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A Photon Turnstile Dynamically
Regulated by One Atom

Barak Dayan,* A. S. Parkins,™* Takao Aoki,*t E. P. Ostby,? K. ]. Vahala,? H. ]. Kimble*t

Beyond traditional nonlinear optics with large numbers of atoms and photons, qualitatively
new phenomena arise in a quantum regime of strong interactions between single atoms and
photons. By using a microscopic optical resonator, we achieved such interactions and
demonstrated a robust, efficient mechanism for the regulated transport of photons

one by one. With critical coupling of the input light, a single atom within the resonator
dynamically controls the cavity output conditioned on the photon number at the input,
thereby functioning as a photon turnstile. We verified the transformation from a Poissonian
to a sub-Poissonian photon stream by photon counting measurements of the input and
output fields. The results have applications in quantum information science, including for
controlled interactions of single light quanta and for scalable quantum processing on

atom chips.

of massive particles have relatively large

long-range interactions, which enable non-
linear coupling between pairs of atoms, ions,
electrons, and diverse quasi-particles. An early
example for electrons is the observation of
Coulomb blockade, in which charge transport
through small metallic and semiconductor de-
vices occurs electron by electron (/—3). Among
diverse applications for such strong interactions,
quantum information science (QIS) relies on
large coherent couplings for the implementation
of quantum computation, communication, and
metrology (4).

Whereas electrons interact directly via
Coulomb repulsion, photons have vanishingly
small cross sections for direct coupling. In-
stead, photon interactions must be mediated
by a material system. Even then, typical ma-
terials produce photon-photon coupling rates
that are orders of magnitude too small for
nontrivial dynamics with individual photon
pairs. The leading exception to this state
of affairs is cavity quantum electrodynamics
(cQED), where strong interactions between
light and matter at the single-photon level
have enabled a wide set of scientific advances,
including single atoms coupled to optical and
microwave resonators (5—8), quantum dots paired
with micropillars and photonic bandgap cavities
(9, 10), and Cooper pairs interacting with super-
conducting resonators (17, 12).

The charge and spin degrees of freedom
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Indeed, in analogy with Coulomb blockade
for electrons (/-3), photon-photon interactions
in a nonlinear optical cavity were proposed to

Fig. 1. (A) Schematic of
microtoroidal resonator and
fiber coupler (20, 22). An atom
interacts at rate g with the
evanescent fields of two inter-
nal modes (a and b), which are
coupled by scattering at rate h.
The input @y, is driven by a
coherent probe £, of frequency

realize photon blockade (/3), for which a first
photon within an optical system blocks the
transmission of a second photon, leading to
an orderly output of photons one by one. The
initial observation of photon blockade (7/4)
for an atomic system used a Fabry-Perot cav-
ity containing one atom strongly coupled to
the cavity field, for which the underlying
blockade mechanism was the quantum anhar-
monicity of the ladder of energy levels for
the composite atom-cavity system (/5). Reso-
nant absorption of a first photon to reach the
lowest energy eigenstate blocks the absorp-
tion of a second photon, because transitions
to higher-lying eigenstates are detuned from
resonance by the strong interaction of atom
and photon. Photon blockade has also been
investigated within the context of a photon
turnstile (/6) and has been realized for di-
verse semiconductor systems (/0) because
of anharmonicity of the photoluminescence
spectrum.

In these examples (10, 14-16), as well as
the original work in (/3) and extensions thereof
(17-19), photon blockade arises as a struc-

op, Whereas b;, is in a vac-
uum state. (B to G) Theoret-
ical results from our model
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tural effect due to anharmonic energy spectra
for multiple excitations. The anharmonicity can
be exploited to regulate photon transmission
[refer to the level diagram in figure 1 of (/4)]
or, alternatively, to spectrally isolate emission
events arising from single excitations [as illus-
trated in the schematic for biexciton decay in
figure 1 of (10)].

