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Abstract:  We measured the intensity correlation of true thermal light
scattered from cold atoms in an optical molasses. Using a single-mode
fiber as a transverse mode filter, measurement with maximally high spatial
coherence was realized, alowing us to observe ideal photon bunching
with unprecedented precision. The measured intensity correlation functions
showed a definite bimodal structure with fast damped oscillation from
the maximum value of 2.02(3) and slow monotonic decay toward unity.
The oscillation can be understood as an interference between elastic and
inelastic scattering fields in resonance fluorescence.
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1. Introduction

Intensity correlation measurement (ICM) of light was first demonstrated by Hanbury Brown
and Twiss in 1956 [1] to measure the angular diameter or apparent size of radio stars, which
nowadays finds numerous applications in the fields of quantum optics, nuclear physics, and
cold atoms [2]. Generally, ICM is accomplished by monitoring temporal fluctuations of light
intensity | (t) and deriving the second-order correlation function by [3]

Wit )
e T

For coherent light, g@ () is expected to be unity for any 7, implying no correlation between
successive incoming photons. In contrast, for thermal (chaotic) light emitted from a number of
independent radiators, g'?) (0) is predicted to be 2, which represents strong bunching of photons.
Arecchi et al. [4] confirmed this prediction experimentally with quasi-thermal light prepared
by passing a He-Ne laser through a rotating ground-glass disc. Also, in previous experiments,
intensity correlation of true thermal light, such as fluorescence from atomic beams [5] and light
from a discharge lamp [6], has been measured, and photon bunching at T ~ 0 was definitely
observed. However, to the best of our knowledge, no experiments have demonstrated ideal
photon bunching [g? (0) = 2], probably dueto the lack of time resolution and imperfect spatial
coherence in the measurements.

In the 1980s, techniques for laser cooling and trapping developed rapidly and allowed the
use of atomic fluorescence as a probe of the dynamic and optical properties of atoms in laser
fields [7-10]. In these works, however, measured g (0) values were still as low as 1.1 —
1.3; nevertheless, the time resolution requirement was greatly relaxed because of slow atomic
motion. Stites et al. [10] attributed this degradation to radiation trapping in an atomic cloud
and successfully reproduced the decrease in g'? (0) in numerical calculations. However, the
calculated correlation time did not agree with the experimental results, and, to our knowledge,
no reasonabl e explanation has been given so far. Thus, measuring g'? () for fluorescence from
cold atoms and establishing a proper theoretical model are still important subjects in atomic
physics and quantum optics.

In this paper, we report on the measurement of g® () for fluorescence from laser-cooled
atoms with unprecedented high precision. In contrast to previous works [7—10], we adopted
continuously loaded atomsin an optical molasses as alight source and devel oped anovel ICM
scheme with a single-mode fiber. The measured g'? () showed not only ideal photon bunching
[g@ (0) = 2], but also a characteristic bimodal structure originating from inelastic light scatte-
ring of atoms. These results were in excellent agreement with calculations based on the basic
theory of atomic resonance fluorescence[11, 12].

@
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Fig. 1. Schematic diagram of the setup for optical molasses. (a) Atoms captured in the
MOT were pushed out by a weak laser beam and continuously transferred to the optical
mol asses through a differential pumping tube 5 mm in diameter. (b) Fluorescence image of
the optical molasses. The steady state number of atoms contained in the optical molasses
was 3 x 10%. Movie of the optical molasses |oading (Media 1).

This paper is organized as follows. In section 2, we present the experimental setup for pro-
ducing an optical molasses, with which high-intensity true thermal light can be obtained contin-
uously. We al so describe the detection scheme with asingle-mode fiber, focusing particularly on
achievable spatial coherencein ICM. Section 3 presents the results and discussion. We analyze
and interpret the measured g'? () in terms of atomic resonance fluorescence and its spectral
density distribution. Finally, asummary is given in section 4.

