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Résumé. - Nous présentons l’analyse théorique d’une expérience, dans laquelle nous avons observé une
modulation temporelle dans la lumière de fluorescence d’un système de deux atomes, obtenus par
photodissociation de molécules Ca2 par une impulsion laser. Le calcul est d’abord effectué sur un modèle
simple, dans lequel on considère deux atomes couplés au champ électromagnétique quantifié. Nous discutons
ensuite la pertinence de ce modèle, du point de vue de la physique moléculaire. Enfin, nous montrons que l’on
obtient un bon accord entre les résultats théoriques et expérimentaux, à condition de prendre en compte les
niveaux quasi liés de l’état fondamental de la molécule photodissociée.

Abstract. 2014 We present a theoretical analysis of a previous experiment, in which a modulation in the time-
resolved atomic fluorescence light following the photodissociation of Ca2 molecules by a pulsed laser was
observed. First a calculation is performed on a simple model, involving two atoms coupled with the quantized
radiation field. Then the validity of this model is discussed on molecular physics grounds. Finally, a

quantitative analysis of the experiment is presented ; a good agreement is obtained if quasi-bound levels of the
molecular ground state are taken into account.

J. Physique 48 (1987) 781-796 MAI 1987,
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Introduction.

In a recent paper [1], we presented experimental
evidence for a quantum interference effect occurring
in the photodissociation of a diatomic homonuclear
molecule A2. This photodissociation yields two

atoms recoiling in opposite directions, one in an
excited state (A*), and one in the ground state (A).
Either of the two atoms can actually be excited, and
subsequently reemit a photon at the atomic fre-

quency wo, so one must consider two interfering
paths for the whole process :

( úJ L refers to the photodissociating laser light).
The interference effect appears as a modulation of

the probability P (T ) of detecting the fluorescence
photon hw 0 at the delay T after the dissociation
effected by a laser pulse at T = 0 (T is a retarded

time with propagation delay subtracted). The basic

experimental setup (Fig. 1) involves a molecular

beam, at right angle to the dissociating laser beam.
The fluorescent light is collected at right angle to
both the atomic beam and the electric field EL of the

Fig. 1. - Schematic experimental set-up. The atomic and
laser beams are respectively along Ox and Oy ; the
fluorescence light is collected along Oz, through a polarizer
that can be set parallel (//) or orthogonal (..1-) to the

electric field EL of the photodissociating laser. The angles
0 and 0 characterize the recoil direction of the atoms.
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laser, through a polarizer that can be set parallel (11)
or orthogonal (-1.) to EL (see Fig. 1).

In this paper, we present a quantum mechanical
calculation of the observed signal, quantizing the
electromagnetic field and the motion of both atoms.
In the first part, of the paper, this calculation is

performed on a somehow idealized model. In the
second part, we discuss the validity of this model on
molecular physics grounds, and in the third part
some peculiar points relevant to experiments are
considered. Our theoretical approach uses the

Heisenberg equations for the field and atomic

operators, which allows to exhibit the relationship
between the classical and quantum treatments of the
interference effect. On the other hand, we will

analyse also some consequences of the fact that a
single photon is involved in the process described by
equation (1) ; this step requires obviously a quantum
treatment of the field.

1. Quantum mechanical model.

1.1 NOTATIONS. - We consider two identical atoms
a and b, interacting with the quantized electro-

magnetic field. The Hamiltonian of this system is the
sum of four parts :

where Ha and Hb are atomic Hamiltonians, including
kinetic energy terms, HR is the radiation Hamil-
tonian and V is the atoms-field coupling.
The atoms a and b are considered as two-levels

systems, (excited state : I e ) , ground state : )g)),
and the operators Ra and Rb (resp. Pa and Pb) are
attributed to the positions (resp. momenta) of the
centres of mass of both atoms. In this model, only
radiative interactions between the atoms will be

considered ; in particular, the internuclear distance 8
will be assumed large enough to ignore chemical
bindings.
We have thus :

where w o is the atomic resonance frequency and
Sz, the z-component of the effective-spin operator
for each atom (i = a or b) :

The electromagnetic radiation field is quantized on a
complete set of orthogonal field distribution (P)?

for example plane waves of wave vector ka, angular
frequency - w A = c I kk I , and polarization EA. The

Hamiltonian of the free radiation field is thus :

where a Å and ah are respectively the destruction and
creation operators of one photon in the mode A.
The positive and negative frequency components

of the electric field are given by :

where

The atoms-field coupling at the electric dipole ap-
proximation can then be shown to be [2] :

where Da (resp. Db) is the dipole operator of atom a
(resp. atom b).
More precisely, we have for atom i :

where deg = (e I D g) is assumed to be a real vector

depending on the levels I e &#x3E; and I g) . We define
9 À as the quantity :

and we get, using the rotating wave approximation,
the normal-ordered coupling :

We will suppose that just after the end of the laser
pulse, the initial state vector I t/1 in) describing the
two atoms in vacuum radiation field can be factorized
in three parts (see discussion in Part 2) :

- The first part corresponding to the internal
degrees Qf freedom of the atoms is given by :

where c is equal to + 1 or 2013 1 according to the
molecular parity (u or g) of the dissociating state.
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- The second part corresponds to the external
degrees of freedom. Actually, j 14fe,) is a function of
the ground molecular state involved in the photodis-
sociation, and, due to the thermal populations of
these states, the external degrees of freedom would
be more adequately described by a density matrix.
In this part of the paper, we shall consider the
contribution of a single ground state level, i.e. we
assume that the description by 14iem) is valid.

