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We propose a cooling scheme for realizing single-photon sideband cooling on particles trapped in a state-
dependent optical potential. We develop a master rate equation from an ab initio model and find that in
experimentally feasible conditions it is possible to reduce the average occupation number of the vibrational
levels in one dimension by more than 90% by applying a frequency sweep on the cooling laser that sequentially
cools all the motional states. Notably, this cooling scheme works also when a particle experiences a deeper trap
in its internal ground state than in its excited state, a condition for which conventional single-photon sideband
cooling does not work. In our analysis, we consider two cases: a two-level particle confined in an optical tweezer,
and Li atoms confined in an optical lattice, and we find conditions for efficient cooling in both cases. The results
from the model are confirmed by a full quantum Monte Carlo simulation of the system Hamiltonian. Our findings
provide an alternative cooling scheme that can be applied in principle to any particle, e.g., atoms, molecules, or

ions, confined in a state-dependent optical potential.

DOI: 10.1103/PhysRevResearch.3.043106

I. INTRODUCTION

Optical potentials are widely used for confining and con-
trolling particles such as atoms [1,2], molecules [3,4], and,
more recently, ions [5,6]. Individual particles can be reliably
isolated and arranged in optical potentials, resulting in ensem-
bles that represent a hardware for quantum computation and
quantum simulation. Celebrated examples are optical lattices
[7] and arrays of optical tweezers [8], in which the spatial
ordering of the particles can be precisely controlled.

In all these applications, particles must be efficiently
cooled in order to increase their lifetime, observe quantum
effects arising at low energies, and reduce the effects of
decoherence. Laser cooling of particles confined in optical
potentials is particularly challenging, since the trap depth is
typically comparable to the Doppler temperature associated
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with the laser cooling transition of most atomic elements.
Therefore, in order to reach lower temperatures, sub-Doppler
cooling techniques are employed, e.g., sideband cooling [9].

Sideband cooling is based on the selective laser excitation
of motional quantum states of a trapped particle [10]. This
is possible when the energy separation between the motional
levels is larger than the recoil energy associated with the
cooling transition, a condition that is fulfilled in the so-called
Lamb-Dicke regime. In this regime, the particle excitation
spectrum exhibits sidebands, each of which is associated with
the transfer of an integer number of motional quanta from the
light field to the particle. Sideband cooling is achieved when
one or more lasers addressing a cooling transition are used
to excite a sideband associated with a lower motional state.
After the excitation, dissipation is realized by the spontaneous
emission of a photon to the internal ground state. Remarkably,
sideband cooling can reduce the particles’ motional state well
below the Doppler limit: e.g., in the case of ions in radiofre-
quency traps, a ground-state occupation larger than 99.9% has
been achieved [11].

However, with respect to its realization on ions in ra-
diofrequency traps, sideband cooling of particles confined
in an optical trap has an additional complication: the opti-
cal potential is proportional to the complex polarizability o
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associated with the particle’s state [12], and therefore the
potential experienced by the particle in the two levels of the
cooling transition is in general different. When this is the case,
the resonant frequency for the cooling transition is dependent
on the particle motional state, thus a particle can be resonant to
different laser frequencies depending on its kinetic energy. A
possible solution to this problem is to use optical potentials
at “magic” wavelengths, so that the polarizabilities of the
ground state o, and of the excited state , are equal. However,
these “magic” wavelengths can be, depending on the particle,
at inconvenient values for their practical realization in an
experiment. An alternative strategy is to perform sideband
cooling by using two-photon Raman transitions, so that the
levels used for sideband cooling can be two sublevels (e.g.,
hyperfine or Zeeman) of the electronic ground-state manifold
[13]. However, this scheme requires the use of several wave-
lengths, whereas a single-photon sideband cooling remains a
desirable solution for efficiently implementing laser cooling
in optical traps.

