In the traditional
magneto-association (TMA) B field is swept from B, to B at a con-
stant rate during a time f. (b) In the quenched magneto-association
(QMA) the B field is instantaneously quenched from B; to By, re-
maining at 1/]k,a| = 0 for a dwell time #,,, followed by a linear
sweep from By to By. This schematic figure is not to scale, and B;
and B will not, in general, be equidistant from By, nor will #,, and
tqw bear any particular relationship to each other. Here, 7, and ¢}
represent the interaction time, i.e., the time in which 1/]k,a| < 1,
for TMA and QMA, respectively.

where cg = (Yal¥g), with ¥g and Eg being the eigenstates
and energies of the system at a = £o00. As we will see in
Sec. IV, the dependence on fg4y in this state plays a crucial role
that improves the efficiency of magneto-association by letting
interactions evolve at 1/k,a = 0. Note also that for t4y, > ¢,
we expect that truly many-body effects take place, potentially
playing a role in QMA. Current models do not capture this
physics properly, so we will keep our study within modest
values of 74y. Before we compare in detail both the TMA and
QMA schemes in Fig. 3, we must first analyze the stability
of the system with respect to losses, as done in the next
section.

B. Atomic and molecular losses

Regardless of the particular magneto-association scheme
adopted, few-body losses can drastically reduce the efficiency
of molecule formation. Although such loss processes are, in
general, well understood in ultracold atomic and molecular
gases [54], magneto-association is a dynamical process, and
the full understanding of how losses occur as the interactions
evolve is nontrivial. In this section, however, we present an
analysis that offers a qualitative understanding of the major
loss processes, thus helping us to characterize and identify
experimental regimes that are likely to mitigate their harmful
effects.

In magneto-association the two major few-body loss pro-
cesses are three-body recombination, the process in which
three free atoms collide to produce an atom and a diatomic
molecule, and atom-molecule vibrational relaxation, causing
a deexcitation of the molecular state. Both processes release
enough kinetic energy to make their products escape from
typical traps [54]. In order to gain some insight into the
timescales of the loss rates and their dependence on the exper-
imentally relevant parameters, we consider the loss rates only
in the regime at which they are maximal, i.e., 1/|k,a| < 1,
which is the regime most relevant to magneto-association.
This analysis should provide an upper limit for the lifetime
of the sample during the magneto-association process.

It is well known that the three-body recombination rate in
the regime 1/|k,a| < 1 becomes independent of the scattering
length and is estimated as [54]

4R
/'Lgb (kgT)?

where /,L%b = mymyms/(m; + my + mj3) is the three-body re-
duced mass, T is the temperature, and 7 is the three-body
inelasticity parameter, which provides a measure of the prob-
ability for inelastic transitions. The parameter n is dependent
upon the details of the interactions and is, in general, obtained
experimentally. For the Rb-K mixture we are interested here,
Ref. [55] determined n ~ 0.12 for collisions involving two Rb
atoms and one K (RbRbK) and 1 =~ 0.02 for collisions involv-
ing two K atoms and one Rb (KKRb). Now, assuming that the
B-field sweep in TMA is performed at constant temperature,
the atomic lifetime is given by

1
nng(T)
N gﬂz(kBT)zl/«%b 3 (kBT)2
T 81 — ety " n?

LY(T) = (1—e™*, (11)

T(A) =

12)

thus becoming shorter as the density increases and/or the tem-
perature decreases. As a practical example, the lifetimes due
to RbRbK losses at T = 100 pK and densities of 10%/cm?,
109/cm3, 1010/cm3, and 10“/<:m3 are, respectively, 371,
1.7t,, 0.08t,, and 0.0037¢,, or, equivalently, 1 s, 10 ms, 0.1 ms,
and 1 ps. In order to qualitatively understand what these
lifetimes mean, the timescale of losses needs to be compared
to that of the interaction time [Eq. (7)],

kgT)?
Tu(A) /1 % (13)
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This indicates that an increase in the density or a decrease
in temperature must be accompanied by a decrease of the
sweeping time f, or, equivalently, an increase of the sweep
rate ap in order to compensate for the increase of atomic
losses. As a result, since faster B-field sweeps reduce effi-
ciency, obtaining a good balance of losses and interaction
time, 7,/f, > 1, can be done only at the risk of compromising
efficiency. This makes it evident that finding the best regime
for TMA is dependent upon a balance of various factors.
Figure 4 shows the values for t,/t, calculated from the life-
times due to RbRbK losses at 7 = 100 pK (black dashed
curves) for various densities and a broad range of sweeping
times. Note that as »n increases, the values of #,, in which
7y/ty > 1 quickly become more restrictive. For each density,
we have indicated the corresponding values of E, and ¢, in
relevant units.

