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I. Introduction

A laser-assisted collision (LAC) is one involving a combined collisional-

radiative interaction. A typical laser-aisted collision can be written

as a reaction of the form

A + 10 , - (1)

where II> and IF> are COmP04ite initial and final states, respectively, of

atoms A and A' which are undergoing the collision, and R is the frequency

of the laser field which produces the transition from initial to final

state. The eigenkets I> and IF> may be expressed in terms of the indi-

vidual atomic-state eigenkets as It> = ii>Ii'>, IF> -If>f'>, whnere un-

primed states refer to atom A and primed states refer to atom A'. Laser-

assisted collisions have been classified into two broad categories. First,

there are the so-called "optical collisions" [1] e Collisiouaily-Aided

Radiative Excitation (CARE) [2]}involving reactions of the form

Ai+Aj, + 1 -Ai+Aj, (2)

in which the state of atom A is uncnged. The transition from state i'

to f' in atom A' is accompanied b the absorption of a photon of frequency

Q which is assumed to be non-r nant with the i'-f' transition frequency.

Consequently-, the role of t collision is to provide or extract transla-

tional energy to compen e for the energy defect between the photon and

transition frequences. -Second, there are the so-called "radiative colli-

sions" [3] for Laser-Induced Collisional Excitation Transfer (LICET) [4]

or Radiatively-Aided Inelastic Collisions (RAIC) [2]) involving re-

actions of the form

Ai + A, + fl - Af + Af, (3)

in which both atoms change their internal state. Any difference between

the photon and (omposite) initial to final state transition frequency can
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again be compensated by a corresponding change in the translational energy

of the colliding atoms. Reviews of both CARE and LICET can be found in

the literature t5].

In a typical LAC experiment [6,7], atoms A and A' are contained in a cell

or in a heat pipe oven. Pulsed laser radiation is used both to produce

the initial state I> (in LICET experiments) and also to provide the pho-

tons of frequency S1 which drive the laser-assisted collision. The LAC

cross section is measured as a function of detuning

A - Q-wFl - S - (EF - E1)MI (4)

of the applied laser field frequency from the over-all transition frequency

W FI The LAC excitation profile which emerges from such studies, as shown

in Fig. 1, exhibits a marked asymmetry about ATc = 0 (Tc = collision

b

-5 0 5 10 15

Fig. 1. Typical laser-assisted collision profile [cross section o
(arbitrary units) as a function of dimensionless detuning
ATclshowing a long quasistatic tail for A > 0.

duration). The long tail occurring for positive AT in Fig. I is referred

to as the quasistatic wing, while that part of the profile which drops

off rapidly for negative ATc is referred to as the antistatic wing.

In general there has been both very good qualitative and very good quanti-

tative agreement between theoretical and experimental LAC profiles. The

line shape asymmetry is explained in terms of quasimolecular resonances

which occur for one sign of the detuning but not the other. The good

agreement between theory and experiment encouraged ieveral groups to ex-

amine LAC in more detail. As a result of this work 18,9],theoretical
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and experimental LAC cross sections were obtained for final magnetic-

state polarization as well as final-state total population. By studying

both the magnetic-state and total LAC cross sections, one can obtain

rather detailed information about the A-A' interatomic potential [8]. In

this paper, I will concentrate, for the most part, on a discussion of

total rather than magnetic-state LAC cross sections.

It would appear that there is not much left to discuss, given the relative-

ly good agreement between theory and experiment. While the agreement be-
tween theory and experiment 4 good, it is by no means perfect. In par-

ticular, there has been a persistent and systematic disagreement between

theoretical predictions and experimental observations for the fall-off

with AT of the quasistatic wing of LICET profiles. Theory [5] p-edictsc -

a 1A- 0 5 
fall-off for a dipole-dipole collisional interaction, while

experiment 110-121 often reveals a dependence which varies more like

IAL-
0 8
3. Even if one modifies the theory to allow for alternative colli-

sional interactions, there is no way to consistently account for this

discrepancy within the context of the conventional theory.

It is the purpose of this report to review a simple generalization of the

conventional theory [13,14] which leads to much better agreement between

theory and experiment in the quasistatic wing of the LICET profiles. The

results also can be applied to the analysis of a recent CARE experiment

carried out by Niemax [151. The basic theory of LAC using a quasimolecular

picture is presented in Sec. II. The LAC cross section in the quasistatic

wing is expressed in terms of a number of parameters which are evaluated

in Sec. III. The parameters are evaluated using a modified version of

the conventional theory which allows one to take into account the

contributions from a nearly resonant intermediate state. This is the three

state model referred to in the title of this paper. A comparison between

theory and experiment is given in Sec. IV.

