RAPID COMMUNICATIONS

PHYSICAL REVIEW A 79, 021801(R) (2009)

Antibunching and bunching of photons in resonance fluorescence from a few atoms
into guided modes of an optical nanofiber
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We experimentally investigate the photon correlations in resonance fluorescence from a few atoms into the
guided modes of the nanofiber. We show that, when the photons are emitted in the same direction, the photon
correlation varies from antibunching to bunching with increasing atom number and, when the photons are
emitted in the opposite directions, the photon correlation is always antibunchinglike regardless of the number
of atoms. The effect of excitation geometry on the photon correlations is also discussed.
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The measurement of second-order (intensity) correlation
of light using the Hanbury Brown—Twiss (HBT) interferom-
eter is widely used in various fields of physics. The second-
order correlation for the radiation from a multiemitter source
can be described by the interplay between the first- and
second-order coherences for a single emitter [1]. In fact, the
original idea of a HBT interferometer was to extract infor-
mation about the first-order coherence from the intensity cor-
relation of light from a star containing a huge number of
emitters [2]. Intensity correlations from a small number of
emitters exhibit photon antibunching and have been investi-
gated to explore the quantum nature of atoms and photons
[3.4]. Such photon correlations in the resonance fluorescence
of atoms have been systematically investigated by varying
the atom number from one to a few atoms [5,6]. However, in
such few-atom experiments the fluorescence is collected
from a large solid angle and the first-order coherence is
washed out due to the averaging over a continuum of spatial
modes. In order to observe the interplay between the first-
and second-order coherences, a key issue is to measure the
correlations under the single-mode (small-solid-angle) con-
dition. Grangier et al. [7] have measured the photon correla-
tions in multiatom fluorescence under the single-mode con-
dition. But since their measurements were done for a very
large number of atoms, on the order of 100, first-order coher-
ence completely dominated the correlations and, hence,
second-order coherence could not be observed. Depending
on the observation geometry, they have observed two types
of first-order coherences: bunching in the case of same-
direction observation and antibunching in the case of
opposite-direction observation. Photon correlations in both
regimes—multimode observation of few-atom fluorescence
and single-mode observation of multiatom fluorescence—
have been investigated by Narducci [8]. However, an experi-
mental demonstration of the interplay between the first- and
second-order coherences in resonance fluorescence requires
proper methods to efficiently observe the fluorescence pho-
tons from a few atoms under the single-spatial-mode condi-
tion. Hennrich et al. [9] have demonstrated the transition
from antibunching to bunching in the photon correlations
measured for an ensemble of cold atoms coupled to a single
mode of a high-finesse optical cavity.

In the present work, we experimentally investigate the
correlations between photons emitted from a few atoms us-
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ing optical nanofibers. Since atoms around the nanofiber can
emit photons efficiently into the guided modes of the nanofi-
ber, one could efficiently detect the fluorescence photons
from a few atoms in the single-mode regime at the ends of
the fiber [10-12]. We demonstrate that when the photons are
emitted in the same direction (one-end correlation), the pho-
ton correlation varies from antibunching to bunching with
increasing atom number and, when the photons are emitted
in the opposite directions (opposite-end correlation), the pho-
ton correlation is always antibunchinglike regardless of the
number of atoms. We also demonstrate that the excitation
geometry can be crucial to observe the antibunched-type
first-order coherence in opposite-end correlations. The re-
sults suggest that the optical nanofiber method may be imple-
mented as a promising tool for various quantum optics ex-
periments. Apart from the fundamental interest, the present
work can be of importance for establishing a concrete basis
for all-fiber-based quantum communications coupled with
cold-atom technologies.

