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High-resolution studies on laser-induced collisional-energy-transfer profiles
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High-resolution spectra of laser-induced collisional energy transfer between europium and strontium are
obtained for collisional interactions which are dipole-dipole in nature. A universal profile is found for this
laser-induced excitation. For the first time a precise comparison with available calculations is possible. The
line core agrees well with a theory assuming a dipole-dipole coupling, but the quasistatic wing deviates from
the asymptotic behavior expected for a pure dipole-dhpole interaction.

I. INTRODUCTION

During the last few years experimental and the-
oretical work has been devoted to studies of laser-
induced collisional energy transfer (I ICET) in bi-
nary mixtures of vapors. ' " In such a process the
interaction between the two atomic species occurs
in a strong electromagnetic field and both the col-
lisional interaction and the photon absorption are
simultaneous. This process is described by the
equation

A
I
f&+ B If&+» =A lf&+ B

I f& (1)

where li& and
l fj are the initial and final states of

the interacting species. It can be viewed as a pro-
cess in which the atom B is driven at a frequency
corresponding to the sum of the energies supplied
by the interaction and the external field [Fig. 1(a)].
Another point of view is to consider the LICET
process as a phototransition in the transient mol-
ecule (A, B) which exists during the interaction
[Fig. 1(b)]. In any case excitation cannot occur
without the interaction. The frequency of the ex-
ternal field is resonant or quasiresonant with the
frequency of the interatomic transition A lf&

-B
l f&, i.e., far from those characteristics of

each of the interacting partners.
The efficiency of reaction (1) is characterized

by a cross section o(~, f) which is proportional to
the population of the B lP level resulting from the
induced transfer and depends on the laser frequen-
cy and on the laser flux density I. In the case of
a strong laser field, its absolute value can be
large compared with the kinetic cross section,
and the LICET process can be applied to shift
some stored energy from A li& to B

l P in a short
time. Qn the other hand, in the weak-field limit,
v(u&, I} is proportional to I and the dependence of
o vs +, the LICET spectrum, is closely connected
to the nature of the interaction between colliding
partners. An analysis of the spectral profile cr(u&}

is therefore useful for collisional studies. Speci-
fically it gives rise to information about the inter-
action potential curves. It is' the aim of this paper
to point out such a possibility by studying the shape
of the LICET spectrum.

The only spectra that have been reported to date
which demonstrate the laser-induced collision"'
do not have high enough resolution to allow for a
meaningful comparison with theory. We report
here the first high-resolution study of LICET
spectra in a mixture of europium and strontium.
Pure LICET spectra, whose resolution was not
limited by the laser bandwidth, have been obtained
for the following reactions:

(a) Eu(6s 6p 'P„,) + Sr (5s' 'So) +» (X = 658 nm)

-Eu(6s' 'S„,) + Sr(5p' 'D, ),
(b) Eu(6s6p 'P„,)+ Sr(5s' 'S,)+»(X= 651 nm)

-Eu(6s' 'S„,) + Sr(5p' 'D, ) .
These processes are dominated by the dipole-di-
pole collisional interaction. We have compared
experimental profiles with spectra which were
calculated by using either the traditional small, -
signal method which is used for the determination
of collisionally broadened line shapes' or by nu-
merical integration of the coupled equations of
motion. '

II. EXPERIMENT

The relevant levels of the system are shown in

Fig. 2. The main feature is the presence of the
resonant strontium level in the vicinity of the re-
sonant europium levels. The energy defect a is
small. The dominant interaction takes place be-
tween the Eu(6s6p 'P~) and Sr(5p' 'P, } levels and is
a dipole-dipole one. Nevertheless ~ is large
enough to distinguish between the LICET process
and the two- step process Eu(6s6p 'p~) + Sr(5s' 'So)
-Eu(6s' 'S„,)+ Sr(5p 'P, ) followed by the resonant
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FIG. l. Atomic and molecular pictures of the LICET
process. In the first case during the interaction the
atom B is driven to a virtual level and simultaneously
the absorption of the photon preserves the energy bal-
ance [case (a)]. In the second case the process is a
phototransition in the molecule (A, B) at a frequency cu

depending on the internuclear distance R.
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FIG. 2. Belevant levels in europium-strontium mix-
ture (right-hand side). Corresponding representation of
laser collision process in terms of a quasimolecule
(left-hand side) assuming no interaction in the final
state. Long-range part of the potential curves are con-
sidered only.

excitation Sr (5p 'P, ) + 5&v()I. = 655.0 nm) -Sr (5p' 'Ds) .
This latter mechanism occurs 2VA shifted from
the LICET one in the case of the reaction (a).