For

II. Review of CARE and LICET I

Both the CARE and LICET reactions are represented schematically by Eq.(1), [

in which a single photon of frequency Q from a field having amplitude

is absorbed during a collision, taking the atoms A and A' from some

initial composite state I> = i,'> to a final compos'ite state IF> - Iff'>.

.Dist I k" ±

AMli
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To simplify the discussion somewhat, the following assumptions or approxi-

mations will be made throughout this paper; (1) LICET and CARE cross

sections are calculated to lowest non-vanishing order (E
2
) of the applied

radiation field. (2) The field frequency is nearly equal to the composite

frequency w.
1 

associated with the I + F transition, such that j(f-wFI) /

( FI)k<<I (resonance or rotating-wave approximation). (3) Any Doppler

dephasing or atomic decay can be neglected on the time scale of the dura-

tion of a collision, T C . (4) The laser pulse duration TL is much greater

than the collision duration, implying that a collision is totally com-

pleted during the laser pulse. (5) Only detunings in the line wings,

JAIT C > 1, are considered. Conditions (4) and (5), taken together, imply

that JAITL > I, which in turn, implies that there is negligible transir

Lion amplitude in the abseece of collisions. (6) The A-A' internuclear

separation R is calculated along a classical trajectory and can be con-

sidered as an explicit function of time. (7) In the absence of the radi-

ation field, collisions do not result in transitions out of initial state

JI> (there are no resonant A-A' collisions).

Both CARE and LICET can be treated by a similar formalism. The

Hamiltonian for the A-A' system interacting with a radiation field is

H- + H[r E(t) - .(Rt) (5)0( - ) + RlP - (P)

where H is the sum of atomic Hamiltonians for atoms A and A' (' represents0

the electronic coordinates of either atom A or A'), Hc[r,(t)] is the

A-A' collisional Hamiltonian, M -
. + P' is the sum of dipole operators

uand P' for atoms A and A', respectively, and E(t) is the applied field,

assumed to be of the form

t(t) - (t t + oCeft . (6)

It is convenient to expand the wave function as

I (t) > - E aE(t)IE(R)> (7)

where IE(R)> is a short-hand notation for IE[R(t))>. The quantity

(E(R)> is an instantaneous eigenket of (H. 4 H ); that is

[H° + Hc(R)]IE(P)> = E(R)IE(R)> . (8)

When Eq. (7) is substituted into the Schrddinge equation and Eq. (8) is

used, one finds that the a E(t) satisfy
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iti (t) - E(R)a() -

aLE' (R)>
-it,)j E(R) a (9)

It is noted that H c(R) - 0 as R- ; consequently, the eigenkets IE(R)>

reduce to the composite state eigenkets fE> = lee'> of H as R approaches

infinity.

By assumption, collisions do not produce any transitions in the composite

AA' system in the absence of any radiation. Consequently, the last term

in Eq. (9) can be dropped since it corresponds precisely to transitions

of this nature. The resulting equation for a E(t) ,

Eimaz(t) = E(R)az(t) - ,<E(R) lUTlE'(R)>.Et)aE,(t), (10)

can be given a simple interpretation in terms of a quasimolecular picture

of the reaction. The A-A' system can .be viewed as a quasimolecule with

energy eigenvalues E(R) and corresponding eigenkets IE(R)>. The field

induces transitions between quasimolecular states IE(R)' and IE'(R)> which

depends on the dipole matrix element <E(R)I IE'(R)>. The validity con-

dition for Eq. (10) is discussed in more detail in Sec. 111.

