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We report observations of superradiance for atoms trapped in the near field of a photonic crystal
waveguide (PCW). By fabricating the PCW with a band edge near the D, transition of atomic cesium,
strong interaction is achieved between trapped atoms and guided-mode photons. Following short-pulse
excitation, we record the decay of guided-mode emission and find a superradiant emission rate scaling as
I'sg o« NT'jp, for average atom number 0.19 < N < 2.6 atoms, where I'jp/I” = 1.0 & 0.1 is the peak single-
atom radiative decay rate into the PCW guided mode, and I is the radiative decay rate into all the other
channels. These advances provide new tools for investigations of photon-mediated atom-atom interactions

in the many-body regime.
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Interfacing light with atoms localized near nanophotonic
structures has attracted increasing attention in recent years.
Exemplary experimental platforms include nanofibers
[1-3], photonic crystal cavities [4], and waveguides [5,6].
Owing to their small optical loss and tight field confinement,
these nanoscale dielectric devices are capable of mediating
long-range atom-atom interactions using photons propagat-
ing in their guided modes. This new paradigm for strong
interaction of atoms and optical photons offers new tools
for scalable quantum networks [7], quantum phases of light
and matter [8,9], and quantum metrology [10].

In particular, powerful capabilities for dispersion and
modal engineering in photonic crystal waveguides (PCWs)
provide opportunities beyond conventional settings in
atomic, molecular and optical physics within the new field
of waveguide QED [2,3,6,11-13]. For example, the edge of a
photonic band gap aligned near an atomic transition strongly
enhances single-atom emission into the one-dimensional
(1D) PCW due to a “slow-light” effect [14—16]. Because
the electric field of a guided mode near the band edge
approaches a standing wave, optical excitations can be
induced in an array of trapped atoms with little propagation
phase error, resulting in phase-matched superradiant emission
[17,18] into both forward and backward waveguide modes of
the PCW. Superradiance has important applications for
realizing quantum memories [19-23], single-photon sources
[24,25], laser cooling by way of cooperative emission [26,27],
and narrow linewidth lasers [28]. Related cooperative effects
are predicted in nanophotonic waveguides absent an external
cavity [29], including atomic Bragg mirrors [30] and self-
organizing crystals of atoms and light [31-33].

Complimentary to superradiant emission is the collective
Lamb shift induced by proximal atoms virtually exchang-
ing off-resonant photons [34-37]. With the atomic tran-
sition frequency placed in a photonic band gap of a PCW,
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real photon emission is largely suppressed. Coherent atom-
atom interactions then emerge as a dominant effect for
QED with atoms in band-gap materials [38—43]. Both the
strength and length scale of the interaction can be
“engineered” by suitable band shaping of the PCW, as
well as dynamically controlled by external lasers [42,43].
Explorations of many-body physics with tunable and strong
long-range atom-atom interactions are enabled [42,43].

In this Letter, we present an experiment that cools,
traps, and interfaces multiple atoms along a quasi-one-
dimensional PCW. Through precise band-edge alignment
and guided-mode (GM) design, we achieve strong radiative
coupling of one trapped atom and a guided mode of the
PCW, such that the inferred single-atom emission rate into
the guided mode is I';p/T" = 1.0 + 0.1, where '} is the
peak single-atom radiative decay rate into the guided mode,
and T” is the radiative decay rate into all the other channels.
With multiple atoms, we observe superradiant emission in
both time and frequency domains. We infer superradiant
coupling rate I'sg that scales with the mean atom number N
as T'sg = nNT'|p over the range 0.19 <N <2.6 atoms,
where n = 0.34 £ 0.06.

We stress “waveguide” and not “cavity” QED because
the dominant effects in our experiment are a result of the
combination of atom-light localization within an area A,,
comparable to the free-space atomic cross section A,, ~ 12
and an enhancement in the atom-field coupling due to band
structure, namely, a group index n,~ 11 that dominates
over the enhancement £; ~ 4 from a weak external cavity
with “mirror” reflectivity R ~ 0.48. By contrast, in conven-
tional cavity QED, an atom interacts with a cavity mode
with area A, > 12, n,~1 and an enhancement &; ~
A./2? > 10° (i.e., mirror reflectivity R > 0.99999) [22,23].

Stated differently, in our PCW, we are able to engineer
the real and imaginary parts of the Green’s function for
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atom-light interactions (e.g., Fig. SM3 in Ref. [44]) in
ways that are not possible within the setting of conventional
cavity QED. For example, our alligator photonic crystal
waveguide (APCW) enables many-body physics that is both
nontrivial and inaccessible by using conventional optical
cavities [42]. Our observation of superradiance demon-
strates at least two important criteria toward the exploration
of such new physics, namely (i) the capability to trap
stably multiple atoms along an APCW and, therefore, to
build few-body quantum systems extending to N ~ 20
atoms with improved trapping and (ii) the ability to achieve
relative band-edge alignment to better than 5 x 107*, which
enables n, > 1 with high-contrast Bloch modes.

