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Zeeman-insensitive cooling of a single atom to its two-dimensional motional ground
state in tightly focused optical tweezers

P. Sompet, Y. H. Fung, E. Schwartz, M. D. J. Hunter, J. Phrompao, and M. F. Andersen”
The Dodd-Walls Centre for Photonic and Quantum Technologies, Department of Physics, University of Otago, Dunedin, New Zealand
(Received 22 October 2016; published 13 March 2017)

We combine near-deterministic preparation of a single atom with Raman sideband cooling, to create a push-
button mechanism to prepare a single atom in the motional ground state of tightly focused optical tweezers. In
the two-dimensional (2D) radial plane, we achieve a large ground-state fidelity for the entire procedure (loading
and cooling) of ~0.73, while the ground-state occupancy is ~0.88 for realizations with a single atom present. For
1D axial cooling, we attain a ground-state fraction of ~0.52. The combined 3D cooling provides a ground-state
population of ~0.11. Our Raman sideband cooling variation is indifferent to magnetic field fluctuations, allowing
widespread unshielded experimental implementations. Our work provides a pathway towards a range of coherent

few-body experiments.
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Complete control over individual atoms is vital for gaining
a better understanding of the microscopic world as well
as enabling new technological pathways. Extensive progress
in laser-cooled atoms, confined in far off-resonance optical
dipole potentials, yields an excellent platform to observe and
manipulate matter at the level of single atoms. This has already
enabled considerable headway towards quantum logic devices
[1,2] and quantum simulations [3,4], as well as providing
detailed insight into microscopic processes whose features
are often hidden in ensemble-averaged measurements. Such
examples are the atomic Hong-Ou-Mandel effect [5,6] and the
emergence of statistical mechanics in a quantum state [7]. The
prospect for further developments in initiating a wide range
of effectively zero-entropy quantum states gives this platform
unprecedented potential for future studies of few-body physics.

A major challenge in the pursuit of this goal is to prepare
atoms in particular quantum states with near-unity fidelity.
In cubic geometry, the BEC to Mott-insulator transition
allows this for sections of optical lattices [8,9]. The flexibility
provided by sets of optical tweezer beams [10,11] makes single
atoms in such an ideal building block for diverse few-atom
quantum states. A number of avenues are being pursued for
the high-fidelity preparation of a single atom in a particular
quantum state. A controlled spill process, utilizing Pauli’s
exclusion principle, allowed for the isolation of small sets
of fermions from a degenerate sample [12,13]. Separating
individual bosonic helium atoms using penning ionization,
prepared individual atoms in the two-dimensional (2D) radial
ground state of optical tweezers with a fidelity of about 0.5.
This was primarily limited by the 50% chance of ending with
no atoms in the tweezers [14]. An alternative approach to
achieving a single atom in the vibrational ground state of
optical tweezers is first to load the atom and subsequently
cool it to its 2D radial [15] or 3D [16] ground state.

In this Rapid Communication, we present a push-button
method to provide a single %°Rb atom in the motional
ground state of an optical trap. The method combines near-
deterministic preparation of single atoms [17,18], with Raman
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sideband cooling [19,20]. We achieve a fidelity of ~0.73
for atoms in the 2D motional ground state of the opti-
cal tweezers. Our Raman sideband cooling scheme uses a
Zeeman-insensitive transition and we show it works efficiently
despite the high number of photon-scattering events required
for optical pumping between the relevant internal states. A
single pair of Raman beams simultaneously cools both radial
dimensions. We obtain the results in an environment where
magnetic field fluctuations would be detrimental to previously
demonstrated Raman sideband cooling schemes [15,16]. After
cooling, the atom is in a state where the long internal-
state coherence time, achievable with magnetically insensitive
transitions [21,22], can be directly harnessed. Finally, we map
the parameters and limitations of the scheme and show that it
can be extended to efficient 3D quantum ground-state cooling.

