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1. The physical process

Collisivn-induced radiative transitions are represented by
the reaction:
A+B+hnho —p A+ ij (rrs)hiw
+ [
where! Aj,y Bi,y are initial and final electronic states of atoms
A and B respectively;

n is the number of photons of a laser field of frequency ().
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The process requires the simultaneous presence of a laser field
and a collision and can take place in absorption or in emission.
If only one atom changes its state, while the other acts am
a perturber:
A+DB+ hu— A* + B
the process is called CARE (Collisionally Assisted Rediative

Excitation).

---‘ﬂ-_'- A
b, fiwo,

v




The collision is conveniently studied in the reference system

where one atom is at rest:

i~ =0 »
f v.t
b . N
th L'f\th
B
b = impact parameter

v = mean relative velocity
R = interatomic distance

Definition of mean c¢collision time:

X = b/v

For a typical collision;

b=104A v = 10% cm/sec

t =2 1 psec

Definition of detuning of the laser from the resonance: A= to-0,.

lAws| < -‘_E Impact region

The spectral profile in this region is Lorentzian,

depending on the distribution of time between collisions,

‘Aw|>>-%;- Static _region

Antistatic region

Outside the impact regian the spectral profile is strongly

asymmetrical . In the static region ii is determined by the
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dynamics of the collision and,

approximation, it can be related to

within the Born-Oppenheimer

curves:
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If both atomsz undergo a transition:
A* + B + HGJ)—» A + Bttt
the process is called LICET (Laser Induced

Transfer).

adiabatic potential energy

hﬂfﬂar

(h=1)

Collisionally Energy




During a collision atom A transfers itas excitation energy to
atom B which, absorbing a photon, makes a transition to the
highly-excited state B*s,

Even in this case the excitation spectrum {transition
probability vs. laser frequency in the vicinity of W, ) is
asymmetrical, showing a marked wing on one side of ), (static
wing). The basic features of a LICET apectrum are explained in
the framework of the atomic line broadening theory.

Collision-induced radiative transitiona can be considered us
a8 probe of collisional dynamics: by varying the frequency of the
laser field it is possible to "select” collisions with small
impact parameter, effective for the absorption of the photon.

The main goal of the study is the development of simple
models describing accurately the collisional interaction of atoms
in the presence of a laser field.

Perspective : study of laser assisted reactions between
molecules (photochemiatry).

Let us focus our attention on:

High resglution study of the spectral profile for the LICET
process involving Buropjum and Strontium atoms.

The relevant energy levels are shown in figure 1, where IOQ>
and|%>'label the atomic states in the absence of coupling (i.e,
large interatomic distance).

The energy difference between states}dl> and[ﬁ) 28 = 63
em-! is an important parameter for the interaction, called energy
defect.

Initially the Eu atom is in the excited state{cr,> and the Sr
atom is in its ground statelﬁ) . During a collision the Eu atom
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is deexcited, while the Sr atom is excited to the state j&> ’

absorbing a photon from the laser field.

Experimentally the population of the final state is measured

by monitoring the fluorescence

intermediate state ”%) .

emitted in the transition to the



2. Theoretical models

Even though many theoretical treatments of the LICET
process have been published, we refer here to the model developed
by A.Bambini and P.R.Berman, which has allowed to overcome some
discrepancy between theory and experiment.

A convenient basis for the description of the system is
provided by the compound atates «f the non interacting atoms:

ey = jee> 1B initial state
[*s = lev> IR> intermediate state
th> =la> If> final state
The states ]i) and ]x > are coupled by the cellisional interac‘tion
?l.u. while the states |x> and |}> are coupled by the radiative
interaction G. of atom B, The Hamiltonian of the system can be
therefore written:
-~ A A "
H = Ho + Vas + Wy
where ﬁe is the Hamiltonian for the non-interacting atoms.

Assuming dipole-dipole interaction and neglecting the

magnetic degeneracy of the atomic states we can write:
~ M

A ~
where Pa, Py are the dipole moment operators and R is the
interatomic distance.

For a classical laser field iinearly polarized:

E-= E._°(em‘t+ e'iw"t)
T

[ kd
m
[

A
we have then: “% =

The only nonvanishing matrix elementis are:!

< i}{\/ﬁs)x‘; = Vix

.9
<% lvUB H’) = 'X {Rabi frequency)
Writing the eigenfunction in the form:
. + AR <
TAR 4 -yt —1h
ly> = age " li>rae ot e I1$>

the time-dependent Schrdédinger equation:
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reduces to the system of differential equations:

{2At
= V",‘C a..(

. -4t Zi(earow)t
vh, = Vbr‘ u;i— Xe ﬂj,

where 2hz Wy-twy energy defect
A= W - (w}-toi) laser detuning
This system of equation can be solved numerically. However
the statistics of the collisions (average over the impact
parameters and over the interatomic velocities) makes approximate

analytical solutions useful.

The majin approximation used in most theoretical models mre:

1 - classical and rectilinear atomic trajectories

2 - binary collisions

3 - long-range interaction potential {dipole-dipole)
8



4 - magnetic degeneracy of atomic states neglected.
The Bambini-Berman model has provided an analytical
expreasion for the profile of the LICET spectrum in the static

wing:
H

X
(EL{- ‘Awl )Vl. IAD !t/t.

o {Qw) o

This result was derived at first order in the laser field
intensity, assuming the collisional interaction adiabatic.

Recent experimental studies have already provided a test cf
the model.

A prediction of the overall spectral shape can only Le

obtained by numerical calculations.

3. Experimental layout

The experimental apparstus used for LICET studies is shown
in figure 2.

Two dye lagers, pumped by the same excimer laser, are used

" to pump the excited state Eu(®Py;:) and then to transfer the

population to the final Sr{(!D;} state, The Buropium and Strontium
atoms are generated in a heat-pipe oven at a temperature T =
750°C. The pulse of the transfer laser is delayed by 30 nsec in
order to reduce direct two-photon absorption. The side-emitted
fluorescence is focused onto the input sglit of a monochromator,
whose output is detected by a photomultiplier and measured by a
dated integrator.

The control of the syastem mnd the data acquisition are made
by a personal computer (figure 3). A drawing of the heat-pipe
oven is shown in figure 4.

The configuration of the oscillators used for the dye lasers
is shown in figure 5.

The wain_characteristics of the experimental apparatus
required for an accurate measurement are the following:

- temporal stability of the dye lasers

- stability of the transfer laser emission versus frequency

- narroWw bandwidth emission of the transfer laser

- high resolution, linearity and resettability of the
frequency tuning of the transfer laser

- tempura! stability of the atomic vapour densities

- low ASE (amplified stimulated emiszsion) for the pump and
transfer lasers. .

10



The various parts of the apparatus have been optimized

taking into account these requirements.

We discuss in the following the main background processcs

affecting the accuracy of the mesnsurement.

1 -~ Direct two-photon absorption:

Sr (o)t b+ by, —» S (D)

This proceas can produce a gpurious peak on the LICET spectrum.

I% I
wl
. Tk~ " L ¥ -
P, - A = E3pm
w|
'
<

S

The effect can be minimized by:
- delaying the pulse of the transfer laser
- detuning the pump laser on the low frequency side of the

transition Eu{(8Py,;3 - %8;,:}

11

2 - Direct two-step absorption of the wideband emission of the

lasers:

Se('s, )+ b, —> Sn ('B,)

SL('P.)"'t‘wL—_’ En (‘bl)

hoist frem

transfer Laser

neise Jrom
pump Laser

ST

Typical emission spectrum of a dye laser:

~ 500 Gﬂ'ﬂ-‘l

A

Wy, (XY

The effect, which is a background signal slowly dependent on
the tuning frequency, can be reduced by optimizing the signal-to-
noise ratio of the lasers. This has been accomplished using:

- 8 Moya cavity for the oscillator of the transfer laser
- a Strontium-vapour filter for the pump laser.

12



3 - Collision-induced two-step absorption (CARE}
s ('S, )+Ae # hio,—> Se (B ) +Ax

Sv (/B )4 Az + ki, —> 52 (D, )+ Ae

This effect, producing a background signal slowly dependent or
frequency, can be reduced by lowering the buffer-gasa density and

using background subtraction techniques.

4 - Stimulated emission from the final level:

Se (b, )+ nhw—> Se (B ) +(ne1)biw

bl
NSy
? Areny
I'P v
{
s

S

The stimulated emission can cause an anisotropy of the emilted

13

fluorescence dependent on the laser detuning and therefore
affecting the LICET lineshape.
The effect can be minimized working at low densities or with

a crossed beam geometry.

14



4. Results and discussion

Typical experimental conditions:
- vapour densities {(at T = 760 °C)
Negw = 10'% atoms/cm?

Ns¢ = 1013 atoms/cm?