Theoretical models of sideband cooling in and out of the
Lamb-Dicke regime have been rigorously developed for both
atoms and ions [14-16]. A more general model including
the case in which the optical trapping potential depends on
the internal state of the trapped particle has also been devel-
oped [17]. In this study, the authors point out that cooling
mainly originates from the difference in the potential energy
accumulated during the motion by a particle in the internal
ground or excited state, i.e., a “Sisyphus-like” effect that is
independent from the momentum transfer between the parti-
cle and the photons. The authors conclude that cooling can
occur only in case o, < @, in which the Sisyphus effect is
dissipative. However, this limitation puts a strong bound for
the experimental implementation of the optical potential. A
recent experimental study [18] observed that, in the case of
ag > ., cooling is still possible using a laser blue detuned
with respect to the free atom transition frequency. Cooling
is obtained by realizing a “Sisyphus cap”, i.e., a condition
in which a laser is resonant to the cooling transition when
the particle has potential energy E.,,. As a result, a particle
with energy E < Eyp is cooled, and a particle with £ > E¢,,
is heated up and eventually lost from the trap. However, this
process causes losses that affect the efficiency of the cooling
scheme.

In this work, we propose a scheme for implementing
single-photon sideband cooling in optical traps that surpasses
current limitations by making it possible to cool particles
in any optical potential, and in particular for oy > a,. This
scheme is based on sweeping the frequency of the cooling
laser that ensures the cooling of all motional levels, lead-
ing to a final energy close to the potential ground state.
We provide a full quantum treatment of the cooling pro-
cess, and we show its performance within the two-level
system (TLS) approximation by considering two systems
having the masses and transition linewidths of Li and Yb.
This allows us to simulate the cooling process on particles
having considerably different characteristics. Additionally,
we present a possible experimental implementation of the
cooling process considering Li atoms trapped in an opti-
cal lattice, in which we take into account the contributions
from all the levels of the Li hyperfine manifold. We ver-

ify the results of our analytic model by using a quantum
Monte Carlo numerical simulation, and we find excellent
agreement.

This paper is organized as follows. In Sec. II, we develop
the mathematical model for sideband cooling of atoms trapped
in a nonharmonic potential with a state-dependent depth. In
Sec. III, we present a numerical investigation of the model
within the two-level system approximation by considering Li
and Yb atoms loaded in a single dipole trap with a Gaussian
intensity profile (optical tweezer). In Sec. IV, we investigate
sideband cooling of Li atoms loaded in an optical lattice by
addressing the D1 transition and by considering the whole
multilevel structure of both electronic ground and excited
states.

II. THE MODEL

Let us consider a two-level particle with a transition
linewidth y confined in a one-dimensional (1D) optical po-
tential V that is most generally dependent on the atomic
polarizability of the particle’s internal state. The particle
is coupled to a near-resonance cooling laser propagating
along the z-axis, with electric field E; = € E(()C) cos(kcz — wct),
where € is the light polarization, Eéc) is the field amplitude, k.
is the laser wave vector, and . is the laser frequency. In the
direct coupling formalism, the system Hamiltonian is written
as

H=Hy+V —d-E, 1)

where d is the dipole operator, and Hj is the Hamiltonian of
the free particle. For the moment, the only assumption that
we make on the optical potential V is that it is a continuous
and differentiable function, e.g., an optical lattice or an optical
tweezer. We also assume that the Hamiltonian in Eq. (1) is
separable, so we can reduce to the one-dimensional problem
(along the z-axis) without loss of generality. To fully quantize
Eq. (1) in one dimension, we introduce the basis {|i, n;)} =
|i) ® |n;), where the index i = g, e indicates the ground and
the excited internal state of the particle, respectively, and n; =
1, ..., nimax indicates the particle motional level, where n; nax
is the last bound level of the potential. The states {|n;)} are
eigenstates of V.

Working in this basis, the fully quantized form of Eq. (1) is
given by

how,
H = Z (Eg,ng + T) g, ng) (g ng|

how,
+) (Em - 7>|e, me) (e, me|

hQ

+ 2 Z [Min, 1,18, ng) (e, me| + Hoc.], )

where € = (e|ld - Ec|g) is the Rabi frequency, M, ,, =
(ngleikﬂzlme), and E;,, (E.m,) is the energy of the particle
in the ground (excited) internal state and the n, (m,) level

of the optical potential. We note that in writing Eq. (2),
we performed the rotating-wave approximation and we are
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considering a transformed wave function rotating in the same
frame of the cooling laser.