Raman sideband cooling efficiently prepares an atom in
its vibrational ground state by decoupling the atom from the
cooling light once it reaches this state. Figure 1(a) illustrates
our utilization of this cooling process. The atom is initially
prepared in the |F,mpg) = |3,0) internal ground state while
being in the |n) vibrational state of a harmonic potential with
oscillation frequency w. A pair of Raman beams are tuned to
the stimulated Raman transition to the |2,0) internal ground
state while stepping down the vibrational state to |n — 1). The
atom is then optically pumped back to the original internal state
(13,0)), thus lowering the energy of the atom if the vibrational
state remains |n — 1). The entropy of the trapped atom is
reduced as the spontaneous emission of an optical pumping
photon carries it away. The process will continue until the atom
occupies the |n = 0) level in the |3,0) internal state, where it
is dark for both Raman beams and optical pumping light.

The stimulated Raman transition transfers i Ak of momen-
tum to the atom-trap system, where Ak is the wave-vector
difference of the two Raman beams. The consequent coupling
between final (|m,,m,,m;)) and initial (|n,,n,,n;)) vibrational
states in 3D is represented by the Rabi frequency for the
transition [23]
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FIG. 1. (a) Energy-level diagram showing transitions relevant
to Raman sideband cooling. (b) Top view of the propagation of
Raman beams relative to an atom trapped in the optical tweezers.
(c) Optical pumping transitions where |F = 3,mr = 0) is a dark
state.

Here, Q2 is the Raman coupling parameter between the two
internal states, and R is the position operator. From the Rabi
frequency expression, we see that one can change the vibra-
tional states (n; to m ;) for all three dimensions by using only
a single pair of Raman beams as long as Ak has a projection
on all of them.

In Fig. 1(b), we present the schematics of our Raman
cooling experiment. A strong, linearly polarized, far off-
resonance, dipole trap beam (A = 1064 nm, wy = 1.05 pum)
propagates along the Z direction, and holds an atom at the focal
point. The applied magnetic field (7.5 G in the —\/g)% + %2
direction) defines the quantization axis of the atom in its
internal ground state. Its direction is not aligned with the
polarization axis (%) of the trap beam due to geometric
constraints in our experiment. We use three beams to drive
Raman transitions (denoted RB1, RB2, and RB3, where the
beam peak intensities are 0.5, 1.7, and 2.4x 103 mW/cmz,
respectively). RB1 (RB2) propagates antiparallel (parallel) to
the magnetic field, and both beams are circularly polarized
(o1). RB3 propagates orthogonally to the magnetic field
(along the —\/Lgf + %2 y— %2 direction) and has its linear
polarization perpendicular to it as well (7)), hence it can
drive 0% transitions in the frame defined by the magnetic
field. The Ak of the RB1-RB2 pair thereby has a projection
on X (radial dimension of the trap) and Z (axial), while the
Ak of a RB1-RB3 pair has a projection on the y and £ (radial)
directions. The optical pumping light nearly counterpropagates
with RB3, and is linearly polarized along the quantization axis.

Our cooling scheme uses the |3,0) to |2,0) internal-state
transition which is insensitive to the Zeeman effect to first
order. This means that the transition frequency does not change
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significantly due to the temporal variations in background
magnetic fields that prohibit us from using Zeeman-sensitive
transitions for Raman sideband cooling. Using the Zeeman-
insensitive transition does, however, have the drawback, that
it typically requires a relatively high number of spontaneous
photon-scattering events to optically pump the atom back to
the initial internal state. This presents a problem in the cooling
process, since spontaneous photon scattering is a source of
heating due to the recoil kicks that may change the vibrational
quantum number n [24]. In sideband cooling schemes this
problem is mitigated by the Lamb-Dicke effect that suppresses
the probability of changing n for tightly confined atoms [25].

