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Confining particles in hollow-core photonic crystal fibers has opened up new prospects to scale up
the distance and time over which particles can be made to interact with light. However, maintaining long-
lived quantum spin coherence and/or transporting it over macroscopic distances in a waveguide remain
challenging. Here, we demonstrate coherent guiding of ground-state superpositions of 85Rb atoms over
a centimeter range and hundreds of milliseconds inside a hollow-core photonic crystal fiber. The
decoherence is mainly due to dephasing from the residual differential light shift from the optical trap and
the inhomogeneity of an ambient magnetic field. Our experiment establishes an important step towards a
versatile platform that can lead to applications in quantum information networks and a matter wave circuit
for quantum sensing.
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Long-lived quantum spin coherence is one of the key
requirements in precision measurements and quantum
networks [1–3]. In atomic interferometric sensors, such
as atomic fountain clocks and atom interferometers, atoms
are set free in a region of space well shielded from
decoherence sources [1]. In quantum memories, the infor-
mation is encoded in the coherence of spin states, which are
normally confined locally in a well-engineered trap to be
immune from decoherence [3]. In either case, the atoms and
coherence are localized within zero or one spatial dimen-
sion. To extend the use of quantum coherence into fully
three-dimensional coordinates, conveying atoms in a quan-
tum superposition state over a configurable path has been a
long-standing goal.
Unlike photons, the quantum coherence of spin states is

more susceptible to decoherence from the guiding envi-
ronment. For neutral atoms, the restoring force used for
confining atoms is generally through the coupling to the
gradient of optical or magnetic fields [4]. Coherent guiding
of the Bose-Einstein condensate using a magnetic trap has
been demonstrated on the scale of a few hundred microm-
eters [5], but the ability to guide and maintain coherence
over longer distances is challenging. Although optical
conveyor belts in free space have transported a super-
position state of atoms over a 1 mm range, the Rayleigh
range over which a laser beam stays focused limits the
guiding distances [6]. Moreover, the methods above cannot
be easily reconfigured to the desired trajectories.
Optical fiber technologies have provided a new platform

to extend the scalability and flexibility for guiding atoms.
For optical nanofibers, atoms are trapped a few hundred
nanometers away from the surface by the evanescent waves
of the guided mode [7]. The coherence time of stationary
atoms has been demonstrated to a few milliseconds [8].

Trapping and guiding of atoms in hollow-core photonic
crystal fibers [9–11] have been demonstrated over centi-
meter distances [12–19]; however, the ability to maintain
the coherence of quantum superposition states over a large
distance is still unclear. A moving atom interferometer has
been demonstrated inside a hollow-core photonic crystal
fiber, but the coherence time was limited by the dephasing
caused by the trapping potential to tens of microseconds
[16]. Here, we study the quantum coherence of 85Rb atoms
trapped by the fundamental mode of a hollow-core pho-
tonic crystal fiber and extend the coherence time to
hundreds of milliseconds by mitigating decoherence from
the inhomogeneous broadening of the differential light shift
(DLS). We further demonstrate the transportation of quan-
tum spin coherence over a range of centimeters.
The details of the experimental setup are shown in Fig. 1.

A 4-cm-long hollow-core photonic crystal fiber from
GLOphotonics (PMC-CTiSa-Er-7C) is mounted vertically
inside an ultrahigh vacuum chamber. The fiber inner core
diameter is 63 μm, and the 1=e2 mode field radius W is
22 μm. The cladding area of the fiber has a hypocycloid-
core kagome lattice structure to inhibit coupling between
the fundamental mode and higher order modes [20]. It also
supports a significant spatial separation between the fun-
damental mode and the inner wall to minimize the
interaction between the surface and atoms [20]. The
dominant atom-surface interaction in our experiment is
the temperature dependent van der Waals potential
UL ¼ kBTEα0=ð4r3Þ, where kB is the Boltzmann constant,
TE is the equilibrium temperature of the surface, α0 is the
static polarizability of the atom, and r is the distance of the
atoms from the inner fiber wall [21]. This interaction causes
atoms at different positions having different resonant
frequencies which results in inhomogeneous dephasing
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when measuring an ensemble of atoms. For TE ¼ 300 K
and r ¼ 26.5 μm, the ground state energy shift of 85Rb is
at the level of a few mHz which is negligible in our
experiment.
A three-dimensional magnetooptical trap (MOT) is