However, the average over the molecular ground
state population will be carried out in part 2.
Without specifying explicitly I t/Jext) , ’we assume

that the dispersion of the relative position (Ra - Rb )
of the atoms is very small compared to the

wavelength Ao of the emitted radiation. This

hypothesis will be qualitatively justified in part 2.
- The third part is the vacuum state of the

radiation field.

1.2 HEISENBERG EQUATIONS. - To proceed furth-
er, we adopt the Heisenberg representation, which is
very convenient for displaying the relationship be-
tween the classical and quantum descriptions of the
electromagnetic field. The state vector is thus kept
constant, and equal to 14ii.), while the operators
S+, S - , P, R, a+ , a are time dependent. The time
evolution of these operators are (i = a or b) :

These equations can be recasted in a simpler form
by separating the rapidly varying part of the

operators (due to the free terms in the Hamiltonian)
from the slowly varying terms (due to the coupling) ;
we thus write :

and we get :

1.3 TIME EVOLUTION OF ATOMIC AND FIELD

OPERATORS. - Integration of the first equation of
system (13) yields :

Provided that this operator will be applied on the
initial state ItfJin)’ we can use the equality
a,k (0) 1 4,i.) = 0 (the field is in the vacuum state at
t = 0) ; the second equation of system (13) then
yields ( (i , j ) = (a, b) or (b, a )) :

Equations (15) are the main equations describing
the desexcitation of the two-atoms system. Before

solving this system, let us notice that in the single-
atom case (i.e. a excited, b absent), we would obtain
using standard approximations [4] :

where the level shift has been omitted (see App. I) ;
in these expressions 8 D ( Cù,B - Cù 0 ) is the Dirac

distribution, and :

is the inverse of the atomic radiative lifetime : in this

case, we obtain simply the radiative damping of the
excited atom.
The calculations relative to the two-atoms case are

detailed in Appendix I, and they yield eventually
((i, j) = (a, b) or (b,a)):

where 5(t) = JR,,-Rbi ] and f(ko 5), g(ko 5) are
functions depending on the orientation of the atomic
dipole deg in the molecular frame. The expressions of
f (ko 5 ) and g (ko 5 ) are given in Appendix I, for
two cases relevant to experiments : l2excited
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molecular state (deg parallel to the internuclear axis)
or, 7r-excited molecular state (deg perpendicular to
the internuclear axis).
We shall see below that f (ko 5 ) contributes to a

modification of the radiative lifetime 1/ r, while

g (ko 5 ) appears as an interaction potential between
the two atoms.
The general solution of system (16) is given in

Appendix II. We shall restrict ourselves here to

results useful for the following, i.e. expectation
values in the state l.pin) :

1.4 FORCES BETWEEN THE TWO ATOMS. - By sub-
stituting equation (14) in system (11), we get (omit-
ting I qf i.) on the right side) :

Using the same techniques as previously, this

system can be integrated in the general case (see
App. III). The results for the expectation values in
the initial state 141 inn are :

The first equation means that the center of mass of
the pair of atoms does not experience any recoil on
the average. The second equation gives the force
between the two atoms. This force can be considered
as deriving from a pseudo-coupling term :

The sign and value of (V dd) for ko 6 « 1 will
determine the behaviour (attraction or repulsion) of
the two atoms in the excited state I qii,,). Using the
values of g(ko 5) calculated in Appendix I, we
have :

Thus the 71u (e= +1) and l:g (6 = - 1) states
are strongly repulsive, while the H9 and -V, states are
attractive. This is the well-known resonant dipole-
dipole interaction [26].

In our experiment, I (V dd) I diminishes very

rapidly as 8 increases (by a factor 10- 3 between 10 Á
and 100 A), and is less than 1 cm-1 for 8 &#x3E; 100 A,
while the recoil energy is a few hundred cm- 1. For
values of 8 greater than 100 A, the variations of
(V dd) are, therefore completely negligible com-
pared to the kinetic energy ; we can thus consider
that after 100 A (about 10 ps after the photodis-
sociation) the relative motion of the two atoms is

uniform, and we can take as average value of
8 = Ra - Rb I the simple expression vt where the
recoil velocity v is estimated from the available

energy in the photodissociation. A spread of v is due
to the fact that the wavepacket associated to the
relative positions of the atoms in the excited state
I t/J ext) must satisfy the Heisenberg relation

A(R a Rb ) A (Pa - Pb);!! h. This point will be dis-
cussed in part 2 of this paper.