- energy/pulse
pump laser E = 50 uJ
transfer laser E = 0.3 mJ

- pulse duration
T = 30 nsec
- optical delay
t = 30 nsec
- emission bandwidth
% 0,1 cm?
- signal/noise ratio in the dye laser emission
SNR ¢ § x 10-7
- resolution of the frequency tuning
ey ¢ 0.1 cm-t
A LICET spectrum measured over a detuning interval 100 = cm-!
is shown in figure 6., The residual signal on the antistatic
region is due to the background proces;es discussed above. The
measurement has been done with higher frequency resolution in the
core region (%= 0.1 cm-!) and lower in the static region (= 1.7
em-'). In a first analysis, the result of the measurement has
been compared to the theoretical predictions separately, in the
core and in the static wing.
Figure 7 showas a fit of the experimental data by the

15

Bambini-Berman analytical law. Figure B8 shows a comparison with
the resulits of numerical calculations in the line-core,
normalized to the peak value.

Finally the experimental data have been compared to the
theory over all the spectrum, using a logarithmic compression of
the frequency scale. In figure 9 :

- the continuous line represents the Bambini-Berman law;
~ the circles represent numerical calculations normalized to the

far wing behaviour.

From this analysis the following conclusions can be drawn:

1. the far-wving behaviour of the LICET apectrum is well described
by the Bambini-Berman law;

2, there is a marked discrepancy between theory and experiment in
the line core, showing that the measurement might have been
affected by stimulated emission or some approximations used in
the theoretical model may not be valid in this region of the

line.

16
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FIG. 5. (a) Configuration of the dye laser oscillator

using a four-prism beam expander; (b) Moya cavity design,
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FIG. 6. Spectral profile of the measured LICET

process between europium and strontium.
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FIG. 7. Line profile in the static wing, measured in
the detuning tnterval -14, -85 cm'l. Experimental points are
averages over 30 laser pulses. The continuous line reprents the

analytical behavior of the Bambini-Berman model.
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FIG. 8. Line profile in the core region. The circles
represent the result of a numerical calculation based on

a three-level model.
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FIG. 9. Spectral profile of the LICET process between Eu
and Sr. The frequency scale is compressed logarithmically in order
to have a detailed representation in the core region. The continuous
line represent the analytical result of the Bambini-Berman model.
The circles represent the result of a numerical calculation based

on a three-level model.
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PHYSICAL REVIEW A

Far-wing study of laser-induced collisional emergy transfer

Istiruio di Elettronica Quanistica del Consiglio Nuzionale dells Ricerche,
Via Panciatichi 36/30, 1-36i27 Firenze, ltaly

Roberto Buffla® and Stefano Cavalieri!
Dipartimenio di Fisica, Universiv: di Firense, Largo Enrico Fermi 2, 1-50125 Firenze, lialy

Eanio Arimondo
Dipartimenso di Fisica, Universisa di Piso, Piazza Torricelli 2, 1-56100 Pisa, lialy
(Received 27 January 1987)

An experimental study of laser-induced collisional encrgy tranafer in 8 mixture of europium and
strontium vapors is reparted. The profile of the excitstion spectrum in the static wing has been mee-
sured with high sccuracy and compared with available calculations, demonsirating that simple two-
level models are inadequate to describe the transfer process. A comparison with the predictioos of 2
three-level model msuming dipole-dipole interaction, recently developed by Bambini and Berman,
shows for the first time agreement between theory and experiment.

VOLUME 36, NUMBER 3 AUGUST ., 1947

The development of high-power tunable laser sources
has prompied in the last decade the study of atomic tran-
sitions induced by the simultaneous action of a laser field
and a collision. The processes, predicted by Yakovlenko
et al.," can be described as a reaction of the general form

A+ Bivhw—As+ B, )

where A,y and B, ; are the internal states of the colliding
atoms and « is the laser frequency, close 10 the difference
between the transition frequencies of the atoms. Deter-
mination of quasimolecular transient siaies of the collid-
ing atoms, efficient excitation of high-lying states inacees-
sible by direct photon absorption, and laser switching of
chemical reactions represent the main objectives of the
study of laser-induced collisions.

The laser-induced collisional energy transfer {LICET),
also designated as radistively assisted inelastic collision
(RAIC), involves an energy transfer from one atom to
another with the simultancous absorption of a photon.
Since the first expenimental demonsiration by Harris and
co-workers in a strontivm-calcum mixture,? mdiative col-
lisions have been studied in various bm.n?v atomic sys-
tems, such as Eu-S1,>° Rb-K,* Na-Ca,’ and Li-St.
Among the laser-induced processes, charge tnnsl‘:r. pair
absorption,'” and Penning or associative ionization'' have
been investigated.

The cross section of & LICET process, which is energet-
ically forbidden in the absence of laser field, is maximum
when the laser frequency o 1 resonant with the frequency
wy of the interatomic transition. The line profile, as a
function of (he laser detuning from line center
Aw=w—wy, i5 characterized by an ssymmctric shape,
showing a gradual falloff on one wing and an abrupt (ex-
ponential) failoflf on the othei. By analogy with the line-
broadening theory, the LICET line profile can be divided
into an impact and a static region, cofresponding to smal

3%

and large values of Aw, respectively. In the static wing,
where the main contributions to the cross section arise
from short-range collisions, the profile is strongly affected
by the interatomic potentials, In this region, for

N Aw| >»1/7,, where 1. is a typical collision time, the

process can be described as an instantaneous transition
between adiabatic quasimolecular states {quasistatic sp-
proximation). From the quasistatic approximation, as-
suming & dipole-dipole interaction, the LICET cross sec-
tion in the static wing has been predicted to follow the
asymptotic law |Aw | ~'213 An asymptotic behavior
very close to the —{ power law is alao provided by a nu-
merical resolution of the time-dependent Schrodinger
equation for the cumpound aysl.em (atoms + field), under
the usual two-level

High-resolution measurements of the LICET spectrum,
performed by Brechignac et al. on the Eu-St system® and
by Débarre on the Na-Ca system,’ have shown that the
detuning dependence of the cross section in the static
wingcanbeﬁuedbyapowerhw |&w|? witha=—0.83
and « .- - 0.8, respectively. The discrepancy with the
!lmunlpredactmswumnbedmthemﬂumoeof
short-range interactions, including a breakdown of the
linear trajectory hypothesis, or 10 a vole piayed by near-
resunant atomic bevels.

Recently, a new analysis of the LICET process pe
formed by Bambini and Berman for the Eu-Sr system."
has shown that the usual two-level approximation is
inadequate to describe accurately the line profile in the far
wing. In fact, when the laser detuning Aw is comparable
1o the energy defect A of the interatomic transition, the
initial and intermediate states of the compound system
(see Fig. 1) are mixed by the collisional interaction and a
three-level treatment is required 10 describe the transfer
provess. A similar effect was observed by Niemax in a
study of the static wing absorption of the 459.5-nm Eu
line collisionally broadened by Sr stoms.'* Assuming a

1471 ©1987 The American Physical Society
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dipole-dipole interaction, the three-level maodel provid_es.
at first order in the laser field amplitude, ll!c fqllowmg
asymptotic law for the cross section in the static wing:

o« |Aw| " HA+ [An )M, @

where A=63 cm~' for the Eu-Sr system. This luw
reduces to the —1/2 power law predicted by the quisi-
static approximation when |Aw | <<A and approaches a
—2 power law when | Aw | >> 4.

In this paper a new high-resolution measurement of the
far-wing profile for the Eu-Sr system is rcpoﬂ'ed. The e):;
perimental setup, described in detail in a previous paper,
employed two dyc lasers, pumped by the same nitrogen
laser, providing 10-50 pJ, 2-nsec pulses with a bandwidth
=0.1em™""

The output of one laser (pump laser) was used to popu-
late the Eulésép Py} state, while the output of the other
laser, delayed by T ~ 16 nsec in order to avoid the direct
two-photon excitation of Sr, was used 10 induce the
transfer process. The laser beams were focused into a
heat-pipe oven providing the binary vapor mixture, with
Eu number densities near 10'® atoms/cm’ and Sr number
densities near 10" atoms/cm’. The population of the
final state was monitored by measuring the fluorescence
from the Sri5p?'D;) level at A=655 nm. Data acquisi-
tion, noise subtraction, monitoring of the energy of ihe
laser pulses, and overall system control were performed
by a computer.

A measurement of the LICET spectral profile is shown
in Fig. 2. The line-core shape was found to be dependent
on the intensity of the transfer laser, proving that the
stimulated emission on the St(3p¥'D,)—Sr(5s5p 'P.)
transition played an important role in the final-staic de-
cay. However, the comparison between the line shapes
measured at different laser intensities showed that, at the
atomic densities of our experiment, stimulated emission

ic transition for separated atoms. For experimental conditions
see text.

effects were negligible for detunings larger than 5 cm -1,

The fluorescence signal measured on the antistatic (blue)
side of the resonance revealed the presence of a back-
ground process, dependent on the pump laser alone. This
background signal was probably due to a pump-laser exci-
tation of high-lying europium levels followed by collision-
2l transfer 1o strontium populating the Sri5p?'D;) state.
The far-wing profile measured in the detuning ingerval
6.3-53.2 cm~! is shown in Fig. 3. The fine-tuninz sys-
tem, with a resolution better than 0.1 cm ', allowed the
determination of the detuning from line center with an ac-
curacy of 0.3 ¢m~'. The average encrgy of the tnnsfer
laser, also presented in Fig. 3, remained constant during

»
8

2 .