aligned about 5 mm above the fiber tip to capture and
cool room temperature 85Rb atoms from background vapor.
After sub-Doppler cooling, there are about 109 atoms at a
temperature Tatom ¼ 10 μK. Atoms are released from the
MOT at tp ¼ 0 and loaded into a moving optical lattice
formed by a pair of counterpropagating fields in the fiber.
The velocity v is determined by v ¼ δfλ=2 ¼ 2.2 cm=s,
where δf ¼ 50 kHz is the frequency detuning of the two
lattice fields, and λ ¼ 875 nm is the lattice wavelength.
Push beamswith 2ms duration resonant on both theF ¼ 3 to
F0 ¼ 4 and F ¼ 2 to F0 ¼ 3 transition are sent horizontally
to push atoms away from the vicinity of the fiber tip to ensure
only atoms inside the fiber participate in the coherence time
measurements. The root mean square radius r0 of the atomic
cloud in the fiber is ½W2kBTatom=ð2UÞ�1=2 ∼ 5 μm, where
Tatom ∼ 90 μK is themeasured atom radial temperature in the
lattice, and U ¼ 537 μK is the optical trapping potential.
When atoms are inside the fiber, the detuning between

the lattice beams is ramped down to zero to form a
stationary lattice. The atoms are then optically pumped
to F ¼ 2, m ¼ 0 via one 1 ms long intrafiber π-polarized
optical pump pulse resonant on theD1 line F ¼ 2 to F0 ¼ 2

transition and one linearly polarized depump pulse resonant
on the D2 line F ¼ 3 to F0 ¼ 3 transition. We study the
coherence of the hyperfine clock states F ¼ 2, m ¼ 0 and
F ¼ 3, m ¼ 0 of stationary 85Rb atoms using microwave
Ramsey π=2-T-π=2 and spin-echo π=2-T=2-π-T=2-π=2
sequences, where TðT=2Þ is the pulse separation time.
These sequences have beenwidely used to identify reversible
decoherence mechanisms and, more importantly, to charac-
terize irreversible decoherencemechanisms of atomic coher-
ence [22]. For the hyperfine ground states of alkali-metal
atoms, different polarizabilities of the states in the optical
potential cause different energy shifts which lead to the
inhomogeneous DLS of the transition due to the nonuniform
transverse profile of the trapping potential.
At the end of a microwave Ramsey or spin-echo

sequence, we perform state-selective detection of atoms
in F ¼ 3. This is achieved by measuring the transmission
Tr of a 3 nW, 50 μs probe pulse, resonant (far below the
saturation power of 30 nW) on the F ¼ 3 to F0 ¼ 4
transition, through the fiber. The measured transmission
is converted to optical depth OD ¼ − lnðTrÞ, a quantity
directly proportional to atom number in F ¼ 3 [16].
Throughout this Letter, we typically measure a maximum
OD ∼ 1, which corresponds to about 15 000 atoms. By
scanning the phase ϕ of the last π=2 microwave pulse, we
map out the Ramsey fringe as a sinusoidal oscillation in the
OD vs microwave phase ϕ. The inset in Fig. 2(a) shows an

FIG. 1. Experimental configuration. (a) Experimental setup. NPBS: nonpolarizing beam splitter. PBS: polarizing beam splitter. DM:
dichroic mirror. QWP: quarter-wave plate. PM fiber: polarisation maintaining fiber. APD: avalanche photodiode. HCF: hollow-core
fiber. All the optical components are outside the vacuum chamber. The polarization of the two optical dipole beams is adjusted by the
quarter wave plates for differential light shift cancellation. The coupling efficiency of the dipole beams is 65%. (b) Time scales for
atoms’ position in the setup. The left scale shows the position of the atoms relative to the fiber in the moving lattice at 2.2 cm=s starting
fromMOTs position at tp ¼ 0 ms. The right scale shows the position of the atoms in the moving lattice at 2.2 cm=s (long ticks) followed
by free-falling under gravity while still confined radially by the top dipole beam (short ticks) starting at tp ¼ 250 ms. For coherence
measurements of free-falling atoms, we reset the timing when atoms begin the free fall. (c) Relevant atomic energy levels. (d) Time
sequences. Each experimental cycle includes 400 ms for cooling atoms. Bx, By, and Bz are external magnetic fields for shifting the
atomic ensemble and defining quantization axis for atom-light interactions. The π pulse is present for spin-echo sequences and absent for
Ramsey sequences.
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exemplary Ramsey fringe for pulse separation time
T ¼ 3 ms. The contrast C of the Ramsey fringe is obtained
from fitting the function ODavg × ½C × sinðϕþ ϕ0Þ þ 1� to
the data with C, ϕ0, ODavg as fit parameters. The contrast
CðTÞ is then measured as a function of pulse separation
time T, see Fig. 2(a), and fitted with the function [22]
½1þ ðT=TcÞ2�−3=2 where Tc is the coherence time.
Inhomogeneous broadening of the transition from the
lattice has limited our Ramsey coherence time Tc to 3.0
(1) ms as shown in Fig. 2(a).
In principle, the spin-echo sequence can remove this