1.5 PROBABILITY OF DETECTION. - The delay be-
tween the laser pulse initiating the photodissociation
and the detection time of the fluorescence photon is
measured by a time-to-digital converter. The signal
given by this device is the probability p (r, ED, t) dt
for detecting a photon polarized along ED at the
point r between t and t + dt, following the photodis-
sociation at time t = 0 and point r = Ro. This

probability is [5] :

where C is some multiplicative constant and :

The geometry of the detection channel is shown in
figure 1. The polarizer can be set parallel (ED = Ep )
or orthogonal (ED = E-L) to the laser polarization.
Using equations (5) and (14), we obtain:
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Defining and

where :

is the retarded time since the photodissociation.

It is convenient to define :

v
where 120= Wo c, and we get eventually :c

This equation was the main result used in refer-
ence [1]. We have implicitly assumed here that the
dispersion A I Ra - Rb I = A (B ) is much smaller than
A o, otherwise the average value

would yield a zero result. This inequality was taken
as an assumption in our simplified model (§ 1.1), but
will be discussed in part 2 of this paper.

1.6 ANGULAR AVERAGING. - In the preceding sec-
tions, we calculated the probability of detection for a
given orientation of the recoil axis ; we must then
average this result over the angular distribution of
the photofragments. This approach is justified in
reference [6], for the cases relevant to this paper.

In the axial recoil approximation, the recoil vel-
ocities are aligned with the molecular axis, and the
angular distribution of the photofragments is simply
the distribution of the molecular axis due to the

Using the same techniques as previously, but

retaining only the farfield terms (in 1 I) weg y 
r-R

get :

Equation (22) exhibits clearly the interference
between the emissions by the two dipoles which is
responsible for the observed effect.
Using equation (17), we get:

excitation process. This distribution can be easily
evaluated in each particular case, yielding analytical
expressions for the averaged probabilities (see
App. IV).

In reference [6], the situation where the excited
molecular axis is isotropically distributed was also
considered, and gave a better agreement with polari-
zation measurements. Therefore we will consider
the averaged probabilities for the repulsive IIu and
_yg states, in the case of isotropic distribution of the
photofragments. Let us notice that, in our actual
experimental situation, a direct excitation from the
ground 1,: state to a Ig state is impossible ;
nevertheless, we also consider this case for the sake
of generality.

In the case of a IIu excited state, equation (24)
becomes, after averaging, for ED = Ep or ED = F--L:

where A " is a multiplicative constant. Note that for
the limits r --+ 0 or T -+ oo the polarization of the
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emitted light is 0.6, though the distribution of the
photofragments is isotropic (see Refs. [6, 14]).
We can also calculate the total emission prob-

ability (in any direction with any polarization) which
is obviously :

such that the integral over T of p ’ (,r ) is equal to
unity :

Considering now the case of a 1:g excited state, we
obtain :

where A 1 is a multiplicative constant. In this case the
emitted light is unpolarized, with isotropic intensity.
For the total emission probability, we obtain

The equations (25c) and (26b), corresponding
respectively to H,, and Xg excited states, make clear
that the initial state is « superadiant » or

« subradiant », according to the molecular parity of
the state (e = ± 1 ) [27]. Indeed, we obtain if

no-’r  1 :

The « subradiant » case corresponds to the for-
bidden 1:g -+ 1:g transition at short distance. Obvi-
ous1y, this selection rule does not, hold any more
when the distance between both atoms increases to
about half a wavelength.

P 1T and P 1: are plotted respectively in figures 2a and
b. Let us remark again that the main features of this
curves (modulation, differences between pil and

P.1..) are due to the first bracket of equations (25) or
(26), and not to the exponential term. Therefore,
they can be understood as interferences between the
free fields emitted coherently by the two atoms.

Fig. 2a. - Theoretical probabilities of detection of a
fluorescence photon, with a delay r, after averaging on the
molecular orientations. The atomic lifetime is 4.7 ns, and
the relative recoil velocity is v = 1 000 m/s. The plotted
values correspond to the excitation of a n-state and an
isotropic distribution of the photofragments.

Fig. 2b. - Same quantities as (a) in similar conditions,
except that the dissociating state is now a estate.

Since the phase difference of the two interfering
fields can be derived by considering two recoiling
dipoles at a distance 5 = vT, with an initial phase
lag 0 or ir according to the sign of e, we see that a
semi-classical picture of « moving Young slits » gives
an interesting insight into the effect [1]. However,
we are now to calculate the intensity correlation of
the emitted light : in this case, dramatic differences
between the quantum and semi-classical treatments
appear.

1.7 INTENSITY CORRELATION OF THE EMITTED

LIGHT. - In this section, we shall consider an exper-
iment different from the previous one, but close to a
proposal by Diebold [7]. The main change is that the
photodissociation is now effected by a C.W. laser. In
this case, photodissociations occur randomly in time,
but some information can be sought in second-order
properties of the intensity of the emitted light, i. e.

