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Enhancing fiber atom interferometer by in-fiber laser cooling
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We demonstrate an inertia sensitive atom interferometer optically guided inside a 22-cm-long negative
curvature hollow-core photonic crystal fiber with an interferometer time of 20 ms. The result improves the
previous fiber guided atom interferometer sensitivity by three orders of magnitude. The improvement arises
from the realization of in-fiber A-enhanced gray molasses and delta-kick cooling to cool atoms from 32 uK to
below 1 ©K in 4 ms. The in-fiber cooling overcomes the inevitable heating during the atom loading process and
allows a shallow guiding optical potential to minimize decoherence. Our results permit bringing atoms close to
source fields for sensing and could lead to compact inertial quantum sensors with a submillimeter resolution.
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Quantum sensing deploys quantum phenomena to im-
prove the sensitivity and stability of devices such as clocks,
magnetometers, and accelerometers [1]. In particular, atom
interferometric sensors commonly use optical pulses along
atoms’ trajectories to split, deflect and recombine two in-
terferometer arms under quantum superposition. While large
scale free space interferometers have shown unprecedented
sensitivity in inertial sensing and test of fundamental physics
[2—4], the apparatus that is used to house atoms typically has
a cross section of tens of centimeters, set by the large laser
beam sizes that are used to interact with atoms. Shrinking the
apparatus size could lead to a compact device and allow the
atoms to gain proximity to a source field of interest to enhance
the signal, relaxing the stringent requirements in developing a
portable sensor under dynamic environments.

In free space, reducing the laser beam waist comes at
the cost of shortening the distance that atoms can effectively
interact with the interferometer beams, thus decreasing the
interferometer’s sensitivity. Alternatively, hollow-core fibers
offer a sub-millimeter enclosure that can guide the interfer-
ometer beams over diffraction free and configurable paths.
However, most free space high sensitivity interferometers re-
quire preparation of ultra-cold atoms at sub-uK temperature
in a low noise environment, and strategies to create such con-
ditions for fiber atom interferometers remain to be developed.

For example, to guide a large number of atoms into a fiber
and avoid their collision with the fiber wall, a deep trap-
ping potential is necessary but generates inevitable heating on
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atoms during loading and guiding [5-9]. The large trapping
potential also introduces decoherence on atoms’ internal and
external states through differential ac Stark shift and inhomo-
geneous dipole potential along the axial direction, limiting the
fiber interferometer time to tens of us [10]. Using only a few
recoil energies of the trapping potential, atoms undergoing
Bloch oscillations in an optical lattice have achieved 20 s of
motional coherence time [11,12]. It is then necessary to cool
atoms directly inside the fiber and lower the trapping potential
to minimize the decoherence.

Unlike laser cooling in free space, the photonic structure
of the fiber poses complications in cooling lasers’ geometry
and polarization. Although the cooling of atoms along the
fiber axis has been demonstrated using sideband cooling [13],
the scheme still requires a large trapping potential to confine
atoms radially. Here, we implement gray molasses (GM) and
delta-kick cooling (DKC), two commonly implemented cool-
ing methods in free space atom interferometry, to cool the
radial temperature of atoms inside the fiber.

We use an inhibited-coupling guiding hollow-core pho-
tonic crystal fiber IC-HCPCF) with a tubular cladding made
of eighttube singlering [14], as shown in Fig. 1. In contrast
with capillary fibers, HCPCF is a true optical waveguide,
ensuring very low loss and controllable modal content. As
opposed to bandgap HCPCEF, the core mode of IC-HCPCEF is
guided by decoupling the core and cladding modes. This is
done by minimizing the spatial mode overlap and mismatch-
ing the effective indices between the core and cladding modes
[14].