To take into account the spontaneous emission, which it-
self may cause changes in the TLS motional state [14], we
introduce the Lindblad operators

Lme,ng =V )/mt,.ng|gy ng> (ev me|’ (3)

with rates Yme.ng given by

y +1 oA
Yo, = / NG e )
The integration over u averages over all possible direction
of the emitted photon wave vector k weighted by the dipole
emission angular distribution N (u) = 3(1 + u?)/8. For u =
41 the photon is emitted along the z-axis, and in this case
the momentum transfer is maximal. On the other hand, u = 0
indicates a photon emitted orthogonal to the z-axis, and no
change in the motional state along the z-axis occurs.

The system dynamics is described by the Lindblad equa-
tion

. ; 1
p=—ilH.pl+ ) LipL = S{LiL;. p}.
J

where p is the density operator, and j = (ng, m,) runs over all
bound state indices.

It is possible to obtain a master rate equation describing
the occupation of different bound levels by performing an
adiabatic elimination of the excited states. The condition for
performing the adiabatic elimination is that the coupling be-
tween ground and excited states is weak, i.e., the natural decay
dynamics must be much faster than any other dynamics of
the system [19], resulting in a small occupation of the excited
state. In the sideband cooling model developed by Stenholm
etal. [15]—for which the potential experienced by the particle
is independent from the particle’s internal state—this require-
ment is satisfied for the sidebands in the Lamb-Dicke regime,
i.e., if n « 1, where n = apk. is the Lamb-Dicke parameter
and ao is the spatial extension of the lowest bound state of
the potential. However, as pointed out by Taieb ez al. [17],
the Lamb-Dicke condition is not sufficient for performing the
adiabatic elimination if the trap potential depends on the TLS
internal state, as in this case the additional requirement of
a low intensity of the cooling laser, i.e., /y <« 1, must be
verified. Under this assumption, we can adiabatically elimi-
nate the excited states following the procedure presented by
Reiter and Sgrensen [20], and decouple the diagonal and the
off-diagonal terms of the density matrix. The resulting rate
equation for the trap populations IT,,, = (g, n,|plg, n,) is

H”.e == Z |Vm¢,hg| |M”g’m¢ ’ F((Smh”g) H”g
me,hg

2 r ((Snu,llg)) th ) (4)

+2 (Z | Voo, | [ Miam,
hyg m,

where we have introduced the scattering rate function I'(§) =
(/27°/(8* +y*/4) and the detuning &8, = (Eem, —
Eg,ng)/h — Q.

The first, negative term on the right-hand side of Eq. (4)
represents the loss of population from the state |g, n,) due

to transitions to the excited states |e, m,) followed by spon-
taneous decay to |g, hg), while the second term represents
the increase of the |g, ng) population due to an absorption—
spontaneous-emission cycle starting from the |g, k) level.

The matrix elements M,, ,, can be approximated, in the
Lamb-Dicke regime n < 1, as

(njle"|mi) & Ly, +in [(m + D) Dty + 1 L1, ]

where 1, ,, = (n;|m;) are the overlap integrals of the spatial
wave functions of the particle in the excited |m;) and ground
|n;) internal levels. In our analysis, we compute these integrals
numerically. Equation (4) can be written as a matrix first-order
differential equation

MN=A.1,

where A is the coefficient matrix and IT is the column vector,
the elements of which are the populations I, . If A is time-
independent, the general solution is a linear combination of
eigenvectors of A. In general, since the coefficients appearing
in Eq. (4) are not time-independent, one may take a dense par-
tition of time and approximate A as constant over each (small)
time interval. Finally, the solution is given by diagonalizing A
over each time interval, thus approximating the actual solution
with a step function.