In the case of QMA the key difference that improves the
timescales for losses is that the quench itself increases the gas
temperature and, according to Eq. (11), reduces the loss rates.
Assuming that the initial temperature is smaller than E,,, the
quench sets the temperature to kgT = E, [56], thus leading to
an atomic lifetime determined by

. 1
W) = AT E, k)
2,3
= _ M n X —=.
8(1 —e4m)u3 n2/3
Interestingly, the lifetime now is linearly proportional to
t, and, consequently, automatically rescales for different den-
sities and provides a weaker dependence on density than
Eq. (12). For instance, now the lifetime due to RbRbK losses
at T =100 pK is 295¢,, which for densities of 108/cm3,
10°/em?, 10! /cm?, and 10" /em? becomes 8 s, 1.7 s, 370 ms,
and 80 ms, respectively. Comparing this lifetime to the inter-
action time in Eq. (8), we obtain in the limit of long dwell
times, 4w > t,, an interaction time of ¢}’ & t4y (X 1,,), and

7 (A)/t} o const. (15)

On the other hand, in the limit of short dwell times, #g,, << f,,
the interaction time is £ ~ 1, /2(c t,), and

(14)

T (A) /1 # (16)
u u n2/3tgw °

In either case, the above analysis indicates that QMA provides
a substantially more favorable regime with respect to the
scaling of losses with density and sweeping times. Figure 4
illustrates this more favorable conditions for QMA by dis-
playing the values for 7} /1, also calculated from the lifetimes
due to RbRbK (solid curves), for various values of #4,. Note
that regardless of the density, a broad range of f,, satisfies the
favorable condition for association, 7, /t; > 1, a result much
superior to those from TMA.

A similar analysis of the lifetime can also be provided once
molecular association takes place and the relevant loss process
is atom-molecule relaxation. Here, too, loss rates in the regime
1/|kna| < 1 become independent of the scattering length and
are estimated as [54]

21/2,1/2p;

—5———— (1 =), (17)
W (kgT )12

ﬂu(T) =

| E,/kp = 282pK, t, = 27.0ms
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FIG. 4. Analysis of the relevant timescales for magneto-
association. For TMA, the values for t,/f, calculated from the
lifetimes due to RbRbK losses at T = 100 pK (black dashed curves)
for various densities and a broad range of sweeping times. As n
increases, the values of f,, in which 7,/t, > 1 becomes quickly
more restrictive. For QMA we display the values for 7/t (solid
curves) for various values of #4,. Regardless of the density, a broad
range of g, satisfies the favorable condition for magneto-association,
T/t > 1.
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where (g = (my + mp)msz/(m; + mp + ms) is the atom-
molecule reduced mass. In this case, assuming that the B-field
sweep in TMA is performed at constant temperature, the
molecular lifetime is simply given by

1
npu(T)
_ 37.[3/2“342(/(37*)1/2;-11/2 . N (kBT)l/Z
2u32(1 —e=4n) "

Tu(M) =

. (18)

providing a weaker dependence on temperature and density
than those for their atomic counterparts in Eq. (12). From the
above equation, the molecular lifetimes due to RbRbK losses
at T = 100 pK and densities of 108 /cm?, 10°/cm?, 10'°/cm?,
and 10! /cm3 are, respectively, 29¢,, 141, 6.3¢,, and 2.9¢,, or,
equivalently, 0.8 s, 80 ms, 8 ms, and 0.8 ms. These lifetimes
should be compared to that of the interaction time [Eq. (7)],

(ksT)'/?

M) /ty, X ————.
WM/t 0 =

19)

In the case of QMA, assuming that the initial temperature
is smaller than E,,, the molecular lifetime is determined by

1
n:Bu (En/kB)
332100
=—— "d o —.
203/2(1 — e~4n) n2/3
Here, the lifetimes due to RbRbK losses at T = 100 pK is
49¢,,, which for densities of 10® / cm?, 10° /cm3, 10'0 / cm?, and
10“/cm3 becomes 1.3 s, 0.3 s, 62 ms, and 13 ms, respectively.