FLUORESCENCE INTENSITY larb. u)

~83.2

-20.8
DETUNING FROM LINE CENTER

tem™)

FIG. 3. ) Line profile in the static wing measured in the de-
tuning imerval 6.3-53.2 cm~'. Experimental points ane aver-
ages over 16 laser pulses. The best fit of Eg. {2) is reposted on
the data. (b) Transfer laser energy measured during the Fequen-
cy scanning. The average background level is representzd as a

dashed line.
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the frequéncy scanning to within 1%..

In order to compare our resulls with the predictions of
the quasistatic theory, the measured far-wing profile was
fitted by a power law |Aw|? The best straight line
fitting the log/log plot of the recorded data was found 1o
have a slope a=-—0.7910.05. This value, consistent
with the results of the previous high-resolution investiga-
tions, confirmed the discrepancy with the quasistatic law
| &2 | ~'/2 predicted for a dipoie-dipole interaction. The
uncertainty in the a value arises from a combination of
the statistical errors with the systematic errors mainly due
to the inaccuracy of the detuning determination. When
the fit was performed separately in the detuning intervals
63-298 cm' and 29.8-53.2 cm~', the slopes

= —0.7240.05 and a= —1.1420.10 were respectively
abtained, proving that the measured profile can be more
accurately described by a law with a variable slope.'?

The analysis of our data showed that the accuracy of
the measurement was adequate to the requirements for a
quantitative test of theoretical models, making a compar-
ison with the predictions of the threc-level theory
significant. Therefore, the measured profile in the overell
detuning range was fitled with the theoretical law (2).
From a two-parameter fit (including a normalization con-
stant) an energy defect A= 6716 cm ™' was estimated, to
be compared to the value A=63 cm ! for the Eu-Sr in-

1473

terstomic traiisition, The corresponding line shape,
shown in Fig. 3 as a continuous line through the experi-
mental points, pravides a good fit to the data with a small
standard deviation. Since the detuning range explored in
the experiment was comparable to the Eu-Sr energy de-
fecl, the asymptotic slope a=—2, predicted by Eq. (2),
could not be checked.

The results reported here provide an experimental evi-
dence that the LICET cross section does not follow a sim-
ple power law in the static wing, since a significant slope
chanFe has been determined in a detuning interval = 50
em~". Moreover, the experimental results, consistent
with the results of previous studies, are in agreement with
the predictions of a theoretical model based on a three-
level approximaticn. The deeper insight gained into the
dynamics of radiative collisions stimulates further investi-
gaticn of other types of dipole-dipole laser-induced col-
lisions,
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The behavior of the quasistatic wing of ibe light-induced collisional-energy-transfer (LICET) line
shape is analyzed. Fhe reaction can be writlen as A° + 8 +A40— 4 + B*®. The two-level model is
found 1o be inadequate to describe the falloff of the spectral line shape in the quasiststic wing. The
three-level model, on the other hand, leads to the prediction of & cross section that depends on the
deluning in various ways, according to the strength of the collisional coupling and the influence of
the van der Wasls shifts on the kevels under consideration. Good agreement with existing experi-
mental results is found. To check the approximations made in the derivation of these results, pu-
merical evalustion of the transition probability has been performed for several cases. A Moate Car-
1o simulation of the full LICET spectrum is also presented.

1. INTRODUCTION

Light-induced collisional encrgy transfer (LICET) has
been studied in the past decade.'~* In this process ener-
gy is transferred from one atom (previously prepared in
an excited state) to another (typically in ils ground state}
in a gascous sample via a combined collisional-radiative
reaction. The second atom then reaches a highly excited
level, having an energy which greatly exceeds that of the
initially prepared atom, the energy difference being pro-
vided by a photon from a laser ficld. This reaction can be
written as

A*+B+AQ - A 4B . (L1

This process is to be distinguished from a two-step pro-
cess since there is no energy level of atom B resonant
with the energy level 4® of atom A. Thus the original
excitation energy of atom A4 and the energy of the photon
are simultancously transferred 10 atom B in a single
quantum-mechanical process of the second order.
Several colliding partners were investigated experimental-
1y*~® and ail of them have shown a sizable transition
cross section ¢ which is obtained when the laser field is
tuned near the transition frequency from the initial level
of atom A to the final level of atom B. Since this process
could, both in principle and in practice, open new possi-
bilities of excitation mechanisms in laser spectroscopy, a
great deal of theoretical work has been devoted to the
study of the detailed dynamics of these transitions.»”—?
It appeared that this process could also lead to the deter-
mination of interatomic potentials at large-to-average in-
teratomic separations, since the wing of the LICET srec-
trum can serve as a direct measure of the polgntials.” In

n

a typical situation where the van der Waals interaction
dominates al large interatomic scparation, it was found
that the LICET excitation spectrum, in its simplest for-
mulation as s two-level transition, had 1o follow a
power-law dependence of the type

ald)~ | A\ (1))

when the laser frequency was detuned by the amount &
from resonance for the overall LICET reaction.

This behavicr was not confirmed in all experiments. In
the case of Eu-Sr colliding partners the wing of the
LICET spectrum was found 10 follow the power law

ola)~|a|o® (1.3

whereas, in the case of Na-Ca, the wing was found 0 go
10 zero with the jaw

ald)~|Aaj—ow (1.4)

The main cause of the departure of the experimental re-
sults from the theoretical predictions was found'®"! to lic
in the wrong assumption that the LICET transition may
always be described as a two-level transition. When this
assumption is removed, and replaced by a more realistic
assumption of a three-level transition, a new picture of
the process emerges. The transition is then best de-
scribed by a transfer of energy from a doublet of quasi-
molecular levels dressed by the interatomic collisional in-
teraction to a final state,

In this case, onc finds that the far wing of the specirum
falls to zero as

ot~ |a| Vot |a]) ¥, 11.5)
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where @ is the frequency difference of the doublet of
quasimolecular states at infinite interatomic separation
{i.e., with no collisional interaction). The law (1.5} pre-
dicts that the local slope of the wing varies with A, in
contrast to the single-slope behavior (1.3} or t1.4) estimal-
ed from the experimental data. Sult, it agrees fairly well
with (1.3} [or (1.4)] when the appropriate value of o is
used: differences between (1.5) and (1.3) [or (1.4)) can
hardly be detected due 1o the insufficient precision of the
experimental data. Moreaver, recent experunents per-
formed with greater accuracy’? huve shown cvidence of 2
two-slope behavior in the wing of the LICET spectrum.

In this paper we analyze the new mode) and discuss its
results in detail. All the relevant features found from
previous models are retrieved as special cases when the
transition can be described as a true two-level transition.
Results of numerical calculations are shown which
confirm the validity of the approximations used in the
work. [t is also shown that the transition probability is
not greatly affected by other levels than those considered
in this paper. Finally, two particular cases of excitation
schemes, differing by the order in which the transition
processes occur, are shown to lead to the same far-wing
behavior of the specirum given by (1.5).

This paper is organized as follows. In Sec. Il the mod-
el is described in detail and the cross section for the tran-
sition in the far wing is derived. Section III presents the
computer calculations that were performed to show the
validity of the assumptions made. Transition probabili-
ties for some range of the impact parameter and the full
spectrum of the LICET process for the case of Eu-Sr col-
liding partners, evaluated by mcans of a Monte Carlo
technique, are shown. Section 1V is devoted to a discus-
sion of the results and a comparison with experimental
data. In Appendix A we discuss the conditions of validi-

ty for the method of stationary phase used Lo derive an
analytical expression for the cross section in the quasi-
static wing. In Appendix B we show some resuits for the
transition probability in a different scheme of excitation.
Finally, numerical results for processes with more than
three levels are shown in Appendix C.

1i. THE MODEL

A. The cquations for the level amplitudes

In Fig. | the energy-level configuration of the atoms
undergoing a LICET process is shown. There are other
possible configurations as well (see for instance Ref. 9).
Another scheme of cnergy levels is worked out in Appen-
dix B.

