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It is shown that the conventional two-state theory of laser-induced collisional energy transfer
(LICET) cannot be expected to provide an adequate description of the quasistatic wing behavior ob-
served in a number of high-resolution LICET experiments. The theory breaks down whenever the
detuning parameter A of the LICET reaction is comparable to some frequency mismatch 8w be-
tween either the initial or final state and a (virtual) intermediate state in the reaction. A simple ex-
tension of the conventional two-state theory is presented which leads to good agreement with experi-
ment. For a van der Waals collisional interaction, the quasistatic wing is shown to fall off as
|A|~12(8w+ | A|)~3/% instead of | A | ~—!/? predicted by the two-state theory.

INTRODUCTION

Light-induced collisional energy transfer (LICET) has
been studied both theoretically! and experimentally!~®
during the past decade. The LICET reaction involves the
transfer of excitation energy from one atom to another
with the simultaneous absorption or emission of a photon.
In the absence of either the collision or the photon, the re-
action is rigorously forbidden. The energy-level diagram
for a typical LICET reaction,

Ai+Ap +HQ— A+ Ap

is shown in Fig. 1. Atoms A and A’, initially in states i
and i’, respectively, absorb a photon of frequency Q while
undergoing a collision which takes them to states f and
f', respectively. Level 4, acts as an intermediate virtual
level in the reaction (see discussion below).

The LICET profile is obtained by monitoring the
ii'—ff"' cross section as a function of Q. Experimental
LICET line shapes are known to exhibit marked asym-
metrices about a central frequency

Qo=[(E;+E;)—(E; +E;)]/# (1)

which represents the transition frequency from initial to

FIG. 1. Energy-level diagram for the LICET reaction
A;i+ A +#Q—A;+ Ap. The collision couples initial state
| I)=|ii’) to intermediate (virtual) state | D)= | fd’) and the
laser field of frequency Q completes the reaction to final state

|Fy=1|ff").

final state at large internuclear separations. This asym-
metry is well understood in terms of the collision dynam-
ics (Fig. 2). For detunings A=(Q—Q,) <0, there are in-
ternuclear separations for which the transition frequency
of the AA’' quasimolecule is resonant with the applied
field; the instantaneous excitation of the quasimolecule at
such internuclear separations leads to a long quasistatic
wing in the LICET profile. On the other hand, for A >0,
no such resonance exists and the so-called antistatic wing
falls off sharply once A7, > 1, where 7, is the collision
duration.

Although the qualitative structure of the LICET line
shape is fairly well understood, the quantitative depen-
dence of the quasistatic wing for |A|7.>>1 has
remained somewhat of a puzzle. Theories of LICET
based on a van der Waals collisional interaction lead to a
prediction of a | A| %7 falloff for the quasistatic wing.
Experimentally, one has observed a | A| ~® dependence,
with @=0.85 and 0.80 for a Eu-Sr LICET reaction,®’
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FIG. 2. Energy of the 44’ quasimolecule (in arbitrary units)
as a function of 44’ internuclear separation R. The labels F, I,
and D label the asymptotic states in the product basis,
I=ii', D=fd', F=ff'. The collision is adiabatic in the sense
that the quasimolecular state D is not populated during the
LICET collision and the transition occurs from quasimolecular
state T to F. For the field frequency shown, an instantaneous
resonance for the I-F transition in the quasimolecule occurs at
internuclear separation R =R,.
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a=0.8 for Na-Ca (Ref. 6), and a=0.5 for Sr-Li.* It is
difficult to explain the «=0.80 and 0.85 results on the
basis of any reasonable interatomic potential within the
framework of the conventional theory. In this communi-
cation, we present a simple extension of the conventional
theory which may offer a unified explanation of the ex-
perimental data. The explanation is based on an improved
method for including the effects of virtual level d’ in the
calculation.