The fiber core has a diameter of 41 um and the 1/e?> mode
field diameter is 28.7 um. It has losses of 8 dB/km at 780 nm
and 18 dB/km at 1064 nm, which are suitable for trapping
and probing Rb atoms. We mount a piece of 22-cm-long fiber
vertically inside a vacuum chamber. Atoms are loaded from
a two-dimensional magneto-optical trap (2D MOT) into a 3D
MOT positioned 1.5 cm above the fiber. The temperature of
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FIG. 1. Experimental setup. HCPCEF: hollow-core photonic crys-
tal fiber. PBS: polarization beamsplitter. NPBS: non-polarizing
beamsplitter. GM: gray molasses beams. APD: avalanche photode-
tector. The 2D GM and optical pumping beam are aligned at 5 mm
below the fiber tip. The inset shows the cross section of the fiber.

the atoms after sub-Doppler cooling is 8 uK. After releasing
atoms from the 3D MOT, gravity and a dipole force from a
700 mW 1064 nm laser attract them into the fiber.

The optical depth (OD) of atoms inside the fiber is de-
termined by the transmission 7;; of a probe pulse as OD =
—InT;.. Fig. 2 shows the OD versus loading time and the
position of atoms relative to the 3D MOT position. OD of one
corresponds to approximately 6000 atoms in our experiment.
The cloud begins to enter the fiber at 25 ms and fully exits
the fiber at 210 ms. The cloud has a length of 3 mm at 40 ms
measured by time-of-flight method. The major loss mecha-
nism is due to the unwanted excitation of higher order modes
and the fundamental mode forming a spatial modulation of
the potential along the axial direction [8]. The increase of the
atom loss rate after 150 ms is mainly due to a bend of the fiber
where the dipole force is not strong enough to deflect atoms’
trajectory.

We characterize the radial temperature of the atoms inside
the fiber using the time-of-flight method [10,15]. We switch
off the dipole beam and allow the cloud to expand ballistically
for some time #,. The probe pulse of 3 nW is then switched on
for 50 us for the OD measurement, as shown in the inset of
Fig. 2. OD with different 7, can be calculated as

0D,

OD=—""_
22 /W2 + 1

)]
where ODy is the optical density when r = 0, W is the 1/e?
radius of the guided mode, r =,/r + v*? is the 1/e radius
of the cloud at ¢, ry is the initial radius, v = /2kgT,/m is
the most probable speed of the atoms, 7, is the temperature of
atoms, m is mass, and kg is the Boltzmann constant. The initial
radius of the cloud in the trap is related to the temperature

Displacement (cm)

0.0 1.2 4.9 11.0 19.6
40 F 7 T T T T T T T T T ]
I §§ ]
S
30| ° % §
9‘)0
Q 20t i
@) ? sk %
1.0 ®
Q R
10F O Q; b
05
I ? %a
0.0 =)
QRPD 0.0 0.5 1.0 ?
or t (ms) PR |
0 50 100 150 200

Loading time (ms)

FIG. 2. OD versus loading time after releasing atoms from the
MOT. The displacement axis is referenced to the MOT position
and calculated using the value of the local gravity 9.78 m/s? under
freefall. The inset shows time-of-flight measurements of atoms along
the radial direction at 60 ms after loading, where ¢, is the releasing
time from the dipole trap.

as r; = W?kpT,/2U, where U is the trapping potential. We
fit Eq.(1) to the data and obtain the radial temperature 7, =
32(1) uK. The increase of temperature is mainly due to the
mismatch of the initial cloud and the dipole profiles.

After 60 ms of loading time, the cloud is 2.6 mm below
the fiber tip, and we minimize the ambient magnetic field to
tens of mG to implement a A-enhanced 2D GM. A-enhanced
GM utilizes a Sisyphus cooling mechanism combined with
coherent population trapping (CPT). CPT occurs in a three-
level A-type system coupled to two coherent resonant light
fields. Atoms in the bright state of CPT lose the kinetic energy
by climbing up the optical potential from the light fields and
are optically pumped into the dark state where atoms are
decoupled from the light fields [16—18].