Atom A enters the collision in an excited state a®
while atom 3 is in its ground state. During the collisior
the excitation energy of atom A is transferred 1o atom B
with the simuhancous absorption of a photon from «
laser field. At the end of the collisional interaction aton
8 is in its excited state A**, while A is left in its grounc
state,

If an excited level B* of atom B is nearly resonant witl
the energy level a® in which atom A is initially prepared
as shown in Fig. |, then one channel of excitation dom
inates the LICET reaction. This channel is characterize:
by transfer of the excitation encrgy of atom A 1o atom J
through a collisional interaction, followed by absorptiol
of a photon from the laser field to bring atom B to stat
£**. State §* of B should nol be resonant with statc a
of atom A, otherwise the transition would involve a twe
step excitation. We use as basis siates the compoun
atom stales. Thus, with reference 10 Fig. !, the basi
state vectors are

—— 3 xjas >

>
[ 7
l’
I/
s o
0/,
’I
/’/
o> ! ———— gy =’
B> —_— >
o> B> P>=jax>lf>
A-uiom B-slom sieles AB opsnpound
aiea slom pinies

FIG. I. Encigy-level scheme fir a LICET reaction. On the lcfl side the encrgy levels of the scparate atoms are shown. 1
LICET transition occurs from state a* of atom 4 10 state 5°° of som 8. The field frequency 13 is such that Mlx E,—£;. On

right side, the compound atonic styies are shows
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[)=]a}iB*), (2.1a)
i2)=|a*} (B}, (2.1
I M=la)|B*"*). 2.1c)

We make several assumptions before writing down the
equations of motion for the state amplitudes.

First we consider the laser fiekd to be classical, and
evaluate the transition cross section 10 the lowest order in
the field. The electric field is also assumed 1o be constant
during each collision, since the latter takes place on a
time scale of the order of 10~'? sec, much shorter than
the typical time scale for the varistions of the laser
pulses.

We also assumie that the translational degrees of free-
dom are not affected by the transition process. When the
laser field is detuned from the interatomic resonance, the
energy defect {or excess) must be supplied by (transferred
to) the translational degrees of freedom, but we assume
that this is a negligible fraction of the toial kinetic energy
in the process. Moreover, we suppose that the atoms [ol-
low classical, straight-line trajectories during 8 collision.
“Thus the interatomic separation is expressed at any time
by the {classical) variable R,

R=(bl4o})? . i2.2)
The magnetic sublevels degeneracy is also ignored.

The equations of motion for the smplitudes of the
states (2.1a and 2.1b} are then written as

6, =5, + Vil e pxe T TN
(2.3a}

i6y=Sy05 4 Vyttde Ty (2.3b)

:c’,=S,c,+Xe_“"'_"’m"c1 . .2.3c)

In Egs. (2.3) §, denote the shifts induced on the jth level
by the collisional interaction. The dominant shifts are
those caused by the dipole-dipole interaction, for which
5; take the form

§,=C;/R* (j=1,2.3). (2.4)

The ¥,,{t) and the X terms denote the collisional interac-
tion and the atom-field interaction, respectively. We see
that ¥,,(t) couples directly the siatc | 1) 10 the state
{2). The explicit form of ¥);(1) depends on the particu-
lar interaction polential between the two atoms. For in-
stance, il state «« and state a® of atom 4 are coupled by a
dipole transition, and also state 8 and state 8* of aiom B
are coupled by a dipole transition, then the compound
states | 1} and |2) are coupled by a dipole-dipoke transi-
tion with ¥,,{r) given by
Vo
V"")=F . 2.5)
The quantity ¥, depends on the time ¢ through the ex-
plicit time dependence of the classical parameter R given
by (2.2).
Because of the assumptions made above, X is constant

2261

during the collisional interaction. Of the iwo com-
ponents of the cleciromagnetic field, only the one that
makes the interaction term slowly time varying has been
retained (rotating wave approximation}.

To obtain the cross section for the transition process,
one should first integrate system {2.3) with the initial con-
ditions

cl(—w}=0 . {2.6a)
c(—m)=1, {2.6b)
¢yl — o0 }=0 {2.6¢)

to obtain the probability |c,|? for exciting atom B to
state B*°, and then average this result over all possible
collisional configurations (namely, over the impact pa-
rameter b and relative speed v ).

B. Perturbati bt

of the of motion

We pass now to the Schradinger representation of the
Eq. (2.3), and choose the energy of the initial level as the
reference level. By means of the transformations

a; =c,exp[ilw;—an ] . (2.7a)

ay=cy . 2.70)

ay=¢explilw;—an k], 12.7¢)
Eq. (2.3} now read

idy=lw —wya, + 85,0+ ¥V pa; +Xxe'May . (28a)

iy =80, +Vya, , 2.8b)

ity =le,—awlay +55ay+Xe " Ma, (2.8¢)

Equations (2.8) can be simplified if we consider that, to
first-order perturbation theory in the field amplitude, the
final level a; has very litile population during and after
the collisional interaction. We can therefore omit the
term Xe'™a, in Eq. (2.82), which would induce popula-
tion [rom level a; to Aow back 1o level a).

This approximation leads to the decoupling of the first
two equations from the third. Setling w=w;—w,, we can
write

ih=A», 2.9
where
a, —w+S, V¥V
a= al A= ¥y s, (2.10)

In some cases, the frequency difference w;—w, between
level 2 and Jevel t can be considered large enough that
the state @, behaves as a virtual level. If this is the case,
then the far wing of the LICET specirum falls 1o zero
with a constant slope — 1, as is shown below. Two condi-
tions are to be met for state =, (0 be a virtual state. The
collisional interactions must vary slowly compared to the
inverse of the frequency difference wy— ),

Ve

@
VIZ

< |wy—ay| .

262

This means that there is no Fourier component in the
spectrum of the collisional interaction potential that
matches the frequency difference between level 1 and lev-
el 2, so that no population transfer can take place be-
tween them.

The second condition is that the interaction itself must
be a small perturbation with respect to the same frequen-
cy difference,

| Vil << |og~ay] - 2.12)

There are situations in which only the first condition is
satisfied. For instance, in cases in which we measure the
spectrum at detunings from resonance that are compara-
ble with the frequency difference w,— w, we are probing
collisions that occur at small interatomic distances, for
which the level shift induced by the collision matches the
detuning, i.e.,

1%l

——a|A] .
| —e | !

{2.13)
In such situations, the collisional interaction ¥ ;{R} be-
comes comparable with the frequency difference
{w;—arn §. Still, the time scale over which ¥, varies is
of the order of b /v, and may be large with respect to
| wy—an | ™', 50 that (2.11} is satisfied, but (2.i2) is not.

To treat a situation in which (2.11) only is satisfied, we
assume that the matrix A is constant in one period
1/ | wy—at |, and look for the time evolution of the sys-
tem on the same time scale. The matrix A can be diago-
nalized by the transformation

TAT ~‘'=D= N 2.14)
=10 A :
where T takes the form
cosf —sind
I=\ing coso @.13)

and the eigenvalues A, A, are given by
M=lS +5, —0-[(5;—5, e +4V[ 1Y,
(2.16a)
L=1[5,+S, ~w+[I5, -5, +e) +4V] ]2}

12.16b)
We find, after some manipulations,
1 5 1”1
sin{@) = li ll _'(-ST:W l I s (2.178)
| 5 17
cos{@)= i l+l—§';*‘,§i7§ . 2.17b)
where b is given by
—J

a,(!)z—iXeAp|—~i|(m|—wzlr-+ I S,dt'l |fi d:'sm(mcxp|-mr+if:' {8, - Adr” | ,
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W+ S —w -5, w+5,-§
p=— I L LT T 2.18)
2 2
[5 is assumed positive; otherwise change the sign in (2.16)
and (2.17). On the same time scale the vector b defined
by the transformation

bl
b= b, }:Ia 2.19
transforms according to the equation
ib=pb 2.20
On a larger time scale, b evolves according to
A, -8
b= liﬂ' A b. {2.21)

In view of the slow time variation of ¥,;, the term 8 is al-
ways small when compared 1o A, —4,, 50 that we can ig-
nore Lhe transitions induced by the off diagonal terms in
{2.21) between the two levels b, and b,.

The components b, and b, of the vector b are the am-
plitudes of the quasimolecular states a, and a, dressed by
the collisional interaction ¥;,. They can be found by in-

tegrating (2.21), if we neglect the off-diagonal terms. We
find

bi{s)=0,
by{t)=exp 1—!’_"_' lz(.l")dl'] .

(2.22a)
(2.22b)

We note that no real population transfer occurs between
a; and a,, since at =+ o the collisional interaction
goes 1o zero, and the dressed states b, and b, coincide
with a, and a,. Thus

al+oli=bi+o)=0, 223

However, during the interaction, @, may get an apprecia-
ble fraction of the total population. We find

a,(t)=cos(@)b, +sin()b,

msin@lexp [—.‘f’ x,u’)d:'] . 2.24)
Note that sin(8} at finite times may be of the same order
of magnitude as cos(8) if the collisional interaction V; is
comparable to, or even larger than, the instantaneous fre-
quency difference lincluding possible van der Waals
shifty} between the two states. In other words, the com-
posile atomic state a, is populated during the collision,
but the quasimolecular state &, enters the problem as a
true virtual state whose population is always negligibly
small.