The initial state Eu(6s6p sP~)+ Sr(5s' 'S,) with
J= + or ~2 is prepared by irradiation of the vapor
with the light of a pulsed dye laser whose frequen-
cy in on resonance with the europium line at X

=494.5 or 462.V nm (coumarin 460 domain). The
transfer is induced by interaction with the light
of another pulsed dye laser oscillating close to
the frequency corresponding to the interatomic
transition Eu(6s6p sP~) -Sr(5p' 'D, ) at ) =657.7 or
651.0 nm (rhodamine 640 domain). Both dye lasers
are excited with the same pulsed nitrogen laser,
as is indicated in Fig. 3. The Hhnsch-type laser
cavities" provide without Fabry-Perot etalon
4-nsec laser pulses with 5-kW peak power and a
spectral width ~cr~ =0.2 cm '. Both laser beams
propagate coaxially and are focused into the active
medium contained in a heat-pipe-type oven. It
provides the binary mixture of europium and

FIG. 3. Experimental setup. (L&,L',) and (L2,Lz) are
telescopic systems for the laser-beam focusing, PM the .

photomultiplier, and 8 the beam mixer.

strontium vapor and also contains a buffer gas to
prevent a possible window contamination. The
working temperature is around 750'C, corres-
ponding to 0.3 and 1.2 Torr for the europium and
strontium vapors, respectively. The pressure of
the buffer gas, generally argon, is typically 10
Torr. The active part of the oven has a 2-cm
length only. The laser flux density in the center
is a few MW/cm'.

When the laser frequencies are adjusted for the
observation of the LICET process, a large popu-
lation of the final Sr(5p' 'D, ) level is achieved by
direct two-photon excitation of this level. The
process is efficient because of the proximity of
the Sr(5p'P, ) intermediate level and hides the
LICET process. In order to avoid this pure two-
photon excitation in strontium, the red laser pulse
is delayed relative to the blue one, by using an
optical delay line (Fig. 3). We used a delay of 1V

nsec, much larger than the dye-laser pulse. This
delay is short compared to the effective lifetime
7 of the trapped resonant europium level (typically
~-1 )I,sec) so that no serious lack of population
occurs during this time interval.

This procedure cannot avoid a two-photon absorp-
tion to the Sr(5p"D, ) level where one of the pho-
tons is due to the trapped spontaneous emission
from the Eu(6s6p sP~) level. But such a possible
artifact is expected to have a small probability
compared with the LICET process.

The induced transfer is monitored by the obser-
vation of the fluorescence from the Sr(5p' 'D, )
level at X =655.0 nm. For this purpose one ob-
serves the backward fluorescence, using a pierced
mirror. A monochromator discriminates the rele-
vant transition. This procedure avoids any dif-
fused light due to the laser beams. For the re-
cording a synchronous gated detection is used.
The gate is coincident in time with the transfer
laser pulse, whose duration is of the same order
of magnitude as the fluorescence one (-20 nsec).
High-resolution LICET spectra are obtained by
recording the fluorescence intensity while the
wavelength of the red laser is tuned across the
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Sr(5p 'P, ). Moreover, we have shown that the
shapes of LICET profiles may be superimposed
when their height and width are, respectively,
adjusted without taking into account the sign of the
energy defect A (Fig. 4). This result indicates
that a universal profile characterizes this type
of interaction. Consequently in the following we
consider the interaction potential during the in-
duced collision nV(R) = Vz —V,. (R), where Vz is
kept constant during the collision (Fig. 2) and

V,.(R) ~ C,R-', C, = 4
~

p"„p,„~'/3na 'H. ere P.,", is
the dipole moment of the atomic transition 1-2
in atom X.