2. Experiment
2.1. Continuously Loaded Optical Molasses

A large number of cold atoms are necessary to perform high-precision ICM of light scattered
from cold atoms. Sources of cold atoms used in previous experiments were based on a vapor-
cell magneto-optical trap (MOT) [7,9, 10]: atransient optical molasses was created by switch-
ing off the magnetic field of the MOT periodically. The figure of merit of the experiment isthe
time-averaged atom number, given by N7, where N and 1 are the typical atom number and
duty cycle, respectively. The typical parameters for previous experiments were N ~ 107 and
n ~ 0.01. Therefore, Nn was ~ 10°; the total count rate was not sufficient for precise ICM.
To solve this problem, we have adopted a continuously loaded optical molasses. Figure 1(a)
shows the experimental setup for the optical molasses. The vacuum chamber consisted of two
regions vertically separated by 26 cm. The upper trap was a standard MOT, which worked as
asource of cold atoms. The background pressure of Rb was kept as high as ~ 107 Pa so that
the atoms accumulated efficiently in the MOT. The lower molasses region was located inside
an octagonal glass cell evacuated by a 150-I/s ion pump and a titanium sublimation pump to
keep an ultrahigh-vacuum (UHV) of ~ 10~° Pa. This UHV condition is critical to suppress
background-gas collisions and increase the number of atoms in the molasses. To stabilize an
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Fig. 2. Optical molasses detection setup. (a) Relationships between the optical setup and
correlation length. (b) Schematic diagram of measurement setup for the second-order in-
tensity correlation function. A facet of a single-mode fiber was directed to the reduced
image of the molasses and the mode-filtered light was led to a photon correlator. SMF:
single-mode fiber, FBS: fiber beam splitter, SPCM: single photon counting module, TAC:
time-to-amplitude converter, and MCA: multi-channel analyzer.

optical molasses, three pairs of square coilswere wrapped around the glass cell and reduced the
residual magnetic field to less than 10 mG over the molasses volume. To load the atoms into
the lower molasses region, an 11-uW push beam was continuously applied from the upper side
of the MQOT, with the beam focus adjusted onto the trap center. The atoms in the MOT were
then pushed out by radiation pressure and sent to the lower UHV region through a differential
pumping tube 5 mm in diameter. The flux and longitudinal velocity of the resulting atomic
beam were measured to be ~ 2 x 10° s~ and 14 m/s, respectively. The slow atomic beams were
decelerated and recaptured by circularly polarized cooling beams in a six-beam configuration.
The counter-propagating (X, Y, 2)-axis beamswere (25, 25, 20) mm in diameter with (10, 10, 3.4)
mW in power (the coordinate axes were defined along the cooling beams). The laser frequency
detuning 6 was changed in the experiment from —20 MHz to —5 MHz for the cooling transition
|5S;/2; F = 2) — [5Py)5; F = 3) of 8’Rb. A 5-mW repump laser was mixed with one of the z-
axis beams. Figure 1(b) shows a movie of the optical molasses loaded in the glass cell. The
number of atoms in the optical molasses saturates at 3 x 10° after 10 s of loading. For our
experiment, 1 was almost 1; therefore, Nn was ~ 10°, which was 10* times larger than that in
previous works [7-10].
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2.2. Intensity Correlation Measurement with a Single-mode Fiber

Thelight field scattered from cold atomsiswell modeled as athermal light source. In this case,
9@ (1) can be expressed as

g@(r) =1+BgV (), )

where gV (1) is the first-order intensity correlation function. The factor 3 is the spatial co-
herence factor, which is related to the correlation length | = AL/(ns) at the position of the
detector. Here A4, s, and L are the wavelength of the scattered light, radius of the light source,
and distance between light source and detector, respectively. Physically | corresponds to the
length scale of the speckle pattern [Fig. 2(a)]. If the radius of the detector d issmaller than |,
is 1; there are no degradation of the intensity correlation between successive incoming photons
[13]. In contrast, if d >> ¢, B islimited to (IC/d)Z. This suggests that to measure ideal photon
bunching of the scattered light, one must decrease the size of either the source or detector.