intensity correlations or equivalently noise-power
spectrum of the photoelectric current. For instance,
due to the modulation at no of the emitted intensity
(Fig. 2), one could hope to find the « beat note » at
no in the noise power spectrum of the detected
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photocurrent [7]. However, it was recognized that
such a modulation would not exist, due to the single-
photon character of the dissociation process [20, 22].
In this part, we want to elaborate further on this
point : in our approach, we can show that the single-
photon modulation actually does not exist, but that a
modulation can nevertheless be observed, due to
contributions from different molecules to the emitted

light. However, stringent conditions about the spatial
coherence of the source will appear, which are very
far from being satisfied in our experimental con-
figuration.
To be more quantitative, let us recall that a

spectrum analyzer yields the Fourier transform of
the intensity correlation of the detected light ; this
latter quantity, which can be also directly measured
with a time-to-digital converter, is the joint pro-
bability density P 12 (tl, t2) for detecting two photons
with a time delay (t2 - t1) (this joint probability does
not depend on (tl + t2 ) for stationary light). One
shows that [5] :

where:

The integrals over r1 and r2 are taken over the
detecting area S, and S2 of the photomultipliers PM1
and PM2 (Fig. 3). We shall assume that these

detecting areas are images of each other in the

beamsplitter BS, such that 81 = S2 = S.

In a semi-classical theory, i.e. with a non-quan-
tized field the first term of this sum can be written as
an autocorrelation function of the emitted intensity,
and is modulated if the intensity is modulated. Here
the result is completely different since E’ t2)
ED’k(rl, ti ) I ipi) = 0 (see Eq. (22) ; one molecule
emits only one photon [20], which can only be
detected once.
Thus the contribution of the first term in equation

(28) in zero. After averaging over tk, the second
term appears to be constant (independent of

(tl - t2 )) : it is the usual « accidental coincidences »
term of photon counting experiments, and we denote
it C 12.
The third term depends on (tl - t2 ) and also on

(rl - r2 ) ; it is convenient to introduce the nor-

ED (r, t ) is given as a sum over the emitting pairs
of atoms, labelled by k [8] :

Fig. 3. - Possible intensity correlation set-up for the
measurement of the joint probability density P12(tl t2).
The experimental quantity is the coincidence rate N12 (T )
as a function of T = t2 - tl. The detection areas S, and
S2 are images of each other through the beamsplitter B.S.

Dk(r, t ) is the contribution of an individual pair
of atoms ; assuming that a photodissociation occurs
at time tk and point Rk, E Dk(r, + t ) is given by an
expression similar to equation (22), in which

Ro is changed into Rk and T into (T - tk).
P12(rlg tl, r2, t2 ) thus appears as a quadruple sum,

which must be averaged over the random position
Rk and time tk. Due to the random phases of the
different emitters, this sum can be written [4] :

malized first-order coherence g(l)(r, - r2, tl - t2 )
[4], and we obtain :

To proceed further, let us recall some basic

properties of the function ig(’)(r,-r,,t,-t,)I.
This function has non-negligible value in an area
o,-c around (rl - r2) = 0, and in a time interval

Tc around (tl-t2)=O. The quantities Ue and

Te are respectively the coherence area and the
coherence time of the emitted light. From equation
(28) and (29), we see that I g(1)(O, 0 )1 [ = 1 ; the
function I g (1) (r, - r2, tl - t2 ) I is therefore decreas-

ing from 1 to 0 as I r1 - r21 ] or I tl - t2l [ increase.
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Eventually, let us notice that 19"’(01 tl - t2)1 I is

nothing but the Fourier transform of the frequency
spectrum of the emitted light ; when several spectral
components are involved, some modulations may be
expected during the coherence time rc.

However, the visibility of these modulations will
depend on spatial coherence conditions. Indeed, let
us now calculate the measured quantity P12(ti,
t2 ) given by equation (27). Assuming Uc  S, the
spatial integration over r1 and r2 yields :

In the opposite case S  u c’ we would get :

Using the relations

we have:

This is the well-known Hanbury-Brown and Twiss
effect. In this case, some modulations may be

expected during the decrease of I g "’ (0, tl - t2) 12
from 1 to 0 ; note that some care must be taken to
observe such modulations, since I g (’) (0, tl - t2) I is

sensitive to the inhomogeneous linewidth of the

transition, via the coherence time rc.
However, if cc .-c S, the visibility of the modu-

lation is at best Q/S  1 (see Eq. (30)). In this case,
the modulation likely to be overwhelmed by counting
noise ; a quantitative discussion relevant to our

experimental situation will be given in part 3.

2. Molecular physics discussion.

2.1 PREVIOUS WORKS ABOUT MOLECULAR STATES
OF Ca2. - A general quantum mechanical treatment
of photodissociation by a C.W. laser has been

presented in [6]. However, the interference between
the fields radiated by the two atoms was not taken
into account then, and such a treatment should be ,
quite intricate for describing the present experiment.
Therefore, our aim here is to justify the initial state
I t/Jin) used in the previous section. Moreover, we
shall study more precisely the recoil speed distri-
bution of the calcium atoms after the excitation by
the laser pulse.

In [6], the knowledge concerning the electronic
states of Ca2 was summarized. Some new results
have been obtained since, concerning mainly the A
and B ’.X’ states [9-11]. In fact we are mainly
interested in the X ’-Tg+ ground state, well known
thanks to the work of Vidal [12], and in the

Fig. 4. - Potential curves for the X 1’¡; , A 1’¡;, 1’¡; and
1 flu states discussed in the text. The arrow corresponds to
the vertical transition with an energy equal to the energy
of the laser photons (at 406.7 nm). This graphical represen-
tation clearly exhibits the fact that the experiment involves
only the relatively long range part of the X and 1 llu
potential curves.