Our experimental platform is based on trapped cesium
atoms near a 1D APCW. The APCW consists of 150
identical unit cells with lattice constant @ = 371 nm and is
terminated at either end by 30 tapered cells for mode
matching to parallel nanobeams without corrugation.
Design principles and device characterization can be found
in Refs. [5,6,44]. For the APCW used here, we align the
band edge of the TE-like fundamental guided mode near
the cesium D; line at 894.6 nm, with a mode-matched
transverse electric (TE) input field E;, tuned around the
682, F =3 = 6P );, F' = 4 transition. Near the band
edge, the atom-photon coupling rate is significantly
enhanced by the group index n, = 11 and by reflections
from the tapering regions corresponding to an intensity
enhancement &; ~ 4 [44].

To trap atoms along the APCW, we create tight
optical potentials using the interference pattern of a side-
illumination (SI) beam and its reflection from the surface of
the APCW [4]. The polarization of the SI beam is aligned
parallel to the x axis to maximize the reflected field.
Figure 1(b) shows the calculated near-field intensity dis-
tribution in the y-z plane [50]. With a red-detuned SI beam,
cold atoms can be localized to intensity maxima [e.g.,
positions z_;, 71, 2, in Fig. 1(b)]. However, because of the
exponential falloff of the GM intensity, only those atoms
sufficiently close to the APCW can interact strongly with
guided-mode photons of the input field E;, shown in
Fig. 1(c). The trap site with the strongest atom-photon
coupling is located at (y;,z;) = (0,220) nm, and Az ~
120 nm is the distance from the plane of the upper surfaces
of the APCW. Other locations are calculated to have
coupling to the guided mode less than 1% of that for site z;.

Along the x axis of the APCW, the dipole trap U(x, 0, z;)
is insensitive to the dielectric corrugation within a unit cell
and is nearly uniform within <2% around the central
region of the APCW. By contrast, atomic emission into the
TE-like mode is strongly modulated with I';p(x,0,z;) =
I',p cos?(kx) due to the standing-wave-like coupling rate
near the band edge (k ~ z/a), as shown in the inset of
Fig. 1(a). Thus, even for atoms uniformly distributed along
the x axis, only those close to the center of a unit cell can
strongly couple to the guided mode. We choose a 50 um
waist for the SI beam to provide weak confinement along

LETTERS 7 AUGUST 2015
(a) SI . gy
e R

E IS IVAVAVAVAVAVAR

2z 4
m
(b), Lot MO I'ip/To
0.8
Z, 06
w 04
‘ 0.2
- 0 -1
-1 0 1

y (um)

FIG. 1 (color online). Trapping and interfacing atoms with an
APCW. (a) A SI beam is reflected from an APCW (gray shaded
structure) to form a dipole trap to localize atoms. The red shaded
region represents trapped atoms along the APCW. An incident
field E;, excites the TE-like mode and trapped atoms couple to
this guided mode. The inset shows a SEM image of the APCW
and corresponding single-atom coupling rate ' along the x axis
at the center of the gap (y = 0). (b) Normalized intensity cross
section of the total intensity /., resulting from the SI beam and its
reflection. Trap locations along the z axis at y = 0 are marked by
z;. Masked gray areas represent the APCW. (c) The single-atom
coupling rate into the TE-like guided mode I';p(0, y, z) normal-
ized to I'y where I’ is the Einstein-A coefficient for free space.

the x axis, with atoms localized near the central region
(Ax = £10 um) of the APCW for the estimated temper-
ature ~50 uK from a time-of-flight measurement in
free space.

Cold atoms from a magneto-optical trap (MOT) that
surrounds the APCW [6] are loaded into the dipole trap
during an optical molasses phase (~5 ms) and then optically
pumped to 65/, FF'=3 (~1 ms). Atoms are held in the
dipole trap for time #,,4 relative to the end of the loading
sequence, and then free-space absorption imaging is initiated
over the interval (f01q, fhola + At,,) With Az, = 0.2 ms. We
introduce the measured time 7,, = ty,qq + At,,/2 centered
in the measurement window. As shown in Fig. 2(a), we
measure a trap lifetime 7, =54 +£5 ms and a peak
density py ~ 2 x 10" cm™3 near the APCW.

