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Laser-cooled atoms coupled to nanophotonic structures constitute a powerful research platform for the
exploration of new regimes of light-matter interaction. While the initialization of the atomic internal
degrees of freedom in these systems has been achieved, a full preparation of the atomic quantum state also
requires controlling the center-of-mass motion of the atoms at the quantum level. Obtaining such control is
not straightforward because of the close vicinity of the atoms to the photonic system at ambient
temperature. Here, we demonstrate cooling of individual neutral cesium atoms that are optically interfaced
with light in an optical nanofiber, preparing them close to their three-dimensional motional ground state.
The atoms are localized less than 300 nm away from the hot fiber surface. Ground-state preparation is
achieved by performing degenerate Raman cooling, and the atomic temperature is inferred from the
analysis of heterodyne fluorescence spectroscopy signals. Our cooling method can be implemented either
with externally applied or guided light fields. Moreover, it relies on polarization gradients, which naturally
occur for strongly confined guided optical fields. Thus, this method can be implemented in any trap based
on nanophotonic structures. Our results provide an ideal starting point for the study of novel effects such as
light-induced self-organization, the measurement of novel optical forces, and the investigation of heat
transfer at the nanoscale using quantum probes.
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Trapped laser-cooled atoms constitute a versatile exper-
imental platform, with applications ranging from precision
measurements [1,2], to quantum simulations of solid-state
systems [3], to quantum communication [4]. A promising
pathway is to interface cold atoms with light confined in
nanophotonic structures, which offer a flexible design of
the optical modes, very large coupling strengths, and enable
the exploration of novel regimes of light-matter interaction
[5]. Interfacing atoms with light guided in a nanophotonic
element is typically achieved via the evanescent part of the
optical mode. As these fields decay on the wavelength
scale, emitters have to be very close to the surface of the
photonic structure for purposes of reaching significant
coupling strengths.
In order to harness the full potential of cold atoms and to

build on their excellent coherence properties, the prepara-
tion of the atoms in a well-defined quantum-mechanical

state is required. The individual tasks of either trapping
cold atoms close to nanophotonic structures [6,7] or
quantum state preparation [8,9] of atoms confined in
conventional, free-space traps have already been demon-
strated. A quantum-level control of atoms in nanophotonic
traps, however, constitutes a prime challenge as various
effects, such as Johnson noise [10], patch potentials [11], or
coupling to the phononic modes of the structure [12,13],
might lead to decoherence and heating. On a more general
note, the very possibility of preparing quantum states
including the external degrees of freedom (d.o.f.) of atoms
close to a hot, macroscopic object cannot be taken for
granted. In this regard, cooling atoms to the motional
ground state constitutes a prerequisite for the preparation
of more complex states. So far, only the cooling of a single
d.o.f. has been shown close to a nanophotonic structure
using microwave or Raman sideband cooling [14,15].
Here, we demonstrate three-dimensional cooling of

individual cesium atoms that are located less than
300 nm away from the surface of a solid at ambient
temperature, close to their motional ground state. The
atoms are trapped near the nanofiber part of a tapered
optical fiber using a nanofiber-based optical dipole trap [6].
We implement degenerate Raman cooling (DRC) [16–20],
taking advantage of intrinsic trap properties. Compared to
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previous schemes [14,15], DRC is significantly less sensitive
to magnetic field fluctuations, which otherwise may reduce
the cooling efficiency. Moreover, spurious heating due to
light scattering is less prominent for DRC. We can achieve
cooling either using free-space light fields or with fiber-
guided light fields only. When cooling is applied continu-
ously, the lifetime of atoms in the trap is increased by 1 order
of magnitude and exceeds 1 s, reaching the limit imposed by
the background gas pressure in our setup.We use heterodyne
fluorescence spectroscopy [21] in order to probe the atoms in
the trap. This technique is robust with respect to magnetic
field fluctuations for our settings and allows one to measure
the atoms’ temperature for all three motional d.o.f. This
precise probing is key for the optimization of the cooling
parameters and gives clear evidence that the atoms are cooled
close to the motional ground state. Our work shows that full
control of the three-dimensional motional state of the atoms
at the level of a single quantum can be achieved despite the
close vicinity of a hot, macroscopic body.
Our experiment relies on the evanescent part of far off-