In the present experiment, we adopted a detection scheme with a single-mode fiber [see Fig.
2(b)]. The facet of the single-mode fiber was directed to the light source with no coupling lens.
The numerica aperture (NA) of the single-mode fiber is given as Oya = 21/ (nduE), where
dwr is the mode-field diameter corresponding to the detector diameter 2d. When the source
area 7% is smaller than the field of view of the fiber mode n(LGNA)Z, photons coupled into
the fiber can be treated as a pure single mode and automatically satisfies the maximal spa-
tially coherent condition 8 ~ 1. We note that the multi-mode fibers with large active apertures
(50 ~ 100 um) do not have this advantage. Figure 2(b) shows the measurement setup. In the
experiment, a 2-cm molasses was imaged 2 cm away from the fiber facet (dur = 4.5um) with a
pair of lenses (magnification factor of 1/7.5). A linear polarizer, oriented along the z direction,
was inserted between the imaging lenses. The coupled light was split with a 50/50 inline fiber
beam splitter, and g'?) (1) was measured with two single photon counting modules, a time-to-
amplitude converter and multi-channel analyzer. The time window was 5 us with 2.5-ns-wide
time bins. The typical signal count rate was 2 x 10* s™1, and the background count rate was
2x 10 s~1, owing to both dark counts and stray light. The signal count rate was low enough to
eliminate double-counting errors. Thiswas verified by measuring g'@ (7) with aweak laser that
yielded the same count rate of 2 x 10* s~1, giving g () = 1 within the statistical uncertainty.
A single correlation measurement took about eight hours with atotal of 107 counts, which was
large enough to obtain a sufficiently low statistical uncertainty.

3. Resultsand discussion

Figures 3(a) and (b) show the measured g(? (7) for various detunings. The average g'? (0)
was 2.02(3) that is the first observation of the ideal theoretical value for true thermal light,
which is the most significant result in this paper. Remarkably, the measured g(? () showed
a definite bimodal structure with a slow monotonic decay [Fig. 3(a)] determined mainly by
the temperature of the cold atoms and a fast damped oscillation [Fig. 3(b)] resulting from the
interference between the coherent Rayleigh scattering component and the incoherent resonance
fluorescence component.

The first-order correlation function for light scattered from atoms at temperature T excited
by a near-resonant light field is given as

g (2) = g5 (1) -9 (1), 3

where g(Dl) (1) and g(H1> (1) are referred to as the inhomogeneous and homogeneous component,
respectively. This results from the assumption that the frequency spectrum of scattered light is
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Fig. 3. Measurements of the second-order intensity correlation as a function of delay time
for various detunings. (a) Long-time decay of the correlation function. The damping time
was determined by the temperature of the cold atoms. (b) Short-time decay of the correla-
tion function. A fast damped oscillation was observed with a short decay time determined
by the lifetime of the excited state. (), (d) Theoretical simulations based on Egs. (2)—(5).

determined by the convolution of the Doppler profile and the frequency spectrum of atoms at

rest [9]. The inhomogeneous component g<D1> (1) is the sum of the Doppler contribution from
the six laser beams traveling in the x, y, and z directions [9, 14].

6 2.2
£Nﬂ=2aap0mcg)- (4)
i=1

The parameter ¢ = q(ks T /M)Y/2 is the standard Doppler width, where g, kg, and M are the
wave number of the laser light, the Boltzmann constant, and the mass of the atom, respectively.
Here, oj = 2(1— cos6) gives the dependence of the Doppler shift on the angle 6; between the
observation direction and the propagation direction of the j-th laser beam. For our geometry,
aj = 2— 22 for the beams applied from the +x and +y directions, 2+ 2/2 for the —x and —y
directions, and 2 for the -z directions. The normalized weighting coefficients a; are determined
by the intensity of each laser beam and are also proportiona to the dipole radiation pattern. In
our experiment, a; = 0.21, 0.21, and 0.08 for the beams in the X, +y, and £z directions,
respectively.
The homogeneous component ngl> (1) [11] is

N o o G SR pi+2y
02+y2+Q2%/2 2 kAl Pj (Pj — Px) (Pj — P

) exp(p;j7), )
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Fig. 4. Coherent fraction of thetotal scattered lightin g<2>(r) for several detunings. Circles
are experimental data, and red solid lineisthe theoretical curve R(d), representing theratio
of the coherent Rayleigh scattered light to the total scattered light.

where Q and y are the Rabi frequency and the half natural linewidth of atoms, respectively.
The complex eigenvalues py, pz, and ps are roots of the cubic equation p3 4 4yp? + (572 +
82+ Q?) p+ (272 +28° +Q?) y = 0. The first term of Eq. (5) is the coherent Rayleigh scat-
tering component. The second term consists of three incoherent components corresponding to
the Mollow triplet in the frequency domain [15]. The real and imaginary parts of the complex
eigenvalues correspond to the decay rate and oscillation frequency of the correlation function,
respectively, which will be discussed later. For our experimental condition, we obtain oneimag-
inary eigenvalue p; and one pair of complex conjugate eigenvalues p, and ps. We aso introduce
the effective Rabi frequency Qe (5) asthereal part of the complex eigenvalues, which will be
used in the following analysis.