’H,, state dissociating in Ca(’So) + Ca(’P,), already
known through an experiment performed on Ca2
trapped in rare gas matrices [13].
Our previous results [6, 14] concerning the polari-

zation of the Ca atomic fluorescence (422.7 nm)
excited by photodissociation of Ca2 molecules by a
C.W. laser at 406.7 nm have shown unambiguously
that the molecular excited state involved is this

1 IIu state (Fig. 4). For large value of the internuclear
distance [15], the part of this state corresponding to
internal degrees of freedom is well approximated by
a symmetrized product of atomic wavefunctions for
atoms a and b (see Eq. (10)) :

where I g) is the 4s2 ISO atomic ground state, and
Ie) a coherent superposition of the m _ ± 1 sub-
levels of the excited 4s 4p ’P, state [6, 14].

2.2 EXTERNAL DEGREES OF FREEDOM. - The

wavepacket describing the relative motion of the two
atoms is essentially a superposition of levels of the
continuum of the 1 IIu state, depending on the

dynamics of the photodissociation process. For the
nearly Fourier-transform pulses used in our exper-
iment, a reasonable assumption for the initial disper-
sion of the relative position A I Ra - Rb I is the
distance (vTL), where v is the recoil velocity and
T L the pulse duration. Correspondingly, one shows
easily that :

where T
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We have assumed in part 1 that A Ra - Rb I was
much smaller that a o. One can easily check that
equation (32) gives in that case A I Pa - Pb I &#x3E;
h/Ao ; our hypothesis are therefore consistent with
the Heisenberg relation

There is also an upper limit on A I Pa - P b I, in
order not to wash out the modulation by an excessive
velocity spread ; the corresponding limit on (’B W )L is
(B CO )L ’ ((OL - (00)- It is clearly satisfied in our

experiment. 
’

Eventually, a practical limiting factor to be con-
sidered is the velocity spread, due to the initial
distribution in the rovibrational levels of the X-state.
This point is discussed in the next sections, and we
shall obtain both a mean value and a r.m.s. deviation
for the recoil velocities in the actual experiment.

2.3 EXCITATION PROCESS. - During their flight
across the laser beam, the molecules are irradiated
by a train of a few (up to 5 or 6) pulses, with a pulse
peak power about 60 kW/cm2. Since the time be-
tween pulses (12 ns) is much longer than the times
relevant to the experiment (a few ns), the effects of
the various pulses add incoherently. We can describe
this excitation process by an excitation rate y

( ", J", M") as long as the Rabi frequency describing
the X ’Igl - ’Hu coupling is not too large ; this

condition is satisfied here as discussed in reference

[6]. The excitation rate of the level X(v", J",
M" ) is :

where D. EL is the molecule-laser field coupling,
and the energies Be (continuum level) and E,,,.f,,m,,
(ground level) satisfy ec = Ev" J" M" + h vL. This exci-
tation rate is a function of M". After averaging over
M", in the high J" limit, one gets :

This expression involves the Franck-Condon den-
sity (FCD) I (X(v" J") 11 IIu e&#x3E; 12 (the matrix ele-
ment of the dipole is assumed to be independant of 8
in the important range of internuclear distance). We
have calculated the FCD, using the approximation
formula given by Child [16], which seems sufficient
here.

In figure 5 the FCD is plotted as a function of the
energy of the level X(t/’V), for some selected
values of J". Using the molecular dipole moment
deduced from the atomic value, we can obtain the
excitation rate corresponding to the maximum value
of the FCD :

Fig. 5. - Plot of loglo FCD (in cm) as a function of the
energy of the state X(!/’V) for various values of

ill (. l" = 0, + J" =100, x l" = 118, . l" = 141). The
spread of the data for J" = 0 is explairied by the fact that
the FCD is a rapidly oscillating function of E for low
J" values. 

As the molecules are submitted to several pulses
of 120 ps each, the number of excited molecules, at
the maximum of the FCD, is not linear as a function
of the laser power ; however, the linear regime may
be considered as a reasonable approximation, since
it applies to most of the rovibrational levels. In this
approximation, the photodissociation signal due to
the level X(v"J") is simply proportionnal to the
product of the population of this level P (v" J" ) by
the corresponding FCD. It is then easy to calculate
the repartition of recoil energies if we know

P (v" J"). The next paragraph discusses this point.

2.4 Ca2 MOLECULAR BEAM. - Our beam works in a
supersonic regime. The source pressure po and the
oven diameter D are sufficient (D =-z 0.5 mm ;
po = 67 mbar for T - 1 400 K). Moreover, Meiwes-
Broer [17] has produced and characterized a super-
sonic Calcium beam in similar conditions (D ===
0.8 mm ; po =-= 12 mbar for T - 1 250 K). He has
measured the translational temperature by time of
flight analysis, and the rovibrational temperature of
low lying levels by laser induced fluorescence, with
the same result T = 150 K.