resonant nanofiber-guided light fields to trap cesium atoms
[6]. The trap is realized at the waist of a tapered optical
fiber, where the fiber radius is reduced down to 250 nm.
Trapping is provided by a quasilinearly polarized [22] blue-
detuned running wave with a free-space wavelength of
783 nm and a power of 17.8 mW, and an orthogonally
polarized red-detuned standing wave at a wavelength of
1064 nm with a total power of 2.88 mW. The atoms are
loaded into two diametric one-dimensional arrays of trap-
ping sites, where they are confined in all three spatial
dimensions. An ab initio calculation of the trapping
potential yields frequencies of fωx;ωy;ωzg=2π ¼
f136; 83; 215g kHz and a trap minimum located about
280 nm away from the surface of the nanofiber. The
calculated trap frequencies correspond to Lamb-Dicke

parameters of fηx; ηy; ηzg ¼ f0.12; 0.16; 0.10g for the D2

line of cesium; i.e., the experiment operates in the Lamb-
Dicke regime for atoms close to the ground state.
Because of the strong transverse confinement of the

trapping light fields in the nanofiber, the atoms experience
a strongly spatially varying vector ac Stark shift [14],
also known as a fictitious magnetic field [23]. When the
polarizations of the red-detuned guided light fields gen-
erating the standing wave are aligned, they do not generate
a fictitious magnetic field, and only the contribution of the
blue-detuned light field remains. Near the trap minimum,
the resulting fictitious magnetic field Bfict dominantly
points along the x axis, and its magnitude varies linearly
along y. Furthermore, since the fictitious magnetic field
originates from the evanescent trapping light fields, its
amplitude decays exponentially in the radial direction (x).
Hence, we model Bfict using the following formula:

Bfict ≈ bye−x=lex; ð1Þ

with ex the unit vector along x, b ¼ 1.6 G=μm and l ¼
70 nm for our trap configuration. Near the trap minimum
(x, y ¼ 0), to first order, we can neglect the effect of the
radial decay of the field, and we are left with Bfict ≈ byex, as
illustrated in Fig. 1(b). The evolution of the spin and y
motional d.o.f. for an atom in the trap is then governed by
the following Hamiltonian:

Ĥ ¼ ℏωyâ
†
yây þ gFμBF̂ · ðBoff þ BfictÞ; ð2Þ

where F̂ is the total angular momentum operator, gF is the
hyperfine Landé factor, and μB is the Bohr magneton. We
have assumed the trap to be harmonic and introduced the
corresponding annihilation operator ây. An additional
homogeneous offset magnetic field, Boff ¼ Boffey, points

(a) (b) (c)

FIG. 1. (a) Schematic of laser-cooled cesium atoms (yellow spheres) interfaced with the evanescent part of a nanofiber-guided cooling
light field (red arrows). The atoms are trapped in the ðx; zÞ plane. The polarization of the cooling light field at the position of the atoms is
shown as red curved arrows. It is almost perfectly circular and corresponds to σ− polarization [24]. (b) Illustration of the fictitious
magnetic field Bfict induced by the blue-detuned trapping light field (black horizontal arrows) and the homogeneous external offset
magnetic field Boff (vertical black arrow) for an atom located at the center of a nanofiber-based two-color trapping site. The external
cooling laser, propagating along the y axis, is indicated with a red arrow. (c) Schematic of degenerate Raman cooling (DRC). Each
Zeeman substate jmFi, here shown for two states of the F ¼ 4 hyperfine manifold, has an associated set of motional states jni, here
sketched for a simple 1D harmonic oscillator. The offset magnetic field Boff can be used to tune different states jmF; ni and jm0

F; n
0i

(mF ≠ m0
F) into resonance. The coupling between these states (green dashed arrows) originates from the fictitious magnetic field Bfict

gradient. To first order, only the state jmF ¼ −4; n ¼ 0i is not coupled by Bfict. An additional laser field (illustrated as a red arrow) can
be used to optically pump atoms into this state. Ideally, all atoms are then cooled down to the state jmF ¼ −4; n ¼ 0i.
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along the y axis; see Fig. 1(b). Using our expression for
Bfict, the Hamiltonian (2) can be rewritten as

Ĥ=ℏ ¼ ωyâ
†
yây þ ΔoffF̂y þ

Ω
2
ðây þ â†yÞðF̂þ þ F̂−Þ; ð3Þ

where we have introduced F̂þ (F̂−) as the spin
raising (lowering) operator for the F̂y eigenstates (F̂x ¼
½F̂þ þ F̂−�=2) and used ŷ ¼ y0ðây þ â†yÞ. The second term
in Eq. (3) corresponds to the Zeeman shift induced by Boff
(Δoff ∝ Boff ). The last term comes from the fictitious
magnetic field gradient and induces a coherent coupling
between the spin and motional d.o.f., equivalent to a Raman
coupling. The spin-motion coupling strength is given by
ℏΩ ¼ gFμBby0 and effectively corresponds to the Zeeman
shift induced by the fictitious magnetic field gradient b
over the size of the harmonic oscillator ground state y0
along the y axis. For our trap configuration, we find
Ω ¼ 2π × 12 kHz. In the following, the eigenstates of Ĥ
in the absence of spin-motion coupling (Ω ¼ 0) are denoted
as jmF; ni, where mF is the projection of the hyperfine
atomic spin along y; i.e., the magnetic quantum number is
specified assuming a y-quantization axis. The motional
state of the atom in the trap is labeled by n.
Hamiltonian (3) enables degenerate Raman cooling, as