To generalize the model to a multilevel system, in partic-
ular to the hyperfine structure of an atom, we introduce the
quantum numbers F' and mp representing hyperfine levels
in the ground state, and F’ and m} for the excited hyper-
fine states. Then one can perform the following substitutions
in Eq. (4): ng — (F, mp, ng), m, — (F', mp, m,), and hy —
(F", my, hy), where F” and mj, are quantum numbers indi-
cating a ground hyperfine state different from F' and mp. Note
that in general, the spontaneous emission rate and the Rabi fre-
quency will also depend on the particular (F, mp), (F', mp)
combination considered [21].

As we already pointed out, the motional energy spectra
of a particle in the ground and in the excited states are in
general different. Thus, the detuning (with respect to the un-
perturbed transition) of carrier and sideband transitions will
generally depend on the initial motional state [22] and will
spread out over a large frequency range, as shown in Fig. 1.
This suggests that, as predicted by Ref. [17], in the case of
ag > a,, cooling with a single laser frequency is inefficient,
since a laser resonant to the red sideband of the nth level
will scatter mainly photons from the blue sideband of the
Ith levels with / > n, causing heating. However, in the next
two sections we will demonstrate that efficient cooling can
be restored when the model includes a linear sweep of the
cooling laser frequency, w.(t). The frequency of the cooling
laser, initially resonant with the free-space atomic transition,
is swept toward larger detunings in order to sequentially cool
the lower energy levels. In this way, the laser scans all the
red sidebands starting from the high-energy motional levels
down to approximately the ground state, thus favoring the
cooling of the largest possible number of atoms. All presented
simulations are one dimension. In the simulation presented
in Sec. III, the simulation axis corresponds to the transversal
axis of the optical tweezer, while for the simulation presented
in Sec. IV the simulation axis is the longitudinal axis of the
optical lattice.
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FIG. 1. Sketch of the spectrum of a particle confined in a state-
dependent optical potential. Different atomic polarizabilities result in
different trap depths for the ground and the excited states (left draw-
ing, the case «, > «, is shown). As a result, the excitation spectrum
depends on the motional state of the particle (right plot, only carrier
and first sideband transitions are shown). In this scenario, a laser
resonant with the carrier transition n = 2 — n’ = 2 (represented by
the arrows) will excite mainly the particle’s blue sidebands for n > 4
(blue regions of the spectrum) and red sidebands for n < 3 (yellow
regions of the spectrum).

II1. SIDEBAND COOLING IN OPTICAL TWEEZERS

We consider the case of two different TLSs, having the
transition frequencies and the masses of Li and Yb. We
choose these atomic species as they have considerably dif-
ferent atomic linewidths and nuclear masses, thus making
it possible to study the cooling process under different but
still experimentally feasible conditions. With respect to Yb,
the two-level approximation is particularly well suited for the
bosonic isotopes for which there is no hyperfine splitting. For
what concerns the Yb case, we consider an optical tweezer im-
plemented with a single laser beam at 532 nm with a waist of
700 nm and 25.8 mW power, resulting in a trap depth of Vj, , =
2.1 mK for the 'S ground state and V. = 1.7 mK for the 3P,
state. Cooling is performed on the 'Sy — 3P intercombination
line having a linewidth of 27 x 182kHz. In the case of Li,
we consider an optical tweezer realized with a laser of wave-
length 1064 nm, waist 700 nm, and 47.5 mW power, resulting
in trap depths Vp o = 3.7mK and V5, = 2.6 mK for 251/2 and
’Py 2, respectively. We consider the %51, — 2P 2 D1 line as
the cooling transition, having a linewidth of 27 x 5.8 MHz.
The depths of these traps were chosen such that for both atoms
the ground-state Lamb-Dicke parameter 7, is equal to 0.2. The
traps’ waist and power are comparable with the parameters of
experiments with optical tweezers reported in the literature
[23,24]. Furthermore, we note that for both atomic species the
equivalent harmonic trapping frequency wy is smaller than the
transition linewidth y. We simulate the cooling process by nu-
merically integrating Eq. (4) while the cooling laser frequency
is slowly changed linearly in time and the laser intensity is set
to 0.1 Iy, where gy is the saturation intensity of the cooling
transition. The calculation was truncated to the first 60 bound
levels of the optical potentials, as for higher energy levels the
calculation of the particle wave function becomes computa-
tionally demanding. To have a non-negligible population in
the energy levels that were computed, we considered for the