Our molasses lasers are comprised of three laser beams
intersecting at 120° forming a plane perpendicular to the fiber,
as shown in Fig. 1. This configuration allows for exciting the
in-fiber atoms thanks to the negligible diffraction off the fiber
microstructure. Each beam includes two frequencies which
are +20 MHz detuned from 3Rb D1 line F =2 to F' =3
and F =3 to F’' =3 transitions, respectively. When these
two frequencies are phase coherent, a dark-state formed by
a superposition of F =2 and F = 3 is created to enhance
the cooling efficiency. The power ratio of the two frequencies
is 35 to ensure all the atoms are accumulated in the F = 2
state after 3.2 ms of GM. Fig. 3(a) shows that the lowest
temperature of 10 uK is achieved at two-photon resonance,
a characteristic of GM involving the dark states from the A
configuration. We observe a moderate increase of temperature
100 ms after GM to 35 uK.
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FIG. 3. (a) Measured temperature of atoms in the fiber after GM versus two photon detuning of the molasses beams. (b) Measured
temperature after DKC with different free expansion time #;. The kicking time # is determined by the lowest temperature. (c) A comparison of
the time-of-flight measurements before and after GM and DKC. The fitted temperature for these three measurements are 32(1) uK (squares),

11.6(2) uK (circles), and 1.1(1) uK (triangles), respectively.

We minimize magnetic field decoherence by optically
pumping atoms into F = 2 and mp = O state [13]. We then
perform DKC using the dipole trap. DKC involves pulsing a
harmonic potential to halt the expansion of the cloud. Similar
to adiabatic cooling, DKC trades the size of the ensemble for
the temperature while preserving the phase space density. It
has been widely implemented in atom interferometer experi-
ments. We first switch off the dipole trap and let atoms expand
for sometime #. This free expansion creates a correlation
between the position and velocity of atoms, where atoms with
higher velocity move farther away from the trap center. The
trap is then switched on again for a duration of # and atoms
are decelerated by the position dependent restoring force from
the trap. The force stops the momentum of atoms under the
condition it = 1/w?, where @ = 27 x 3.7 kHz is the radial
trap frequency. The temperature 7, that can be achieved is
determined by the free expansion time as Ty /T, = cuztf2 when
w*t} > 1, where Ty is the initial temperature [19,20].

Fig. 3(b) shows the temperature measurements with differ-
ent #, and #, is determined by the best resultant temperature.
At ty = 1 ms, 165 nK is optimized at fy = 15 us. The low-
est temperature starts to flatten out after # = 1 ms. This is
mainly due to the anharmonicity of the trap. Moreover, due
to the finite size of the guided mode, the long free expansion
time for low temperature results in a significant atom loss.
As shown in Fig. 3(c), the decrease of the temperature after
GM also increases the density of atoms in the fiber by 30
%. At tr = 200 us and f = 24 us, the fitted temperature of
the time-of-flight measurements is 1.1(1) wK, a factor of two
larger than the expected temperature of 0.5 wK. The product
tity = 4.8 x 107 s? is a factor of three larger than 1/’ =
1.9 x 1072 s2. These deviations from the ideal scenario also
suggest the anharmonicity of the trap.

After the DCK pulse, we reduce the dipole power to
245 uW and start a Mach-Zehnder interferometer sequence
(beamsplitter-mirror-beamsplitter) when atoms are under
free-fall. The beamsplitter and mirror pulses are formed by a
pair of counter-propagating laser beams driving a two-photon
Raman transition onthe F =2, mg=0and F =3, mg =0
states, 20 GHz reddetuned from the F = 2 to F’ = 3 states
D1 line. The differential ac Stark shift from the dipole beam
between these two states is estimated only 60 mHz. The mirror

pulse duration of 1.5 us corresponds to a two-photon Rabi
frequency of 277 x 333 kHz, larger than the measured Raman
spectrum of 40 kHz of the velocity width of the atoms.

After the first interferometer beamsplitter pulse, the hy-
perfine states of atoms are entangled with their momentum
states and thus the interferometer time is affected by the spin
and motional coherence. The spin coherence of stationary
atoms in the fiber has been demonstrated over 100 ms [21].
In this particular experiment, we measure the spin coherence
of atoms under free-fall using spin echo sequence by a pair of
copropagating Raman beams. The measured 1/e decay time
of the spin echo contrast is 15 ms, limited by the inhomo-
geneity of the magnetic field. The relative momentum of the
two arms of the interferometer is mainly influenced by the
irregularity of the trapping beams during the interferometer
sequence [22,23].