REVIEW OF CONVENTIONAL THEORY

In order to understand our modification of the conven-
tional theory, we first review several features and assump-
tions of the simplest form of that theory. (1) Atoms A4
and A’ are assumed to follow classical trajectories with an
internuclear separation R (¢). (2) The collision occurs on a
time scale that is short compared with the laser pulse
duration; consequently, the laser-field amplitude can be
taken as constant during the collision. (3) The iaser-field
frequency (Q is sufficiently close to 4 so that terms of or-
der | Q—Qp| /(Q+Qy) may be neglected (rotating-wave
approximation). (4) Changes in the atom’s center-of-mass
energy resulting from the energy mismatch between initial
and final states (including the photon energy) are ignored.
(5) All states other than the initial and final ones enter the
calculation as virtual states only—their population during
and after the collision is taken to be negligibly small. The
last approximation enables one to reduce the conventional
LICET calculation to an effective two-level problem.

Within the confines of the above approximations it is
relatively easy’ to derive equations of motion for the
initial- and final-state probability amplitudes. These
equations contain: (1) a level-shifting or light-shift term
produced by the laser field, (2) a level-shifting term pro-
duced by the collisional interaction, and (3) a transition
term, depending on both the collisional interaction and the
laser field—this is the term responsible for the LICET re-
action. Each of these terms contains an infinite sum over
the virtual excitations of the atoms produced by the col-
lision and/or the field. To simplify the discussion, we
adopt the following two additional assumptions: (1) The
light shifts which, in principle, can be included by a re-
normalization of the atomic energy levels, are neglected.
In any event, these shifts are small for the experiments to
be discussed. (2) Owing to a near-resonant enhancement

[(E;+E~(E;+E;)],

the only virtual excitation that need be considered for the
collisional shift and LICET transition terms is that in-
volving state |fd') of the quasimolecule 44'. This as-
sumption is not critical to the present discussion, but sim-
plifies the presentation—the contributions from other vir-
tual excitations may be easily incorporated into the calcu-
lation, if desired. For the actual experiments under dis-
cussion, a single intermediate state provides the dominant
contribution to the collisional shift and LICET transition
operators.8

With the above assumptions, there are just three states
of the product A-A’ basis which enter the calculation,
namely

[I)=|i)|i'), |DY=|f)|d"), |F)=|f)|f").

The collisional interaction V_[R ()] is responsible for a
virtual excitation of state | D) from state | I) and the
field completes the LICET reaction by coupling state
| D) to state | F). The corresponding equations of
motion for probability amplitudes a,,(t) (M =1,D,F) in
the interaction representation are

a;= -—iUceiw’D'aD , (2a)

d D= —iUce _iwlDIaI +iX€ +i(n_wFD>taF ’ (Zb)

i p——iXe —i(Q—wgp )raD ’ (2¢)
where

DN =Wpy —ON (3&)

CD[Z(E,'-{'—E,")/ﬁ, wD=(Ef+E,1r)/ﬁ ’
(0F=(Ef+Ef')/ﬁ ,
U=V, (t)/%, 4)

and X =p, & /2% [& is the (constant) laser-field ampli-
tude during the collision, y, s is the e'f' dipole moment
matrix element].

In the conventional two-state theory, it is now assumed
that intermediate state D enters the problem as a virtual
state only, i.e., that

lap(t) | <1 (5)

for all 7. As will be shown below, a sufficient condition
for inequality (5) to hold is that the frequency mismatch
wrp be much larger than all other relevant frequency pa-
rameters in the problem. In that limit, one can calculate
ap(t) to lowest order by integrating Eq. (2b) by parts.
When the lead terms of this integration by parts are sub-
stituted into Eqgs. (2a) and (2c), one obtains

d;=—i(Uopa;+i[XU,/(0p—A)]edag , (6a)
d p=i(XU,/wp)e Ma; , (6b)
where the detuning A is defined by

A=Q—wp . @)

[A light-shift term, proportional to X?/(w;p — A) has been
dropped from (6b).] The collisional-shift term (propor-
tional to [ U.(R)]?) and the LICET transition term (pro-
portional to |XU.(R)|) are evident in these equations.
These equations are solved for | ap( ) |2, subject to the
initial conditions

a(—w)=1; ap(— 0 )=0. (8)

The transition probability |az(w)|? averaged over
collision-impact parameter and laser-field strength, gives
the LICET cross section as a function of detuning A. The
cross section displays the general qualitative features dis-
cussed in the Introduction.