Substituting (2.24} for a, in Eq. (2.8¢c} and integrating,
we obtain the following expression for the probability
amplitude of ihe final level (to first-order perturbation
theory);

(2.25)
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where A is the detuning of the laser frequency from the interatomic resonance

A=ﬂ—(w,—m,) -

12.26}

Equation (2.25} is valid when the collisional interaction has a slow rate of change and condition (2.11) is valid. If condi-
tion (2.12) is also satisfied, then Eq. (2.25) can be simplified to

aif)= —%ezp

The cross section for the LICET process is then evalu-
ated, using (2.25) or (2.27), as

alai=2a [ “dbb(las+w)|?), 228
in which the averaging process over the impact parame-
ter b and the relative speed v is carried out.

C. The far wing of the LICET spectrum

In this section we use the method of stationary phase
1o approximately evaluaie the final-state probability am-
plitudes [Eqs. (2.25) or (2.27)], to be used in the expres-
sion (2.28) for the cross section. This method applics
only for large values of {A| in the quasistatic wing of
the spectrum. Details of the validity conditions are
found in Appendix A. Points of the stationary phase
occur whenever the incident photon frequency equals the
transition frequency between quasimolecular levels 2 and
3, that is, when

K =[E, +AS;(R,)]—[E; +BAR,)]

4
—i I(o,—w,)t-r f‘ Sydt* ] If' dr'"-sicxp

-.‘Ar'+ij'_"

v
s,-s,——zgi ‘d:"} .22

A=S,(R,}=A{R,), 229

where R, indicates the point at which the phase is sta-
tionary.

For the stomic level configuration shown in Fig. 1, A;
is always positive during the collision, i.c., the instantane-
ous energy of the dressed state b, is higher than the un-
perturbed energy w,, which has been chosen as the refer-
ence energy (w,=0). Moreover, in general, the shifi S,
of the final level (be it negative or positive) is smaller than
A, since the latter is induced by the much stronger col-
lisional interaction with the state a; which lies very close
in energy to @,. Thus, in the present configuration, we do
expect that the wing of the LICET spectrum extends to-
wards the red region {4 <0). Collisions that occur with
an impacl parameter greater than R, do nol contribute
significantly to the probability amplitude of the final lev-
ci. Thus the measurement of the far wing of the spec-
trum is 8 probe for collisions occurring at small inter-
atomic distance.

For the collisions that occur with an impact parameter
smaller than R,, we have two points of stationary phase.
The contributions to the integral in {2.25) in these iwo

or points add up 1o give
J
2
2 172 -
Jayt+ ) | 2=X [sinG, “,‘.”! | exp li +%+¢+ +expli[—F+4. I] , {2.30)
]
where
. d C, &, [, S a
l¢||‘|d,(A_sl_11 H_ +D K R'*R' R’ R," Rs'“" a4
% s 230
- R - X .
f
and ¥,
D= |w-5,+5,+25,-24| , 232 ValRi=20 234
|sin(8,)] =D~ | §;~5;— 4| (2.33) with p=1 for a dipole-dipole interaction and p =4 for a
& - .

In Eq. (2.31) we have used explicitly the fact that the
shifts of the levels arc dominated by the van der Waals
interaction, which leads to the expression (2.4). The col-
lisional interaction, on the other hand, has been retained
in its general form,

quadrupole-dipole interaction.
The two terms

m
o

exp [i

and
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exp i

T
_4+¢

come from the two points a1 which stationary phase is
reached. They dclerm:nc interference in the build up of
population [ay|? at 1=+ «, as will be shown later
when we show explicit calculations for | a, |? at varying
impact parameters. If we ignore these interference
effects, and substitute its average value 2 for the expres-
sion

we can find simple formulas for the cross section in
several cases of interest. We will see that the elimination
of the interference effects does not introduce significant
crrors in the determination of the cross section.

We discuss now several cases. ln what follows, the
atomic energy level configuration is of the type shown in
Fig. 1. Thus w=w;—w, 1» posilive and a stationary
phase condition is reached only for & < Q.

2

exp [i +exp |i

n L4
n +¢+ et 4 +‘_

1. Dipole-dipole interaction, negligible van der Waals shifis

In this case, p=3 in {2.34), and §;,=5,=5,=0. This
case has been already discussed in a previous paper, and
we report here the results only for completeness.

The interatomic distance at which stationary phase
occurs can be evaluated from (2.16a) and (2.29). We find

‘V(I, /0
== (4<0). 12.35)
Af—wA
The transition probability is then given by
Ly | 4y’ - A m,’ 2.36
ayl4oo)|*=—me— . .
’ Vil - bI/RIV

Substituting the average relative speed ¥ for v in (2.28)
and intcgrating over the impact parameter, we find

JJLA-ARD
c(A)—-w ——v—— (A <O} 2.31
v¥p
and, using (2.35),
¥ Vu
o{d)=4g"— (A<0), (2.38)

|A}”2Iw+ }Al ’lfl
This is the formula that has been derived in Refs. 10 and
11. We note that the cross section falls Lo zero with a lo-
cal slope that varies from (0.5 when [ A | «cw 10 2 when
|&| »>w. If the average slope in some interval is mea-
sured, one may find any intermediate value, depending on
the extension of the intervat with respect 1o the frequency
defect w.

2. Dipole-dipule interaction,
nonvanishing van der Waals shifty

We consider now the cuse in which one level, say tevel
t, has a lacge van der Waals ~hift of the same order of

magniude as ¥, /8 at the 1ypical inleratomic separation
at which |ransmon occurs. We need now 1o retain its
contribution in the evaluation of | ¢, |, Eq. (2.31). We
find thai the point at which the stationary phase occurs is
now

Yi-C,A
R = _';__L.
Al—wd

A further restriction on C, arises because of our require-
ment that

S A= A)

must be large when compared to #. This would be
violated if C, were large and positive. Thus we restrict
our discussion to the case of negative C,. From (2.39),
with €, <0 and A <0, we see that the interatomic dis-
tance R, at which the siationary phase occurs decreases
very rapidly when | A| increases, and the cross section
in the wing follows the behavior

vi-c,a'?

2.39)

{2.40)

slA)=¢gt———— | 2.41)
oAt et a7
In those regions in which
¢v2
& > —— 242)
l>Ter

the laser detuning cannot be matched by the level shifi
difference (i.e., there is no point of stationary phase), and
the cross section becomes negligibly small.

In a previous paper'® computer calculations were per-
formed on the three-level system, with an energy-level
scheme like the one shown in Fig. 1, and using a large,
negative value for the van der Waals shift of level |. The
far-wing spectrum was found to fall off to zero very rap-
idly, according to the discussion above.

Another behavior is found in the case in which the
relevant van der Waals shift is that of level 2. We find
that the point of stationary phase occurs at

Vi+Cylw—A)

(2.43)
Al-wa

=

We require now that C, > 0 since there must be no level
crossing for our model to be valid.
The cross section in its far wing will then follow the
law
XUVi4+2C,0) i
[Vi+Colo—8)]' | A" et AP
(2.44}

In this case the laser detuning can always be matched at
some point by the level shift difference (R, is always
greater than G for any negative A}, so that there will be
no shurp cutoff of the cross section. The latter will even-
tually [all to zero with the law

atd)~ | 8] et [4])72
when o + | & | becomes larger than V3/C;.

ald) = iw?

{2.45)
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3. Dipole-quadrupole interaction,
noavanishing van der Waols shift

When the interaction between level 1 and level 2 is a
ipole-quadtupole interaction (p =4), the van der Waals
hifts are dominant over the term Vi/R? in Eq. (2.31),
nd they cannot be neglected. In this case, the point at
rhich stationary phase occurs is given by the solution of
he full Eq. (2.29); that is rewritten here explicitly as

G 16+6
b= "7 |Tmr ©
) )
2 7 1172
- &Y,
_ &6 +—2 12.46)
2 RE R}

“he resulting line shape in the wing is rather complicated
nd will not be reported here,

So far, we have seen that, when the transition takes
lace from & doublet of collisionally dressed, quasimolec-
lar states 1o a single final state, the far wang of the spec-
rum may have one of scveral possible line shapes, de-
ending on the values of the parameters C; involved in
he process. All these line shapes merge into either of
wo (simple) line shapes (one for the case p=1J, one for
he other case p =4) when the intermediate level (level |
a the energy-level scheme of Fig. 1} is a true virtual level,
c.. it is negligibly populated at any time during the col-
sion, This will cenainly occur when both conditions
L.11) and (2.12} are satisfied at any time during the col-
15500,

We treat now this limit case, which applies when the
requency difference o between levels | and 2 is much
arger than the van der Waals shifts, the collisional in-
eraction, and the frequency detuning of the laser feld.
‘hese results have been derived earlier by several au-
hors.”-¥

4. Limit case

{a} Dipoledipole interaction in the limit w>>|S;],
353 { V|, w>> |Af. In this case p =3, and the contri-
wtion Vi, /w adds 10 5, to form the total van der Waals
hift of the initial level 2 {level T now acts as a virtual lev-
1, similar to all other levels that induce & van der Waals
hift on level 2),

1
strasy Yo CF
@

2.47)

28 is now equal 10 @ because of our assumptions). Since
wth conditions (2.11) and (2.12) are satisfied, Eq. (2.27)
an be used to find |ay{+ w)|% We apply again the
nethod of the stationary phase to find an approximate
alue for |a, |2, in the far wing of the spectrum.
Formally, this value can still be written in the form
2.30), but now |, | and sini@,) have a different expres-
ion [oblainable from (2.31} and (2.33), respectively in the
imit w— oo |
6oi1—b* /RN
R}

1é,1— |C¥—Cy) 2.48)

sint 8, )— —'2 VI/RE. 12.49)
[1)

The stationary phase occurs at R, given by the solution
of the equation

C,-c"

b=
R}

Notice that, in this limil case, the point al which station-
ary phase occurs (i.e, the point where the instantaneous
frequency difference matches the laser frequency) is en-
tirely determined by the shifts induced on levels 2 and 3
by other virtual levels, while the amplitude of the transi-
tion is determined by the collisional interaction ¥3,.