First, we briefly describe the theoretical outline of the
present multiatom emitter system. Atoms are distributed ran-
domly around the nanofiber and emit photons into the guided
modes. The field emitted by the atoms can be written as a
sum of the fields emitted by individual atoms, and the
second-order correlation function will contain various cross
terms up to fourth power of the field amplitude. However,
due to averaging over a random distribution of atom posi-
tions, most of the terms are averaged out to zero and the only
persisting terms are due to the contributions from single and
paired atoms. Details of the theory can be found in Ref. [13].
Following this formalism, the second-order correlation func-
tion can be written as

G(7) o ng®(7) + n¥{po + plg (DIPS; ;.
+/“L/|g(l/)(7-)|25fa,—fh}’ (1)

where n is the average atom number, f, and f; denote the
observation directions, and 7 denotes the delay time. In de-
riving the above formula, we have assumed the Poissonian
distribution [1,4] for the atom number in the observation
region. g(z)(r)OC(A}L(a)A;f(b)A/-(b)Ai(a» is the second-order
correlation function for emission from a single atom, while
gV(7) Oc<Aj-(a)Aj(b)> and g“’)(T)OC<A;(a)A;(b)> are the first-
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FIG. 1. (Color online) Single-atom correlation functions g®(7)
(dashed curve), | (7)|? (dotted curve), and |g!!")(7)|? (solid curve)
versus the delay time 7, calculated for the spontaneous emission
time 7,,=30 ns and the Rabi frequency =3/,

order correlation functions. Here a and b denote the detector
positions and A; is the operator for the amplitude of the flux
of photons emitted from the jth atom into the guided modes.
The g®(7) term is due to the contribution from individual
single atoms and scales as n in the correlation function
Gf (7), while the other terms are due to the contribution
from paired atoms and scales as n%. Note that the gV(7) term

contributes only to same-direction (one-end) correlations,

while the g(")(T) term contributes only to opposite-direction
(opposite-end) correlations. It is due to the cancellation of
the position-dependent phase factor A(a)oe™/aP0%, where
By denotes the longitudinal propagation constant for the
guided mode and z; is the position of the atom along the fiber
axis [13]. The correlation function differs from that for free-
space observation through the coefficients g, u, and u',
which are determined by the mode profile function of the
guided modes. After averaging over the random position of
atoms, the final expressions for the coefficients u, u, and p’
depend on the dipole-moment orientation of atoms, the po-
larization of guided modes, and the transverse spread of the
observation volume around the nanofiber.

To get insight into the behavior of the single-atom corre-
lation functions, we plot them in Fig. 1. g (7) and | (7)[?
show well-known antibunching and bunching behavior at
zero delay, respectively. Meanwhile, |g'"(7)[? shows an an-
tibunchinglike behavior at zero delay with wings at the delay
times around the spontaneous emission time 7,,. This behav-
ior may naturally be understood from the fact that g(l/)("r)
o <A;(a)A;(b)) describes the process in which one atom must
emit two photons successively. Such two events can occur
only with a finite delay around 7, The photon correlations

are dominated by the first-order coherences with increasing
2

atom number, since the ¢g(V(7) and g“,)(T) terms scale as n
in the correlation function Gf)( 7).

Figure 2 shows the conceptual diagram for the experi-
ments. Experiments are performed by overlapping cold ce-
sium atoms with an optical nanofiber and detecting the fluo-
rescence photons emitted into the guided modes of the
nanofiber [11,12]. The nanofiber is located at the waist of a
tapered optical fiber which is produced by heating and pull-
ing a commercial single-mode optical fiber. The diameter of
the nanofiber is 400 nm, and the length is 2 mm. The length
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FIG. 2. (Color online) Conceptual diagram of the experiment.
The nanofiber is located at the waist of a tapered optical fiber.
Fluorescence photons emitted to the guided modes of the nanofiber
are detected at the ends of the single-mode optical fiber using ava-
lanche photodiodes (D1, D2, and D3).

of the single-mode fiber is 10 m on either side of the nanofi-
ber. Cold cesium atoms are produced by using a magneto-
optical trap (MOT) equipped with a resistively heated alkali-
metal dispenser source. The MOT laser beams are switched
off for 10 us periodically at an interval of 200 ws. During
the switched-off periods, atoms around the nanofiber are ex-
cited by a probe laser beam irradiated perpendicularly to the
nanofiber. The probe laser is line-focused perpendicularly to
the fiber axis, down to 100 um to spatially restrict the ob-
servation region. Two irradiation schemes are employed. One
is to irradiate the probe beam to the nanofiber simply from
one side (traveling-wave scheme), and the other is to reflect
back the incident probe beam onto the nanofiber (standing-
wave scheme). The polarization of the probe laser is perpen-
dicular to the fiber axis. Atoms around the nanofiber emit an
appreciable fraction of fluorescence photons into either
direction-guided modes with equal probabilities [10,11].
Fluorescence photons are detected at the ends of the single-
mode fiber using avalanche photodiodes (APDs, Perkin
Elmer SPCM-AQR/FC). In the measurements, the dispenser
current is adjusted to control the atom number in the obser-
vation region.