In contrast to transport governed by struc-
ture, we describe observations of photon
blockade in which photon transport is reg-
ulated dynamically by the conditional state
of one intracavity atom, leading to an effi-
cient mechanism that is insensitive to many
experimental imperfections. As illustrated in
Fig. 1, an atom interacting with the fields of
a microtoroidal resonator (20) regulates the
photon statistics of light transmitted and re-
flected by the resonator. This regulation is
achieved by way of an interference effect
involving the directly transmitted optical
field, the intracavity field in the absence of
the atom, and the polarization field radiated
by the atom, with the requisite nonlinearity
provided by the quantum character of the
emission from one atom. Detection of an

initial photon in the forward-propagating
transmission results in subsequent photons
from the incident flux being rerouted. This
mechanism requires only that the intracavity
atomic absorption be large and thus is robust
against variations in atomic coupling. For
fiber coupling to and from a microtoroidal
resonator (21, 22), we achieved high efficien-
cy for the transport of photons through the
turnstile.

Our investigation relied on measurements
of photon correlations based on the normal-
ized intensity correlation function géz)(t) for
the forward-propagating transmitted light (23).
The incident field (which approximates a
coherent state) has g (1) = 1, correspond-
ing to a Poisson distribution for photon num-
ber independent of time delay t An ideal
photon turnstile would achieve géz)(O) =0
in correspondence to the state of a single
photon. More generally, gl(;z)(O) < 1 repre-
sents a nonclassical effect with the vari-
ance in photon number reduced below that
of the incident field. For continuous illumina-
tion, g(Fz) (1) regresses to steady state over a
time tg, with photon transmissions separated

Fig. 2. Cross correlation
£12(1) between photon
counts at detectors D,
and D, for the forward flux
(A3utdout) as a function of
time offset 7. (A) The broad
increase in &1,(t) above the
background level &p is the
envelope of atom transit
events as a cloud of cold

Cs atoms falls past the
toroidal resonator. (B) The
center feature indicated by
the arrow in (A) is shown on

an expanded time scale, re-
vealing the average profile
for individual atom transits.
For comparison, the green
curve is from the cross
correlation of P;(0),P,(t+1)
in Fig. 3A. (C) The center dip
marked by the arrow in (B)
is expanded further in 7 to

reveal a dip in joint detec-
tion events due to photon
blockade by the atom-cavity

system during the atom
transit.
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by time intervals Ar >> 1 being statistically
independent. The observation g(Fz) (0) < g(Fz) (1)
represents photon antibunching; photons are
transported one by one through the turnstile
without neighbors in time.

The mechanism responsible for photon reg-
ulation in our microtoroidal resonator is ex-
plained in more detail in Fig. 1. The basic
model underlying this analysis is that of a
single two-state atom coupled to a resonant
cavity, namely the Jaynes-Cummings model
extended to incorporate two cavity modes
and to include damping by way of reservoir
couplings (24). As depicted in Fig. 1A, the
two internal counterpropagating modes a and
b of the toroidal resonator have common fre-
quency oc in the absence of scattering. These
modes are coupled because of scattering with
strength /. The field decay rate for the reso-
nator modes is K = K; + Kex, Where K; repre-
sents intrinsic losses and k., describes extrinsic
loss due to (adjustable) coupling of the modes
to the fiber coupler (21, 22).

We consider an impedance-matched input
(that is, critical coupling) for which . is set

to k< = /K7 + h? and the resonator excited

with probe detuning A = o — ®, = 0. In this
case, interference between the cavity field a
and the input field aj, results in zero flux in
the forward direction, (aou) = 0, where aoy =
ain + v/2Kex a. The incident flux \El[,|2 appears
in the backward direction by, for low internal
loss k; << Xex, as shown by the (normalized)
probe spectra Tr(A), Tg(A) for the forward-
and backward-propagating fields a,,, and by,
in Fig. 1, B and C, with 75 (A = 0) = 0 where-
as Tg(A = 0) = 1 (red curves).

An atom near the external surface of the
toroid has coherent interactions with the eva-
nescent components of modes a and b that
modify 7% and 7g. The fundamental descrip-
tion of these interactions is in terms of normal
modes 4 = (a + b)/v/2 and B = (a — b)/V/2,
which have mode functions vy, z(p, @,z) =
f(p,z){cos(¢),sin(¢p)} that are standing waves
around the circumference ¢ of the toroid, with p
the radial distance from the surface and z the
vertical coordinate (24). The rate of coherent
coupling of an atom to the 4 and B modes is
given by g45 = 20 v, 5(p, ©,2), where for the
geometry of our current resonator, we calculate
that go/2m = 95 MHz (20).