Using (2.48)-(2.50), we find (again negleciing interfer-
ence between the two points along the trajectory at which
slationary phase occurs}

2.500

I (+m)|‘—""1’"IE L
@ T 7w REGuli—bi/RIMA
1
X .50
|CY¥ -Cy|
which gives, after averaging over b and o,
2 oyt
ota)= 42X L d (2.52)

I ﬁ’z|c§"—c:i |A‘U1 ?

which agrees with the far-wing behavior predicted by the
theories based upon a two-level model.
th) Dipole-quadrupole interaction in the limit
w>> |8 |, wv» | ¥, > |4, In this case, the
point al which stationary phase oceurs is given by the
same equation (2.50), as discussed above. The | @, | term
is also given by (2.49). What changes in this case is the
factor sin(#,), which gives the amplitude of the transi-
tion,
sinttg, = L. Y @53)
P R}

The probability |a, | ¥ at r = + o is given by

A R ¥}
1__y2 —_—,

hasl+ @) =X 60(1-b /RN |€—Cy] o R!
(2.54)

which yiclds the cross section

292 v,
ald)= 4w Y 0

X )
W& C=Cy P A

in agreement with the behavior found by Gallagher and
Holstein.”

IIIl. NUMERICAL CALCULATIONS

In this section we indicate the results obtained through
numerical calculations of the LICET transition and com-
parc them with 1the approximate solutions obtained in
Sec. I1. All these results refer to the case of collisions be-
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FIG. 2. Energy-level diagram for the LICET reaction with euro

J 21704

pium and strontium stoms. The Eu (6s6p *P, ) state is prepared by

excitation tat 21767 cm ™ for 2 <9/2 or at 2168 em~' for J = 7/2) from the ground state, using a dye laser tpump). The transition
frequencies in the figure are expressed in ¢m '. The frequency defect hetween the Eu-St states | 1) and |2} is Aw=63cm .

tween curoprum atoms and strontium atoms, whose
energy-level scheme, shown in Fig. 2, is simifar 1o the one
shown in Fig. t.

The ecuropium atoms are prepared initially in the
4=9/2 state, while the strontium atoms are in their
ground (J=0] state. During the coilision, the excitation
energy of Eu atoms is transferred 10 the Sr atoms, which
at the end of the collision are in the J =2 state, while the
Eu atoms are left in their ground state.

The compound atomic states for this system are so
defined: state 1, Eu atorn in the ground state, Sr atom in
the J =t state; state 2, I'u atom in the J =9/2 state, Sr
atom in the ground state (initiai state of the transition);
state 3, Eu atom in the ground state, St atom in the excit-
ed state J =2 (final state of the transition).

This configuration and the energies of the atomic levels
involved in the transition are shown in Fig. 2. The laser
field is tuned near resonance for the interstomic transi-
tion Euid =9/2) -+Sr(J =2). The quasistatic wing for
this LICET transition exlends towards the red (A<0)
side of the resonance peak. The van der Waals Jevel
shifts for this configuration are negligibly small, in com-
parison with w, s, »o that we expect to find the far-
wing behavior given in Ey. (2.38). The collisional interac-
tion energy {dipole-dipole interaction) has been assigned
the value

Vy-21710 » ergem’ 3.0

which is consistent with the value used in Ref. 14.

The frequency difference between state | and state 2 is
63 em™'. With these values, the interatomic separation
1t which Vy/R' equals the frequency difference is
R, =122 A. When the frequency detuning | A| of the
laser field is of order of w, transitions occur when the
atoms are near the interatomic distance R, at which the
phase is stationary. In this region of the spectrum, the
cruss section should therefore follow the law given by Eq.
(2.38).

We  have numerically iniegrated the equations
(2.3a)-(2.3c) starting from the initial conditions
(2.6a)-{2.6c) with assigned values of b and v. The in-
tegration time was from —60 ta + 60 psec. Al the end
of the integration }ay | ® would give the transition proba-
bility.

In Fig. 3 the evolution with time of the intermediate
state | is reported. The impact parameter b is 12 A, the
relative speed v is 5 10 cm/sec, and the frequency de-
funing A is —26.6 cm ™' tquasistatic wing). The dotied
curve displays | (¢)|? versus time, as evaluated from
Ey. (2.24), while the solid line represents the behavior of

ay|? evaluated by the numerical integration. This
graph shows that the instantaneous diagonalization usad
in deriving (2.24) is a very good approximation for the
cvaluation of the population of state | during the col-
Inional process. As expected, the population grows to
Large values (of the same order of maghnitude as the popu-
Lation of state 2} at finite times, and then goes back 1o
vory low values {zero in the approximate model) when ¢
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FIG. 3. Behavior of the Eu-Sr intermediate state probability
Py= |21} vs time. The doted kine is calculated from Eq.
[2.24). The solid line is the behavior of P evaluated by numen-
cal integration. The values of the parameters are =12 nm
and &= —26.6cm™", In all calculations we have 1aken the field
intensity equal 10 0.05 MW /cm? and the relative speed equal 10
5 10* em/sec.

goes 10 infinity. The difference between the two curves is
due to the fact that we have neglecied both transitions
between the dressed siates b, and &, [term # in Eq.
{2.21)] and transitions to Lhe final level a,.

In Fig. 4 we have reported the corresponding graphs
for the population of the final stale (state 3} versus time
during the same collisional event. Here again, the dotted
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FIG. 4. Behavior of the Eu-Sr fnal swate probability
Py=layl@)|? vs time. The dotted line is calculated from Eq.
(2.25). The solid linc is the behavior of F, us given by the nu-
merical integration. The values of the paramelers are the same
as in Fig. 3.

curve is evaluated from the approximate solution {Eq.
(2.25)], while the solid line represents the 1ime evolution
of |ay|?as given by the numerical integrasion. We have
compared the approximate model and the numerical in-
tegration for several other values of the IMpact parameter
and the relative speed, and we have found that they were
in good agreement, the difference being less than a few
percent in most cases.

In Figs. 5 and 6 we show the graphs of layi+ )2
versus the impact parameter b at fixed v. The dotted line
is evaluated from Eq. (2.25), while the solid line
represents the values found by numerical integration.
Here again, the validity of the approximation of instan-
taneous diagonalization is apparent. In Fig 5 the transi-
tion probability is evaluated at resonance, and in Fig. 6 a1
A=-266cm™".

Both graphs display the oscillatory behavior of
930+ =) | when b is made 10 vary. O resonance, this
is explained as an interference effect between the two
points at which frequency matching occurs. At reso-
nance, the oscillations are also present, bu: only at low
values of the impact parameter, for which the amphitude
of the final level goes through several nodes because of
the exponential factor in Eq. (2.25). At resanance, how-
ever, the relevant contributions 1o the cross section come
from collisions occurring at large values of b, in which
the levels involved in the transition are practically unper-
turbed a1 all times, and their frequency difference
maiches the laser frequency. In the latter case, the tran-
sition does not occur at tor around) some interatotnic sep-
aration, rather there is a continuous flow ¢f population
from the initial leve) 1o the final level during the time of
the collisional interaction.

The solid curve in Fig. 7 represents the same graph as
those shown in Fig. 6, but cvaluaied by usirg Eq. (2.30),
i.e., the method of the stationary phase. For comparison,
the dotted line in Fig. 7 shows the results from numerical
integration,

As expected, the method of siationary phase provides
an accuraie evaluation of the transition produbility only
when the impact parameter is smaller than the interatom.
ic separation R, where stationary phase occars. When b
equals this interalomic separation, the probability
|a3(+ o) |3 evaluated by using the staticnary phase,
diverges. The full spectrum of LICET transition has
been numerically evaluated for the CUrepil m-strontium
colliding partners. We have used 2 Monte Carlo simula-
tion in which the transition probabilities . 4,(+w)|?
were found by means of Eq. (2.25) [or Ey. 12 30) when
applicable] for various values of the impact parameter b
and the relative speed v, chosen al random from their
own distributions. These calculations were made with
the purpose of checking whether the two-slope behavior,
as given by Eq. (2.38) remains valid when the interference
between the points of stationary phase and the average
over relative speed are taken into account.