dephasing by reversing the sign of the phase accumulated
during the period between the second and third pulse as
long as the optical potential experienced by the atoms is
time independent [22]. With the spin-echo sequence, the
coherence time Tc has improved to 37.2(7) ms as shown in
Fig. 2(a) (circles). The spin-echo contrast decay data are
fitted with A × expð−T=TcÞ, where Tc and A are the fitting
parameters. Time-dependent fluctuations of the potential
due to thermal motion of the atoms in the potential, laser
power stability, or acoustic noise affecting fiber coupling
could still cause the residual dephasing. To minimize the
DLS, we follow the scheme using a combination of the
polarization of the lattice laser beams and an external
magnetic field to engineer the polarizability of the F ¼ 2
and F ¼ 3 states [23–29]. The cancellation works by using
elliptically polarized dipole beams to generate a fictitious
magnetic field which causes a Zeeman-like energy shift,
called the vector light shift, of the hyperfine clock states.
Figure 2(a) shows the contrast decay of spin-echo inter-
ference fringes as a function of the time T with and
without DLS cancellation. With spin-echo and with DLS

cancellation, the coherence time Tc has further improved to
60.1(1) ms as shown in Fig. 2(a) (squares).
As indicated by previous studies, perfect cancellation of

the DLS between the hyperfine ground states of alkali-
metal atoms in a single trapping beam wavelength does not
exist due to hyperpolarizability or nonlinear ac Stark shifts
[27,28]. The coherence time of our stationary atoms in the
waveguide is limited by this residual light shift from the
trapping laser. In Fig. 2(b), we compare the spin-echo
signal at two different trapping potentials 279 μK and
179 μK and observe the improvement of the coherence
time from 101(2) ms to 252(8) ms. The spin relaxation
rates [22] calculated at the peak trapping potentials
are 0.01 and 0.03 s−1, respectively, which are negligible
for decoherence. We also measure the spin-echo coherence
time of the superposition state at different locations along
the fiber. The detuning of the lattice beams is ramped from
50 kHz to 0 kHz at tp ¼ 250 ms, 550 ms, and 750 ms,
which corresponds to about 0.5, 11.0, 11.4 mm from the
upper tip of the fiber, respectively. As shown in Fig. 2(c),
the coherence time of stationary atoms is consistent in three
different locations. This demonstrates that the irreversible
decoherence is consistent along the fiber.
To demonstrate the transportation of the coherent super-

position state in the hollow-core fiber, we apply the initial
π=2microwave pulse in a Ramsey or spin-echo sequence at
tp ¼ 250 ms to put atoms in a superposition state and then
let the relative phase of the two states evolve while atoms
are in motion. Figure 3(a) shows the contrast of the spin-
echo sequence when atoms are in the 537 μK deep,
2.2 cm=s moving optical lattice. The transportation dis-
tance is limited by the residual DLS similar to Fig. 2(a).