The validity of Egs. (6) rests on inequality (5)
[ |ap(?)| <<1], which must hold for times during and
after the collision. If, as in most LICET experiments, the
condition
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wppTe >>1 9)

is satisfied, then, owing to energy-time uncertainty con-
siderations, the value of | ap(2)| following the collision is
of order exp(—w;p7,) << 1. Condition (9) is necessary for
the validity of Egs. (6), but not sufficient. For times dur-
ing the collision when U, (t)5£0, it is possible to integrate
the first term of Eq. (2b) by parts using the fact that
©;pT. >>1 to show that the condition | ap(?)| <<1 neces-
sary for the validity of the effective two-state problem can
be satisfied only if

| Us(R)/wpp | <<1; (10)

that is, provided the collisional coupling strength is much
less than the frequency mismatch. In the quasistatic wing
(|A|7e>>1), the R to use in Eq. (10) is just that internu-
clear separation for which the quasimolecular energy lev-
els are resonant with the applied field (Fig. 2), namely
when U,(R)~A. In that limit, inequality (10) becomes

|A| /op <<1. (11)

This condition is not satisfied in many LICET experi-
ments [e.g., for Eu-Sr, w;p/(2mc)=63 cm™! while values
| A/2mc | as large as 50 cm ™! were recorded®]. Conse-
quently, the use of Egs. (6) is not justified in the analysis
of such problems.

[An additional condition for the validity of Egs. (6) is
found by integrating the second term of Eq. (2b) by parts
assuming w;p7. >>1. The condition one obtains in this
manner, |X/(Q—wpp)|=|X/(w;p—A)| <<1, is nor-
mally satisfied for the field strengths and detunings of
typical LICET experiments (note that the quasistatic wing
corresponds to detunings —1<A/w;p <0 and the antis-
tatic wing to detunings O < A/w;p <<1). Thus, the break-
down of the two-state approximation is usually associated
with a violation of inequality (11).]

EXTENSION OF THE THEORY

When condition (11) no longer holds, it is necessary to
return to Egs. (2). We shall be content with a solution to
these equations that is perturbative with respect to the
laser-field amplitude. In the quasistatic wing,
(| A} 7. >>1), a perturbation solution is sufficiently accu-
rate at typical experimental laser powers. To first order in
X, the final-state amplitude following the LICET reaction
is obtained from (2c) as

aploo)=ix [* TG (nar (12)

where ap(t) is the solution of Egs. (2a) and (2b) to zeroth
order in X; i.e., a solution of

G;=—iUe “?'ap , (13a)
i p=—iUe "“®'q, , (13b)
subject to the initial conditions a;(—)=1,

ap(— o )=0. Note that ap( ) is just the Fourier transi-
tion of ap at frequency defect (Q—wpp).

We are interested in the solution of Egs. (13) in the lim-
it that w;p7. >>1; that is in the limit that state | D) is not
populated following the collision ap( o0 )=0. (This is the

appropriate limit for the cases of experimental interest®—°
where w;p7. ranges from 10 to 45.) If w;p7. >>1, an ap-
proximate solution to Eqgs. (13) can be generated as fol-
lows: First, one sets

—iwpt

a;(t)=a,(t), ap(t)=as(t)e (14)
and uses Eqgs. (13) to write
a@=iHa, a= | H= o 15)
- ’ - a2 ’ - _Uc wID (

Second, a transformation b=7T(t)a is introduced in
which T~Y#)H(¢)T(¢) is diagonal. A matrix T that ac-
complishes this transformation is

cosf — sinf
sin@  cosf (16)
provided that®
| ® 172 ) o 172
ID . 1D
cosf=—= |14+ —— , sinf=— |1—
s \/i w12 \/5, [O31)
(17)
where
wp=(wip+4UH2 . (18)

Third, the transformation b=Ta is substituted into (15)
to obtain

. € —16
b=—i| . b,
! i0 €

b](‘-oo):l, bz(—oo):O; 61,2:%(—6010ia)12) .