Figures 3(c) and (d) show numerical simulations of g'? () based on Egs. (2)—(5). The
temperature used in the simulations was obtained by an independent standard time-of-flight
technique [54(6) uK], measured with 6 = —20 MHz. Actually the temperature of cold atoms
changes with &, although we are not interested with the temperature in the present work. How-
ever the simulations reproduced the characteristic feature of the experiment well. Thelong-term
correlation (the coherent contribution excluding the damped oscillation) in 3(b) decreased with
small detunings. This can be understood by considering the ratio of the coherently scattered
component to the total scattered light R(0) written as

R(6) = (52”2)2 ®)

62+»}/2+QZ/2

Figure 4 shows the coherent fraction of the scattered light for several detunings. The circles
are experimental data, and the red solid line is the theoretical curve R(6). The discrepancy
between the experimental results and the theoretical curve for small detuningsis mainly due to
the Raman contribution [16], which is not considered in the above analysis.

Figure 5(a) shows the dependence of the frequency of the fast damped oscillation on |§].
This dependence can be understood simply in terms of the spectral density obtained from the
Fourier transform of gV (7). Figure 5(b) shows the theoretical curve of the spectral density
of the fluorescence for several detunings; the horizontal axis is the relative frequency, defined
as the difference frequency between the fluorescence and the resonant frequency of atoms.
The spectral density is composed of a sharp spike, corresponding to the coherent Rayleigh
scattering component, and the incoherent Mollow triplet symmetrically separated by Qe (6).
The oscillation structurein g\ (1) is explained as the interference between the central coherent
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Fig. 5. (8) Oscillation frequency in g@ (7). Triangles are experimental points, and red solid
lineisthe effective Rabi frequency Qe (0). (b) Theoretical curve of the spectral density of
the fluorescence for several detuning parameters versus the relative frequency.

component and the incoherent side component of the Mollow triplet. The trianglesin Fig. 5(a)
are experimental data, and thered solid lineis Qg (8). The oscillation frequency was consistent
with Qe (8) assuming the mean saturation intensity of 3.4 mwW/cm?, and arandom distribution
of Zeeman sublevels of atoms.

In this experiment, an optical density (OD) of the sample was on the order of unity, and
9@ (r) safely showed the ideal value of 2. However, this resilt isin clear contrast to the the-
oretical prediction proposed by Beeler et al. [17]; they considered multiple photon scattering
in an optically dense sample and studied its influence on ICM, concluding that even an OD
of 0.4 leads to drastic decrease of g'?)(0). Furthermore, the experimental result that seemed to
support this prediction was also reported [10]. To identify this effect we also measured g@ (1)
with an optically thick MOT (OD of 3). Although the damping time was shorter, due to the
inhomogeneous magnetic field and higher temperature of MOT, no substantial decrease of cor-
relation depending on an OD, appeared in the experimental result. Thus, we conclude that the
simple resonance fluorescence model, which does not include the multiple scattering effect,
is sufficient to explain the intensity correlation of cold-atom fluorescence. One reason for the
discrepancy to the previous report [10] may be due to the lack of time resolution in the previous
measurement (50 — 100 ns), which smooths out the sharp structure of g (1) in ashort time
range.

4, Conclusion

We have precisely measured the intensity correlation function g'?)(z) for true thermal light
scattered from cold atoms in an optical molasses. We observed strong photon bunching
[9®?(0) = 2.02(3)] and rapid damped oscillation due to the interference between the coherent
Rayleigh scattering component and the incoherent resonance fluorescence triplet. These results
demonstrated the great effectiveness of the present system for the study of the interaction be-
tween light and cold atoms. Higher-order processes, such as cooperative effect in resonance
fluorescence [18-21] and mesoscopic fluctuations originated from a multi-level structure of
atoms [22], can now be viewed as ainteresting research subject.
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