Comparing this lifetime to the interaction time in Eq. (8), we
obtain, in the limit of long dwell times, 74y > t,

(20)

T (M)/t] o const, 2n
while for short dwell times, f4, < 4,
* * 1

'L'u(M)/lu X m (22)

The results above lead to conclusions similar to those reached
when analyzing the atomic lifetimes. Note that for the partic-
ular case of RbK mixtures, the typical molecular lifetimes t,;
and 7,;" are longer than those for the atomic lifetimes analyzed
above.

Overall, the analysis above indicates that the detrimental
effects of atomic and molecular losses on magneto-association
are, in general, mitigated in the low-density regime, regardless
of the magneto-association scheme. The CAL fully takes ad-
vantage of this property due to its unique capability to provide
ultralow-density samples. The QMA, however, seems to pro-
vide a more stable scheme, in particular at higher densities,
due to its independence from temperature and the much more
favorable ratio between lifetime and interaction times, T{* /1.
The caveat of using quenches is that the final temperature
of the molecular sample will directly depend on the density
(via its dependence on E,), an effect that can, once again,
be mitigated at low -densities. Although such prospects are
positive with respect to losses in the low-density regime, the
question we now focus on is how the actual efficiencies of
the two magneto-association schemes compare to each other

in this regime and whether association occurs on timescales
shorter than the atomic and molecular losses. We provide such
an analysis in the next section.

IV. MOLECULAR ASSOCIATION

In this section we present our numerical simulation for
both TMA and QMA near the 3Rb-*'K Feshbach reso-
nance at By = 39.4 G [42] (Fig. 1). In each case, we select
a; = —2ryw (& —144ap) and ay = 100ryqw (*7230ay), cor-
responding to B; = 63.92 G and By = 37.89 G. Therefore,
we assume bosonic heteronuclear Feshbach molecules which
are substantially larger than previously studied [57,58], which
aligns best with CAL’s future experiments on microgravity
[24]. As a result, most of our studies presented here will
be performed for atomic densities in which the average in-
teratomic distances are larger than the molecular size, i.e.,
n < 10" /em?. We study the molecular fraction in terms of the
sweeping time f,,, dwell time #4y, and atomic densities. We
note that the qualitative trends in our results do not depend on
the particular choices of B; and By, as long as they are chosen
to be off resonance, i.e., 1/|k,al > 1.

Here, we choose to compute the molecular fraction for four
different atomic densities n = 10%/cm?, 10° /cm?, 10'°/cm?,
and 10" /cm?, thereby covering the density regime available
to the CAL environment. Results are displayed in Fig. 5,
where dashed lines represent the molecular fractions obtained
via TMA, and solid lines show the ones obtained via QMA for
different values of #4y [see color-coded legend in Fig. 5(d)].
For each density, we also indicate the corresponding values
for E, and ¢, as they characterize the typical energies and
timescales of the system at a given density n. These calcu-
lations yield a few crucial observations that are valid for all
densities considered.

First, as shown in Fig. 5, in the low-density regime QMA
produces a higher molecular fraction than TMA within the
same value for ty,. This immediately implies the most signif-
icant result of this study: within a given #,, a quench with
finite #4,, followed by a B-field sweep away from unitarity
will, in general, produce a larger molecular fraction than a
pure B-field sweep in the same amount of time. Therefore,
in order to produce a larger fraction of molecules in the
shortest amount of time, QMA is clearly the optimal choice.
The faster times for molecular formation within QMA are
crucially important since they ensure the mitigation of atomic
and molecular losses, in particular for higher densities, as
discussed in Sec. IIIB (see Fig. 4). Figure 5 also indicates
that QMA reaches an efficiency of about 80%, reaching this
maximum value for smaller values of #, /1, as n increases (see
points in Fig. 5 marked “max*”). The finite efficiency in QMA
is likely to be associated with the nature of the quenched state
in Eq. (10), where excited states are more likely to remain
in the atomic states than the target molecular state which the
B field sweeps away from the interaction region 1/|k,a| < 1.
A more complete analysis of this topic is beyond the scope of
the present study. For TMA, although one would, in theory,
expect a nearly 100% efficiency as t,, — 00, the results in
Fig. 5, along with those for the atomic losses in Fig. 4, clearly
show that substantial losses will take place well before this
level of efficiency is reached.
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FIG. 5. Fraction of molecules produced as a function of f, for various densities. The dashed curve represents results for TMA, while
solid curves are those for QMA at different dwelling times f4,,. In all cases the initial and final states are characterized by a; = —2ryw
and ay = 100ryq,, respectively. Note that at ¢, = 0, TMA results are identical to those from QMA at ¢, = t3, = 0. (See the text for more
discussions of these results and comparisons). Each panel displays the corresponding values for E, and #,.

