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Resonance fluorescence in radiative collisions
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A theoretical study of the resonance fluorescence emitted in a radiative collision is presented. A
treatment of the spontaneous emission based on the short-pulse approximation is shown to be suit-

able for an analysis of the spectral distribution of the scattered radiation. Following an adiabatic
dressed-state picture, a seven-peak spectral structure is predicted, in agreement with the three-level
nature of the problem. Some of the spectral lines are found to be due to emission processes taking
place only during the collision, allowing a characterization of the process as resonance fluorescence
of a transient molecule.

I. INTRODUCTION

Since the first discussion by Gudzenko and Yakov-
lenko in 1972' a great deal of effort has been devoted to
the study of atomic radiative collisions, described by the
general reaction

A;+B;+nh'Q~ A&+B&+(n+1)fiQ,

where A;I and 8;f denote initial and final states of the
atomic species A and 8, colliding in the presence of a
laser field with n photons of frequency Q. Depending on
the initial states, the processes represented by (1}can take
place in absorption or in stimulated emission.

Among radiative collisions, laser-induced collisional
energy transfer ' (LICET) and pair absorption'
and emission' have been extensively studied both experi-
mentally and theoretically. Up to now these processes
have been mainly studied from the viewpoint of evaluat-
ing excitation rates, which are of great importance for the
achievement of collision-induced population inver-
sion. ' '

The processes represented by reaction (1) are induced
by the combined action of the collisional and radiative in-
teractions, which are required to be present simultane-
ously for the reaction to proceed. The problem is con-
veniently described in terms of adiabatic quasimolecular
states, considering the interatomic transitions taking
place in (1) as due to the radiative transitions of the tran-
sient molecule (quasimolecule) which is formed during
the collision.

The quasimolecular approach, besides providing a
deeper understanding of the physical principles underly-
ing the processes, allows a straightforward extension of
the class of radiative collisions. A significant example,
supporting the utility of this approach, can be found in
the study of multiphoton radiative collisions. '

Among the radiative processes of a transient molecule
interacting with a laser field, near-resonant scattering ap-

pears of great interest. Resonance fluorescence of two- or
three-level atoms as a probe of the collisional dynamics
has been extensively studied in the framework of the col-
lisional redistribution of radiation. However, to our
knowledge, there is no published study describing the
spectrum of the resonance fluorescence in radiative col-
lisions.

We present here a theoretical study of the resonance
fluorescence spectrum emitted by a collision pair during a
LICET reaction, with the aim of stimulating an experi-
mental investigation which, in our opinion, can be of in-
terest in several respects.

In the product-state basis of uncoupled (infinite-
distance) atoms, the LICET process is described, under
proper assumptions, by a three-level model, with radia-
tive and collisional couplings. However, in a dressed-
state picture, it has been shown that, for a wide range of
field intensities, the transition probability to the final
state can be accurately evaluated by solving a two-level
problem. " One might therefore draw the conclusion
that the excitation spectrum is not closely related to a
three-level dynamics, being mainly determined by the col-
lisional interaction. The main point of interest for the
study of near-resonant scattering is that the spectral
structure of the emitted fluorescence strongly reflects the
three-level nature of the problem, with line shapes
affected by the collisional interaction. Moreover, obser-
vation of the resonance-fluorescence spectrum would al-
low the study of the combined radiative-collisional in-
teraction (peculiar to a LICET process) even in the ab-
sence of a significant transfer of population to the final
state (adiabatic interaction). This condition seems suit-
able, for instance, to the study of collisional dynamics in
the presence of a strong laser field, since it avoids the
contribution of concomitant processes which are extrane-
ous to the one under study.

Following a description of the physical system (Sec. II},
we present in Sec. III an extension to the present problem
of the short-pulse approximation, introduced by Robin-
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son and Herman for the study of the resonance Auores-
cence of a two-level atom. Although this method is
suitable to a numerical analysis of the full spectral distri-
bution of the emitted fluorescence (including line shapes),
the main features of the spectrum can be easily predicted
in the framework of a dressed-state picture (Sec. IV). Fi-
nally, in Sec. V, a perturbative approach in the laser-
atom interaction, based on the introduction of adiabatic
collisional dressed states, is described, with the aim of
gaining more insight into the physical process.