(19)

The transformation from Eq. (15) to Eq. (19) corresponds
physically to a transformation from a separated atom to a
quasimolecular basis. The quasimolecular energy levels
associated with this transformation are shown in Fig. 2 as
a function of internuclear separation, where quasimolecu-
lar levels T and D correspond to states 1 and 2, respective-
ly, in the b basis, and where the frequency separation of
quasimolecular states I and D is equal to €;,—€;=w;.
The initial condition b,(—o)=1 corresponds to the
atoms entering the collision in state 1. If the 6 terms in
Eq. (19) can be neglected, the atoms adiabatically follow
quasimolecular level I before the interaction with the ra-
diation field completes the LICET reaction to state F
(Fig. 2). It is an easy matter to show that the adiabatic
approximation [neglect of the 6 terms in Eq. (19)] is valid
provided that w;,7, >>1. To prove this explicitly, one
solves Eq. (19) to first order in 6 and uses an integration
by parts to show that the transition amplitude produced
by the 6 terms is of order (w,7.) "' << 1. This condition
simply corresponds to the fact that the frequency com-
ponents contained in the nonadiabatic 6 coupling terms,
which are of order 7, ! are insufficien~t to cause transi-
tions between the quasimolecular levels I and 5 which are
separated in frequency by w;,. Once the 6 terms are
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dropped, Eq. (19) is easily solved and the inverse transfor-
mation =T "'b and Eq. (14) are used to obtain

t
%l’ f_ gc[a)ID —G)lz(t’)]dll

oyt
D" exp

ap(t)= — sinfe

(20

When this approximate solution is substituted into Eq.
(12), one finds the LICET transition probability

‘a]:(oo)!z
= 'x [ e~ sin[6(1)]
1.t 2
X €xp | 71 f_m[wm—wlz(t’)]dt’}dz|
(21)

where Eq. (7) has been used.

In the quasistatic wing, the major contribution to the
integral occurs at those times (or internuclear separations)
for which the AA’ quasimolecule is resonant with the
field. These separations are nothing more than the points
of stationary phase of the integrand in (21). There will be
two points of stationary phase (*1;) provided that the im-
pact parameter b of the collision is less than a critical im-
pact parameter by (to be defined below). For collisions
with impact parameters b < by, the integral (21) evaluated
by the method of stationary phase yields

lap(oo) | 2= | X |2m(—A) | Ut)Ul(2,) |~
« ’ei[¢<tx)+¢/4]+ei[¢(—zs)—n/4] 2 (22)
where ¢ is defined as the positive solution to
(DID—CL)Iz(ZS)=A<O (23)
and

s(=—At++ [\ [op—wp)ldt . (24)

This is as far as we can go without assuming an explicit
form for U,.(R).

A reasonable choice for U,(R) is a van der Waals in-
teraction

U,(R)=—C/R3, C>0. 25

With this choice and the additional assumption that the
collision trajectory is linear [ R?=(b2+v?t?), where v is
the AA’ relative speed], the stationary-phase condition
(23) becomes

C2 /(b2 4022 = —Alw)p—A) (26)

which can be satisfied by impact parameters b less than
b, defined by

bo=[—C*/Alw;p—A)]"®. (27)
Combining Egs. (22)—(27), one finds
lap(oo) | 2=1 | X | 2mbo[vX(1—b2/b3)] A wp—A)~!

i[p(z) /4 i[¢p(—t)—m/4
SO I G O IE

X |e (28)

valid for |A|7.>>1, A<O, and b < by.