illustrated in Fig. 1(c). The offset magnetic field is tuned so
that the energies of the states jmF ¼ −4; ni and jmF ¼
−3; n − 1i are degenerate. These two states are then
resonantly coupled by the spin-motion coupling term,
which removes (adds) one quantum of motional energy
as the atom precesses to a higher (lower) Zeeman state. To
obtain cooling, we continuously apply a σ−-polarized
light field to pump atoms back to the lower Zeeman
state. In the Lamb-Dicke regime, the optical pumping
preserves the motional state, and the atom is pumped to
jmF ¼ −4; n − 1i. While this process continues, atoms
accumulate in jmF ¼ −4; n ¼ 0i since this state is not
resonantly coupled to any other state through spin-motion
coupling.
According to this model, the cooling rate depends on the

spin-motion coupling rate Ω and on the optical pumping
rate Rop from jmF ¼ −3i to jmF ¼ −4i, which have to be
compared to decoherence and heating rates. We perform
DRC on the F ¼ 4 → F0 ¼ 5 transition of the D2 line of
cesium. Taking into account the relevant Clebsch-Gordan
coefficients, we get Rop ¼ ð4=5Þð1=5ÞRsc, where Rsc is the
scattering rate for the cycling transition ðF¼4;mF¼−4Þ↔
ðF0¼5;mF0 ¼−5Þ, which can be estimated from the
laser detuning and intensity. For typical experimental
settings, we get Rsc ≈ 40–120 ms−1, corresponding to
Rop ≈ 6–20 ms−1. From previous characterizations, we
expect a heating rate of less than 1 motional quantum
per millisecond in our setup [14,25], i.e, 1 order of
magnitude smaller than the calculated values for Ω and

γop. The measured heating rate is about 3 orders of
magnitude larger than the one observed in free-space
optical microtraps [26]. This makes ground-state cooling
in nanofiber-based traps challenging. Preliminary studies
suggest that the heating in the nanofiber system is domi-
nated by the optomechanical coupling of the trapping light
fields to thermally excited longitudinal and flexural
mechanical modes of the nanofiber.
This model for DRC can be extended by carrying out the

Taylor series expansion of Bfict, as given in Eq. (1), to
higher orders in x. For instance, the next order yields a xy
term, which gives rise to a term ℏΩxyðây þ â†yÞðâx þ â†xÞF̂x

in the Hamiltonian. This enables a simultaneous transfer of
energy from the x and ymotional d.o.f. to the spin d.o.f., as
well as cooling along the x axis. For our trap configuration,
we expect Ωxy ¼ 2π × 2.9 kHz. In general, the fictitious
magnetic field in our setup is expected to show gradients in
all spatial dimensions around the trap minimum. Along the
x and the y directions, gradients are expected even in the
ideal configuration [see Ref. [14] for an exact representa-
tion of Bfict in the ðx; yÞ plane]. A gradient along z can arise
due to residual misalignment of the polarizations of the
two red-detuned trapping light fields. These gradients are
responsible for coupling terms that enable DRC of all
motional d.o.f.
In a typical experimental sequence, atoms are loaded in

the nanofiber-based optical trap directly from a magneto-
optical trap (MOT). A first stage of polarization gradient
cooling (PGC) is performed in the trap, and the initial atom
number N0 is inferred from the absorption of a weak
nanofiber-guided light field on the cycling transition of the
D2 line. The number of atoms remaining in the trap, Nat, is
measured by the same means at the end of the sequence. In
order to perform DRC, we apply a σ−-polarized laser field,
hereafter denoted as the cooling laser. This laser can either
propagate in free space or be guided in the nanofiber. In the
former case, we use a laser field propagating along the þy
direction; see Fig. 1(b). This external laser field has a 1=e2