The width na(b) of the profile (4b) is larger than
the width ho(a) of the profile (4a). Simple calcu-
lations using the impact approximation (for details,
see below) valid for the shape of the line core,
use the theoretical ratio

g(b) ~A (a)) 1/5

zc(b)/zo(a) = x '„'
~

=1.13

derived from transition probability. "" The ex-
perimentally observed ratio av(b)/acr(a) =1.5
+0.3 deviates from unity in the same direction as
this theoretical value.

Since the shapes are identical for both cases
(a) and (b) and their relative widths in agreement
with a theoretical calculation, we consider in de-
tail only the recorded profile of the reaction (a).

C. Comparison with theoretical line shape

We have compared our experimental profile with
the calculated one. For this purpose we have dis-
tinguished two frequency regions: (~ —~,)r, & 1
and (~ —~,)r, »1. The parameter 7, is defined as
the ratio between the Weisskopf radius p, = [C,/
(hV, )]"' and the natural unit of velocity V, = (2kT/
p)"' (p. is the reduced mass): r, =p, /V, . The
line-core shape of the curve, for which (v —~,) 7,
& 1 reflects the long-range interaction. It is not
very sensitive to the shape of the interaction poten-
tial, and the value of the cross section can be
evaluated by using the impact approximation. ' In
particular, at line center, an approximate form-
ula, valid in the weak-fieM limit, is obtained as-
suming that the velocity of all atoms equals the
mean relative velocity V=2/~wV, (Ref. 7):

(2)

where C, = v,' [p,,",p, ~, p~, /(2@a)]e (& being the laser
field amplitude). The line wing, for which
(u- e,)r, »1 reflects relatively short-range inter-
actions and converges to the quasistatic limit in
the neighborhood of co —w, = V,/p, ." In the quasi-
static approximation, both atoms are assumed to
be at rest during the time interval 2w(&u —&uo).

Only in this case can the LICET process be in-
terpreted in terms of an absorption in a transient
molecule. It follows that at the separation R of
the atomic nuclei, absorption occurs at the fre-
quency ~= AV(R)/L The LICET signal at a given
detuning (d- co, is due to collisions which occur at
a distance R =(C,/[5(v- u&, )]P'6. This cross sec-
tion in the quasistatic wing is expressed by the
asymptotic law

where pAs(R) is the transition moment induced
during the collision in the quasimolecule (A, B)."'
In the case of a dipole-induced transition, p."s(R)
=R, and a dipole-dipole interaction potential
leads to o(~) ~ (u& —~,) "'. Taking formula (2) into
account, one obtains o(v)/o, = 0.757/[(~ —u&,)r,)"'.
This is valid for (v —&u, )r, »1 and assuming all
atoms with the velocity 7. The width at hald maxi-
mum is then &o(cm ') =12.1/r, .

The antistatic wing of the LICET spectrum, the
abrupt fall-off side, corresponds to the no-cross-
ing region in the dressed molecule frame. Its
shape is an exponential one determined by the
Massey parameter, leading in our case to v(~)
~exp(-[(&u- cu,)r,)""f Actua. lly this side of the
profile might be slightly affected by the laser
bandwidth &o~ and is not very useful for testing
the interaction.

In Fig. 5 we compare the experimental line core
with the results of two calculations. All theoret-
ical and experimental curves are adjusted to the
same peak value for the line center ~= ~,. The
first comparison is done with a universal profile
deduced from the line-broadening theory of Gal-
lagher and Holstein, in which the molecular axis
rotation is ignored: L(D, 1, U, )'. Such a profile,
valid in the weak-field limit, is expressed as a
function of the dimensionless parameter D
= (v —&uo)r, . There is a good quantitative agree-
ment; the "red" side of the experimental profile
lies within the calculated ones for two C, values
derived from two different sets of p.