The phase at the output of the interferometer is ¢ =
—kerraT? + ¢ — 2¢ + ¢3, where a is the acceleration along
the fiber axis, T is the separation time of the Raman pulses,
and ¢;—; 3 are the phases of the Raman pulses [10]. The
population of atoms in the F = 3 state is P = [1 — cos(¢)]/2.
We vary the phase ¢3 of the last Raman pulse and measure the
population of atoms in the F' = 3 state to scan the interference
fringes. Each experimental cycle takes 1.8 s.

In Fig. 4(a), we observe two different decay trends of
the contrast and fit the data with two exponentially decaying
functions. The sharp decay of the contrast in the first 2 ms
is due to radial expansion of the atoms in the shallow trap,
which decreases the interferometer pulses efficiency. The inset
shows the decay of the OD versus T and it matches well
with the fast decay trend of the contrast. The second decay
trend with fitted decaying constant of 7(3) ms is dominated
by the phase fluctuation of the Raman beams from vibrations.
To confirm that, we measure the linewidth of the beat note
between the Raman beams to be 150 Hz after passing through
the fiber, agreeing well with the contrast decay time we
observe.

The highest acceleration sensitivity we obtain is 1.7 x
10~*m/s? at T = 5 ms over 29 runs (1.2x 1073 m/s?/+/Hz),
extending the previous fiber-based atom interferometer re-
sult 4 m/s?/+~/Hz [10] by three orders of magnitude. Our
result is comparable with a fully guided Mach-Zehnder atom
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FIG. 4. (a) Contrast of the Mach-Zehnder interferometer versus pulse separation time 7 with dipole laser on (circles) and off (triangles)
during the sequence. The curve is a fit to the dipole laser on data using sum of two decaying exponential functions. The inset is the mean of
OD of the population in ' = 3 state after the interferometer is closed versus 7 with dipole laser on. (b) Interference fringes with dipole laser
on and off at T = 3 ms. The error bars are the standard error of the mean of 24 runs. (c) Contrast of the interference fringes versus different

dipole laser power at 7 = 2 ms.

interferometer in free space of 7 x 10™*m/s? at T = 1.25
ms over 136 runs (9x 102 m/s?/+/Hz) whose trap depth is
similar to ours [24] and an unguided one of 5 x 10~*m/s?
at T =3 ms over 30 runs (3x1072m/s?/+/Hz) [24]. All
the results are mainly limited by the path fluctuations of the
interferometer beams.

The main improvement of our results from [10] is the
colder atom temperature that allows us to use shallower trap-
ping power to reduce the decoherence from the dipole force.
To study the influence of the dipole laser only on the coher-
ence, we perform measurements at short 7 when the dipole
laser is off during the interferometer sequence. The dipole
laser doesn’t introduce additional decoherence at 7 = 3 ms
but retains atoms in the trap, as shown in Fig. 4(a) and 4(b). In
Fig. 4(c), the contrast at T = 2 ms starts to decrease at 2 mW
of the dipole power due to the irregularity of the dipole beam
along the fiber axis.

We expect to improve the initial contrast by three dimen-
sional GM [25] and large bandwidth adiabatic rapid passage
interferometer pulses [26,27]. A moderate improvement to
T = 50 ms by installing a vibrational isolation platform can
improve the sensitivity by two orders of magnitude. Improv-
ing the stability of atom loading and the atom number would
improve the phase noise by another factor of 10, reaching

1077 m/s?. Such sensitivity can detect a ~1 kg nearby source
mass distributed around the fiber while, for a free space atom
interferometer with a 10 cm radius enclosure, two orders of
magnitude higher sensitivity is required.

In summary, we demonstrate direct laser cooling of atoms
inside a hollow-core fiber. The cooling schemes are also ap-
plicable to cold atoms trapped and guided by other photonic
waveguides for quantum optics and many body physics ex-
periments [28]. With colder atoms in the trap, we extend
the coherence time of an inertia sensitive atom interferom-
eter inside a hollow-core fiber to 20 ms with only 245 uW
of the dipole beam and 10 uW of the Raman beams. The
sub-millimeter package of the interferometer could allow
short-range force and potential measurements with high spa-
tial resolution and can find applications in constraining the
deviation of Newton’s law of gravity [29,30] and testing the
quantum nature of gravity [31].
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