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A new type of time correlation analysis of resonance fluorescence is presented. A
strontium atomic beam is excited by a 28-A~off-resonance laser. The photons of the two
sidebands of the fluorescence triplet are shown to be emitted in a well-defined time or-
der. A simple interpretation of this effect is given which implies a quantum jump of the
atom from the lower to the upper state through a multiphoton process.

PACS numbers: 32.80.Kf, 32.50.+d, 42.50.+q

Resonance fluorescence (i.e., scattering of
radiation by free atoms irradiated by a resonant
or quasiresonant laser beam) has been extensive-
ly studied during the last few years. First, it
has been predicted! and observed? that, for two-
level atoms and at high laser intensities, the
fluorescence spectrum consists of three compo-
nents (fluorescence triplet). More recently, the
distribution of time intervals between photoelec-
tric counts recorded on the scattered light has
been measured, giving evidence for an antibunch-
ing of the fluorescence photons originating from
a single atom,®

These two types of experiments emphasize, re-
spectively, the frequency or time features of
resonance fluorescence. One can also consider
the possibility of a mixed analysis dealing with
the time correlations between fluorescence pho-
tons previously selected through frequency fil-
ters* (the frequency resolution Av introduces, of
course, an uncertainty A¢=(Av)”! in the deter-
mination of the emission time). If, for example,
the three components of the fluorescence triplet
are well separated (their splitting & being much
larger than their widths y), one can use filters
centered on any one of these components and hav-
ing a width Av such that y < Av < Q. With such
filters, it is possible to determine which com-
ponents of the triplet the detected photons are
coming from and, simultaneously, to study the
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statistics of the emission times with a resolution
At better than the atomic relaxation time 72,

In this Letter, we report the first experimental
investigation of time correlations between fre-
quency-filtered fluorescence photons. In this ex-
periment, the detuning 6=w; — w, between the
laser and atomic frequencies w, and w, is much
larger than the Rabi nutation frequency w, (off-
resonance excitation) so that the splitting € = (w,?
+ 6?2 is simply equal to the detuning 6. The
three components of the triplet are therefore
located at w, for the central component (Rayleigh
scattering) and w ;= w; +Q ~2w; - w, and wy=w,
- Q=w, for the two sidebands. The experiment
hereafter described shows that the photons of
these two sidebands, selected by two filters cen-
tered at w, and wg, are correlated and emitted
in a well-defined order (w , before wp).

We use a strontium atomic beam ('S, -'P, reso-
nance line; \,=460.7 nm) irradiated by the 28-A—
off-resonance blue line of an argon-ion laser (,
=457.9 nm). The multimode-laser light (1 W
power) is focused onto the atomic beam (laser-
beam waist less than 10 um) and focused back by
a spherical mirror in order to double the laser
intensity in the interaction region. In these con-
ditions, the Rabi nutation frequency w, is much
smaller than the detuning 6 (w,/27 =80 GHz and
5/2m=4000 GHz) and the central line of the fluo-
rescence triplet is about 10* (i.e., 46*/w,?) times
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more intense than the two sidebands (the wave-
lengths of which are 1 ,=455.1 nm and A 5=2,).
The experimental setup (described in more de-
tail elsewhere?) is sketched in Fig, 1. The den-
sity of the atomic beam can reach 102 atoms per
cubic centimeter. The fluorescence light is col-
lected by wide-aperture aspherical lenses (f/0.8).
Bicone-shaped baffles have been found appropri-
ate to reduce the detected stray light to a level
smaller than the Rayleigh fluorescence light.
The two sidebands are selected in the two detec-
tion channels, respectively, by a grating mono-
chromator tuned on A, and an interference filter
designed for A, The stray light and the Rayleigh
fluorescence light (both at the laser wavelength)
are well rejected by the two filters (the trans-
mission at the laser wavelength compared to the
maximum transmission is 3 X10-* for the mono-
chromator and 10-2 for the interference filter).
The photomultiplier dark rate is small enough to
be ignored. The overall detection efficiency (in-
cluding collection solid angle, filter transmis-
sion, and photomultiplier quantum efficiency) is
of one count per 500 emitted photons. The pulses
from the two detection channels are amplified
and shaped. They then drive a time-to-amplitude
converter (TAC) connected to a pulse-height
analyzer (PHA) which accumulates the number
of detected pairs as a function of the detection
separation time. {I‘he cable delays are adjusted
so that a null separation time yields a point in
the middle range of the spectrum which therefore
exhibits negative as well as positive values for
the delay 7 between the emission of the two w ,
and w y photons.
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1 ] I~
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FIG. 1. Experimental setup. The strontium atomic
beam is along the axis of the vacuum chamber (PM,
photomultipliers; TAC, time-to-amplitude converter;
PHA, pulse-height analyzer).
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A typical result is shown in Fig. 2(a). The
large signal which stands out above an accidental
coincidence background indicates that the emis-
sions in the two sidebands are strongly corre-
lated. In addition, the abrupt rising of the signal
across the null delay 7=0 means that the two
correlated photons are emitted in a given time
order: the photon in the sideband w , before the
photon in the sideband wgz. Then, the correlation
signal decreases exponentially with the delay 7.
The measured time constant (4.7+0.2 ns) coin-
cides with the radiative lifetime of the upper
level P, of strontium.® The background is main-
ly due to accidental coincidences between pho-
tons at the laser frequency not rejected by the
frequency filters.