20
£ 101
0 : } }
0 1000 2000 3000 4000 5000
nayt

FIG. 2. Average occupation number as a function of time during
sideband cooling of Yb (blue solid line) and Li (red dashed line).
The data are obtained by numerical integration of Eq. (4). The blue
squares and the red triangles indicate the results from a quantum
Monte Carlo simulation for Yb and Li, respectively. The time axis
has been scaled by the sideband scattering rate 7751/ [15]. The inset
shows the occupation probability of the lowest bound levels after
cooling of Yb (blue bars) and Li (red hatched bars).

initial state a thermal distribution with an average occupation
number of 60, corresponding to a temperature of 0.4 mK for
Yb and 2.6 mK for Li. The distribution was then truncated to
the first 60 levels and normalized to 1.

In a first simulation, we calculate the mean particle’s mo-
tional number (n(t)) after performing a sweep of the cooling
laser. The results of the simulation are reported in Fig. 2. We
observe that the average occupation number is reduced over
time for both Li and Yb atoms until the particles reach a steady
mean energy level. The ground-state occupation after the laser
sweep is 80.0 % for Yb and 34.6 % for Li, and the energy
reduction is 98.2 % and 92.0 % for the two species, respec-
tively. The sweep durations are 110 ms for Yb and 3.4 ms for
Li, corresponding in both cases to ngyt = 5000. The sweep
start frequency corresponds to the red sideband of the least
bound state considered, while the sweep stop frequency is
optimized in order to avoid resonant heating that is triggered
once the |g, 0) — |e, 0) carrier frequency is excited. In spite
of the fact that the product between the red sideband linewidth
nf,y and the laser sweep time are kept equal in the simulation,
the dynamic behavior of the occupation number of Yb and
Li is qualitatively different. In particular, Li atoms reach the
minimum attainable energy after approximately 1/3 of the
sweep time. We attribute this discrepancy to the different
values of the ratio wr /y, which are 0.57 and 0.126 for Yb and
Li, respectively. The occupation probability distribution after
the cooling process is a thermal distribution (see the inset of
Fig. 2), and the associated temperatures are 4.3 and 114 uK
for Yb and Li, respectively, corresponding to a mean motional
number in one dimension of (n) = 2 for Li and (n) = 0.3 for
Yb. We note that these values are comparable or lower than
the typical mean motional number that can be reached via
conventional laser cooling or gray molasses cooling in optical
tweezers [25,26].

To validate our results, we performed a full quantum Monte
Carlo simulation using Egs. (2) and (3). The simulation is
implemented using the QUTIP framework [27]. The laser
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Before cooling After cooling
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FIG. 3. Wigner quasiprobability distribution before and after
cooling of Yb. Vertical axes have been scaled for better visualization.