Figure 8 shows the results for the Monie Carlo simula-
tion of the spectrum. The laser detuning is i the range
from 0 to —53.1 cm ™', extending towards 11e red wing
of the spectrum where quasistatic transitions (ke place.
The field intensity was chosen 0.05 MW/cm' re., well

FIG. 5. Graphical comparison of the transition probability
Py=|ayit=w}|? vs impact parameter b 5t & fixed value of v
for the Eu-Sr LICET reaction. The dotted line 1s calculated
from Eq. 12.25) while the solid line is found by numerical in-
tegration. The laser frequency is tuned st resonance with the
LICET transition frequency wy—w;. The graph displays rapid
oscillations for low values of & and a smoother behavior for
larger values of . The boundary between these two regions is
roughly at the Weisskopf radius.

within the linear regime. Since in this range the cross
section is expected to increase linearly with the field in-
tensity, we have pioited the values for o // instead of
those for @. Al resonance, the cross section was found to
be 680 A Z/(MW /cm’), a valuc in good agreement with
previous estimates for the £u-Sr coliiding partners. '
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FIG. 6. Graphical companson of the transition probability
Py=|a)lr = m1}? vy the impact parsmerer b at a fixed value of
v for the Eu-Sr LICET reacqon. The dotted line is calculated
from Eq. (225 while the solid line is [ougd by numerical in-
tegration. The detuningis A 0% Y&, -£,;  26.6cm™".
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FIG. 7. Graphical comparison of the transition probability
Pz a)irs o)} va the impact parameter b al a fixed value of
v for the Eu-Sr LICET reaction. The detuning of the laser fre.
quency from the LICET transition frequency %~ "E,—E,) is
A= —26.6 cm™", The dotied line is caleulated from Eg. (2.25);
the solid line results from the application of the method of sia-
tonary phase. As eapected, the stationary phase result diverges
when b equals the interatomic separation R,.

The values of the cross section in the red wing, evalu-
ated from the Monte Carlo simulation, was found to
differ by 15% from the values obtained by means of Eq.
12.38), the latter being the smaller. This discrepancy is
cxplained by the fact that in deriving Eq. {2.38) we have
replaced the phase factor and the relative speed by their
avuerages.

However, the slopes of the line shape in the quasistatic
wing, evaluated from the numerical simulation and from
the analylic expression, are in good agreement. We show
a lugarithmic plot of both in Fig. 9. The solid line is from
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FIG. 8. Graph of the LICET spectrum from Monte Carlo
suivutation of the Eu-S1 LICET resction. Detuning ranges from
Vi — 5% lem™".
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FIG. 9. Log-log plots of the LICET spectrum in the far wing
for the Eu-S¢ LICET reaction. The dotied line, obtained from
Eq. (2.38), is the same as in Fig. 7. The solid line is from Monte
Carlo simulati The detuning is in the range from —3 10
—53.1 em™', The two curves were arbitrarily assumed to be
equalatA=—-8cm- .

the Monte Carlo simulation and the dotted line from Eq.
(2.38). The two curves were arbitrarily taken to be equal
at A=—8 cm~'. We see that the local slope in the
Monte Carlo simutation increases when | A} increases,
and its values are quite consistent with those derived
from Eq. (2.38).

These calculations show that the approximations used
in this work give quite accurate results. Both instantane-
ous diagonalization and stationary phase methods were
checked for the case of europium and strontivm colliding
pariners. We found that in most cases, the deviations of
the approximate results from the values obtained (hrough
numerical integration were small. The only case in which
the approximations used to derive Eq. (2.38) lead to
values that deviate considersbly from the exact results is
when the trajectory of the colliding partners happens 10
be close 1o the tangent to the sphere of radius R,, where
R, is the distance a1 which stationary phase occurs. This
is shown clearly by the graphs of Fig. 7. However, the
singularity of the cross section dissppears when integrat-
ed over the distributions of the impact parameter. More-
over, as can be seen from the same figure, the area of the
curve | a; | ? evaluated from the stationary phase method
and lying above the exact |a; | ? curve is roughiy com-
pensated by the area of the tail of the exact curve extend-
ing beyond R,.

IV. DISCUSSION AND CONCLUSION

In this paper we have extended and described in
greater detail the three-state LICET model presented in
Refs. 10 and 11. This model replaces the two-level model
in all cases in which an intermediate level lies very close
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to either the initial or final tevel of the transition, with a
frequency mismatch of the Same order as the laser detun-
ing at which the cross section is being measured. Since
this is a situation which is often realized experimentally,
the cross sections shown in this paper should be used for
predicting the behavior of the quasistatic wing for large
detunings.

When the van der Waals shifts are included in the
treatment, we have shown that the LICET line shape
may follow different laws depending on the relative
strength of the collisional interaction with respect 1o the
level shifts. For a dipole-dipole interaction, we have dis-
cussed several possible cases that arise in different situa-
tions. For a dipole-quadrupole interaction, we have not
presented any detailed result, but the cross section can be
easily evaluated from the general formulas in Sec. II, ac-
cording to the specific case under investigation.

This model has also been shown to lead to the known
resuits (a —1/2 power law for the dipole-dipoke interac-
tion and & — 1 /6 power law for the dipole-quadrupole in-
teraction) in the limit case when the intermediate level
behaves very much as a truc virtual level, i.e., its frequen-
cy mismatch is large when compared to the laser detun-
ings at which the cross seciion is measured. This model
has been applied 10 the derivation of the cross section for
a LICET process in an energy configuration scheme such
as the one shown in Fig. 1, but other configuration
schemes may be worked out as well. A dificrent energy-
level scheme, valid for the LICET process with strontium
and lithium atoms, is trested in Appendix B. The cross
section in the far wing for this process is the same as the
one found for the scheme in Fig. 1. This model should
also apply in other cases of collisionally aided energy
transfer, when there are energy levels, lying nearby the
initial or the final Jevel, that are adiabatically populated
during the collisional interaction. All the approxima-
tions used in the derivation of the cross section [Eqs.
12.38), (2.41), and (2.44)) have been checked by numetical
computations of the differential equations for the level
amphiudes. The Monte Carlo simulation of the LICET
spectrum displays the variable slope feature of the far
wing, as predicted by Equation (2.38).

In Rel. 11 it has been shown that the far-wing behavior
predicted bsy this modet fits the experimental data found
for Eu-$r,'> Na-Ca,'® and Sr-Li. In particular, in the
experiment on Sr-Li colliding partners, the frequency
mismatch is 21 cm ™', while the far wing has been mea-
sured up 10 30 cm~'. Thus onc would expect » substan-
tial change in the Jocal slope of the spectrum in this range
of frequency detunings. It has been found that the local
slope varies between —0.5 to ~2 in the range 3-50
cm™', which are the extreme values predictec by this
madel in the two limits & <<w and A>>w. In 2 recent
experiment'’ the far wing for the Eu-Sr case has been
measured up to 35 em . In this experiment the average
slope of the wing was found equai to —0.7 in the tange
6-30cm™', and equal to — 1.1 in the range 30-53 cm ™'
in good agreement with the predictions of this model.

A few questions remain unanswered, for instance, the
role of the magnetic sublevels in the transition and the
effects of the transfer of energy from the (ranslational de-

27

grees of freedom to the electronic excitation {or vice ver-
sal, which occur at large frequency detunings. However,
the accuracy of the existing experimental data does not
allow one to assess whether these effects are important or
not. Experimental evidence exists only for the variation
of the local slope in far wing of the LICET spectrum, and
the present model seems to agree fairly well with the ex-
perimental data reported to date.
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APPENDIX A

The integral in Eq. (2.25) gives the probability ampli-
tude of the final level of the LICET process. When the
laser frequency is not resonant with the transition, the ex-
ponential factor in the integrand function oscillates for
almost all times, except those lif they exist) in which the
exponent passes through a maximum or a minimum, t.e.,
its derivative, which represents the instazntaneous fre-
quency mismatch, is zero. The method of stationary
phase makes use of this fact to provide an approximate
evaluation of the integral.

We derive now the conditions that must be satisfied for
this approximation to be valid. For the sake of clarity,
we derive these conditions in the simple case where
§,=5;=5,=0 and the interaction potential is a dipole-
dipole potential.

The first, obvious, condition is that the exponent in the
integrand function must be stationary at some points.
But this condition is not sufficient. We must also require
that the time intervals, centered around the points of sta-
tionarity where transition occurs, are much shorter than
the collision time T, over which integration in Eq. (2.25)
is carried out.