Figure 1(c) illustrates our optical pumping light which
incorporates two light frequencies matched to the D1 line,
denoted OP1 (resonant with the F = 2 to F’ = 3 transition)
and OP2 (resonant with the F =3 to F’ =3 transition).
The m-polarized optical pumping light causes the atoms to
accumulate in the |3,0) internal state given that the transition
from this state to the |3’,0) excited state is forbidden according
to selection rules. After optical pumping, we measure the pop-
ulation of the |3,0) state to be ~0.99 [26]. We use the D1 line
for optical pumping because the light shifts from the linearly
polarized trap, on both the ground and excited states, are m p
independent. Therefore, the magnetic field defines the quan-
tization axis for optical pumping, even when it is not aligned
with the polarization axis of the trap light. Hence, the |3,0) state
remains dark in the presence of the deep optical trap. Since
the transfer to the |3,0) ground state relies on random changes
of mp and F in the ground-state manifold [see Fig. 1(c)], it
takes an average of ~9.5 photon-scattering events for an atom
to transfer from the |2,0) state under ideal conditions. This
is significantly higher than the few events required when one
uses the maximal m r states, as is conventionally done [15,16].
The high number of photon-scattering events deteriorates the
Raman sideband cooling process if an atom leaves the |3,0)
state for reasons other than undergoing the desired stimulated
Raman transitions. Moreover, polarization pollution and off-
resonant scattering from other excited states dictate that the
|3,0) state will not be completely dark to the OP2 light.
Therefore, during the cooling cycles we intermittently apply
several Raman pulses separated only by OP1 light (OP1
depletes the population in the |2,0) state) between every optical
pumping pulse that contains both OP1 and OP2 frequencies.
This enhances the probability that an atom undergoes a desired
Raman transition while suppressing the likelihood of leaving
the |3,0) state due to the aforementioned imperfections.

We start our experimental sequence by laser cooling
and preparing a single atom in a tight optical trap using
the near-deterministic loading scheme based on engineered
blue-detuned light-assisted collisions [17]. In our present
configuration, the procedure delivers a single atom with
a probability of 83% into a trap with Ax57 MHz depth.
We confirm the presence of the atom using fluorescence
detection [27]. To cool the atom to sub-Doppler temperatures,
we reconfigure the frequency and power of the preparation
laser cooling beams for cooling in the deep optical trap.
The trap depth is then ramped to 2 x 175 MHz, leaving the
single atom with a temperature of 33 K [measured by the
release-and-recapture (RR) technique [28]]. At this stage,
the trap frequencies are {wy,w,,w.}/2m >~ {225,225,36} kHz.
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FIG. 2. (a) Raman sideband spectrum before (black) and after (blue) the sideband cooling, obtained from spectroscopy by using the
RB1-RB3 pair for pulse durations of 90 and 180 us, respectively. The peaks are fitted with Lorentzian functions, with the solid lines showing
the fitted curves. The carrier peak measured using the pulse duration of 40 us is also plotted as the gray data set. The offset in the spectrum
comes from a combination of the spontaneous emission induced by the Raman beams and the efficiency of the internal-state detection. (b),
(c) The transition probability as a function of RB1-RB3 pulse duration at the An = —1 and An = +1 radial sideband peaks before and after
the cooling sequence. The transition probability data off resonance (purple triangles) represent the background level. (d), (e) The transition
probability using the RB1-RB2 pair, for before and after the cooling sequence. Data are fitted with damped cosine functions, with the solid

lines showing the fitted curves.

Soon after, an optical pumping pulse prepares the atom in the
|3,0) state. After Raman pulses, we determine the population
transfer to the |2,0) state by a push-out technique [22] that
allows us to distinguish the populations of the F =2 and
F = 3 ground states (with efficiency of 0.96 for both).

We further characterize the temperature of the atom and
the ground-state population using sideband spectroscopy.
Figure 2(a) shows the Raman spectrum obtained using the
RBI1-RB3 pair after the initial preparation of the atom.
The asymmetry between the height of the An = —1 and
An = +1 sideband peaks (denoted P_; and P, |, respectively)
characterizes the population of the atoms in |[n = 0) because
this state will not contribute to the An = —1 transition. There-
fore, the mean vibrational quantum number in a particular

dimensionisi = % [24]. Following this, we determine

{fix,fiy iz} 2 {2.4,3.0,20) (' = 5% — 59, the direction of
Ak for the RB1-RB3 beam pair) which corresponds to tem-
peratures of {31,37,35} uK, consistent with the temperature
measured by the RR method.