In the rotating-wave or resonance approximation, Eq. (10) yields the

tollowing set of time-evolution equations for the initial and final-state

amplitudes:

iTai . E (R)a -tX(R)eigt'aF (lla)

ia I  E (R)aF - l×T(R)e a I (11b)

The Rabi frequency XT[R(t)] appearing in Eq. (11) is defined by
+ +

() <F (R) I IT I(R)>-'* (2
XTR 2'

wnere the field amplitude E is evaluated at the time of the collision.0
It will prove useful to define

WFI(R) - !EF(R) - EI(R)jIM

= wPI + U FI(R) , (13)
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where w FI(R) is the transition frequency in the molecular basis, wFI is

the transition frequency in the separated-atom basis [FI (R) - WFI as

R -- ], and U FCR) = w FI(R) - w FI is the collision-induced modification

of Lhe separated-atom transition frequency. We are interested in the

solution of Eq. (11) for Ia F() I to lowest order in E , assuming the

atoms are in state I> = iii'> at t = - - (before the collision). This

solution is given by -

IaF()= jf XT[R(t)] e dtl, (14)

where

A(R) = - wFI (R)

- A - UFI (R) , (15)

and A is given by Eq.(4).

It can be seen from Eqs.(14) and (15) that the final-state amplitude
a F(=) can be viewed as a single-photon transition in the A-A' quasimole-

cule between levels separated in frequency by wFI(R). The coupling

strength is given by xT(R). The detailed structure of the CARE or LICET

cross section, defined as the value of IaF( )
1

2 averaged over the dis-

tribution of collision impact parameters and A-A' relative speeds, depends

on the functional form of XT(R) and'U FlR). In the line wings (CAJTc > 1),

however, the qualitative dependence of both the LICET and CARE cross

sections on A is similar. Suppose, for example, that the relative colli-

sional shift U F(R) increases monotonically with decreasing R (see Fig. 2).

FFM

F(R)

R)

Fig. 2. Quasimolecular energy levels for a laser-
assisted collision. The frequency shift

UFI(R) = w FIR) - WFI increases with

decreasing R. For the frequency shown,
the excitation occurs at an internuclear
separation R R

0
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Then, there are internuclear separations for which A(R) = 0 if A > 0, but

none if A < 0. Another way of stating this result is that the applied

field can be resonant with the A-A' quasimolecule for A > 0 but not for

A < 0, if UFI(R) > 0. As a consequence of this asymmetry, the CARE and

LICET cross sections exhibit a marked asymmetry for detunings JAlTC > 1.

For the illustrative example given above, the quasistatic wing (ATC> 1)

falls off slowly with increasing JAIT c owing to the A(R) = 0 resonances,

while the antistatic wing (ATC < -1) falls off rapidly with increasing

IAlic owing to the tack of such resonances. A typical LAC profile is

shown in Fig. 1, exhibiting a power law fall-off with Arc for Arc > 1

and an exponential fall-off with ATc for Atc < -1. if UFI(R) decreases

monotonically with decreasing R, the quasistatic wing occurs for

ATc < -1 and the antistatic wing for Atc > 1.1

From this point onward, I should like to focus the discussion on the quasi-

static wing of the LAC pro' ales. In the quasistatic wing, it is possible

to obtain an approxlmate expression for the LAC cross section using the

method of stationary phase. If AT c>> 1, the major contribution to the

integral (14) comes from those values of t = t (or internuclear separa-o

tions R - R ) for which A(Ro) = 0 or, equivalently, for which 0 = wFI(Ro)

For the energy levels shown in Fig. 2, there are two times, symmetric

about t = 0, for which - w FIR), provided that A > 0 and s < wFI(bo),

where b is the A-A' internuclear separation at t = 0. Neglecting any in-

terference effects between the contributions from the two crossing points,

it is possible to integrate Eq. (3) by the method of stationary phase

(assuming Arc >> I) take its square modulus, and average over impact para-

meter. In that manner, using Eq. (15) and assuming straight-line colli-

sion trajectories, one obtains the (speed-dependent) LAC cross section

81XT(Ro)I
2 
r
2R2

vIdUFI(Ro)/dRoi

where v is the A-A' relative speed, and R is defined by Q = wFI(R.) or,

equivalently, by A = UFI(Ro).

Equation (16) could have been predicted using dimensional analysis. The

cross section depends on the square of the radius of excitation R
2 

and

the square of the product of coupling strength X T(Ro) times the time spent

in the crossing region. The time spent in the crossing region varies as
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IdUFi(Ro)/dt 0 - = [vIdUF(Ro)/dRo1]-h. It remains to specify XT(R) and

W FT(R).

