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Far-wing study of laser-induced collisional energy transfer

Manlio Matera and Marina Mazzoni
Istituto di Elettronica Quantistica del Consiglio Nazionale delle Ricerche,
Via Panciatichi 56/30, I-50127 Firenze, Italy

Roberto Buffa* and Stefano Cavalieri'
Dipartimento di Fisica, Universita di Firenze, Largo Enrico Fermi 2, I-50125 Firenze, Italy

Ennio Arimondo
Dipartimento di Fisica, Universita di Pisa, Piazza Torricelli 2, 1-56100 Pisa, Italy
(Received 27 January 1987)

An experimental study of laser-induced collisional energy transfer in a mixture of europium and
strontium vapors is reported. The profile of the excitation spectrum in the static wing has been mea-
sured with high accuracy and compared with available calculations, demonstrating that simple two-
level models are inadequate to describe the transfer process. A comparison with the predictions of a
three-level model assuming dipole-dipole interaction, recently developed by Bambini and Berman,
shows for the first time agreement between theory and experiment.

The development of high-power tunable laser sources
has prompted 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

Ai+Bi+Hw— Ar+By , (1)

where A4;; and B, s are the internal states of the colliding
atoms and o is the laser frequency, close to the difference
between the transition frequencies of the atoms. Deter-
mination of quasimolecular transient states of the collid-
ing atoms, efficient excitation of high-lying states inacces-
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 radiatively assisted inelastic collision
(RAIC), involves an energy transfer from one atom to
another with the simultaneous absorption of a photon.
Since the first experimental demonstration by Harris and
co-workers in a strontium-calcium mixture,? radiative col-
lisions have been studied in various binary atomic sys-
tems, such as Eu-Sr,>~°> Rb-K,® Na-Ca,’ and Li-Sr.}
Among the laser-induced processes, charge transfer,” pair
absorption,'® and Penning or associative ionization'! have
been investigated.

The cross section of a LICET process, which is energet-
ically forbidden in the absence of laser field, is maximum
when the laser frequency o is resonant with the frequency
wo of the interatomic transition. The line profile, as a
function of the laser detuning from line center
Aw=w—wg, is characterized by an asymmetric shape,
showing a gradual falloff on one wing and an abrupt (ex-
ponential) falloff on the other. By analogy with the line-
broadening theory, the LICET line profile can be divided
into an impact and a static region, corresponding to small
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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
| Aw | >>1/7., where 7. is a typical collision time, the
process can be described as an instantaneous transition
between adiabatic quasimolecular states (quasistatic ap-
proximation). From the quasistatic approximation, as-
suming a dipole-dipole interaction, the LICET cross sec-
tion in the static wing has been predicted to follow the
asymptotic law | Aw | /21213 An asymptotic behavior
very close to the —1 power law is also provided by a nu-
merical resolution of the time-dependent Schrodinger
equation for the compound system (atoms-field), under
the usual two-level approximation.'*

High-resolution measurements of the LICET spectrum,
performed by Brechignac et al. on the Eu-Sr system* and
by Débarre on the Na-Ca system,” have shown that the
detuning dependence of the cross section in the static
wing can be fitted by a power law | Aw | * with a= —0.85
and a= —0.8, respectively. The discrepancy with the
theoretical predictions was ascribed to the influence of
short-range interactions, including a breakdown of the
linear trajectory hypothesis, or to a role played by near-
resonant atomic levels.

Recently, a new analysis of the LICET process per-
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
to 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 to describe the transfer
process. 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 atoms.'® Assuming a
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dipole-dipole interaction, the three-level model provides,
at first order in the laser field amplitude, the following
asymptotic law for the cross section in the static wing:

o« |Aw|_l/2(A+]Aw|)'3/2, (2)

where A=63 cm~! for the Eu-Sr system. This law

reduces to the —1/2 power law predicted by the quasi-
static approximation when |Aw | <<A and approaches a
—2 power law when |Aw | >>A.

In this paper a new high-resolution measurement of the
far-wing profile for the Eu-Sr system is reported. The ex-
perimental setup, described in detail in a previous paper,!”
employed two dye lasers, pumped by the same nitrogen
laser, providing 10-50 uJ, 2-nsec pulses with a bandwidth
~0.1cm~1,18

The output of one laser (pump laser) was used to popu-
late the Eu(6s6p 8Py ,,) 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 to 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 10'7 atoms/cm3. The population of the
final state was monitored by measuring the fluorescence
from the Sr(5p2'D,) level at A=655 nm. Data acquisi-
tion, noise subtraction, monitoring of the energy of the
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 Sr(5p2'D,)—Sr(5s5p 'P))
transition played an important role in the final-state 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.
see text.

For experimental conditions

effects were negligible for detunings larger than 5 cm~'.

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-
al transfer to strontium populating the Sr(5p?'D,) state.
The far-wing profile measured in the detuning interval
6.3-53.2 cm~! is shown in Fig. 3. The fine-tuning 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 cm~!. The average energy of the transfer
laser, also presented in Fig. 3, remained constant during
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FIG. 3. (a) Line profile in the static wing measured in the de-
tuning interval 6.3-53.2 cm~!. Experimental points are aver-
ages over 16 laser pulses. The best fit of Eq. (2) is reported on
the data. (b) Transfer laser energy measured during the frequen-
cy scanning. The average background level is represented as a
dashed line.
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the frequency scanning to within 1%.

In order to compare our results with the predictions of
the quasistatic theory, the measured far-wing profile was
fitted by a power law |Aw |9 The best straight line
fitting the log/log plot of the recorded data was found to
have a slope a=—0.79+0.05. This value, consistent
with the results of the previous high-resolution investiga-
tions, confirmed the discrepancy with the quasistatic law
| Aw | ~'/? predicted for a dipole-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
6.3-29.8 cm~! and 29.8-53.2 cm~™!, the slopes
a=—0.721£0.05 and a=—1.14%0.10 were respectively
obtained, 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 three-level theory
significant. Therefore, the measured profile in the overall
detuning range was fitted with the theoretical law (2).
From a two-parameter fit (including a normalization con-
stant) an energy defect A=67+6 cm ™! was estimated, to
be compared to the value A=63 cm ™! for the Eu-Sr in-
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teratomic transition. The corresponding line shape,
shown in Fig. 3 as a continuous line through the experi-
mental points, provides 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-
fect, 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
change has been determined in a detuning interval ~50
cm~!. 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 approximation. The deeper insight gained into the
dynamics of radiative collisions stimulates further investi-
gation of other types of dipole-dipole laser-induced col-
lisions.
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