To determine the lifetime for trapped atoms along the
APCW, we again hold atoms for #,,;q and then launch E;, as
a resonant GM probe with Az,, =5 ms. From the trans-
mitted signals, we compute 7/T, where T, is the trans-
mission without atoms. During the probe period, we also
apply free-space repump beams tuned to the D5, 65 ), F' =
4 — 6P3),, F' =4 resonance to remove population in
65/, F' =4 since the probe excites an open transition.
Figure 2(b) shows T/T, gradually recovering to /T, = 1
as t,, increases, with a fit to the data giving a 1/e time of
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FIG. 2. Lifetime of trapped atoms near the APCW. (a) 1/e
lifetime of 7y =54 +£5 ms is determined using free-space
absorption imaging of the trapped atom cloud. (b) 1/e lifetime
of 7gm =28 £2 ms is observed from the normalized trans-
mission T//T, of a resonant GM probe.

Tom = 28 £ 2 ms. Effects leading to zgy < 7y, are dis-
cussed in Ref. [44].

Our principal investigation of superradiance involves
observation of the transient decay of both forward and
backward emission from atoms trapped along the APCW.
We excite superradiance by employing weak and short
excitation pulses (FWHM 10 ns) with an average photon
number N, <1 per pulse, ensuring a small degree of
excitation can be uniformly shared among all ground-state
atoms. For a collection of N > 1 atoms, superradlance is
heralded by a total decay rate I'\,; = I'sg +Ft(0t) that is
enhanced beyond the total decay rate for one atom
r tolt =T'p +I". I'gg is the N-dependent superrad1ant rate
operationally determined from I',,; and I“t(ot> Here, I" is the
radiative decay rate into all channels other than the TE-like
guided mode. We numerically evaluate I /T’y ~ 1.1 for an
atom at the trap site z; in Fig. 1(b) along the APCW where
Iy is the Einstein-A coefficient for free space [15].

We record the temporal profiles of either forward or
backward atomic emission into the guided mode following
short-pulse (~10 ns FWHM) resonant excitations via Ej,.
After a time f;,,4, the excitation cycle is repeated every
500 ns for At,, = 6 ms, and detection events are accumu-
lated for the reflected intensity. We consider decay curves
of GM emission at 15 ns < ¢, < 70 ns after the center of
the excitation pulse [44]. The total decay rate I, , is extracted
by exponential fits as shown in the inset of Fig. 3(a).

An enhanced total decay rate with an increasing atom
number is evidenced in Fig. 3(a), where the atom number is
adjusted by varying the trap hold time #,,4 prior to the
measurement. At the shortest measurement time #,, = 3 ms
with #,,4 = 0 ms, the measured total decay rate is largest at
Foi/To~2.9. At t,, = 63 ms, much longer than the trap
lifetime 75y = 28 =2 ms, the total decay rate settles to

[ot/To = 2.0. This asymptotic behavior suggests that T, at

long hold time corresponds to the single-atom decay rate fﬁjﬁ .

To determine quantitatively the superradiant and single-
atom emission rates, we present two different analyses that
yield consistent results. First is a simple and intuitive
analysis applied to Fig. 3(a) in which we employ an

empirical exponential fit, ['(7,,) = [sge™/™ + T,
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FIG. 3 (color online). Decay rate and atom number. (a) Fitted
total decay rate T, normalized with T, (circles) as a function of
measurement time 7,,. The solid line is an exponential fit to
determine the superradiant decay rate Tgp/To=1.1+0.1
and the single-atom decay rate Ffm /Ty =2.0+0.1 with 7gg =
17 £ 3 ms. The inset shows the normalized temporal profiles of
backward emission /,,. Exponential fits (solid curves): #,, = 3 ms
(red), 13 ms (green), and 63 ms (blue). The black dashed curve
shows exponential decay with I'y. (b) Fitted total decay rate
I'o./To as a function of the mean number of trapped atoms N. We
adjust N by changing the trap hold time (red) or atom loading
time (blue). The black line is a linear fit to the combined data
sets giving ['sg = nNT'p with # = 0.34 % 0.06.

with the maximum superradiant [gg, single-atom T/,

and zgg characterizing decay of superradiance due to the
atom loss. The fit yields I'sg/Ty=1.1£0.1 with
Tgr = 17 £ 3 ms, as shown by the red curve in Fig. 3(a).
The asymptote mt / I'h=2.0=£0.1 gives the total
single-atom decay rate. With I"/I'j~ 1.1, we deduce
I'p/Ty=0.9£0.1.

To substantiate this empirical model, our second analysis
is a detailed numerical treatment based upon transfer matrix
calculations [44]. Decay curves are generated for a fixed
number of atoms N distributed randomly along the x axis
of the APCW with spatially varying coupling I'jp(x) =
I',p cos?(kx). These N-dependent spatially averaged decay
curves are further averaged over a Poisson distribution with
mean atom number N. Fitting to this model, we extract
I'p/Ty = 1.1 £0.1 for measurements at long hold time

» = 03 ms in Fig. 3(a). Since the GM emission is spatially
modulated by cos*(kx), only an atom near the center of the
unit cell can strongly couple to the guided mode, resulting
in the small difference between averaged I';, and peak I'j.
Also, the decay curve for GM emission at ¢,, = 3 ms is
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well fitted with N = 2.6 4 0.3 atoms [44]. The red points
in Fig. 3(b) display the total decay rate T', as a function of
N extracted from the model fits, which shows that super-
radiance emission rate is proportional to N.