Figure 1 shows examples of theoretical probe
spectra Tr(A), Tg(A) in the presence of an
atom (blue curves) with atom-cavity detuning
Aac = op — oc = 0 and for parameters rele-
vant to our current experiment. Relative to the
case with gp = 0 (no atom), there is now a
sharp central feature around A = 0 associated
with atom absorption (25), where the width T’
of this feature exceeds the free-space radiative
rate vy due to enhanced coupling to the cavity
[equation 15 in (24)]. For normally ordered
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expectation values, the following replacements
can be made (24)

Aoyt — O + 0-0-, bout g BO + B—G* (1)

where - is the lowering operator for atomic
transitions, oy, B, are ¢ numbers derived for the
empty cavity with no atom, and (o, B_) o g
describes the atom-cavity interaction. For criti-
cal coupling, 0y(A, = 0) = 0, and the steady-
state flux (a_ aou) derives principally from
the contribution of the atom, given by the
term o-c- in Eq. 1. In contrast, B, is nonzero
near critical coupling, with the output by
then determined by the coherent sum of
contributions from the terms f, and B_o-.
For the particular case of atomic interaction
with a single normal mode (such as ¢ = 1/2)

as in Fig. 1, B to D, these considerations lead
to a transmission spectrum for the forward-
propagating light aq for which Ty(A, =
0) = 1, whereas for the backward light bgys,
Ts (Ap =~ 0) = 0.

Photon blockade arises in this setting as
follows. With critical coupling, oy = 0, so that
a first photon transmitted into @, can orig-
inate only from the atom (that is, the term
o-c- in Eq. 1). This emission projects the
atom into its ground state, from which a
second emission cannot occur ((Gicﬁ) =0)
(26, 27). A second photon cannot be trans-
mitted until the atomic state regresses to a
steady state, which occurs over a time in-
terval set by the cavity-enhanced emission
rate T

Fig. 3. Single Py ,(t) and joint 1.2
P1,() event probabilities ver- A
sus time t around the center of 1r

transit events. (A) Py(O/P(0)
and P,(/P,(0), where P,(0) = =, 08T
2.88x 107, P,(0)=2.80x % |
1073, The inset shows the =
average number of counts L™ 4
N, recorded during a transit

for time bins 8t = 0.5 ps. (B) 0.2
P @)/[P1(0)P5(0)] (blue circles)

Nc

0
-3-2-1 0 1

t{us]

2 34

(black trace). There is a clear
nonclassical suppression
P1,(t) < P1(O)P(t). The green

diamonds are the average of
Plz(t,t =+ T) = <p1(t)p2(t + ’C)>/
(p1O){ px(t + 1)) for 26 ns <
T < 44 ns and demonstrate
that emission events become
statistically independent for
T> Tg.

Fig. 4. Intensity correlation
function g?(x) versus time
delay t for individual atomic
transit events. g(c) exhibits
photon antibunching g(0) <
g?(1), and sub-Poissonian
photon statistics g@(0) =
(0.14 + 0.04) < 1, over an
interval At = 6 ns (half width at
half maximum) due to the
operation of the atom-cavity
system as a photon turnstile.
The red trace is from our
theoretical model.
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This qualitative prediction is substantiated in
Fig. 1D from a calculation of the intensity cor-
relation function géZ) gr =0) for agy. Around
A=oc—wm, =0, gé )(0) ~ 0 as expected for
photon blockade. As suggested by Fig. 1C,
photons arriving during an initial transmis-
sion event will be rerouted to the backward-
propagating field by, so that photon bunching
should be expected for by, as is indeed the
case for g1(32> (t=0) (fig. S3).