Transitions can occur only when the instantancous fre-
quency mismatch is compensated by the rate of change of
the interaction potential, i.c., when it does not exceed v,
with

L4
¥iz

_&
R}

(AD)

Y=

Around the point of stationarity we can assume that the
instantancous energy of the dressed quasimolecular level
b, varies linearly with time. Thus

ah, Vi 1
A,zz ‘7 |J“*—‘l!):v

e (-1},
R} (w?+a¥h) 2

(A2)

where s indicates that the rhs of (A2) is evaluated at the
point of stationarity, where the frequency mismatch is
zero. The time interval in which transitions may occur
can then be estimated by cquating (A1) to (A2}, We find
that this time interval is given by
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At the point of stationarity we also have
lvl
—s=l81te+ia]), (Ad)
Rl

w44V P=wt2(A] . {AS}
Substituting {A4) and (A3) in Eq. (AJ3) and requiring that
t must be much smaller than T, we find the second con-
dition for the validity of the method of stationary phase:

—_ T.=bsv. (A6
Y + <«T,

1
a+ 4]
This condition requires that the detuning must be large
compared to T, '. Typical values for T, are in the range
of 10='"" sec. Then | A| must be larger than a few cm ™!
for our approximations to be valid.

APPENDIX B

In this appendix we derive the relevent formulas for
the cross section in a LICET process occurring between
atoms with a different energy-level scheme. As shown
below, Eq. (BM)), the cross section in the wing has the
same form as in Eq. (2.38), although the sign of the de-
tuning 4 is now reversed. The calculations in this appen-
dix apply to the case of strontium-lithium colliding
partners, which have been used in another LICET experi-
ment.'? The energy levels of these atoms, involved in the
transition, are shown in Fig. 10.

We perform these calculations in their simplest form,
namely, we ignore all couplings except those that drive
the LECET transition. Shifts due to virtual processes,
namely the Stark and the van der Waals shifts, are
necglected. The Sr atoms are prepared initially in the ex-
cited state a® (3s5p 'P,}, while the Li atoms are in their
ground state 8 (25 S, 4 ). During the collision, a photon
is absorbed by the system, and enmergy transfer occurs
from state (a*.f) to state (@,8°*). The frequency
mismatch between these two states is 21 cm~'. We label
the compound atomic states as

|1)=|a*} |8}, (B1)
[2}=[a)|8**), B2)
[3}=|a*)|B*) B

{see Fig. 10). The equations lor the Schriodinger amph-
tudes now read

iey=wc, +Xe' Ve, , (B4}
iey=aye,+ ¥y, (B3)
i€y =anyey+ oy + Xe ey | (B6)

where fiw, arc the energics of the levels, X is the atom-
field coupling, and the collisional (dipole-dipole} interac-
tion Vis given by
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FIG. 10. Energy-level diagram for the LICET reaction between strontium atoms and hithium atoms. The Sr (3552 'P, ) state is

prepared by excitation al 21698 cm ' from the ground state usi
frequency defect between the final state | 3) and the intermediate

v,
Y=

rek (B7)
In first-order perturbation theory we ignore the term X in
the Eq. (B4). Thus the population of the initial level
remains unperturbed,

= —iwr
)=, ==¢C ~¢
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Substituting this expression for ¢, in Eqs. (BS5) and (B6),
we get the following system:

i€y =aney+ Vey (B9)

{81y

For convenience, we define the reference encrgy in (B9)
and (B10) as the average

N =il 4w
iy=aye,+ Vey +Xe L

_ gty
v=—3— {B11)

and the slowly varying amplitudes

ay=ce”™, (B12)

ay=cye =", (B13)
which satisfy the system

d | a 0

il |74 e, |t F(l),' Bl

ng & dye laser. The LICET transition occurs at 14625 cm™?. The
compound state |2} s Aw=2lcm™",

where the source term F(1) is
Flo)=ye "1 (B15)
and the mairix 4 is
w ¥V e B
v —ep =5 B16)

We pass now to a dressed atom picture in which the two
states @, and a, are dressed by their collisional interac-

tion. We define the vector b as
b, a,
b= 5, IEI a!' . (BIT)
T'being an orthogonal matrix of the form
cos®  -—sind
= |sin® cose | {B13)

which instantancously diagonalizes the matrix Ad. Here

the veclor b follows a equation of the type (neglecting
transitions between b, and b, )

ib=Dpb+T

1}
Floy e LB19)

where D is the disgonal matrix whose clemends A yand A,
are the solution of the equation

nmn

det| A-A[|=0. {B20)

Both components of the vector b, in contrast with the
previous case, are now different from zero. We find

by=iexp [—.'j':‘).,dr]

x [ _arsnorFuesp|if* rar|,  B20
b, = —ieap Iﬁif_'nl,dl' ]
x fi-d;'cosw)ﬂt')cxp I:‘ f :'_A_d;-v ] {B22)
and, inverting (B17), we obtain
ay(t)=costf)b +sinl&b, . (B23)

It is seen immediately that sin(@)-—+0 when { — . Thus
the final level amplitude is given, at { = + o, by

ay{+oo)=bl+ o)
, e ,
=iexp I—II_“ Apde ]
x J*TarsnoFuess [i 7 dgar ]
(B24)
The cigenvalue A that appears in (B24) is given by
Ap=lw?+ ¥, (825

We can still apply the method of the stationary phase 10
find

—1—w+v+A,=0 at R=R,, 826
which gives
o 176
[
& j—————— 7
U May—an+ ) (B2

The value of sin( &, } a1 the points of stationary phase now
is
¥e]

a . (B28)

w+4A

sin(ﬂ,)=-‘/l—i

while the second derivative of the phase gets the value, at
the same points,
1 3V

bolaw 2 1
|¢ll (IJ"'A R:

bz 171

- B29)

Using (B27)-(B2%) we obtain, for the cross section in the
far wing, with the same approximations used o derive
(2.38),
2 W e
0““:4_11‘2&_ vy ° L
W AYHw, —wy+A)

A>0, (BW)
which has the same form as Eq. (2.38). Notice that, in
the Sr-Li case, the intermudiate level lies just below the
final level, so that the stationary phase occurs in the blue
{2 > 0) wing of the LICET line shape.
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FIG. 11. Graphical comparison of the probability transition

Py=|aylt=w)|? vs the impact paramster b for the Eu-Sr
LICET reaction. The dotted curve is found by integrating nu-
merically the three-level tystem with 1he detuning &= -26
cm™'. The solid linc is oblained by integration of a four-ievel
system {Eu J =7/2 statc is included in the dynamic evolution of
the system). There is & slight variation of the interatomic sepa-
ration at which the points of staticnary phase occur.

APPENDIX C

In the eurcpium-strontium experiment the initial state
in which europium atoms are prepared is cither 'P,; or
P, ;. The energy scparation between these two states is
153 cm~', and, with respect to the 'P, (J=1) state of
strontium, the former lies 63 cm~' above, and the latter
90 cm~! below. The question arises as to whether or not
the P, state of Eu has any effect on the LICET cross
section for stoms initially prepared in the J=9/2 state.
Since the 'P, state of Sr is coupled to both states of Eu by
a dipule-dipole interaction, one might expect that some
population passes from the initial state of Eu to the other
state of Eu during the collision. This fact would in turn
decrease the adiabatic population of the 'P, state of Sr at
small impact parameters, thereby decreasing the popuia-
tion transferred to the final state of Sr.

Irs this case one has to deal with a four-level problem,
and the method of stationary phase used in Sec. I cannot
be applied in a simple form. We have therefore numeri-
cally evaluated the final-level population after a single
collision for several values of the impact parsmeter. The
results are shown in Fig. 11 for the case of a frequency
deiuning equal to —25 cm~' and Eu atoms initially
peepared in the J =9/2 state, The dotied line represents
the | ay | versus b curve found by integrating numerical-
ly the three-level system, and the solid line is the graph
for the four-level system.

We note that the main effect brought into the process
by 1he presence of both europium states is a variation of
the interatomic scparation at which siationary phase
ogcvyrs, which is roughly indicated by the position of the
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ast peak in the | a, |7 versus b graph. This is primarily
lue to the van der Waals shift induced on the J =1 state
»f St by the J =772 state of Eu.

There is also a small reduction in the final-level populu-
ion, which is due to the fact that the extra level gets
oome population during the collisional interaction {(al
= + o, however, there is no population left in this lev-
:1). However, this effect is very small and does not affect

ANALYSIS OF THE FAR-WING BEHAVIOR IN THE . .. nn

the transition cross section in the far wing. The peak at
resonance is completely unaffected by the presence of the
extra Eu level, as one would expect from the discussion in
Sec. [I: At resonance the main contributions to the tran-
sition come from collisions occurring ai large impact pa-
ramelers, in which the J =1 state of Sr and the extra level
of Eu are not populated even during the collisional in-
teraction.
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