If Eq. (28) is multiplied by 27bdb and integrated from 0
to by, one obtains the LICET cross section
4 Pxc
3 u( —A)I/Z(QJID—A)3/2 .

o= (29)

In deriving (29), the contribution from the oscillatory
cross terms varying as

exp* {i[d(t)—d(—1)])

was neglected. For w;p>>|A|, o~ |A| "2 and one
regains the conventional result. If w;p~—A, the falloff
with A is more rapid than | A | ~%3,

DISCUSSION

We have shown that the conventional two-state theory
for the quasistatic wing of the LICET profile breaks
down if the overall detuning |A| is comparable to the
frequency mismatch between initial and intermediate
states w;p. A simple extension of the theory was given
for the detuning dependence of the quasistatic wing based
on the following assumptions: (1) The laser field can be
treated perturbatively. (2) There is only one intermediate
state | D)= | fd') which need be considered, owing to a
near-resonant enhancement of the LICET reaction. (3)
The intermediate state may be populated during the col-
lision but not following it, i.e., w;p7, >>1 (7, is the col-
lision duration). With these assumptions, it was shown
that the detuning dependence of the quasistatic wing
for a van der Waals collision interaction is
(wp—A)732(—A)~ 1% instead of (—A)~!/? predicted by
the two-state theory.

The question that remains is whether or not this theory
can explain experimental LICET profiles. We consider
three cases where high-resolution LICET profiles were re-

ported:
(1) Eu-Sr:*>* The frequency mismatch w;p (in cm™!) is
63 cm~! and a detuning range to A=—55cm~! was

recorded. Since |A |=~w;p, the two-state theory cannot
be expected to remain valid. The detuning dependence
predicted by Eq. (29) for the range
10ecm~!'< |A| <50 cm™! is plotted in Fig. 3 along with
the (—A)7 %% dependence observed experimentally.>*
The results are in relatively good agreement. In a related
problem of collisionally aided excitation of Eu(J =)
(with Sr perturbers), Niemax observed a crossover from
(—A)"15 to (—A)~2 dependence at A~—47 cm~—'.1°
The modified theory for collisionally aided excitation
analogous to that for LICET leads to a (—A)"!?
(wip —A)~03 prediction, consistent with Niemax’s result.
(2) Na-Ca:® The mismatch is w;p=-—94
ecm~!, —111 ecm~! (two states contribute) and detunings
to A=60 cm~! were monitored.!! The experimental
dependence observed was A~%%, but some assumptions on
the additivity of the 3P;,, and 3P;,, initial states was
needed to reach this conclusion. Comparison with theory
is shown in Fig. 3 for w;p=—94 cm™! (the correspond-
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FIG. 3. Graphs of LICET cross section o (in arbitrary units)
as a function of detuning A (in cm™!) for energy defects
wp=—63cm~"' (Eu-Sr) and w;p=—94 cm™! (Sr-Ca). The
solid curves represent the theoretical profiles. The dashed
curves give the experimental A~%85 (Eu-Sr) and A~%# (Sr-Ca)
profiles. The point at A=10 cm™"' is chosen to normalize the
theoretical and experimental curves.

ing curves drawn for w;p =—111 cm~! do not differ ap-
preciably from those shown for w;p=—94 cm™!).
(3) Sr-Li:* The mismatch is w;p~—21 cm~! and de-

tunings to A=70 cm~! were recorded.!! One would have

expected a crossover from A~%3 to A~? dependence at
A~20 cm™!, but no such effect was reported. The experi-
mental curve was consistent with the A~%% prediction of
the two-state theory, but not with our modified theory.
Recently, this experiment has been repeated at a lower
temperature and with improved detector sensitivity.'?
The new data show both a A~%> dependence for
A<20cm~! and a A~>° dependence for A>20 cm~".
Thus, the new data are in very good agreement with our
theory, assuming a van der Waals collisional interaction.

In summary, we have shown that the conventional
two-state LICET theory fails whenever detunings are
comparable to a frequency mismatch of an intermediate
virtual state (|A|=~w;p). Since most LICET experi-
ments have been carried out in this detuning range, it is
not surprising that the LICET profiles do not agree with
the conventional theory. We have provided a simple ex-
tension of the conventional theory which gives much
better agreement with experiment.
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