In Fig. 2(a), we also present the Raman spectrum obtained
after 48 Raman sideband cooling cycles, using the same
RB1-RB3 beam pair. The first 24 cooling cycles consist of
three Raman beam pulses (50, 90, and 120 us) separated by
OP1 light, while the rest consist of a single pulse (100 ws).
The An = —1 sideband peak has nearly vanished, while the
An = +1 peak remains, indicating a large atomic population
in the ground state. We chose a Raman detuning corresponding
to the An = —1 and An = +1 sidebands and measured the
transition probability as a function of duration of the Raman
pulse. Figure 2(b) [Fig. 2(c)] shows the result before [after]
the cooling. We see damped oscillations before cooling due
to the fact that the Rabi frequency differs depending on the
|n) initially populated [see Eq. (1)]. After cooling [Fig. 2(c)],
the An = —1 sideband has vanished while the An = +1
sideband shows a coherent Rabi oscillation, showing that only
the |n = 0) state has a large population.

Figures 2(d) and 2(e) reveal that the RB1-RB3 pair
efficiently cools both radial dimensions simultaneously, as

also observed in Ref. [16]. The figures display similar data
to Figs. 2(b) and 2(c) but obtained with the RBI1-RB2
beam pair after RB1-RB3 cooling. We see that the cooling
also leads to a large sideband asymmetry for the RB1-RB2
pair. In Fig. 2(e), the oscillations are still highly damped.
The damping arises since the Rabi frequency of the radial
sideband depends on which axial state is occupied when
Ak has a significant projection onto the axial dimension
(as is the case for the RBI-RB2 pair). This axial-state
dependence can be seen from Eq. (1) which shows that
the Rabi frequency of the radial sideband contains the axial
carrier matrix element (1, | exp(i Ak, R,)|n.). The hi gh number
of axial states occupied therefore leads to a large range
of different Rabi frequencies and the observed damping in
Fig. 2(e) (recall that the axial dimension is not cooled).
This effect was weak in Fig. 2(c) because the RB1-RB3 pair
couples weakly to the axial dimension. From Figs. 2(c) and
2(e), we determine the 7 values by using the data where
the An = +1 transition probabilities are maximal. We find
{n,,n,} ={0.08 +0.05,0.04 + 0.03} with a corresponding
ground-state population of {0.92 + 0.04,0.96 &£ 0.03}. Such
2D cooling occurs if a trap imperfection breaks the radial
symmetry and Ak has a projection on both the resulting axes
while the resulting frequency difference is below the spectral
resolution of the Raman pulses.

We estimate the 2D radial ground-state population from the
ground-state populations measured by sideband asymmetry
using the RB1-RB2 and RB1-RB3 pairs separately. Since the
Ak projections of the two pairs on the radial plane are not
parallel, they can transfer all non-ground-state populations
on the An = —1 transition for both radial axes of the trap.
A lower bound on the 2D ground-state population is thus
0.92x0.96 = 0.88. However, since the Ak of the two pairs are
nonorthogonal, it is likely that the 2D ground-state population
is higher than that. In fact, we saw that the radial symmetry
is broken and the Ak of the RB1-RB3 pair has significant
projections on both radial dimensions, as we can achieve
efficient 2D cooling using this beam pair alone. Therefore, the
ground-state population measured by the RB1-RB3 pair (0.96)
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FIG. 3. Measured postcooling 7 as a function of the number of
cooling cycles. The blue line is a fit with a simplified model described
in the text.

represents an upper bound of the 2D population. Similarly, the
upper bound from the RB1-RB2 pair is consistent with the
RB1-RB3 pair value, within the statistical error.

In Fig. 3, we characterize the sideband cooling scheme
through the evolution of 7 after a different number of cooling
cycles with the RB1-RB3 pair. The blue line is a fit with
a simplified model that assumes the change of energy (in
units of /iw) per cooling cycle « is independent of n, except
for the ground state, where «(0) = 0. In this model, we
further assume an initial thermal population distribution with
temperature 7 and calculate the ground-state population
after a given number of cooling cycles c. Consequently,
we get 1 = {expliw(ac + 1)/(kgT)] — 1}~! by assuming a
Maxwell-Boltzman distribution. The fit gives « ~ 0.15, which
is lower than its ideal value of 0.5 for 2D cooling. Since the
Rabi frequency depends on the vibrational excitation number
[see Eq. (1)], when the atomic population occupies different
|n) states, only a portion of the vibrational excited population is
transferred in a An = —1 transition with a given Raman pulse
duration. This prevents « from reaching the 0.5 bound. Hence,
the measured o value indicates that the cooling is efficient
despite the high number of photon-scattering events required
for optical pumping.

