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Hanbury Brown and Twiss experiments with atoms

bosons

fermions

Jeltes et al., Nature 445, 402 (2007)
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Antibunching for a single emitter

VOLUME 39, NUMBER 11 PHYSICAL REVIEW LETTERS 12 SEPTEMBER 1977

Z(v) =- (M(t)M(t+~)) l(I(t)) (I(t+T)),

we may reexpress Eq. (1) in the form

P,(t, t+7) = o.'(I(t)) (I(t+T)) I1+~(T)]. (3)

Since A(~) -A(0) and X(~) =0 for an ergodic proc-
ess, this equation shows at once that the twofold
detection probability is greater for time intervals
v. near zero than for long intervals.

In the fully quantized treatment of the same
problem given by Glauber, '1(t) becomes a Hil-
bert-space operator' E, (t)E,(t), and the correla-
tions have to be written in normal order (::)and
in time order (9') in the form (V:I(t)I(t+7):).
With this change Eqs. (1)—(3) remain valid. The
correlation between the two expressions is pro-
vided by the diagonal coherent-state (I {v))) rep-
resentation of the density operator p of the free
field":

t = jy({ ))I{))({) Id{ ). (4)

This allows expectation values of normally or-
dered operators to be expressed just like c-num-
ber averages, with the weighting or phase-space
functional cp({v)) playing the formal role of the
"probability functional. " For a quantum field we
then merely replace classical averages like
(I(t)I(t+T)) by (I(t)I(t+r)) 9. However p({v)) has
the full character of a classical probability func-
tional only for those states of the electromagnetic
field for which a classical analog exists [e.g. , for
thermal fields having Gaussian y({v))], when the
quantum and classical descriptions lead to simi-
lar conclusions.

On the other hand, there also exist quantum
states of the field that have no classical descrip-
tion, for which y({v)) may be negative or highly

functions of neighboring bosons overlap, when
the states are symmetrized the resulting inter-
ference increases the probability of detecting one
boson near another one,

Nevertheless, it is well known that we may
also account for the bunching of photoelectric
pulses in terms of the fluctuations of a complete-
ly classical field of instantaneous intensity I(t)
E; (—t)E,(t). The joint probability density P,(t, t

+ v) can be shown to be given by'

P,(t, t+ ~) = n'(I(t)I(t+ ~) ),
where n is a constant characterizing the efficien-
cy of the detector, and the average is to be taken
over the ensemble of all realizations of the elec-
tromagnetic field E,(t). If we introduce the nor-
malized correlation function (LU =I —(I)-)
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FIG. 1. Outline of the principal elements of the ex-
periment.

singular and does not have the character of a
probability density. For such states A(0) may be-
come negative, and Eq. (3) then predicts the op-
posite effect, or antibunching near 7 =0, and the
joint probability density P,(t, t+7') may increase
with T from v =0. Such antibunching or negative
photoelectric correlation is an explicit feature of
a quantum field, ' "and its observation would
provide rather direct evidence for the existence
of optical photons, unlike positive correlation ef-
fects that have a semiclassical explanation.

It has recently been predicted that the electro-
magnetic field radiated by a driven two-level
atom in the presence of a continuous exciting field
has the correlation function'

(r:i(t)i(t+T):) =(i(t)) (i,(T)), (5)

where (I~(7)) is the mean light intensity radiated
at time 7 following the turn-on of the interaction
when the atom starts in the lower (or ground)
state. Since (I~(r)) is necessarily zero for r =0
and increases with T from zero, such a driven
atom is an example of a source exhibiting photon
antibunching, with A(0) = —1 in the steady state.
We wish to report the observation of photoelec-
tric antibunching in resonance fluorescence ex-
periments on single atoms.

The principle of the experiment is illustrated
in Fig. 1. Atoms of sodium in an atomic beam
are excited by the light beam of a tunable dye
laser propagating into the plane of the diagram.
The light is stabilized both in intensity (to a few
percent) and in frequency (to about 1 MHz). The
laser is tuned to the (O'S, &„E= 2) to (O'P, &„F=3)
transition, and by optical prepumping with circu-
larly polarized light in a weak magnetic field just
before the final interaction, the sodium atoms
are prepared in the 3'S,~„F= 2, m~ =2 state,
from which the only allowed transition is to the
3'P,&„F=3, m~=3 state. " This procedure as-
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FIG. 2. The number of recorded pulse pairs g(~) as
a function of the time delay & in nanoseconds. The
growth of yg(y) from 7 = 0 shows antibunching. The bars
on one point indicate statistical uncertainties corre-
sponding to one standard deviation. The broken line
just outlines the trend.

100

sures that the atoms behave like two-level quan-
tum systems. The resonant optical field seen by
each atom has a power density of about 70 mW/
cm', corresponding to a Rabi frequency 0 be-
tween 2 and 2.5 times the Einstein A coefficient
(in the language of Ref. 10, 0/P ™4-5).The flu-
orescent light emitted is collected at right an-
gles to both the laser and atomic beams by a mi-
croscope objective that images a region of linear
dimensions of order 100 p, m onto an aperture.
The light emerging from this aperture is divided
into approximately equal parts by a beam splitter,
and is then further imaged onto two photomulti-
plier tubes. The atomic beam also is passed
through a 100-p.m aperture, and the atomic cur-
rent is held low enough to ensure that no more
than one or two atoms in the field are able to
contribute to the collected fluorescence radiation
at the same time. After amplification and pulse
shaping, the pulses from the two detectors are
fed to the start and stop inputs of a time-to-digi-
tal converter (TDC), where the time intervals ~

between start and stop pulses are digitized in
units of 0.5 nsec and stored. The number of
events n(~) stored at address ~ is therefore a
measure of the joint photoelectric detection prob-
ability density P, (t, I+1). The TDC is under the
control of a PDP 11/40 computer, where the in-
formation is ultimately recorded.