Overall, for the conditions considered in
Fig. 1, B to D, the atom-cavity system functions
as a photon turnstile, with single photons trans-
mitted into a,y, and excess photons reflected
into by, Conditioned on a first transmission
event, the transmission characteristics of the
system switch from those in Fig. 1, B and C, for
the case go # 0 to those for go = 0. That is, a
first photon transmitted triggers the change
{TF(AZ 0) =~ 1, TB(AZ 0) =~ 0} fOfgo#O—)
{Tr(A=0)~0,Ts(A=0) =1} with go =0,
with regression back to the case gp # 0 occurring
on a time scale 1.

The case of atomic localization at fixed ¢
as in Fig. 1, B to D, is not realistic for the
experiment we performed. Hence, in Fig. 1, E
to G, we present corresponding results aver-
aged over the azimuthal angle ¢ (that is, for
single-atom interactions but each at a ran-
dom location in ¢). The dominant effect is
a reduction in the contrast for transmission
and reflection. However, the atom-cavity sys-
tem still functions effectively as a photon turn-
stile for the forward flux transmitted into ay,
with géz) (0) = 0 at A = 0, where géz) denotes
an azimuthal average. For further discussion,
see (24).

Our experiment to investigate these effects
was similar to the setup shown in figure 1 of
(20), with further details given in section I
of (24). The principal difference between the
depiction in Fig. 1A and the actual experi-
ment is that individual Cs atoms were not
trapped in the evanescent field of the toroid,
but rather fell along z and transited through the
evanescent field of the resonator. The toroidal
resonator was monolithically fabricated from
SiO, on a Si chip (28), had major diameter
D = 25 um and minor diameter d = 6 um, and
was located within a chamber at ultrahigh
vacuum. From measurements of atom transit
events as functions of atom-cavity detuning
Aac and intracavity photon number (n), we
determined a single effective coupling strength
ger/2m = 70 MHz (24), where w4 corresponds
to the 68, F =4 — 6P;)>, F' = 5 transition
in atomic Cs.

In contrast to our report in (20), we were
not in the strong coupling limit of cQED, spec-
ified by gesr >> (k“,7v,), because the rate
of decay for the cavity field was k/2n =
(165 + 15) MHz, whereas the free-space rate
of decay of the atomic polarization was
v,/2n =2.6 MHz. Rather, the conditions
were more appropriate to the “bad-cavity”
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limit, for which ¥ >> (ger)’/k >> v,
(25). Other measured parameters for our sys-
tem were (i, Kex) /2T = (75,90) MHz for the
case of critical coupling.

For critical coupling with A= 0 = Axc,
we directed the forward flux for a,, (Fig. 1A)
to two single-photon counters D, (fig. S1),
with the outputs C;,(#) from these detectors
being time-stamped and stored for time bins
S8t = 2 ns for each value . From raw records
for Cy »(#), we directly computed the cross cor-
relation &, (1) = Y{Ci(4)Ca(; + 1)), with an
example given in Fig. 2. Clearly evident in Fig.
2A is a broad bump of width Atgjeuq = 7.5 ms,
corresponding to the overall envelope for transit
events as the cloud of cold atoms falls past the
toroid. The observed value for Atgyq is in good
agreement with the value of ~7 ms expected for
our geometry (24). The pedestal at level & in
Fig. 2A arose from background counts and was
unchanged in the absence of atoms.

The central 20-us interval in Fig. 2A is ex-
panded in Fig. 2B to display a peak of full width
ATgansit = 2 us that arises from transit events for
individual atoms falling through the evanescent
field of the toroid. Each atom experiences a
time-varying coupling go(p, @, vt), where v is
the atomic velocity in the z direction, leading to
a temporal variation in the forward flux 7y oc
(ala,,.)- Again, the observed time dependence
is in accord with a theoretical model based on
the calculated mode function for our toroid and
the known atomic velocity v [see figure 3D in
(20)).

Finally, the central 300-ns interval in Fig.
2B is expanded in Fig. 2C to reveal a dip in
&12(1) around 1 = 0, corresponding to a pau-
city of coincidence counts between detectors
D, and D, over an interval At~ 22 ns (full
width at half maximum). This suppressed
probability for joint detection agrees with that
expected from the analysis in Fig. 1 for a
photon turnstile. However, independent of any
purported microscopic mechanism, the results
presented in Fig. 3C for &;,(t) represent a
prima facie observation of nonclassical light
from the toroid, because &;,(0) < &;,(1) (23).
However, these results do not exhibit sub-
Poissonian photon statistics. &;,(0) does not
drop below the level of the pedestal &, shown
in Fig. 2, A and B, because of the random
arrival of atoms into the cavity mode (29).