Unfortunately, these measurements are not sensi-
tive to the population of the states close to the

dissociation limit, which are responsible for our

photodissociation process. Usually, in a supersonic
expansion the relaxation is not complete and the
population of highly excited rovibrational levels is

not described by the temperature measured for the
first levels. Moreover, we are going to see that high
J" quasibound levels, above the dissociation limit of
the J" = 0 ground state, seem to contribute to the
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observed signal ; such states can be created by 3
body collisions in the first stages of the expansion.
The lifetime of these states can be estimated by a

simple tunnel effect model, involving the energy of
the state and the « thickness » of the rotational
barrier. We shall assume that a given quasibound
level will contribute if its lifetime is greater than the
time of flight between the aperture of the oven and
the interaction region (0.1 ms).

In any case, the FCD is important only for levels
at less than 205 cm - 1 from the dissociation limit ; a
reasonable assumption is thus to take the population
P(v"J") proportional to the statistical weight
(2J"+1).

2.5 RECOIL ENERGY DISTRIBUTION. - To sum-
marize previous discussions, the contribution of an
sufficiently bound level X(v" J") to the signal is
taken proportional to the product of the FCD with
(2 J" + 1 ) ; knowing the energy of this level, it is
then easy to calculate the recoil energy distribution.
The result is plotted in figure 6 ; we have summed
the contributions of all the levels inside a given
10 cm-1 1 interval.

Fig. 6. - Photodissociation signal as a function of the

energy E (v" J" ) of a level X (v " J") ; each horizontal bar
indicate the contribution of a given 10 cm- interval. The
mean energy Em of this distribution is very close to the
dissociation limit De, due to the contribution of quasi-
bounds levels.

We see that levels above the dissociation limit

De contribute appreciably to the signal, and the
mean energy E. of the contributing levels is very
close to De.
The average recoil energy is :

and its r. m. s. deviation is small :

The corresponding recoil speed and r.m.s. deviation
are :

The value deduced from the beat frequency is :

which is in agreement with the calculated value
within one standard deviation. If quasibound levels
were not taken into account, the calculated value
would be 1 020 (± 20) ms- 1, increasing the discrep-
ancy to more than one standard deviation.

Though this difference is not fully conclusive, this
result gives an indication that quasibound states

cannot be excluded a priori when levels close to the
dissociation limit are involved. 

Finally, let us notice that the Franck-Condon

density has an effect on the transition probability
strong enough to select only a narrow range of
velocities (AF/U  5 bib) ; such a circumstance is

very favourable from the point of view of our

experiment.

3. Discussion of the Ca2 experiment.

3.1 EXPERIMENTAL SET-UP. - The experimental
set-up, already described elsewhere [1], is sketched
in figure 7. A molecular beam of calcium is irradiated
by the 406.7 nm violet line of a mode-locked krypton
ion laser (Spectra-Physics 171-01). Mode-locking is
achieved by standard techniques (intracavity acous-
to-optical modulation) and yields pulses with 120 ps
full width half maximum, at a repetition rate

82.3 MHz. The average power is 60 mW.
The laser beam is focused at the interaction region

(beam waist radius at 1/ e2 === 30 f.Lm). The fluores-

Fig. 7. - Experimental set-up (see text).
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cent light is collected by a wide aperture aspherical
lens (flO.8) with its axis in a direction perpendicular
to both the atomic beam and the laser polarization
(see Fig. 1) ; the lens is followed by an interference
filter centred at, I 422.7 nm (2 nm FWHM), a

polarizer with an orientation // or ± (Fig. 1), and the
detector.
The overall detection efficiency of the detection

channel is about 10- 3. In order to achieve a sufficient
time resolution, we have used a micro-channel

photomultiplier tube (Hamamatsu R 1645 U or ITL
CPP lyl3) ; the transit-time-spread of these tubes,
which limites intrinsically the time resolution in the
single photoelectron counting mode, is about 100 ps
(full width at half maximum).
The pulse from the M.C.P. PMT is shaped by a

constant-fraction discriminator, then it feeds the
START input of a time-to-digital converter. When a
start pulse is present, a NIM logic module allows a
pulse synchronous with the radio frequency of the
mode-locker to be fed to the STOP input of the
T.D.C. After accumulation of the data in the

memory of a computer acting as a multichannel

analyser, we obtain a time-spectrum with 50 ps per
channel.
The overall resolution of the system has been

measured by allowing air to fill the vacuum chamber.
The Rayleigh scattering of the mode-locked laser
light by air at about atmospheric pressure is sufficient
to yield a time-spectrum of the laser pulse (Fig. 8).
Some care had to be taken to avoid extra peaks, due
to stray reflections onto some parts of the optics. A
gaussian curve with 180 ps full width at half maxi-
mum can be fitted onto the laser pulse time-spec-
trum. It renders an account of the time resolution of
the whole experimental system. Theoretical time-

spectrum for the fluorescence of Ca2 molecules are
then derived by convoluating the formulas of § 1.6

Fig. 8. - Laser pulse time-spectrum obtained from

Rayleigh scattering of the laser light by air at atmospheric
pressure (50 ps per channel). The width of the signal
(180 ps FWHM), includes contributions from the laser

pulse (120 ps), the photomultiplier (100 ps) and the elec-
tronics (80 ps).

by the laser pulse time-spectrum. Three parameters
remain free for the final fitting :

(i) The time origin.
(ii) The flat background due , to dark counts of

the PMT. 
’

(iii) The modulation frequency 00/2 7T.