diameter of 1.4 mm, which is large enough to cover the
full atomic sample. In the latter case, a quasilinearly
polarized fiber-guided laser field is used, whose polariza-
tion axis lies in the plane of the atoms; see Fig. 1(a).
Because of the strong transverse confinement of the light
field in the nanofiber, the local polarization is then almost
perfectly circular at the position of the atoms [24]. On one
side of the nanofiber, the light field is σ− polarized, thus
enabling cooling. The light field is σþ polarized on the
other side, which results in heating and, eventually, in
the loss of the atoms. Applying DRC with fiber-guided light
thus allows us to selectively cool the atoms trapped on one
side of the fiber while removing the atoms trapped on the
other side.
A first signature of cooling is obtained by measuring the

lifetime of the atoms in the trap; see inset of Fig. 2. In this
experiment, the fraction of atoms left in the trap, Nat =N0,
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is measured after a variable waiting time. Without any
cooling (red squares), we observe an exponential decay
with a 1=e time constant of τref ¼ 75ð1Þ ms. When DRC is
constantly applied using an external cooling laser (blue
circles), the atoms are kept in the trap significantly longer
[τextDRC ¼ 1650ð20Þ ms], reaching the regime in which
collisions with the background gas in the vacuum chamber
become the limiting factor. This conclusion is supported by
an additional measurement (green triangles), in which we
constantly apply PGC, which yields a lifetime in reasonable

agreement with the DRC value [τPGC ¼ 1560ð20Þ ms]. A
similar increase of the lifetime is observed when using a
fiber-guided cooling laser to perform DRC [purple dia-
monds, τguidedDRC ¼ 1750ð30Þ ms]. The large improvement of
the trap lifetime observed in the presence of DRC indicates
that this technique can effectively counteract heating
mechanisms in the trap. Moreover, we know from previous
work [14] that cooling a single d.o.f., namely, the y d.o.f., is
not sufficient to improve the trap lifetime. This indicates
that a possible coupling of different d.o.f., e.g., due to the
nonseparability of the trapping potential, is too weak to
explain the observed increase of the lifetime. The increased
lifetime is thus a first hint that all three motional d.o.f. are
directly cooled with our method.
We investigate the coupling between the spin and the

motional d.o.f. by performing DRC for different offset
magnetic field strengths (see Fig. 2, main panel).
Specifically, we record the number of atoms in the trap
after 500 ms of DRC for different values of Boff . We
observe pronounced local maxima, corresponding to the
tuning of different motional states of adjacent spin states
into resonance. A resonant coupling leads to an increased
cooling rate, which results in a longer lifetime and thus in a
larger number of atoms detected. The first local maximum,
at Boff ≈ 0.25 G, corresponds to a resonant exchange of
one spin excitation and one excitation of the azimuthal (y)
motional d.o.f., as predicted from the simple model
illustrated in Fig. 1. The expected position of this reso-
nance, deduced from the ab initio calculation of ωy, is
indicated by a vertical dashed line in Fig. 2. Other maxima
are related to higher-order spin-motional coupling terms
involving different motional d.o.f. Note that efficient
cooling of the different d.o.f. is expected for different
values of the offset magnetic field and that the optimum
lifetime results from reaching a trade-off between the
individual cooling efficiencies of all d.o.f. Moreover, the
trap anharmonicity results in a temperature-dependent
resonance condition. As a consequence of these two points,
the accurate prediction of the position of these higher-order
maxima is difficult.
Careful tuning of the cooling laser parameters is required

to get efficient DRC. In the main panel of Fig. 3, we show
the number of atoms in the trap after 80 ms of DRC as a
function of the laser detuning and for three different laser
powers. The measurement is performed with an offset
magnetic field of 0.5 G, using the external cooling laser.
The fraction of atoms left in the absence ofDRC is indicated,
for reference, with a horizontal dashed black line. A finer
scan of the cooling laser power for a fixed detuning is shown
in the inset of Fig. 3. We can clearly identify two limiting
regimes. For low powers and/or large detunings, the scatter-
ing rate is reduced and so is the cooling efficiency, while
small detunings and/or high powers lead to an increased
recoil heating rate, which counteracts the cooling and even
leads to significant atom losses.