sweep is accounted for by changing w. — w.(t) in the system
Hamiltonian. The initial quantum state of each particle is
randomly selected with weights given by the initial occupa-
tion distribution of the trap levels. We do not simulate the
center-of-mass motion along the weakly confining axis of the
tweezer. With the previously indicated trap and sweep pa-
rameters, the resulting dynamical behavior of the occupation
number averaged over 250 trajectories is shown in Fig. 2. We
observe a reduction of the particles’ motional energy, with a
dynamics that qualitatively agrees with the numerical solution
of the master rate equation. In particular, the final mean oc-
cupation number of the ground-state potential is in excellent
agreement with the solution of the master rate equation. We
note that the Monte Carlo simulation is performed directly on
the Hamiltonian (2), and therefore it does not require the adia-
batic elimination of excited states. Figure 3 shows the Wigner
quasiprobability distribution before and after the cooling pro-
cess in the case of Yb atoms. We find that initially the atom
is broadly spread in phase space (Fig. 3, left plot) indicating
a relatively hot particle. At the end of the laser sweep, the
distribution in the phase space is compressed near the origin
(Fig. 3, right plot), showing a reduction of particle momentum
and occupied positions, thus demonstrating the cooling of the
particle’s motion. This final distribution has a Gaussian shape,
and it is similar to the occupation probability of a Fock state
with n = 0. Both distributions are centered on the origin, as
expected for a particle in a symmetric potential. Using the
computed Wigner function, we observe that the variance of
position and momentum of the particle reduces linearly during
cooling (not shown), which might indicate that the cooling
process could be optimized by using a nonlinear sweep, e.g.,
by using optimal quantum control [28]. The efficiency of the
cooling process is strongly dependent on the choice of the
experimental parameters. Therefore, we study the resulting
occupation number as we vary different parameters: the trap
depth, the difference in polarizability, and the cooling laser
frequency sweep time. Figure 4 shows the mean occupation
number after cooling for different values of the Lamb-Dicke
parameter 7,, which is changed by varying the trap depth.
As a result, also the ratio wr/y is varied (top x-axis). We
find that the cooling efficiency is considerably reduced when
ng is increased, as expected since the motional sidebands are
less resolved when the condition for the Lamb-Dicke regime
is relaxed and the ratio wr/y is increased. The reduction in

wr /vy
2.22 0.59 0.24 0.14
8T ) ' //""
//’/
6} s
= 4 7
2 ____—o-”'/ T
0 /
0.1 0.2 0.3 0.4
Mg

FIG. 4. Average occupation number after the frequency sweep
of the cooling laser as a function of the ground-state Lamb-Dicke
parameter for Yb (blue solid line) and Li (red dashed line). The x-
axis above the plot reports the values of the ratio wy/y for Yb; the
corresponding values for Li can be obtained by rescaling the axis by
the ratio of the atomic linewidths. Solid dots indicate the parameters
used in the simulations of Fig. 2. Different values of 7, are obtained
by changing the trapping laser power.

cooling efficiency is more pronounced in the case of Li. We
attribute this to the fact that the wy /y ratio is far smaller for Li
with respect to Yb due to the different atomic linewidths. The
difference in polarizability determines the difference between
the trap depths experienced by an atom in the ground or in the
excited internal state. Therefore, this quantity determines the
spread of the sidebands’ transition frequencies. As the energy
difference between the carrier and the sidebands increases,
the coupling strength between levels with a different motional
state decreases, resulting in a lower efficiency of the cooling
process. By artificially changing the atomic polarizability of
the excited state, we explore how the occupation number after
the laser sweep depends on the difference in polarizability
Ao = (a, — ag)/(at, + o). The results of this simulation are
shown in Fig. 5. As predicted, the farther away the system is
from the magical trapping condition, the lower is the cooling
efficiency. Cooling of Yb is more efficient than that of Li
except for the region where Ao < —0.3, in which the two
curves cross each other. We attribute this effect to the different
linewidths y of the cooling transitions. In fact, while the
frequency of a harmonic trap scales with m~'/2, in this spe-
cific case the ratio between the cooling linewidths yz;/yyp is
larger than the scaling factor of the harmonic trap frequencies
(my;/myp)'/?. As a consequence, with respect to the cooling
transition linewidth, the transitions |ng) — |m,) for different
values of |ng) are resolved in Yb atoms at a value of |Ac|
lower than in Li atoms, resulting in a worsening of the cooling
efficiency. In support of this interpretation, we performed a
separate simulation in which we arbitrarily set the linewidth
of the Li cooling transition equal to the Yb one. We found
that an increase of |Aw«| results in an increase of the mean
occupation number (n(t)) that is larger for a lighter particle,
as expected from the scaling of the harmonic trap frequencies.
In the analysis of Fig. 5, we also note that for Li cooling is
more efficient when A« is slightly smaller than 1. We attribute
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—0.2 —0.1 0.0