In order to check the importance of the fre-
quency selection at the sideband wavelength, we
have varied the wavelength of the monochromator
[Fig. 2(b)]. Shifting it towards the laser wave-
length increases the background because of a
poorer rejection of the Rayleigh and stray light.
The signal exhibits a maximum at the expected
wavelength A , proving that the signal is due to
the sidebands of the triplet. We thus get experi-
mental evidence for the sidebands of the fluores-
cence triplet in conditions where they are 10*
times weaker than the central compotient. The
excellent signal to background ratio emphasizes
the interest of correlation methods since the side-
bands could not be easily detected in the frequen-
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FIG. 2. (a) Typical experimental curve giving the
number of detected pairs of photons (wy, wg) as a func-
tion of the emission delay. The maximum channel height
is 1000 counts for an accumulation time of 6 h. The
channel width is 0.4 ns. (b) Variation of the signal and
background heights when the monochromator wavelength
is varied around A,=4551 A.
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cy spectrum even with our high-rejection mono-
chromator.

We interpret now these results with a perturba-
tive approach which is valid since the laser is far
enough from resonance (the expansion parameter
€=w,/26 is equal to 1072 in our experiment).” At
the lowest order, we have the elastic-Rayleigh-
scattering process [Fig. 3(a)] giving rise to the
central component of the triplet at w, (energy
conservation). The rate of this process is T'e?
per atom where I'is the natural width of the
upper level e. It is proportional to the laser in-
tensity 7,. The two sidebands are explained by
a nonlinear scattering process [Fig. 3(b)] in-
volving the absorption of two laser photons and
the emission of two fluorescence photons having
frequencies w, and w g linked by the energy con-
servation relation 2w, =wq,+w s An intermediate
resonance occurs when the atom reaches the
upper state e after the absorption of the second
laser photon. This explains why w, and wg are
distributed in two sharp lines (width I), respec-
tively, centered on w,=2w; -~ w, and wz=w,.