To extend our cooling to 3D, we added axial cooling using
the RB1-RB2 beam pair. In our experiments so far, we measure
the 3D ground-state population to be ~0.11. In our current
geometry, the atomic confinement in the axial dimension is
relatively weak (w,/2m is 36 kHz); it follows that the axial
motion of the atom is not deep in the Lamb-Dicke regime
(Lamb-Dicke parameter of n ~ 0.32), and therefore it is likely
that n, changes during the optical pumping stage [16]. To
identify the requirements needed for efficient 3D cooling, we
measured 71 after RB1-RB3 beam pair cooling, as we varied
the trap frequency. Figure 4(a) presents the results alongside
an additional point obtained using axial cooling (in red).
Additionally, we investigated the effects due to the scattering
of optical pumping photons. To quantify the performance of
the optical pumping we use a ratio between ry, (the rate of
pumping the atoms into the |3,0) state due to OP1 and OP2)
and roy (the rate of pumping the atoms out of the |3,0) state
due to OP2). Ideally, this ratio should be as large as possible,
indicating the least number of photon-scattering events during
optical pumping.
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FIG. 4. Measured 71 as a function of parameters. (a) 71 as a function
of w/(2m) after 24 cooling cycles with triple Raman pulses. Black
points represent cooling on the r’ dimension with varied w while the
red point was obtained by cooling on the Z axial dimension. (b) 7z, as
a function of ry, /oy ratio after 20 axial cooling cycles.

We varied the rj,/roy ratio by tuning the magnetic field
direction, and show the effect of this on 7, after 20 axial
cooling cycles in Fig. 4(b). Figure 4 indicates that our 3D
ground-state population could be significantly enhanced by
increasing the axial frequency to surpass 100 kHz, while a
gain from further optimization of the optical pumping would
be marginal. In our apparatus, we could access w, /2w above
100 kHz by changing the dipole trap wavelength to 850 nm,
yielding a smaller spot size.

The Zeeman-insensitive ground-state cooling works con-
sistently, despite magnetic field fluctuations within the experi-
mental region. These fluctuations cause tens of kHz broadening
of magnetically sensitive ground-state Raman transitions,
which prohibits the use of Zeeman-sensitive states. Our Raman
sideband cooling variation can therefore be implemented
in existing nonshielded experiments. Furthermore, cooling
by using the magnetically insensitive transitions avoids the
internal-state decoherence from using a nonparaxial trap beam
[15] and from motion in spatially varying trap light shifts
[29]. The high-fidelity preparation increases the possibilities
for studying few-body dynamics. Following that, the fidelity
of our system could be further enhanced if we optimize the
probability for single-atom occupancy before cooling. This can
be done by variations of our presently used near-deterministic
loading scheme [17,18], or through applying atomic sorting
[10,11,18] to refill the zero occupancies from a reservoir. An
alluring option will be to use 8’Rb atoms, which could provide
a better cooling efficiency as the atoms have a lower number of
internal ground states (~5.7 photon-scattering events required
for the optical pumping stage).

To conclude, we have accomplished a demonstration of
magnetically insensitive Raman sideband cooling of neutral
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atoms, and combined it with the near-deterministic preparation
of single atoms. By applying this cooling scheme in an
environment with significant magnetic field fluctuations, we
achieved efficient cooling in the radial plane by using only one
pair of Raman beams. Our cooling scheme variation yielded
a 2D ground-state population of ~0.88 when a single atom
is present. This push-button method provides an appreciable
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fidelity of ~0.73 for single atoms in the 2D radial vibrational
ground state of optical tweezers.
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