I'p/T” = 1.0 £0.1 from our measurements agrees rea-
sonably well with the theoretical value I'jp/T” ~ 1.1 deter-
mined by finite-difference time-domain calculations [44,51]
despite several uncertainties (e.g., locations of trap minima).
The agreement validates the precision of our fabricated
samples as well as the power of the theoretical tools
[15,42,43].

We confirm that the variation of ', in Fig. 3(a) is not due
to the heating of atomic motion during the trap hold time. To
see this, we adjust N via different MOT loading times and
measure the decay rate at the shortest hold time (#,, =3 ms),
as shown by the blue points in Fig. 3(b). These observations
are consistent with those from varying the trap hold time [red
points in Fig. 3(b)} and lead to an almost identical single-
atom decay rate Ftot /Ty = 2.0 £ 0.1 at the shortest loading
time corresponding to p/p, = 0.16 and N < 1.

The data and our analysis related to Fig. 3 strongly
support the observation of superradiance for atoms trapped
along the APCW. Assuming Tt = Tsr + Ffot) and fitting
[ linearly with N, as shown in Fig. 3(b), we find that the
superradiant rate is given by TI'sg =#nNIjp with
n = 0.34 + 0.06. For a motivation of the scaling of the
superradiant coupling rate and a physical interpretation of
the constant 7, see Ref. [44].

This observation of superradiance is complemented by
line broadening for steady-state transmission spectra 7'(A)
measured at 7,, = 3 ms with Az, =5 ms in Fig. 4. The
measured linewidths T',, are significantly broader than the
free-space width I'y/27 = 4.56 MHz [52]. We also mea-
sure T/Ty = 0.30 at line center for maximum density p,
due to strong atom-photon coupling.

No clear density-dependent shift is observed in Fig. 4(a),
in support of our neglect of cooperative energy shifts |Hy|
[44]. The shift in line center for 7(A) from A = 0 in free
space to A = 14 MHz for trapped atoms is induced by the
dipole trap. Furthermore, trapped atoms should suffer small
inhomogeneous broadening in the spectra, since the light
shift induced by the dipole trap is small (<1 MHz) for the
6P, F =4 excited state, and atoms are well localized
around the trap center due to their low temperature
T ~ 50 uK corresponding to a small range of light shifts
<1 MHz for the ground state.

In Fig. 4(b), we plot the linewidths T',, extracted from
T(A) as a function of p/py. T',,/Ty~3.4 is largest at
p/po =1 and reduces to I,,/Ty~2.1 at p/p, = 0.06.
From linear extrapolatlon the single-atom linewidth is
estimated to be Fm /FO =2.14+0.1. Absent inhomo-
geneous broadening, we expect F,(n) =Tp+I". With
I"/Ty ~ 1.1, the single-atom coupling rate is deduced as
[p/To~1.0+£0.1. A simple estimate of the maximum
mean number of atoms follows from N,, = [[,,(py) = T"]/
Ip = 2.4 + 0.4 atoms [53].

0.0 0.2 0.4 0.6 0.8 1.0
p/po

FIG. 4 (color online). Steady-state transmission spectra T(A)
and fitted atomic linewidth T,. (a) T(A) with A=0
corresponding to the free-space line center. The three sets of
points are measured at relative densities p/p, = 0.12 (black),
0.24 (blue), and 1 (red). Solid curves are Lorentzian fits to
determine the linewidth T',,. (b) Fitted linewidths (circles)
normalized to [ as a functlon of p/py. The solid line is a linear

fit with intercept of £y /Ty =2.1+0.1.

In conclusion, we have demonstrated superradiance for
atoms trapped along the APCW and a peak single-atom
coupling rate I'jp /T" = 1 inferred, where I /Ty ~ 1.1 is the
radiative decay rate into all the other channels. Our weak trap
along the APCW is a promising platform to study opto-
mechanical behavior induced by the interplay between
sizable single-atom reflectivity and large optical forces
and investigations of spin-motion coupling [32,33]. By
optimizing the power and detuning of an auxiliary GM
field, it should be possible to transport these trapped atoms
into trap sites centered within the vacuum gap [15] and
achieve stable trapping and ground-state cooling [54,55].
We expect I'jp to increase by more than fivefold [15].
Opportunities for new physics in the APCW arise by
fabricating devices with the atomic resonance inside the
band gap to induce long-range atom-atom interactions
[41-43] enabling investigations of novel quantum transport
and many-body phenomena.
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