3.2 NUMERICAL Frrs. - The result of this fitting
procedure are shown in figure 9. The agreement for
the //polarization is good, yielding the value of the
modulation period :

Fig. 9. - Experimental data and fitted theoretical curves
for parallel (a) and perpendicular (b) polarization con-
figurations. A discrepancy appears mainly on pl, as a hole
around T = 400 ps (50 ps per channel).

However, a discrepancy appears clearly for the ±
polarization. In order to explain this discrepancy,
one must notice that any phenomenon which creates
an extra anisotropy among the angular distribution
of the molecular axis can produce effects of this,
type. We consider such phenomena in the following,
and discuss their relevance to the observed discrep-
ancy.

(i) Molecular rotation between excitation and dis-
sociation. - This effect has been considered in

detail in [6]. It was shown to be small in our

experimental situation (overall rotation : less than
one radian). Moreover, the first effect of such a
molecular rotation would be a depolarization of the
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fluorescence light, which was not observed in the
experiment.

(ii) Failure of the hypothesis leading to equation
(25). - Equation (25) have been obtained assuming
an isotropic distribution of recoil axis. However, the
other cases treated in Appendix IV have been con-
sidered, without reducing appreciably the discrep-
ancy.

(iii) Finite detection solid angle. - Some estima-
tions have been made to take into account the
collection solid angle ( f /0.8 lens). The depolariza-
tion due to this wide angle appear to be small (less
than 3 %, see Ref. [6]), and the corresponding
correction on pll or pl are not sufficient to get a
better fit.

(iv) Resonant reabsorption at A o = 422.7 nm. -
The on-resonance optical thickness of the 0.5 mm
atomic beam at a density about 5 x 1011 atoms/cm3 is
much greater than one. But reabsorption of the
emitted light is mainly determined by Doppler
effect. We have seen that the velocity of the

dissociated atoms relative to the centre of mass of
the molecule is about 500 m/s. Hence the , fluores-
cence light emitted towards the detection axis Oz
(Fig. 1) is scattered if 0 is close to v /2, while it is
sufficiently Doppler-shifted to go across the atomic
beam if 0 is close to 0. The design of the detection
channel makes that only a small fraction of the

Fig. 10. - A better agreement is obtained by including
some effects of atomic resonant absorption in the calcula-
tions (compare with Fig. 9).

scattered light is detected [18], so that the net result
is a loss of fluorescence light for molecules with 0
close 0.
The exact calculation of the modified angular

distribution resulting from this effect is very difficult
to handle ; we have taken it into account approxima-
tively by « digging » a « hole » in the angular distri-
bution for 0 close to ir/2. We see on figure 10 that
this procedure was fairly succcessful. The previous
discrepancy is thus attributed mainly to resonant
scattering, though other contributions cannot be
excluded.

3.3 SPATIAL COHERENCE OF THE SOURCE. - We
have seen in § 1.7 that the visibility of the modulation
in a C.W. experiment would be of the order

ue/S, where Ue is the coherence area of the source
and S the surface of the illuminated part of the
photocathode. However, this quantity is more easily
evaluated at the source : if the size of the source is d,
and the solid angle of collection is f2, we have :

Typical orders of magnitude for our experiment
are Ào - 0.4 J,Lm, d - 100 J,Lm, f2,, - I sr and thus
uc/S - 1.5 x 10-5. The resulting signal must be
compared to the fluctuations of the background
C12, due to uncorrelated detections (Eq. (30)). As-
suming that the counting rate of the photodetector is
N (in s- 1), the fluctuations for a counting time T will
be :

while the signal is :

The signal-to-noise-ratio is thus :

In our case, N -50OOs-1, rc- 10-9s, and

(T c/ S - 10- 5 ; the counting time T corresponding to
S / B-1 would be 10 000 years ! On the other hand,
the same values except o-cls - 1 yield T - 1 min.
Similar equations hold for spectrum-analysing ex-
periments [19].

In order to increase ocIS, it is not sufficient to
reduce f2c, since the number of detected photons N
would decrease, with no gain on the signal-to-noise
ratio. Actually, one must increase the ratio

N /d2 Dc, i. e. the intensity and luminance of the
source, without changing the coherence time rc. In

conclusion, this kind of C.W. experiment appears
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hardly feasible, and would require an experimental
configuration completely different from the one

described in this paper.

4. Conclusion.

Since the completion of our experimental work [1],
theoretical analysis of the time-resolved fluorescence
induced by molecular photodissociation have been
proposed by Kurizki and Ben-Reuven [21] and by
Diebold [22], using formalisms different from the
one proposed in this paper, but giving essentially the
same results. However, let us emphasize that our
Heisenberg equations approach gives some clear

physical insights into the interference effect. In

particular, the interference term between the con-
tributions of the two dipoles appears very clearly ; in
our experimental conditions, this term yields the
main effect, and the modification of the radiative
damping is not directly observed. Moreover, crossed
effects involving several molecules were easily taken
into account.