Figure 2 shows the number of photoelectric
pulse pairs n(~) recorded for various time delays
~ in intervals of 2 nsec, before any corrections
are applied to the data. The number n(r) is relat-
ed to the intensity correlation function at the two
detectors by

(n(v)) =N, Bra (1':I,(t)i, (t+v):)/(I, (t)), (6)

where I,(I) and I,(t) are expressed in units of pho-
tons per second and suffixes 1 and 2 refer to the
start and stop channels, respectively; N, is the
number of start pulses received (9x10' in this
experiment); n, is the detection efficiency in the
stop channel; and b, ~ is the channel width (2 nsec
for the data in Fig. 2). It will be seen that n(r)
increases with 7 from its smallest value at ~ =0,
as predicted, so that the experiment shows un-
mistakable evidence for antibunching of photo-
electric pulses.

In order to attempt a more quantitative com-
parison with the theory we have to make a num-
ber of corrections to the data. In the first place
there are accidental pair correlations n(w) co'n-

tributed by scattered laser light that enters the
two phototubes and provides a background. Al-
though the amount of scattered background light
has been held to several times less than the fluo-
rescent light by use of apertures and imaging sys-
tems, it still represents a problem in this experi-
ment, because of the requirement to study single
atoms so far as possible. In order to correct for
this we express the total field at each detector
as the sum of two parts E,'"+e,-'" and E,'"+e,'",
where E,. represents the fluorescent field and e,
the scattered laser field that we treat as a c-num-
ber, and we substitute in Eq. (6). The correla-
tion function then breaks into sixteen distinct
terms, most of which have been calculated in
Ref. 10. If we discard terms in e, e', and ~e~'e,
on the ground that the scattered laser field prob-
ably has a rapidly oscillating phase across the
cathode of the photodetector, so that the corre-
sponding interference terms sum almost to zero,
we find that

(7)

Here R;, r„and (R; (i = 1, 2) are the counting rates
at photodetector i contributed by the fluorescent
light alone, by the scattered laser light alone,
and by both fluorescent and scattered light togeth-
er. The last two are of course measurable di-
rectly with the atomic beam turned off and on,
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correlation signal vs τ

H. J. Kimble, M. Dagenais, and L. Mandel, Phys. Rev. Lett. 39, 691
(1977)
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Antibunching for a single emitter

semiconductor
nanocrystals

G. Messin, J. P. Hermier, E. Giacobino, P. Desbiolles, and M. Dahan,
Optics Letters 26, 1891 (2001)
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Evolution in vacuum

|ψ(t = 0)〉 = |e, 0〉
Evolution of the population Pe :
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Evolution in a coherent state

|ψ(t = 0)〉 = |e, α〉
Evolution of the population Pe :

|α 2=16
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Evolution in a coherent state – recent experiment
Rabi oscillations in a small microwave field in a cavity.

Evolution of the
population Pe

Fourier transform of the
signal

Assemat et al., PRL 123,

143605 (2019).
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QND measurement of a photon

The dephasing allows to detect the presence of a photon in the cavity.
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Generalization to n photons

Dephasing: ∆ϕ = t × (2n + 1)Ω2
1/4∆

Choose ∆ such that the dephasing is nπ/4 (+ offset). The detection will
give partial information on the photon number up to n = 7.
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Generalization to n photons

Example: detect a field state with n ≤ 7

2
3 1

|e〉 4 0 |g〉

5 7
6

initial flat P(n):

P(n) after detection in |e〉:

P(n) after detection in |g〉:
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Collapse to a photon number state

Evolution of P(n) while detecting 110 atoms in a single sequence:

Initial coherent field with 3.7
photons

Initial inferred distribution flat
(no information) but final result
independent of initial choice

Progressive collapse of the field
state vector during information
acquisition
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Superradiance of N emitters
Theory: from Claude Fabre’s
lecture notes

fluorescence

time

Experiment, forward scattering:

S. J. Roof, K. J. Kemp, M. D.

Havey and I. M. Sokolov, Phys.

Rev. Lett. 117, 073003 (2016)
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Superradiance of N emitters

Experiment, transverse scattering: radiation faster by a factor 3-5.
P
/P
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M. O. Araújo, I. Krešić, R. Kaiser, and W. Guerin, Phys. Rev. Lett. 117,
073002 (2016).
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Cavity QED with N atoms

Experiments of the Jakob Reichel’s group: cold atoms in a fiber based
microcavity on an atom chip. Splitting ∝ coupling ∝

√
N
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Cavity QED with N atoms
Transmission spectrum with ∆c = 0 and variable N. Splitting ∝ coupling
∝
√
N

H. Perrin Atoms and photons December 13, 2022 15 / 17



Cavity QED with N atoms

Transmission spectrum with N = 750 and variable ∆c
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Detection of single atoms with the cavity

Cavity on resonance ∆c = 0
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