(a) (b) (c)

FIG. 2. Coherence time measurement of stationary atoms trapped inside the fiber. (a) Contrast vs pulse separation time T. The
coherence times Tc for open triangles, squares, and circles are 3.0(1), 37.2(7), and 60.1(1) ms respectively. The trapping potential of the
stationary lattice is 537 μK. Atoms are transported into the fiber using a moving lattice at 2.2 cm=s for 200 ms and then kept stationary
while coherence measurements proceed. Inset: Exemplary Ramsey fringe for pulse separation time T ¼ 3 ms. The error bars indicate the
standard error of 4 experimental runs. The continuous line is a sinusoidal fit to the data from which we extract the contrast C. (b) Spin-
echo measurement with DLS cancellation of two different trapping potentials 279 μK (squares) and 179 μK (circles). The solid lines are
fits using the exponential function A × expð−T=Tc), and the 1=e decay times Tc are 101(2) and 252(8) ms, respectively. Atoms are
transported into the fiber using a moving lattice at 2.2 cm=s for 250 ms and then kept stationary while coherence measurements proceed.
(c) Spin-echo measurements at different positions of the fiber with DLS cancellation. The 1=e lifetimes for 250, 550, and 750 ms are
106(2), 108(2), and 106(2) ms, respectively which correspond to 0.5, 7.0, and 11.4 mm from the upper tip of the fiber, respectively.
The trapping potential of the lattice is 279 μK.
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We also switch off the bottom dipole beam at tp ¼ 250 ms
to cause atoms to free fall under gravity, guided only by the
134 μK deep top dipole beam. In Fig. 3(b), we compare the
results of different measurement conditions when atoms are
under free fall. Without the DLS cancellation, the spin-echo
coherence time greatly exceeds the Ramsey coherence
time. With the cancellation, however, these two sequences
show a similar decoherence trend. We could still observe
the contrast after 55 ms of the Ramsey pulse separation
time which corresponds to the transportation of 1.5 cm.
Figure 4(a) shows the lifetime of atoms inside the stationary
lattice at different positions of the fiber. Atoms are trans-
ported by a moving lattice at 2.2 cm=s into the fiber and
held at tp ¼ 500, 700, 900, and 1100 ms for lifetime
measurement, which correspond to 6.0, 10.0, 14.8, and
19.2 mm from the upper tip of the fiber, respectively. The
lattice depth is 537 μK. We measure the decay of the atom
number as a function of time and fit with an exponential
decay function. The 1=e lifetimes of the atoms are 1.87(4),
2.59(7), 2.33(5), and 1.74(7) s, respectively. The minimum
lifetime of 1.7 s indicates the background pressure inside
the fiber is better than 1 × 10−8 torr [13] and sets the upper
bound of our coherence time measurements. Figure 4(b)
shows the fluorescence images of atoms at different times
during transportation by a moving lattice at 4.4 cm=s.
The long coherence time of stationary atoms in our

experiment can be used to build a fiber-based atomic clock
[30]. The decoherence is due to the residual DLS from the
11 mG inhomogeneous magnetic field gradient around
the fiber holder over our sample size of 5 mm [29] which
translates into few Hz of residual DLS at 537 μK trapping

potential. This can be improved by removing the magnetic
field gradient or exciting ring-shaped higher-order modes
of the fiber with blue detuned dipole laser frequency [31].
A factor of 10 improvements can be expected when we
lower the trapping potential by a factor of 10 while keeping
the same ratio of atoms’ temperature to potential depth.
The source of decoherence on moving atoms is most

likely due to the inhomogeneity of the local magnetic field
along the atoms’ trajectories. The 11 mG magnetic field
gradient corresponds to tens of Hz inhomogeneous broad-
ening on the clock states through second-order Zeeman
shift which is cancelled for stationary atoms through the
spin-echo sequence. The inhomogeneity of the magnetic
field is also reflected in the fluctuation of the data in Fig. 3.
This can be easily improved by an order of magnitude by
removing the magnetic substance on our fiber holder. This
will translate into more than 1-meter transportation of the
quantum state in the free-falling case. We observe no
dependence of the coherence time on the external magnetic
field current noise as well as the gradient when we double
the magnetic field. The coherence time is also independent
of the trapping potential depth used in the free-falling
sequence.
The distance of the hollow-core fiber enhanced quantum

state transportation demonstrated in this work is already an
order of magnitude longer than the free space scheme [6].
In the future, we plan to study the coherence of external
states of atoms (matter waves) inside the fiber. If long
matter wave coherence times approaching the internal state
coherence times demonstrated here can be achieved, then
the prospects for a large enclosed area matter wave
interferometer is promising. Considering a fiber with a
5 cm bending radius at 3 dB bending loss [32], a matter
wave circuit with 30 cm perimeter for quantum sensing
purposes can be envisioned [33].
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FIG. 4. Atoms in the fiber. (a) Lifetime measurements of atoms
trapped in a stationary lattice. (b) Fluorescence images of atoms
at different times during transportation by a moving lattice at
4.4 cm=s. The atoms are probedwith resonant light on theF ¼ 3 to
F0 ¼ 4 cycling transition, and scattered photons are imaged from
the side of the fiber onto a CCD camera. The fiber location is
indicated by the blue rectangle. The 5 mm scale bar is calibrated
using calculated lattice velocity and the centroid position of the
atoms vs time. Atoms that are not following the moving lattice
potential fall faster than atoms in the moving lattice, which can be
seen in the image of transportation time 35 ms.