Figure 2 is from an unconditional analysis of
the records of photo counts Cj »(#). Because we
could identify transit events for single atoms
with high statistical confidence (20, 24), we next
performed an analysis conditioned on the
presence of an atom. As described in section II
of (24), for individual atomic transits recorded
by detectors D;,, we derive the probabilities
p12(t) and pia(f) for single and joint detec-
tions at D, during an atomic transit.

Figure 3A displays the single-event proba-
bilities Py »(7) = (p12(t)) as functions of time ¢
around the center # = 0 of the transit events with

time bins of duration & = 2 ns. The time de-
pendence for P; ,(¢) agrees with an independent
estimate based on our cavity mode and the atomic
velocity. The assertion that the peak in Fig. 3A
arises predominantly from actual transit events is
further supported by a comparison with the cen-
tral feature in Fig. 2B.

Figure 3B presents results for the photon sta-
tistics for these transit events, now with &t =
150 ns. The joint probability P, (¢) = {py (t)p2 (1))
lies well below the level set by Py (¢)P,(¢),
violating the Cauchy-Schwarz inequality with
Py < P\ P;. Over the central 1-us interval, we
find that P]z/P]Pz = (0135 + 0033) <1.In
agreement with our theoretical analysis, an atom-
ic transit event regulates the photon statistics of
the output field, with a,, becoming markedly
sub-Poissonian because of the atom-cavity in-
teraction in the fashion of a photon turnstile.

Final support for this interpretation comes
from Fig. 4, where we present measurements of
the intensity correlation function g (z,1) =
1 ()pa(t + 1)) /P11 (1) Yp2(t + 1)). For times £,
such that —0.4 ps <) < +0.4 us around the
center of the transit events in Fig. 3, g@® (1) =
2@ (19, 7) exhibits clear antibunching, as well as
sub-Poissonian photon statistics. The full trace in
Fig. 4 is from the steady-state solution to the
master equation from our theoretical model,
which has been averaged over the azimuthal
angle @ [section VIII of (24)]. All parameters for
this comparison were determined from indepen-
dent measurements, including the effective cou-
pling strength g.q, which was used for the
theoretical trace in Fig. 4. The agreement
between theory and experiment is evidently quite
reasonable. In particular, photon blockade per-
sists over a time 15 set by the cavity-enhanced
atomic decay rate I', which is approximately
given by 1 = 2.5/T" = 7 ns for the parameters
of our experiment [eq. 16 of (24)], in good
agreement with At = 6 ns in Fig. 4.

Our results represent an observation of man-
ifestly quantum (nonclassical) fields for cQED
with single atoms and microresonators. The un-
derlying dynamical mechanism for photon block-
ade is quite robust against many experimental
imperfections, including variations in the coupling
g(7), requiring only that g? /x*y, > 1. For com-
parison, in our experiment (g ) /x%y, = 11.
This mechanism is also robust against stronger
excitation; numerical solutions of the full master
equation show that the turnstile effect persists for
an intracavity photon number up to the order of
unity in the absence of an atom. Moreover, the
measured throughput efficiency ¢ for single pho-
tons [ 7¢(A = 0) in Fig. 1, B and E] reaches
€ = 25% during single-atom transit events. Our
theoretical analysis suggests that it should be
possible to achieve { > 90%, thereby realizing
an efficient photon turnstile for which an input
field is sorted by photon number into forward-
and backward-propagating output fields with
small loss. By operating in a pulsed domain,
investigations of photon collisions become pos-

REPORTS

sible, as well as quantum nondemolition de-
tection. Because our toroidal resonators are
lithographically fabricated with input-output cou-
pling via optical fiber (22), our experiment pro-
vides an important first step into the quantum
domain to implement scalable atom-cavity sys-
tems, including for quantum logic with photons
(30) and for quantum processes on atom chips
3.
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