Ao

—0.3

FIG. 5. Average occupation number after cooling as a function
of the difference in polarizability A« for Yb (blue solid line) and Li
(red dashed line). Ao = 0 implies a magic trapping condition, while
negative values are associated with a trap for which a particle in its
internal ground state is more bound than a particle in the excited
state. Solid dots indicate the parameters used in the simulations of
Fig. 2. Different values of A« are obtained by changing the atomic
polarizability for the excited state only.

this effect to the relatively large value of the y /w, ratio in
Li, which results in a non-negligible excitation of the carrier
transitions during the cooling process. This effect is reduced
if A <0, since this causes a small mismatch between the
transition frequencies |ng) — |m,) for different values of n,.
Finally, Fig. 6 shows the cooling efficiency as a function of the
frequency sweep duration when the start and stop frequencies
are kept constant. A thresholdlike effect is observed if the laser
sweep time is gradually reduced. We attribute this to the fact
that, if the laser spends insufficient time at resonance with a
given sideband transition, there will be a reduced population
transfer between bound levels, which limits the reduction of
vibrational quanta.

0.2 0.4 0.6
pp— = ’ ’
\
\\
3" \\\
§ 2d T
1..
0 : =

25 50 75 100 125 150
Tsw [ms]

FIG. 6. Average occupation number after cooling as a function
of the sweep duration T, for Yb (blue solid line) and Li (red dashed
line). The lower (upper) axis indicates the sweep duration for Yb
(Li).
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FIG. 7. Average occupation number of Li atoms in the F = 3/2
(red dashed line) and F' = 1/2 (blue dotted line) states as a function
of time. The black solid line shows the average of the hyperfine
levels. Inset: internal levels of the electronic ground state of ®Li. The
arrows indicate the transitions that were used in the simulation.

IV. SIDEBAND COOLING OF LITHIUM IN
AN OPTICAL LATTICE

We now consider the case of fermionic Li atoms trapped
in a one-dimensional optical lattice, taking into account the
complete hyperfine structure of Li. Li atoms in an intense
optical lattice are a physical system for which Raman side-
band cooling has been extensively studied, e.g., in quantum
gas microscope experiments [29,30]. In our simulation, we
consider the potential created at the center of a Fabry-Pérot
optical cavity with finesse F = 17000, a resonant mode of
waist 116 um, and a coupled laser of wavelength 1064 nm
and power 300 mW. We study the case of a cavity-enhanced
optical lattice rather than other configurations, since reach-
ing the Lamb-Dicke regime is more feasible using a high
finesse optical resonator. The Y 2 and P, /2 levels experience
a trapping potential depth of 8900E... (17.4 mK) and 6300E,..
(12.3 mK), respectively. The trapping laser polarization is par-
allel to the quantization axis (r-polarized) [31]. Under these
assumptions, the lattice potential can be written as

Vi(z) = Vj cos* (ky2), S

where k; = 21 /A is the wave vector of the optical lattice at
wavelength Ay, and V{ is the trap depth experienced by an
atom in the ground (i = g) or the excited (i = e) state. For a
particle moving in a potential as in Eq. (5), the energy levels
and the corresponding wave functions are the solutions of a
Mathieu equation [32]. We compute the initial trap bound
level populations by assuming that the atoms are instanta-
neously transferred to the trap bound states from an initial
free-particle state assumed to be a Gaussian wave packet of
size ~1 mm and temperature 40 uK, corresponding to the
temperature that can be reached with Li in a gray molasses
[33]. The resulting distribution is peaked near the lowest en-
ergy levels with a tail extending toward higher-energy bound
states. The initial average occupation number is ~22.7. We
initialize all hyperfine levels with equal population, i.e., the
atomic cloud is not in a polarized state. We consider the
case of a low magnetic field for which the interactions can
be neglected, and for which most hyperfine states are nearly
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FIG. 8. Final average occupation number as a function of the
atoms’ position along the trap radial axis x. The dashed line indicates
the initial average occupation number. The x-axis is in units of the
trap laser waist wy. Due to the reduction of the trap depth out of
the central region, only atoms near the center of the potential are
efficiently cooled.