(a) (b)

FIG. 3. Contrast decay measurement of moving atoms in the
fiber. (a) Contrast of spin-echo measurements of atoms in a
moving lattice at 2.2 cm=s vs transportation distance with
(squares) and without (circles) DLS cancellation. The trapping
potential of the moving lattice is 537 μK. The first π=2 pulse is
applied at tp ¼ 250 ms. (b) Comparison of contrast measure-
ments of free-falling atoms in an optical dipole trap with different
conditions. Atoms are set free to fall under gravity by switching
off the bottom dipole beam at tp ¼ 250 ms while remaining
confined radially by the 134 μK trapping potential from the top
dipole beam. The data shows the contrast of the Ramsey fringes
with (open squares) and without (open triangles) DLS cancella-
tion and the spin-echo sequence with (circles) and without
(diamonds) DLS cancellation.

PHYSICAL REVIEW LETTERS 122, 163901 (2019)

163901-4



This work is supported by Singapore National Research
Foundation under Grant No. NRFF2013-12, Nanyang
Technological University under start-up grants, and
Singapore Ministry of Education under Grant No. Tier 1
RG107/17.

*sylan@ntu.edu.sg
[1] A. D. Cronin, J. Schmiedmayer, and D. E. Pritchard, Optics

and interferometry with atoms and molecules, Rev. Mod.
Phys. 81, 1051 (2009).

[2] H. J. Kimble, The quantum internet, Nature (London) 453,
1023 (2008).

[3] K. Hammerer, A. S. Srensen, and E. S. Polzik, Quantum
interface between light and atomic ensembles, Rev. Mod.
Phys. 82, 1041 (2010).

[4] H. Metcalf and P. van der Straten, Laser Cooling and
Trapping (Springer, New York, 1999).

[5] C. Ryu and M. G. Boshier, Integrated coherent matter wave
circuits, New J. Phys. 17, 092002 (2015).

[6] S. Kuhr, W. Alt, D. Schrader, I. Dotsenko, Y. Miroshny-
chenko, W. Rosenfeld, M. Khudaverdyan, V. Gomer, A.
Rauschenbeutel, and D. Meschede, Coherence Properties
and Quantum State Transportation in an Optical Conveyor
Belt, Phys. Rev. Lett. 91, 213002 (2003).

[7] P. Solano, J. A. Grover, J. E. Hoffman, S. Ravets, F. K.
Fatemi, L. A. Orozco, and S. L. Rolston, Optical nanofibers:
A new platform for quantum optics, Adv. At. Mol. Opt.
Phys. 66, 439 (2017).

[8] D. Reitz, C. Sayrin, R. Mitsch, P. Schneeweiss, and A.
Rauschenbeutel, Coherence Properties of Nanofiber-Trapped
Cesium Atoms, Phys. Rev. Lett. 110, 243603 (2013).

[9] C. Markos, J. C. Travers, A. Abdolvand, B. J. Eggleton, and
O. Bang, Hybrid photonic-crystal fiber, Rev. Mod. Phys. 89,
045003 (2017).

[10] F. Benabid and P. J. Roberts, Linear and nonlinear optical
properties of hollow core photonic crystal fiber, J. Mod. Opt.
58, 87 (2011).

[11] P. St. J. Russell, P. Hölzer, W. Chang, A. Abdolvand, and
J. C. Travers, Hollow-core photonic crystal fibres for gas-
based nonlinear optics, Nat. Photonics 8, 278 (2014).

[12] M. Bajcsy, S. Hofferberth, V. Balic, T. Peyronel, M. Hafezi,
A. S. Zibrov, V. Vuletić, and M. D. Lukin, Efficient All-
Optical Switching Using Slow Light within a Hollow Fiber,
Phys. Rev. Lett. 102, 203902 (2009).