The rate of the whole process is I'e* per atom
which means that the weight of each sideband is
proportional to 1,2 The diagram of Fig. 3(b)
suggests to divide the scattering process in two
steps. First, the atom jumps from gto e by a
three-photon process (absorption of w,;, emission
of w,, absorption of w,) which takes place during
a very short time, smaller than 107!2 s in our
experiment (inverse of the energy defect 6 in the
nonresonant intermediate states). Then, the
atom spontaneously emits wg with a mean life-
time I'"%.®2

This picture provides a simple interpretation of

FIG. 3. (a) First-order elastic—Rayleigh-scattering
process. (b) Second-order nonlinear scattering process
giving rise to the two sidebands of the fluorescence
triplet.

all experimental features such as the strong cor-
relation between the photons of the two sidebands
(they are emitted by pairs), the time ordering be-
tween them, and the exponential decay with a time
constant I'"!, The “percussional” character of
the excitation of e suggests that, if a structure
exists in the upper level, the exponential decay
of the correlation signal may be modulated at a
frequency equal to the spacing between the sub-
levels, as in perturbed correlations in atomic or
nuclear cascades.’ Finally, two important fea-
tures of the experiment can be made clear, First,
it is not necessary to use a single-mode laser.
The intensity fluctuations do not destroy the cor-
relation signal since their correlation time (in-
verse of the laser bandwith) is long compared to
the characteristic time of the excitation process
571, Second, as in the antibunching experiment,
the observed correlation signal is due to pairs of
photons emitted by the same atom (single-atom
effect). Nevertheless, it has been observed with
a great number N of atoms in the field of view (N
=2x10%, As a matter of fact, multiatom effects
(mainly Rayleigh-Rayleigh coincidences giving
rise to the background and proportional to N2e*)
could overcome the signal (proportional to Ne*)
but they are reduced to a sufficiently low level by
the filters which reject the Rayleigh frequency w,.
As a conclusion for this perturbative discussion
we can emphasize the unusual fact that the detec-
tion of the first filtered photon is a signature of
a quantum jump of the atom from the lower to the
upper state through a multiphoton process. Note
the difference with the situation where no filters
are used (antibunching experiment®) and where
the detection of one photon is associated with a
quantum jump from the upper to the lower state.
Finally, it seems interesting to point out some
similarities between the correlation signal de-
scribed above and those observed in atomic or
nuclear cascades a~b—~c. In such a cascade, a
pair of photons at different frequencies is also
emitted with a given order (the photon associated
with transition @ — b before the one associated
with b ~c) and the correlation signal decreases
exponentially (with the radiative lifetime of b).
Actually, the analogy between these two gitua-
tions is not fortuitous. Resonance fluorescence
photons may indeed be considered as photons
spontaneously emitted by the combined system of
atom plus laser photons interacting together, the
so called ‘“dressed atom” which, as a consequence
of the quantization of the laser field, has an in-
finite number of energy levels forming a quasi-
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periodic array.!’ A sequence of fluorescence
photons therefore appears as a cascade of the
dressed atom downwards its energy diagram.
Such a picture allows us to interpret the signal
here investigated as a radiative cascade signal,'?
where the cascading system is not the bare atom
but the dressed one.
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Vibrational and rotational Raman transitions are shown to be shifted to lower frequen-
cies in the presence of a nonresonant, high-intensity optical field. Experimental results
using coherent anti-Stokes Raman spectroscopy for hydrogen and nitrogen are presented.
The magnitude of the observed shift is in agreement with a calculation which considers
the coupling of the optical field to the internuclear separation via the molecular electronic
polarizability. The magnitude of the shift is predicted to be proportional to the optical

field intensity.

PACS numbers: 33.55.+c, 33.20.Fb

We report the first observation of shifts in
molecular vibrational and rotational frequencies
induced by an optical field which is not resonant
with molecular transition frequencies. The Stark
shifts of rotational transitions in polar mole-
cules have been studied extensively using low-fre-
quency applied fields.! Changes in transition fre-
quencies due to intermolecular fields have been
studied extensively in matrices, liquids, and gas-

es.? Apparent spectral shifts that did not involve
actual changes in molecular frequencies also
have been observed in coherent Raman experi-
ments® with use of high-power lasers. The quad-
ratic Stark effect on electronic transitions has
been the subject of considerable research.*

Stark shifts of vibrational frequencies driven
near resonance have been investigated,® but
shifts due to the presence of nonresonant fields

Work of the U. S. Government
620 Not subject to U. S. copyright