degenerate. Since the frequency spread of carrier and side-
band transitions is comparable with the hyperfine splitting, a
single laser frequency can cause cooling in some hyperfine
levels while causing heating in others. Considering also the
different line strengths of different hyperfine transitions, we
find that the system can be efficiently cooled by using three
laser frequencies (the addressed transitions are shown in the
inset of Fig. 7) swept together. The light detunings with re-
spect to the fine-structure D, transition of lithium are set to
8o from —67.35 MHz to —12.65MHz, §; from —93.45 MHz
to —38.75MHz, and §, from 160.8 MHz to 215.5 MHz. We
numerically solve the rate equation and compute the average
occupation number (F, mg, ng|I1F ;. n, (1)|F, mp, ng) for each
hyperfine state. Results are shown in Fig. 7. We note that
the curves corresponding to hyperfine states with the same
F number are nearly identical. The final occupation num-
ber (averaged over different hyperfine levels) is 1.53, with a
corresponding ground-state occupation probability of 28.3%.
Given these sweep detunings, at higher magnetic fields we
observe that cooling is no longer efficient for some of the
hyperfine states, in particular when the magnetic field is in-
creased over 20 G. The bound levels’ energies (and thus the
sideband transitions) are also dependent on the radial position
of the atom in the optical trapping potential. Generally, in
an atomic cloud confined in an optical lattice, the atoms do
not lay exactly on the trap axis where the potential depth is
maximal. To estimate the effects of the radial distribution of
a particle within a single lattice site, we simulate the cooling
process of an atom displaced at a distance x from the trap axis.
Figure 8 shows the results of this simulation, in which we
use the same sweep parameters as before. Due to the differ-
ent bound state configuration, the laser sweep can only cool
efficiently the atoms located near the trap axis, while atoms
located at a distance greater than >10% of the trap waist will
experience heating. Assuming that the radial density of the

atomic cloud follows a Boltzmann distribution, we calculate
for an initial temperature of 7 = 40 K a width of the radial
density distribution of approximately 10 um, i.e., 8.6% of
the optical lattice laser waist. Therefore, under these realistic
conditions, cooling is not affected by the finite size of the
atomic cloud.

V. CONCLUSIONS

We have presented a cooling scheme based on single-
photon sideband cooling of trapped particles in a nonharmonic
optical potential with a state-dependent trap depth. The
scheme makes use of a linear frequency sweep of the sideband
cooling laser, and we find that efficient cooling is also possible
in a trap for which a, > a,, i.e., for which a particle in its
ground state is more bound than in its excited state. Notably,
in this condition single-photon sideband cooling with a laser
at a fixed frequency was demonstrated to be impossible. We
simulated the dynamics of a particle by introducing a master
rate equation model, and by performing a quantum Monte
Carlo simulation of the system Hamiltonian. We have first
considered the case of two different TLSs (with the masses
and linewidths of Yb and Li) confined in an optical tweezer.
Simulations show that it is possible to considerably reduce the
average occupation number of the motional state to a value
close to the ground state. We have also presented a possible
experimental application of sideband cooling of fermionic Li
trapped in a cavity-enhanced standing-wave optical lattice.
Numerical results show that with three lasers swept in fre-
quency in a range of a few tens of MHz, it is possible to reduce
the average vibrational number to a fraction of its initial state
in a few ms.

This general model suggests that similar results can be ob-
tained using different trapping schemes and different atomic
systems. Moreover, the efficiency of the cooling scheme might
be further increased by using nonlinear sweeps, e.g., by mak-
ing use of optimal quantum control routines. Our work is
relevant for all experimental realizations of optical trapping
of particles like atoms, molecules, and ions, and in particular
in experiments of quantum simulation and computation, for
which cooling of the atomic sample is essential.

The data underlying the results presented in this paper are
available in Ref. [35].
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