[13] S. Okaba, T. Takano, F. Benabid, T. Bradley, L. Vincetti, Z.
Maizelis, V. Yampol’skii, F. Nori, and H. Katori, Lamb-
Dicke spectroscopy of atoms in a hollow-core photonic
crystal fibre, Nat. Commun. 5, 4096 (2014).

[14] F. Blatt, L. S. Simeonov, T. Halfmann, and T. Peters,
Stationary light pulses and narrowband light storage in a
laser-cooled ensemble loaded into a hollow-core fiber, Phys.
Rev. A 94, 043833 (2016).

[15] M. Langbecker, M. Noaman, N. Kjæ rgaard, F. Benabid, and
P. Windpassinger, Rydberg excitation of cold atoms inside a
hollow core fiber, Phys. Rev. A 96, 041402(R) (2017).

[16] M. Xin, W. S. Leong, Z. Chen, and S.-Y. Lan, An atom
interferometer inside a hollow-core photonic crystal fiber,
Sci. Adv. 4, e1701723 (2018).

[17] C. A. Christensen, S. Will, M. Saba, G. B. Jo, Y. I. Shin, W.
Ketterle, and D. Pritchard, Trapping of ultracold atoms in a
hollow-core photonic crystal fiber, Phys. Rev. A 78, 033429
(2008).

[18] S. Vorrath, S. A. Möller, P. Windpassinger, K. Bongs, and
K. Sengstock, Efficient guiding of cold atoms through a
photonic band gap fiber, New J. Phys. 12, 123015 (2010).

[19] A. P. Hilton, C. Perrella, F. Benabid, B. M. Sparkes, A. N.
Luiten, and P. S. Light, High-Efficiency Cold-Atom Trans-
port into a Waveguide Trap, Phys. Rev. Applied 10, 044034
(2018).

[20] B. Debord, M. Alharbi, T. Bradley, C. Fourcade-Dutin,
Y. Y. Wang, L. Vincetti, F. Gérôme, and F. Benabid,
Hypocycloid-shaped hollow-core photonic crystal fiber
Part I: Arc curvature effect on confinement loss, Opt.
Express 21, 28597 (2013).

[21] P. Wolf, P. Lemonde, A. Lambrecht, S. Bize, A. Landragin,
and A. Clairon, From optical lattice clocks to the measure-
ment of forces in the Casimir regime, Phys. Rev. A 75,
063608 (2007).

[22] S. Kuhr, W. Alt, D. Schrader, I. Dotsenko, Y. Miroshny-
chenko, A. Rauschenbeutel, and D. Meschede, Analysis
of dephasing mechanisms in a standing-wave dipole trap,
Phys. Rev. A 72, 023406 (2005).

[23] A. Derevianko, Theory of magic optical traps for Zeeman
insensitive clock transitions in alkali-metal atoms, Phys.
Rev. A 81, 051606(R) (2010).

[24] N. Lundblad, M. Schlosser, and J. V. Porto, Experimental
observation of magic-wavelength behavior of 87Rb atoms in
an optical lattice, Phys. Rev. A 81, 031611(R) (2010).

[25] R. Chicireanu, K. D. Nelson, S. Olmschenk, N. Lundblad,
A. Derevianko, and J. V. Porto, Differential Light-Shift
Cancellation in a Magnetic-Field-Insensitive Transition of
87Rb, Phys. Rev. Lett. 106, 063002 (2011).

[26] Y. O. Dudin, L. Li, and A. Kuzmich, Light storage on the
time scale of a minute, Phys. Rev. A 87, 031801(R) (2013).

[27] J. Yang, X. He, R. Guo, P. Xu, K. Wang, C. Sheng, M. Liu,
J. Wang, A. Derevianko, and M. Zhan, Coherence Preser-
vation of a Single Neutral Atom Qubit Transferred between
Magic-Intensity Optical Traps, Phys. Rev. Lett. 117, 123201
(2016).

[28] A.W. Carr and M. Saffman, Doubly Magic Optical Trap-
ping for Cs Atom Hyperfine Clock Transitions, Phys. Rev.
Lett. 117, 150801 (2016).

[29] See Supplemental Material at http://link.aps.org/
supplemental/10.1103/PhysRevLett.122.163901 for more
detailed discussions.