FIG. 2. Inset: Normalized number of trapped atoms measured
after a variable time, in the absence of cooling (red squares), with
DRC cooling using an external (blue circles) or a nanofiber-
guided (purple diamonds) laser field and with PGC using the
MOT laser fields (green triangles). The measurements with DRC
are performed at an offset magnetic field Boff ¼ 0.5 G, with a
peak intensity of I0 ¼ 4.1Isat and a detuning of −12Γ for the
external cooling laser. Here, Isat and Γ are the saturation
intensity and natural linewidth of the D2 transition of cesium.
The measurement using a nanofiber-guided laser field was
performed with a peak intensity of I0 ¼ 0.2Isat at the position
of the atoms and a detuning of −6.5Γ. The solid lines
correspond to fits assuming an exponential decay, yielding a
reference lifetime of 75(1) ms in the absence of cooling. In the
presence of DRC, we observe lifetimes of 1650(20) ms and
1750(30) ms, respectively, with an external and a fiber-guided
cooling laser. For PGC, we measure a lifetime of 1560(20) ms.
Main graph: Normalized number of atoms still trapped after
500 ms of DRC, using a nanofiber-guided cooling laser, as a
function of Boff . This measurement was performed with a peak
intensity of I0 ¼ 5.6 × 10−2Isat at the position of the atoms and a
detuning of −3.6Γ. The corresponding energy shift between two
adjacent Zeeman states is given at the top of the figure.
Pronounced local maxima of the number of remaining atoms
are discernible. We attribute these to resonances in the coupling
between the motional and spin d.o.f., at which the cooling rate is
maximized and, thus, the heating of atoms out of the trap
efficiently counteracted. A vertical black dashed line indicates
the position of the resonance expected from Eq. (3), using our
ab initio calculation of ωy. For completeness, the theoretical
positions of resonances corresponding to the exchange of 1
motional quantum for other trap axes are also indicated.
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In addition to changing the scattering rate, scanning the
power and detuning modifies the Zeeman-state-dependent
ac Stark shift induced by the cooling laser itself, which
either increases or reduces the shift induced by the offset
magnetic field. The sign of the resulting effective Zeeman
shifts depends on the laser detuning, and, close to reso-
nance, their magnitude can be comparable to the energy
level spacing in the trap. This can significantly alter the
DRC resonance condition, and it explains the asymmetry of
the cooling efficiency for positive and negative detuning
in Fig. 3.
More information on the cooling can be obtained by

analyzing the light scattered by the atoms. We measure the
fluorescence spectrum while performing DRC with the
external cooling laser using a heterodyne detection scheme
[21,27,28]. During the DRC process, the atoms scatter light
into the nanofiber. This light is guided to a beam splitter
where it is combined with a reference laser field, derived
from the cooling laser and frequency shifted by 10 MHz;
see Fig. 4(a). The resulting beat note is recorded using a
single photon counting module (SPCM). With this detector,
we can also monitor the number of trapped atoms by
measuring transmission spectra through the nanofiber at the
beginning and the end of each experimental sequence. The
motion of the atoms in the trap modulates the scattered light
and gives rise to sidebands at the trap frequencies in
the signal’s power spectral density (PSD); see Figs. 4(b)
and 4(c). In the azimuthal (y) and axial (z) directions, the
sidebands arise from the phase modulation of, respectively,
the incoming and the scattered photons. In the radial
direction (r), we expect an amplitude modulation for
photons scattered in the evanescent part of the nano-
fiber-guided light field, which also results in a motional
sideband. In the weak excitation limit, the scattering

FIG. 3. Main graph: Normalized atom number remaining in the
trap after 80 ms of DRC for various detunings of the external
cooling laser field. Negative (positive) detuning values corre-
spond to a red (blue) detuning of the laser field with respect
to the ð6S1=2; F ¼ 4Þ → ð6P3=2; F0 ¼ 5Þ optical transition of the
trapped cesium atoms. The measurement is repeated for different
powers of the external cooling laser, P0 ¼ 61.2 μW (red circles),
12.3 μW (blue squares), and 1.3 μW (green triangles), corre-
sponding to a peak intensity of I0=Isat ¼ 6.8, 1.4, and 0.14,
respectively. The black dashed line indicates the fraction of atoms
remaining in the trap in the absence of DRC.When the laser is too
close to resonance, the cooling is outweighed by recoil heating,
which induces atom losses. Moreover, the signal is asymmetric in
the laser detuning, see main text. Inset: Number of remaining
atoms in the presence of DRC as a function of the cooling laser
power. The measurement is taken after 80 ms of DRC and at a
detuning of −9.4Γ (vertical line in main graph). The signal is
maximized for a power of about 15 μW, corresponding to
I0 ¼ 1.7Isat.