II. THEORETICAL FRAMEWORK

In our model an atom A prepared in an excited state
l az & undergoes a collision with an atom 8 in its ground
state lP, & in the presence of a monochromatic laser field

nearly resonant with an interatomic transition. Due to
the simultaneous absorption of a photon of energy fiQ
from the laser field, the excitation energy of atom A is
transferred during the collision to atom B, which is then
left in its excited state lPi&. If an excited level lP2& of
atom 8 is nearly resonant with la& &, one channel of exci-
tation dominates the process. The energy-level scheme of
the atoms can then be depicted as in Fig. 1, and the pro-
cess is conveniently studied in the following product-state
basis:

(2)

After several assumptions, the equations of motion for
the probability amplitudes of states (2) are written as fol-
lows:

ia;(t) = V(t) a„(t)exp(ib, t ),
ia„(t)=V(t)a;(t)exp(

idt�
) pa&(t)exp(——i5t),

ia/(t) = —ya„(t)exp( t5t), —
(3)

with b, = (E, E„)hrt and —5=0 (EI E„)/i)'t , —and-
where V(t) and g describe, respectively, the collisional
and the atom-field interactions. As a result of the short
time scale of the collision, y is usually assumed constant,
while the explicit form of V(t) depends on the particular
interatomic potential. For a dipole-dipole interaction, as-
suming classical and rectilinear trajectories for the atoms
during the collision, V (t) is given by

V(t)=d d /fi(b +U t )

where 1z and dpi are the dipole moments of the l
a

&

&-

a&& and lP, &-lP2 & transition, b is the impact parameter
and u is the relative speed of the atoms. The validity of
the approximations used to obtain (3) has been confirmed
both theoretically' and experimentally. '

In the following, while keeping the formulation gen-
eral, we will have in mind the specific case of collisions
between europium and strontium atoms for which nu-
merical calculations are in progress. For this system, the
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FIG. 1. Schematic energy-level diagram of a LICET process.
Energy levels of the relevant product states are shown on the
right.

energy-level scheme is similar to that shown in Fig. 1,
where la2& is the (6s6p) P»2 excited state of Eu and lP2&
and lPi are respectively the (5s 5p)'P, and (5p )'D2 excit-
ed states of Sr. The frequency difference between the
product states li & and lx & is b, =63 cm ' and the col-
lisional interaction is well described by (4) with a dipole-
dipole interaction energy given by d„dz =2.17X10
erg cm . '

(Sa)

13&=If& n —1,0&,

ll, k &=It'&In 1 k

l2, k &=lx&ln —l, k &, (Sb)

where lj & describes the atoms in the product states (2)
with no emitted photons, and lj,k & describes the atoms
in the product states (2) and the fluorescence field in the
state defined by one photon with propagation vector k
and polarization cr. The number of photons in the strong
laser mode is n.

Starting with no photons in the scattered field modes at
a time I; just before the collision, the fluorescence spec-
trum emitted up to a time t+ immediately following the
collision can be written as

(6)

III. FLUORESCENCE SPECTRUM

If levels lP2 & and lPi & are strongly coupled by a dipole
transition, then level lPi& can radiate to level i@2& during
the collision, emitting a photon of energy AQk. We fol-
low the approach introduced by Robinson and Berman
for the study of the resonance fluorescence of a two-level
atom in interaction with a short laser pulse. Since the
collision takes place on a time scale of the order of 1 —10
ps, much shorter than the typical radiative lifetime of lev-
el le &, at most one fluorescence photon per atom is emit-
ted during the collision. An appropriate basis to describe
the process is therefore provided by the states
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ia(t)=H(t}a(t),

ia„(t)=H(t}a„(t}+F(t),
with

(7a}

(7b)

T

a, (t) a;(t)
a(t)= a, (t) = a„(t)

a3(t) af(t)

(8)

a, k (t)

ak (t) a2k

a3k (t)

0
H(t) = V(t)exp( i At)—

0

V (t)exp(ib t)

—y exp( i 5t)—
—y exp(i5t}

0

where a.k ( t) is the probability amplitude for finding the
system in state lj, k ) at time t.