[30] E. Ilinova, J. F. Babb, and A. Derevianko, Feasibility of an
optical fiber clock, Phys. Rev. A 96, 033814 (2017).

[31] N. Davidson, H. J. Lee, C. S. Adams, M. Kasevich, and S.
Chu, Long Atomic Coherence Times in an Optical Dipole
Trap, Phys. Rev. Lett. 74, 1311 (1995).

[32] M. Alharbi, T. Bradley, B. Debord, C. Fourcade-Dutin, D.
Ghosh, L. Vincetti, F. Gérôme, and F. Benabid, Hypocy-
cloid-shaped hollow-core photonic crystal fiber Part II:
Cladding effect on confinement and bend loss, Opt. Express
21, 28609 (2013).

[33] B. Barrett, R. Geiger, and I. Dutta, The Sagnac effect:
20 years of development in matter-wave interferometry,
C.R. Phys. 15, 875 (2014).

PHYSICAL REVIEW LETTERS 122, 163901 (2019)

163901-5

https://doi.org/10.1103/RevModPhys.81.1051
https://doi.org/10.1103/RevModPhys.81.1051
https://doi.org/10.1038/nature07127
https://doi.org/10.1038/nature07127
https://doi.org/10.1103/RevModPhys.82.1041
https://doi.org/10.1103/RevModPhys.82.1041
https://doi.org/10.1088/1367-2630/17/9/092002
https://doi.org/10.1103/PhysRevLett.91.213002
https://doi.org/10.1016/bs.aamop.2017.02.003
https://doi.org/10.1016/bs.aamop.2017.02.003
https://doi.org/10.1103/PhysRevLett.110.243603
https://doi.org/10.1103/RevModPhys.89.045003
https://doi.org/10.1103/RevModPhys.89.045003
https://doi.org/10.1080/09500340.2010.543706
https://doi.org/10.1080/09500340.2010.543706
https://doi.org/10.1038/nphoton.2013.312
https://doi.org/10.1103/PhysRevLett.102.203902
https://doi.org/10.1038/ncomms5096
https://doi.org/10.1103/PhysRevA.94.043833
https://doi.org/10.1103/PhysRevA.94.043833
https://doi.org/10.1103/PhysRevA.96.041402
https://doi.org/10.1126/sciadv.1701723
https://doi.org/10.1103/PhysRevA.78.033429
https://doi.org/10.1103/PhysRevA.78.033429
https://doi.org/10.1088/1367-2630/12/12/123015
https://doi.org/10.1103/PhysRevApplied.10.044034
https://doi.org/10.1103/PhysRevApplied.10.044034
https://doi.org/10.1364/OE.21.028597
https://doi.org/10.1364/OE.21.028597
https://doi.org/10.1103/PhysRevA.75.063608
https://doi.org/10.1103/PhysRevA.75.063608
https://doi.org/10.1103/PhysRevA.72.023406
https://doi.org/10.1103/PhysRevA.81.051606
https://doi.org/10.1103/PhysRevA.81.051606
https://doi.org/10.1103/PhysRevA.81.031611
https://doi.org/10.1103/PhysRevLett.106.063002
https://doi.org/10.1103/PhysRevA.87.031801
https://doi.org/10.1103/PhysRevLett.117.123201
https://doi.org/10.1103/PhysRevLett.117.123201
https://doi.org/10.1103/PhysRevLett.117.150801
https://doi.org/10.1103/PhysRevLett.117.150801
http://link.aps.org/supplemental/10.1103/PhysRevLett.122.163901
http://link.aps.org/supplemental/10.1103/PhysRevLett.122.163901
http://link.aps.org/supplemental/10.1103/PhysRevLett.122.163901
http://link.aps.org/supplemental/10.1103/PhysRevLett.122.163901
http://link.aps.org/supplemental/10.1103/PhysRevLett.122.163901
http://link.aps.org/supplemental/10.1103/PhysRevLett.122.163901
http://link.aps.org/supplemental/10.1103/PhysRevLett.122.163901
https://doi.org/10.1103/PhysRevA.96.033814
https://doi.org/10.1103/PhysRevLett.74.1311
https://doi.org/10.1364/OE.21.028609
https://doi.org/10.1364/OE.21.028609
https://doi.org/10.1016/j.crhy.2014.10.009