Further developments in our experiment would
involve the use of a tunable laser, in order to analyse
more precisely the molecular bound or continuum
states ; such an analysis is beyond the scope of the
present paper.
As a conclusion, we shall comment briefly about

the symmetrization of the state for two calcium

atoms ; indeed, the initial state of the pair of atoms
may be considered as a « delocalized » quantum
state [23], with some analogy with non-factorizable
states leading to Einstein-Podolsky-Rosen cor-

relations. However, let us emphasize that in our case
the complete symmetrization of the wavefunctions
would not change any physical prediction: the
interference effect is due to the original molecular
symmetry, and not to the boson or fermion nature of
the atoms. Moreover, the observed effect would be
the same if we could perform the experiment by
photodissociating a molecule formed of two non-
identical atoms [24].
The authors acknowledge fruitful discussions with

A. Aspect.

Appendix I.

EQUATIONS FOR THE EVOLUTION OF THE ATOMIC
OPERATORS. - In this appendix we derive

equation (16) from equation (15). Using standard
methods for the calculation of spontaneous emission

[3], we can write :

We then use the relation :

Two integral over A must be calculated :

r is the inverse of the atomic lifetime already given,
and A is the level shift, which cannot be calculated
correctly for a two-level system, and will be omitted
in the following (indeed, the total field radiated by a
dipole at its own emplacement is not described

correctly by our model). The second relevant integral
is :

where 8 = Ra - Rb.
The angular integrals may be calculated con-

veniently in the molecular frame, where the axis OZ
is parallel to 8. Two cases are considered : I-excited

state, where the dipole deg is also parallel to OZ, and
77-excited state, where the dipole deg is parallel to
some axis OX. We obtain :

where

The above integral can easily be calculated using
contour integration, and we obtain :
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where

Note that

while:

Using equations (1.2) and (1.3) in (L1), we obtain
easily equation (16), which represent coupled equa-
tions for the evolution of 5;; (t ) and Sb (t ).

Appendix II.

TIME EVOLUTION OF THE ATOMIC OPERATORS. -
The general solution of equation (16) may be
obtained in the four-dimensional space with vector
basis ( ea eb ) , lea, gb) I ga, eb) I ga gb It is more
convenient to calculate the time evolution of the
operators :

From equation (16), we obtain :

We have cancelled products or combinations of
operators which are equal to zero inside the con-
sidered space.
Equation (11.4) yields immediately :

where cro is a constant depending on the initial state.

We shall restrict ourselves in the following to a single
excitation of the system, i.e. ao = 0.
The case of doubly excited systems has been

considered in great detail by Richter [25], when the
intemuclear distance 8 is fixed. Let us notice that

[25] uses a master equation approach and the

quantum regression theorem. Obviously, the same
results may be obtained using our Heisenberg equa-
tions approach.

Equations (11.2) and (11.3) then yield:

From these equations, any normal ordered combi-
nation of the operators can be easily obtained.

9 For the initial state 1 (18.1 eb + -- I ea gb)),B/2
we get easily (2+ 2-)o= (i +E), (3+ ’a-)o=
(1 - E ), while (!+ j-) 0 and (j+ 2- ) 0 are equal
to zero ; these results may be recasted in the

following form used in equation (17) :

Appendix III.

EQUATIONS FOR THE EVOLUTION OF THE IMPULSION
OPERATORS. - System (18) can be rewritten using
the approximations of Appendix I. Two new inte-
grals appear :
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The angular integration over k yields Ji = 0. We
define grads where 8 = Ra - Rb as the gradient
relative to the composants of (Ra - Rb ) ; J2 can be
transformed :

where J2, f (ko 5 ) and g (ko 5 ) have been defined in
Appendix I.
Recombining the two equations of system (18), we

obtain finally :

The first equation means that the average recoil is
not zero if the excitation is anisotropic (e.g. one
excited atom, one ground state atom). The second
equation gives the interaction between the two

atoms, which is discussed in § 1.4 for our initial state

I .p in) .

Appendix IV.

ANGULAR AVERAGING. - The recoil direction of
the atoms is characterized by the angle 0, 0 defined
in figure 1. The excited dipole is obtained as the

projection of the dissociating electric field EL onto
the molecular axis for a estate, and onto a plane

orthogonal to the molecular axis for a H-state.

Taking EL along Ox, the corresponding weighting
functions are :

The detected intensity is obtained as the projection
of the excited dipole onto Ox (// polarization) or Oy
(1.. polarization). Denoting Wd (0, 0 ) the corre-

sponding weighting function, the angular average of
the interference term (1 + E cos (no T cos 0 )) is

given by :

where a =120T = wo VT Ie.
We give below the expressions of I (a) for the

states which are coupled to the X ’.Xg+ ground state
by a dipolar transition, i.e. the 1u and 1 IIu excited
states (e = + 1 ).

Note that the corresponding polarization
(III - 1.1)/ (III + 1.1) is equal to 1/2 for a Y state, and
oscillates slightly around the value 7/9 for a H-state.
The values given in the text are obtained from a

similar averaging, but taking W,,(O, 4p) = 1 (iso-
tropic excited molecular state distribution).
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