(a) (b) (c)

FIG. 4. Measurement of trap frequencies and mean numbers of motional quanta of nanofiber-trapped atoms using heterodyne
fluorescence spectroscopy (FS). (a) FS setup: The external cooling laser is propagating along the þy direction and impinges on the
atoms that are trapped in the ðx; zÞ plane (see also Fig. 1). During the DRC process, the atoms scatter a fraction of the light into the
nanofiber. The light is guided to a 90∶10 nonpolarizing beam splitter where it is combined with a reference laser field that is derived
from the cooling laser and frequency shifted by 10 MHz. The resulting beat note is recorded using a SPCM. (b,c) PSD of the SPCM
signal for an offset magnetic field of (b) 0.30 G and (c) 0.51 G. The frequency axis is defined relative to the central beat note. During a
single experimental cycle, the atoms are illuminated for 200 ms with a peak intensity of I ≈ 14Isat and a detuning of −12Γ. For each
realization, the PSD is obtained from awindowed Fourier transform of the SPCM signal (Welchmethod, 1-mswindow). Using a SPCM in
the time-tagging mode allows us to run this software-based data analysis a posteriori on the saved SPCM data. Spectra (b) and (c) are then
obtained by averaging the resulting PSDs over around 6000 realizations. The dotted black line corresponds to a fit of the experimental data;
see main text. From this fit, we extract mean numbers of excitations of (b) fhnxi; hnyi; hnzig ¼ f0.10ð1Þ; 0.78ð5Þ; 2.5ð3Þg and
(c) fhnxi;hnyi;hnzig¼f1.4ð2Þ;0.58ð2Þ;0.22ð3Þg, indicating that all motional d.o.f. can be cooled close to the ground state.
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process is mostly coherent. The width of the sidebands then
depends on the cooling rate, the anharmonicity, and the
inhomogeneity of the trapping potential. The temperature
of the atomic ensemble can be inferred from the ratio of the
amplitudes of the sidebands [29]. For a harmonic oscillator
in the Lamb-Dicke regime, the mean number of excitations
along i ∈ fx; y; zg is given by hnii ¼ S−i =ðSþi − S−i Þ, where
S�i is the amplitude of the sideband corresponding to the
transition ni → ni � 1. Since this thermometry method
relies on analyzing the light scattered by the atoms during
the cooling process, it only grants access to the temperature
in the presence of DRC. Moreover, the time needed to
obtain a sufficient signal-to-noise ratio, and thus a reliable
temperature measurement, is longer than the typical cool-
ing timescale. As a consequence, we can only perform
steady-state temperature measurements. Our method is
therefore not suited to perform time-resolved measure-
ments of the temperature, which would be required in order
to study, e.g., heating or cooling rates or to measure the
temperature that results from other cooling methods, such
as PGC.
In order to derive quantitative information from the

recorded spectra, we perform a fit on experimental data.
The shape of the sidebands is obtained by calculating the
rate Γni;n0i

of each individual scattering process ni → n0i
using second-order perturbation theory [30,31]. Such a
scattering event gives rise to a spectral contribution, whose
amplitude and width depend on Γni;n0i

. It is centered around
a frequency fni;n0i ¼ ΔEni;n0i

=h, where ΔEni;n0i
is the energy

difference between the initial and final states, taking into
account the trap anharmonicity. All the contributions are
then added incoherently to obtain the spectrum. We assume
a thermal distribution of the atoms in the trap. We then use
the mean number of excitations fhniigi¼x;y;z and the trap
frequencies fωigi¼x;y;z as fit parameters, together with a
global scattering rate (setting the minimum width for the
sidebands), an offset, and a global amplitude accounting for
the combined detection efficiency.
A fit on the spectrum shown in Fig. 4(c) yields trap

frequencies fωx;ωy;ωzg=2π¼f154;94;233g kHz, which
are in reasonable agreement with our ab initio calculation.
The fitted sideband widths are on the order of 10 kilohertz,
which sets an upper limit of about 10% for the inhomo-
geneity of the trapping frequencies in different sites
along the nanofiber. The clear amplitude asymmetry of
the Stokes and anti-Stokes sidebands in Figs. 4(b) and 4(c)
is a signature of significant ground-state occupations.
For the spectrum shown in Fig. 4(b), corresponding to
an offset magnetic field of Boff ¼ 0.30 G, our fit yields
fhnxi; hnyi; hnzig ¼ f0.10ð1Þ; 0.78ð5Þ; 2.5ð3Þg, which cor-
responds to ground-state occupations of 91% and 56%,
respectively, for the radial (x) and azimuthal (y) motional
states. The axial (z) motion can be more efficiently cooled
by changing the offset magnetic field. A spectrum recorded
at Boff ¼ 0.51 G [Fig. 4(c)] indicates a mean number of

axial excitations of hnzi ¼ 0.22ð3Þ, corresponding to
a ground-state occupation of 82%. For the other motional
d.o.f., we then find fhnxi;hnyig¼f1.4ð2Þ;0.58ð2Þg. These
temperature measurements were performed for settings that
enable simultaneous cooling of multiple d.o.f., rather than
minimizing the temperature of a single d.o.f.
We now discuss the mechanisms that can limit the final