The equations of motion for the state amplitudes
a k (t) follow from a perturbative treatment to first order
in the vacuum radiation field of the time-dependent
Schrodinger equation. The following differential equa-
tions are obtained in the interaction picture and
rotating-wave approximation:

c(t)=T(t)a(t)

with

(16)

features can be easily given in the framework of a
dressed-state picture. The introduction of time-
dependent dressed states has already proved to be of
great utility for the study of the resonance fiuorescence
emitted by two- or three-level atoms driven by near-
resonant laser pulses. In fact, in the case of adiabatic
interaction (off-resonance smooth laser pulses) and well-
separated spectral lines, this description can predict both
the line positions and integrated intensities. The latter is
accomplished via Fermi's golden rule applied to the eval-
uation of spontaneous-emission transition rates among
dressed states.

In our case, the condition of adiabaticity can certainly
be fulfilled for a laser detuning in the antistatic region of
the excitation spectrum (b, +5)0), where no transfer of
population between states li ) and lf ) occurs. As the
laser detuning approaches the peak of the excitation spec-
trum (b, +5~0), the adiabatic character of the combined
collisional-radiative interaction is progressively lost, since
the population transfer among dressed states will tend to
become significant, affecting the relative integrated inten-
sities of the spectral lines. However, even in this case, the
position of the spectral lines can be immediately found.

First we use the unitary transformation

0
F(t)= oaf�(t)exp(i 5&t) 1

0

(10)

to write

exp( i ht) —0 0
0 1 0
0 0 exp(i 5t)

(17)

where 5& =f},„(Ef E„)/—A', and—Vz is the matrix ele-
ment of the atom-vacuum field interaction. The bound-
ary conditions for (7) are

1 0
a(t )= 0 a„(t )= 0

0 0

ic(t) =H'(t)c(t),

where

V(t) 0
H'(t) = V (t) 0

0 —y —5

(18)

The solution of (7b) can be written as

a„(t)= i U(t) f dt'U —'(t')F(t'),

where U(t) is the time-evolution operator, solution of

iU(t)=H(t)U(t) .

(12)

(13)

Then we introduce the time-dependent adiabatic eigen-
states of H' defined by

(20)

Since H(t) is Hermitian, U(t) is unitary, i.e.,

U (t}=U '(t}, (14)

and the fiuorescence spectrum (6) reduces to the compact
expression

D, ,(t) = V(t)[p, (t)+5]IS,(t),
D;2(t)=[@,(t) —b ][p,(t)+5]/S, (t),
D;,(t) =y[& p,;(t)]IS;(t), —

(21)

P(Q„)~ g f b f dtU (t}F(t) db .
0

(15)
and

S,'(t}= (Vt)[p, , (t)+5]'

IV. ADIABATIC DRESSED-STATE APPROACH

Expression (15) provides the starting point for a nu-

merical analysis of the collision-induced fluorescence
spectrum. However, a sketch of the main spectral

+[)J,, (t) b, ] [y, , (t)+5) +y—[5 p, (t)] . (22)— .

The time-dependent adiabatic eigenvalues p;(t) are given

by the solutions of the third-order secular equation

(23)
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For t —+6 00, V(r) +0—, and (23) reduces to

(p —b, )(p'+5@—y') =0,
whose roots are given by

(24)
ID1,n

IOg, n»

p) —6

@2=—[5+(5 +4y )'i ]/2,
p3= —[5—(5 +4y )'i ]/2 .

(25)

The energy levels of the dressed states (20) appear as an
infinite ladder of equally spaced triplets whose temporal
evolution during the collision is shown in Fig. (2a).

Due to the vacuum-field radiative coupling between
~P3) and ~Pz), the adiabatic dressed states of two adja-
cent multiplets are radiatively coupled with time-
dependent matrix elements given by

a„i

Q, i

Q

0
I

Ii i I
I~ I)

a,

I02,n»

ID3,n-t»

(a)

W„(r)= V„D,,(r)D, ,(r) . (26)
ID2)h-1»

Since the resonance fluorescence emitted during the col-
lision can be viewed as arising from transitions among
the adiabatic eigenstates (20), the fluorescence spectrum
is expected to exhibit a seven-peak structure with lines
centered at the frequencies

Qk =0,
Q„=Q+[5+[5—(5'+4y')'~']/2),

Qk =Qk[b+[5+(5 +4y )' ]/2],
Q„=Q~(5'+4y')'" .