Photon correlations are measured using the HBT setup at
one end and at opposite ends of the nanofiber for both
traveling-wave and standing-wave irradiation schemes. For
the one-end observation scheme, the fluorescence light at one
end of the fiber is split into two using a 50:50 nonpolarizing
beam splitter, and the photons are detected by the APDs
D1 and D2. Meanwhile, for the opposite-end observation
scheme, the beam splitter is removed and the photons are
detected by the APDs D1 and D3. The correlations are mea-
sured using a time-correlated photon counter (TimeHarp-
200, PicoQuant GmbH) in the single-stop mode with time
resolution of 1 ns for delay time up to =100 ns.

Figures 3(a) and 3(b) exhibit the measured correlations
for the traveling-wave scheme for the one-end and opposite-
end measurements, respectively, for three different dispenser
currents. In these measurements, the probe laser frequency is
tuned close to the resonance with atomic transition 6S;, F
=4 06P3,, F'=5. The measured probe beam intensity, aver-
aged over the observation region, is /,,,~ 30 mW/cm?. The
number of photons scattered from the nanofiber is at least
one order smaller than that of the fluorescence photons and
gives a negligible contribution to the measured correlations.
For the lowest dispenser current, /,=3.8 A, the results for
both types of observation schemes show clearly antibunching
of fluorescence photons at zero delay as well as Rabi oscil-
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FIG. 3. (Color online) Second-order correlations (solid curves)
between photons emitted into the nanofiber, measured in the (a)
one-end and (b) opposite-end observation schemes for three differ-
ent dispenser currents (i) 3.8 A, (ii) 4.6 A, and (iii) 5.0 A. In these
measurements, the excitation field was a traveling wave. For com-
parison, we show the theoretical fittings (dashed curves) and the
estimated average atom numbers 7.
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lations in the wings. But for higher dispenser currents there
is a drastic difference between the two types of correlations.
For the one-end correlation, the antibunching dip is sup-
pressed with increasing the dispenser current and finally
shows a bunching behavior for I,=5.0 A. Meanwhile, for
the opposite-end correlation, the antibunching behavior per-
sists for higher dispenser currents.

The experimental results shown in Figs. 3(a) and 3(b) are
fitted using Eq. (1). Since the probe beam is line-focused, its
intensity profile in the observation region is not uniform. In
order to take into account this fact, we perform averaging
over the intensity distribution assuming a Gaussian profile
along the fiber axis with a peak value of 50 mW/cm? and a
1/e*-diameter of 100 um. For the fittings we use Top
=30 ns, while the average atom number n and the coeffi-
cients g, u, and ' are the adjusting parameters. For the
one-end correlations, the fittings have led to the average
atom numbers n~0.4, 4.4, and 9.2 for dispenser currents
Ip=3.8 A, 4.6 A, and 5.0 A, respectively, with the coeffi-
cients uy=0.36 and ,ud=0.22.1 The fittings reproduce the ex-
perimental results quite well, revealing that the correlations
vary from antibunching to bunching with increasing atom
number due to the interplay between the second-order g(7)
and first-order g(1>(7') terms. However, the experimental re-
sults for the opposite-end correlations could not be repro-
duced by using the above obtained coefficients. If we assume
p'=0.22, for the dispenser current /,=5.0 A, the wings at
around 7~ 30 ns will be almost twice larger than the obser-
vation. The observations are better reproduced using

w' =0—that is, without the effect of the g!1")(7) term. The
fittings for the three dispenser currents have led to average
atom numbers of n~0.5, 4.8, and 11.3, revealing good cor-
respondence to the atom numbers estimated for the one-end
correlation [see Fig. 3(a)]. We must mention that the photon
correlations in the longer time scale show a decay behavior
at a time constant of 1.8 us as discussed in Ref. [12], reveal-
ing the dwell time of single atoms in the observation region.