"para-
meters" ": C, =3.06 x10-" ergcm' or C =16.3
x10 "erg cm'. This agreement extends as far
as co —cu, = 37,'. In another attempt to calculate
the line shape, we numerically integrated the
equations of motion of the combined system "A
+ B+light field" for arbitrary laser-field ampli-
tude &. A fit to the recorded trace reveals good
agreement and shows that the Van der Waals con-
tribution (~C, R ') to the Eu(6s6p 'P~), Sr(5p 'P, )
long-range interaction suffices for the interpret-
ation of the line shape. The slight discrepancy in
the steep wing might result, in part, from the re-
sidual laser bandwidth.
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Taking into account the values of the C, coef-
ficient and V, (750'C) =5.52 &&10'cm/sec, one de-
duces a reasonable mean value for the Weisskopf
radius p, = 26 A and for the characteristic col-
lision time 7., =4.8 psec. The corresponding width
at half maximum for the LICET profile is then
2.53 cm ', in good agreement with the width of the
"red" side of the profile. So, for the first time,
calculations and experiment lead to the same val-
ue for this parameter. According to formula (2)
and using the C, coefficient as defined in Ref. 7,
one obtains for the cross section a value at the
line center of a(0) = 500 Ag/(MW/cmg). This val-
ue is compatible with the experimental one deduced
from the measurement of the population transfer
ratio N[Sr(5p"D )]g/N[Eu(6s6p gP~)]g and published
in a previous work. ' Notice that this experimental
determination of a(0) requires one to measure the
absolute light power density and to take into ac-
count the trapping effect in the determination of the
population transfer ratio. This is questionable and
only the order of magnitude of o(0) is determined.

In Fig. 6 is presented a comparison between the
whole recorded line profile and the theoretical
one. For the line core again the result obtained
from Gallagher and Holstein's model with C,
=16.3 0&10 "erg cm' is given. The quasistatic
wing is expressed by the expected asymptotic law
o'(e) ~ (&u —~g) "'. Such an extension of the the-
oretical core profile is situated above the experi-

,mental curve, which varies as (&u —&u, ) '" as soon
as &u-'e, &37,' (Fig. 7). According to Eq. (3) this
fact indicates that terms C, R with s &6 contri-
bute to the interaction potential. Moreover we have
assumed so far that the potential V& in the final
state does not depend on R. This approximation,

a (co)
log ~ ~(0 0

log, 5~ (ce -~)

FIG. 7. Power-law dependence of the whole LICKT
profile. In the far wing g(u) cc (v Mp) . The theo-
retical slope (—0.5), expected for the dipole-dipole in-
teraction is represented in the right-hand side (dashed
line). In any case it cannot fit the experimental points.

which is valid for a long-range interaction, is
probably no longer valid for collisions with smal-
ler impact parameters. For instance, a detuning
of 50 cm ' corresponds to a main contribution
from collisions with an impact parameter of 14 A,
a value smaller than the Weisskopf radius. In
such a situation the validity of the linear-trajec-
tories hypothesis assumed in all the calculations

I
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Eu( Pg&)+Sr ( Sg)+A(g) (Aa658 nm)

~Eu( S, )+Sr( D)
2

8= 657.7 nm
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FIG. 6. Attempted fit
of the whole recording.
On the line core is repro-
duced the best fit from
Fig. 5 which converges to
the quasistatic limit
(dashed line) at large de-
tuning: (6(T)"'~ . The cir-
cles represent the exten-
sion of the line core as-
suming a function (60) ~.

Points a, b, and c repre-
sent, respectively, the
line-center value of the
cross section: a, fol-
lowing Gallagher's cal-
culation; b, the approx-
imate C6 theory with a V
for all atom pairs; c, the
approximate C6 theory
after integration over the
velocity distribution.
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are doubtful. In other words the effect of short-
range interaction might be larger than is usually
reported' according to the area factor in the 0
determination and the oscillating nature of the
collision transition probability when the impact
parameter is smaller than the %eisskopf radius. '

IV. CONCLUSION

The observed high-resolution I ICET line shapes
allow for the first time a quantitative comparison
with lirie shapes calculated from first principles.
For the study of atomic interaction potentials
such line shapes provide us with information anal-
ogous to that derived from the shape of satellite
lines connected with optical collisions. The ob-

served deviation from the expected asymptotic
(&u —v, )

"' dependence suggests that other case
studies are of interest, in particular investiga-
tions of the dipole-quadrupole case, or of mix-
tures leading to bound molecules. Our results
also imply that more realistic potential curves
are needed for theoretical calculations.
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