(27)

(b)

This spectral structure, typical of the resonance fluores-
cence of a three-level system, is shown in Fig. 2(b),
where the relative intensities of the lines are not
significant. For a weak laser field, the separation between
the outer doublets and the central line is =6 while the
line separation within each multiplet is =

~
6 +5~, that is

the laser detuning from the interatomic transition ~i)-
~f ). For a strong laser field, the actual positions of the
spectral lines are determined by the dynamic Stark shift
of the energy levels of the compound system while the
line shapes are affected by the collisional van der Waals
shift. The collisional shift gives rise to wings in the ane-
lastic scattering lines of the fluorescence spectrum, whose
origin is closely related to the far wing of the excitation
spectrum. The collision-induced elastic component of the
fluorescence spectrum is expected to be symmetric with a
width related to the inverse of the average collision time,
instead of the laser bandwidth as in usual near-resonant
Rayleigh scattering.

While the line shapes of all the components of the spee-
trurn are at least somewhat affected by the collisional in-
teraction, some of them can be actually considered totally
collision induced, in the sense that they are due to emis-
sion processes occurring only during the collisional in-
teraction. In Fig. 3 we have reported the time evolution
of the dimensionless radiative decay rates

calculated for the specific case of a collision between Eu

I I

a, a,
I I I

Q2 Q~ Q3

I I

Q5 Q7

i'reckon cy

FIG. 2. Structure of the resonance-fluorescence spectrum:
(a) spontaneous-emission transitions among time-dependent adi-
abatic dressed states; (b) corresponding spectrum, showing the
collision-induced spectral wings.

0
and Sr atoms with an impact parameter b=18 A, a laser
detuning of 6 cm in the antistatic region of the excita-
tion spectrum (b, +5=6 cm ') and an atom-field interac-
tion g=6 cm '. We note that outside the collision
(t~+~) some of the I; (t) vanish while others remain
different from zero. In fact, as shown by (26), the tem-
poral behavior of the I",, (t) reflects the time dependence
of the components D,, (t) of states ~j) in the dressed
states

~ D, , n ) . In the absence of collisional interaction,
state ~D&, n ) has no ~2) and ~3) components, while
states

~ D2, n ) and
~ D, , n ) are linear combinations of

states ~2) and ~3). As a result, while lines originating
from transitions between dressed states ~D2, n ) and

~D3, n ) [I, 4, and 5 in Fig. 2(b)] can also be emitted in the
absence of collisions, all the other lines characterize the
resonance fiuorescence of a transient molecule.

In the case of a well-resolved spectrum, the frequency-
integrated line intensity I; emitted in the transition
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~D, , n)~~D, n ') canbeexpressedas

(28)

where

3 2

11,.(r)= g D,, (r)c, (r) (29)

is the time-dependent population of the dressed state
~D;, n ). Expression (28) can be easily computed for an
adiabatic interaction (6 +5 & 0), being II,(t) = 1 and
112(t)=113(t)=0. In this case only the lines originating
from transitions starting from state

~

D „n },denoted as 1,
3, and 7 in Fig. 2(b), will be present in the emission spec-
trum. A numerical calculation of (28) has been per-
formed for the Eu-Sr pair with 5+6=6 cm ' and the re-
sults are shown in Fig. 4 as a function of the laser intensi-
ty.

V. %'EAK-FIELD REGIME: COLLISIONAL
DRESSED-STATE PICTURE

i
V(t)iV(r)t «6 (30)

is satisfied, the time evolution of the colliding atoms is
well described by adiabatic collisional dressed states
defined as

~
+ ) =(cos8) ~i ) +(sin8) ~x ),

~

—}=(cos8)~x ) —(sin8)~i),
(31)

In order to obtain more insight into the origin of the
spectral lines it is convenient to make use of a diagram-
matic representation, based on a perturbative treatment
of the radiative interaction, involving adiabatic collision-
al dressed states (quasimolecular states).