Next, we discuss the correlations measured in the
standing-wave irradiation scheme. Regarding the one-end
correlations, both types of irradiation schemes give similar
results. However, for the opposite-end correlations, a signifi-
cant difference has been observed for high dispenser cur-
rents. The measured opposite-end correlations at a dispenser
current /p=5.2 A for the standing-wave and traveling-wave
schemes are plotted in Figs. 4(a) and 4(b), respectively. In
these measurements the excitation intensity is kept the same
for both the schemes with /,,,~60 mW/ cm? and the probe
laser frequency is detuned 16 MHz below the atomic reso-
nance. One can easily see that the wings are higher for the
standing-wave scheme than for the traveling-wave scheme.
The observation suggests that, for the opposite-end observa-

tion scheme, the first-order g(l/)(T) term can affect the pho-

lAssuming an observation region of 500 nm thickness around the
nanofiber and after averaging over the polarizations of guided
modes, the coefficients u, and u are theoretically estimated to be in
the range 0.33-0.37 and 0.17-0.35, respectively, depending on the
dipole-moment orientations of the atoms. x and u' take the same
value after averaging over the polarizations of the guided modes.
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FIG. 4. (Color online) The measured opposite-end correlations
(solid curves) for two excitation schemes: (a) standing wave and (b)
traveling wave. Dashed curves are the theoretical fittings. n~13
denotes the estimated average atom number.

ton correlations when the excitation field is a standing wave.

Such a dependence of the opposite-end correlations on the
excitation geometry may be understood as an effect of the
spatial dependence of the phase of the excitation beam and
the transverse spread of the atom-position distribution in the

observation region around the nanofiber. As already men-
tioned, the single-atom correlation function g(1 ')(T) describes
two successive emission events and, hence, the correspond-
ing excitation process is two successive excitation events
which can be effectively expressed by the square of the nega-
tive frequency component of the incident field amplitude:
namely, [EC)(r j)]z. The spatial dependence of the frequency
component EC)(r ) can be expressed as
E(‘)(rj)OCe‘ik'rj+ ae™ T, where k is the wave vector of the
forward propagating beam, r; denotes the atom position, and

J
a is the relative amplitude of the reflected beam. Hence, we

have g(1")(7) = (e T+ ae™™ /)2, For the standing-wave exci-
tation scheme, we have a~ 1 and, therefore, the g/ (7) term
will appear in the correlation function through the cross
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terms in (¢”%7i+ ae™®%)?, which are independent of the atom
position. Meanwhile, for the traveling-wave excitation

scheme we have a=0. In this case, the g(l/)(T) term will be
negligible due to the averaging over the transverse spread of
the atom position if the spread is larger than half the wave-
length of the excitation beam. In the present experiments, the
observation region can be considered as a cylindrical volume
around the nanofiber with a thickness of 500 nm [10,11] and
the size of the transverse spread can be estimated to be
~1.4 um, which is larger than the excitation field wave-
length A ~ 850 nm. Note that the above excitation-geometry
effect does not appear in both the g®(7) and g!V(7) terms,
since the field operators appear as conjugate pairs.

The experimental results are fitted following similar pro-
cedure as discussed for Fig. 3. The coefficients used for the
fittings are u’=0.22 for the standing-wave scheme (a=1)
and u'=0 for the traveling-wave scheme (a=0) and u,
=0.36 for both the schemes. The estimated average atom
number is n~ 13 for both fittings. The fitted results are in
good agreement with the experimental results, revealing that
the excitation geometry plays a crucial role for observing the
g(l/)(r) term in the opposite-end correlation. This can explain
the observations in Fig. 3(b) with u'=0. This kind of geo-
metrical effect was pointed out by Grangier ef al. [7] in the
case of atoms in free space. They attributed its origin to a
phase-matching condition due to some spontaneous four-
wave-mixing process. The present understanding explains
the results from a different viewpoint which could clarify the
physics more naturally.

In summary, we have experimentally investigated the
photon correlations in resonance fluorescence from a few
atoms into guided modes of a nanofiber. We have demon-
strated that the correlation between photons emitted in the
same direction varies from antibunching to bunching with
increasing atom number, while that for photons emitted in
the opposite directions is always antibunchinglike regardless
of the number of atoms. We have shown that, unlike the
same-direction observation scheme, the photon correlation
observed in the opposite-direction scheme is substantially
affected by the spatial dependence of the phase of the exci-
tation field.
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