temperatures reached with our DRC scheme. In the
idealized case without heating and neglecting off-resonant
excitation, all atoms would end up in the motional ground
state after a time that only depends on the cooling rate. With
heating, the final temperature, and thus the mean number of
motional quanta, is set by a competition between the
cooling rate of atoms that have not yet reached the ground
state and the rate with which atoms leave the ground
state. The cooling rate depends both on the settings of the
cooling laser (see Fig. 3) and on the amplitude of the
offset magnetic field (see Fig. 2). Concerning heating,
intrinsic fluctuations of the position and/or stiffness
of the trap can never be fully avoided in the experiment.
This gives rise to a background heating, whose rate was
measured to be about 0.3 quanta=ms in the azimuthal (y)
direction [14]. Moreover, in contrast with many other
implementations of DRC, the cooling laser in our experi-
ment drives an optical cycling transition, ð6S1=2; F ¼ 4Þ →
ð6P3=2; F0 ¼ 5Þ. In this case, the final state in the cooling
process, jmF ¼ −4; n ¼ 0i, is not a dark state; i.e., it is
not decoupled from the laser. We choose this setting since
our temperature measurement technique relies on the
analysis of light scattered by the atoms. However, this
scattering is a source of additional heating due to the
transfer of photon recoil to the atoms. In particular, the
intensity of the cooling laser field for the measurements in
Fig. 4 is higher than the optimum intensity indicated in
the inset of Fig. 3. We choose a larger intensity in order to
increase the number of fluorescence photons collected
and, hence, the signal-to-noise ratio in our spectra.
Because of the increased recoil heating in this setting,
we are convinced that the measured mean numbers of
motional quanta constitute upper bounds of what can be
achieved with the DRC method, e.g., when cooling is
performed using a light field on a noncycling transition.
We confirm with additional measurements that, in this
case, we obtain comparable boosts in the lifetime of
atoms in the trap, as shown in the inset in Fig. 2.
In summary, we have shown that degenerate Raman

cooling can be efficiently implemented in nanofiber-based
optical traps. Remarkably, this technique only requires one
additional laser field, which can be fiber guided and which
provides cooling for all three motional d.o.f. Cooling is
enabled by the strong gradients of fictitious magnetic fields,
which naturally arise when trapping atoms in evanescent
fields [14]. This scheme is thus directly applicable to a vast
variety of optical microtraps and, in particular, to traps based
on other nanophotonic structures. Using a heterodyne
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fluorescence spectroscopy technique to probe the atomic
ensemble temperature, we confirmed that all motional d.o.f.
can be cooled close to the ground state, despite the close
proximity of the hot fiber surface. This work constitutes, to
our knowledge, the first experimental evidence of manipu-
lation of all motional d.o.f. at the quantum level for atoms
coupled to a nanophotonic structure.
Such control is of major importance for cold-atom-based

nanophotonic devices, where ground-state cooling ensures
the homogeneity of the atom-waveguide coupling. For
instance, it could improve the performances of atomic
Bragg mirrors [32,33], quantum memories [34,35], or
squeezing protocols [36]. The possibility to cool atoms
using exclusively guided light fields also opens up oppor-
tunities for the design of compact cold-atom-based devices
that could be assembled to perform, for instance, precision
sensing or quantum networking. Moreover, our technique
can be of interest to cool nanofiber-trapped atoms in
environments where optical access is restricted, such as
in certain cryogenic systems [37].
In a more general context, our results pave the way

towards atomic quantum probes for the study of near-
surface effects—for example, the experimental study of
optical near-field forces [38–43], self-organization [44–46],
or quantum friction [47]. Ground-state cooling also con-
stitutes a well-defined starting point for the loading of
atoms in surface-induced potentials [48].
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APPENDIX: FIT MODEL FOR SPECTRA

Here, we describe the model we use to fit the spectra in
Fig. 4 in order to infer the temperature of the atomic
ensemble. A more extensive description of the fluorescence
spectrum of a trapped two-level atom can be found, for
instance, in the work of Jessen [31]. This model is based on
a rate-equation approach and was shown to be consistent
with the full-quantum approach presented in Ref. [49].
Here, we only retrace the main steps allowing us to
compute the spectrum. For clarity, we restrict our discus-
sion to the one-dimensional case. However, this method can
be straightforwardly extended to the three-dimensional case
considered in this paper.
We consider an atom in a harmonic trap of frequency ωx,

and we denote the trap’s eigenenergies and eigenstates as

En and jni, respectively. This atom is illuminated by a laser
field, and we consider the induced Raman scattering
between different motional states in the trap. We consider
the case of a small saturation parameter, i.e., of low
intensity and/or large detunings, so the scattering processes
are mostly coherent. Here, kL (resp. kS) and ωL (resp. ωS)
are the wave vector and frequency of the excitation
laser (resp. of the scattered photon). The scattering process
gives rise to transitions between motional states ni and
nf at a rate γni→nf , which can be computed using Fermi’s
golden rule:

γni→nf ¼ γ0jhnfjeiðkS−kLÞ·rjniij2; ðA1Þ
where γ0 is a global scattering rate depending on the laser’s
parameters. In the Lamb-Dicke regime, we can perform a
series expansion of Eq. (A1) in orders of the small
parameter ηx ¼ Δkxx0, with x0 the size of the harmonic
oscillator ground state and Δkx ¼ ðkS − kLÞ · ex. For
ηx ≪ 1, we are only left with the transitions n → n and
n → n� 1, and we obtain the following rates:

γð0Þn ≡ γn→n ¼ γ0½1 − ð2nþ 1Þη2x�; ðA2Þ

γðþÞ
n ≡ γn→nþ1 ¼ γ0η

2
xðnþ 1Þ; ðA3Þ

γð−Þn ≡ γn→n−1 ¼ γ0η
2
xn; ðA4Þ

corresponding to the carrier, and the Stokes and anti-Stokes
sidebands, respectively.
Starting from a state jni with a thermal occupation

probability πn, the transition n → n� 1 gives rise to a
spectral contribution centered around a frequency ωS ¼
ωL ∓ ωx, with an amplitude Að�Þ

n ¼ πnγ
ð�Þ
n . We follow the

approximation made in Ref. [31] and compute the total
spectrum by incoherently summing the contributions of all
the n → n� 1 transitions. This method corresponds to
considering a set of independent Bloch equations for two-
level systems fjni; jnþ 1ig. Following the calculations
from Ref. [31], we infer the width Γn;nþ1 of the spectral
contribution of the n → nþ 1 process by computing the
mean total departure rate from the states jni and jnþ 1i,
obtained by integrating Eqs. (A3) and (A4) over all possible
scattering angles. We are then left with

Γn;nþ1 ¼ ϵγ0η
2
xðnþ 1Þ≡ Γ0ðnþ 1Þ; ðA5Þ

where ϵ is a geometrical factor coming from the spatial
integration and depending on the details of the emission
pattern. From Eq. (A5), we notice that the width of the
contribution of the n → nþ 1 transition increases with n.
In our fitting routine, we use the width of the 0 → 1
transition, Γ0, as a free parameter. Finally, the fluorescence
spectrum SðωÞ is given by summing the contributions of all
n → n� 1 processes. We get
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SðωÞ ¼ ξ
Xþ∞

n¼0

�
πnγ

ðþÞ
n

Γn;nþ1=ð2πÞ
ðωþ ωxÞ2 þ ðΓn;nþ1=2Þ2

þ πnþ1γ
ð−Þ
nþ1

Γn;nþ1=ð2πÞ
ðω − ωxÞ2 þ ðΓn;nþ1=2Þ2

�
; ðA6Þ

where ξ is a global amplitude factor, accounting for the
overall detection efficiency. We assume a Lorentzian shape
for each spectral contribution. However, the numerical
method we use to compute the power spectral density
from the SPCM data utilizes a moving time window,
resulting in Gauss-shaped peaks. The fits shown in
Fig. 4 were hence performed using a Gaussian profile
rather than a Lorentzian one. These fits also account for the
trap anharmonicity, which can be easily modeled by adding
a transition-dependent frequency shift in Eq. (A6). The
temperature of the atomic ensemble is included in the
distribution of populations fπng. For a thermal distribution,
we expect πn ¼ ð1 − qÞqn, with q ¼ exp½−ℏωx=ðkBTxÞ�,
where Tx is the temperature and kB Boltzmann’s constant.
In the fit routine, we use q as a free parameter. The
mean number of motional quanta is then given by
hnxi ¼ q=ð1 − qÞ. Note that the temperature can be mainly
inferred from the relative power scattered in the Stokes and
anti-Stokes sidebands, i.e., from the relative area of the
corresponding peaks in the fluorescence spectrum. This
makes the measurement of temperature quite robust against
some experimental details, such as the exact shape of these
peaks. This was confirmed by comparing the results of a fit
using Gaussian and Lorentzian peak profiles. Although the
Gaussian model fits the data better, both models yield
comparable temperature estimates.
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