In the absence of the laser field, the Hamiltonian (19)
describes the collisional interaction between atoms A and
8. It is shown in Ref. 8 that, when the condition

0.1

r»x50 2&x100

1.5

r„50

r~x100

14x10 ~

I x100

FIG. 3. Temporal evolution of the dimensionless radiative decay rates I;,(t) among adiabatic dressed states. The calculation
0

refers to the specific case of a collision between Eu and Sr atoms with an impact parameter b=18 A, a laser detuning of 6 cm ' in the
antistatic region of the excitation spectrum (5+6=6 cm '), and an atom-field interaction g =6 cm
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FIG. 4. Frequency-integrated line intensities I~, as a function
of the laser intensity. The calculation refers to the specific case
of collisions between Eu and Sr atoms with a laser detuning of 6
cm ' in the antistatic region of the excitation spectrum
(5+5=6 cm ').

FIG. 5. Diagrammatic representation of the transitions con-
tributing to the Auorescence spectrum: (a) near-resonant
scattering between states

~
+ ) and

~f ); (b) near-resonant
scattering between states

~

—) and
~f ); (c) Stokes and anti-

Stokes Raman scattering between states ~+ ) and
~

—).

with

tan(28)=2V(t)/b, .

The collisional dressed states (31) are quasimolecular
states with adiabatic time-dependent eigenvalues given by

p+(t) =(6/2)(1+ I 1+[2V(t)/b, ]2) 'i2),

p (t)=(b, /2)(1 —
[ I+[2V(t)/b, ]~)'~2) .

The effect of the laser field is to couple states ~+ ) and
~

—) to the final state ~f ). In this picture, the spectral
features shown in Fig. 2(b) can be viewed as resulting
from the processes illustrated in Fig. 5, where the spon-
taneous emission transitions, occurring as a consequence
of the absorption of one or two photons from the laser
field, are represented. In Fig. 5, the Stark shift as well as
the van der W'aals shift of energy levels are neglected.

The transitions shown in Fig. 5(a), representing a
near-resonant scattering involving states ~+ ) and ~f ),

and including Rayleigh scattering from state
~f ), give

rise to a Mollow triplet [lines 1, 2, and 3 in Fig. 2(b)].
Since these emission processes require that both the col-
lisional and the radiative interactions be present simul-
taneously, they can take place only during the collision.
On the contrary, the transitions shown in Fig. 5 (b) [lines
1, 4, and 5 in Fig. 2(b)] represent a near-resonant scatter-
ing involving states

~

—) and
~f ), which are radiatively

coupled even in the absence of the collision. Therefore,
these lines contain a contribution due to resonance
fluorescence emitted by atom 8 after the collision, as a re-
sult of the transfer of population from atom A to atom 8
due to the LICET reaction. Finally, the processes depict-
ed in Fig. 5(c) represent Stokes and anti-Stokes near-
resonant Raman scattering between states ~+ ) and

~

—)
of the transient molecule [lines 6 and 7 in Fig. 2(b)].

The diagrammatic representation of Fig. 5 allows us
also to make some predictions on the frequency-
integrated line intensities and on their dependence on
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laser intensity. In fact, in the weak-field regime, most of
the atomic population is in the ~+ ) state. Therefore,
lines due to transitions starting from ~+ ) state [1,3, and
7 in Fig. 2(b)] are expected to be more intense than lines
resulting from transitions starting from

~

—) state.
Furthermore, the three-photon emission process, origi-
nating lines 3 and 4 of the spectrum, requires the absorp-
tion of two laser photons. Therefore, these lines are ex-
pected to present a quadratic, rather than linear, depen-
dence on laser intensity. This prediction is confirmed by
the calculations reported in Fig. 4.

VI. CONCLUSIONS

We have presented a theoretical study of the resonance
fluorescence emitted in a LICET reaction, providing an
explicit expression for the spectrum. The spectral distri-
bution of the radiation scattered by the collision pair

driven by a laser field near resonant with an interatomic
transition exhibits a seven-peak structure, strongly relat-
ed to the collisional dynamics. In fact, some of the spec-
tral lines are found to be due to transitions occurring only
during the collision, characterizing the process as reso-
nance fluorescence of a transient molecule. Following an
adiabatic dressed-state picture, we have been able to pro-
vide quantitative predictions on the relative intensities of
the spectral lines and their dependence on laser intensity
for the specific case of the Eu-Sr pair. Further investiga-
tion, carried out by numerical calculations, is in progress
for the evaluation of the spectral line shapes, which are
closely related to the collisional interaction.
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