In order to better understand the physical aspects deter-
mining the superiority of QMA over TMA we look at the
values of the molecular fraction at t, = 0 in Fig. 5. This
value indicates the quality of the overlap between the initial
state (prior to the B-field sweeping) and the final molecular
state. As shown in Fig. 5, while for TMA and QMA (¢4 = 0)
the molecular fractions are nearly identical, it increases for
QMA with t4y. This result is consistent with the experimental
observations in Ref. [31] and demonstrates that the dwelling
time plays an important role in the state preparation by letting
correlations evolve in the interaction region 1/|k,a| < 1. We
note, however, that for #, > O the sweeping rates implied in
Fig. 5 are, in fact, different. While for the TMA the sweep
rate is ap = |By — Bj|/tsw =~ 26.03 G/tsy, in QMA the rate is
ap = |Bf — Bol|/tsw = 1.51 G/tsy. The slower values for o
thus partially explain the higher molecular fraction obtained
via QMA for a given value of 5, > 0.

In order to make a more direct comparison between the
efficiencies of both schemes we should compare, for instance,
the molecular fractions obtained for sweeping rates that lead
to the same sweeping times within the interaction region,
1/|knal = 1. Now, considering that for TMA one expends
twice the time sweeping in this region than for QMA, we will
seek values of t,, in which a; = ap/2. We note, however, that
since in TMA and QMA the system experiences interactions
differently during the time spent sweeping across 1/|k,a| < 1,

our comparison here can provide only a rough analysis. Our
comparison is shown in Fig. 5. We indicate the molecular
fraction for TMA at t,, = 25t,, by a solid circle, producing
the rate ag = 1.04/¢,. This value should then be compared
to those obtained via QMA at t,, = 2.90¢,, as indicated by
the open circles in Fig. 5. This analysis again demonstrates
that for low densities, as 74y increases, the efficiency of QMA
will surpass that of TMA while still providing a much faster
scheme to associate atoms into molecules.

In order to illustrate the comparative performance of both
association schemes at higher densities and other typical pa-
rameters, Fig. 6 shows our simulations for TMA and QMA
for an atomic density of n = 10'3/cm?. This calculation as-
sociates atoms with a Feshbach molecular state with a =
10rygw and demonstrates again the superiority of QMA in
creating molecules at a faster rate. This result indicates that
QMA provides a vital tool for molecular creation not only
in microgravity but also in typical regimes in ground-based
experiments.

V. CONCLUSION

In this paper we have investigated methods to produce
molecules via magneto-association near a Feshbach reso-
nance, focusing on the low-density regime relevant to the
microgravity environment of CAL. Based on the trends
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FIG. 6. Fraction of molecules produced as a function of t, for
n =103 /cm3. The dashed curve represents results for TMA, while
solid curves are those for QMA at different dwelling times #4,,. In all
cases the initial and final states are characterized by a; = —2ryqw and
ay = 10ryqy, respectively.

discovered in our computations, we conclude that a QMA can
generally be made superior to TMA. Within QMA, we found
that the dwelling time in the interaction region, 1/|k,a| < 1,

allows for correlations to develop, thus providing a much more
efficient scheme for association of atoms in molecules. Our
results show that QMA allows for a much higher association
efficiency (~80%) within considerably faster timescales than
TMA. The higher association rates in QMA allows for further
mitigation of atomic and molecular losses, regardless of the
density regime.

In further studies of molecular production, several more
complicated aspects of the system could be investigated. For
instance, one could introduce dynamically the various loss
processes dependent on scattering length and attempt to opti-
mize molecular production constrained by the loss timescales
in a more rigorous way than presented here. Also, while the
analysis in this study considered purely two-body interactions,
one could extend the analysis by incorporating three-body
effects, which would then have to consider both Rb-Rb-K
and Rb-K-K interactions, as well as the formation of triatomic
Efimov states existing in the system [39].
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