III. Evaluation of the Cross Section

In order to calculate xT(R) and UFI(R), one must find the quasimolecular

eigenkets and eigenenergies IE(R)> and E(R), respectively. To facilitate

this calculation, it is useful to recall Eq.( 9), which gives the "exact"

time development in the quasimolecular basis. The transition from Eq. (9)

to (10) was based on the assumption that the quasimolecular states are

not coupled in the absence of any radiation fields - in other words, they

are adiabatic states. For the problem under discussion, the adiabaticity

requirement reduces to

IWIE(R)rcI >> 1, E 0 1

IWFE(R)Tct >> 1, E # F ; (17)

where E(R) is the eigenenergy of an arbitrary level in the quaslimolecular

basis. It is assumed that the adiabaticity conditions (17) are always

satisfied.

The adiabatic eigenkets and eigenenergles are solutions of Eq.(8); they

are simply the eigenkets and eigenergies of the Hamiltonian [Ho+Hc( ,R)].
Within the context of the model, the quantities E(R) and JE(R)> can be

calculated using perturbation theory in the 6epa med-atom basis. The

manner in which perturbation theory is applied depends critically on the

coupling matrix elements VIE(R) - (Hc)IE/'i or VFE(R) = (Rc)FEM. In con-

ventional "two-state" theories of LAC, it is implicitly assumed that

IVaE(R)j << IW El (a = I,F). In the modified "three-state" theory of LAC

to be discussed below, it is assumed that there is one state D for which

the inequality IVaD(R) < 1wQD I (a = I or F) fails to hold. I consider

each case separately.

A. Conventional Two-State Theory

The condition VE(R)I <1 IaEI (c. I,F) is sufficient for carrying out

non-degenerate perturbation theory on the Hamiltonian H + H . Defining
o c

VEE;(R) "LC (R)] EE/h, (18)
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one can easily obtain

JE(R)>= IE
> 
+ I

E'E "EE' (19)

and

E(R) = E + U E(R) , (20a)

with
IVEE'(R)(20b)

E E"E WEE'

The collision-induced frequency shift UFI (R) is given by

UFI(R) = UF(R) - U I(R) (21)

which, combined with (20b), yields

IFI(R E FE_ 2~~ (22)

For a dipole-dipole collisional interaction, VFE(R) [or VIE(R)J varies as

R
- 3 

and U (R) vaties as R
- 6

, typical of a van der Waals interaction.
Fl

The value of XT(R) depends on the specific excitation scheme. The atomic

energy-level diagram appropriate to the CARE reaction,

Ai + A', + l - A, + A ,

Is shown in Fig. 3(a). The initial state is II> = iI'>, the final state

: f " 
fo

A A' A A

(a) ,(b)
Fig. 3. Energy level diagrams for laser-assisted collisions:

(a) CARE reaction Ai + A', + TW A + Ail

(b) LICET reaction Ai + Ai. +-fl Af + A;,.
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is IF, -
lif '> ,. 

and atomic states ji'> and ;f'> have opposite parity. In

this limit, it follows from Eqs. (12) and (19) that, to lowest order in

the collisional interaction, the Rabi frequency is independent of R. Ex-

plicitly, one finds

XT < <FI'TII>.0/2h

W E*/ . (23)

For a collisional shift operator UFI(R) which varies as R
-n 

(nz3), the CARE

-(I + 3)
cross section, as given by Eq. (16), falls off as I&1 n in the quasi-

static wing.

The situation changes if one considers the LICET reactiorr

A ,l+10-Af+ Af,I
whose energy level diagram is shown in Fig. 3(b). Since both atoms change

their internal states, it follows immediately that

<Fj:T11> - <ff'! + "I"' 0 P (20

Thus, in contrast to CARE, the Rabi frequency XT(R) given by Eqs. (12)

and (19) vanishes asymptotically as R - . The combined radiative-colli-

sional coupling XT(R), obtained from Eqs.(12) and (19), is

F + FE E VFEXEI + FEXEI 1€ X~T(R) = L IE + + -- +

E L E IE FE E (25)

where

"EE' = EE' Eo/z; (26a)

XEE' 0 6o/2 (2ob)

For a Rabi frequency xT(R) which varies as R
-m 

and a collisional shift

frequency UFI(R) which varies as Rn (m, n a 3), the LICET cross section,

-(I + M)
as given by Eq. (16), falls off as 1,l in the quaslstatic

wing.

The results of this sub-sc rion have been categorized as those of a "two-
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state" thi.orv. The label "two-state" refers to the separated-atom basis.

Ac lJag as IV E(R) <,l, E I(a= I,F), all separated-atom states other than

it> and IF, are negligibly populated dming and following the collision.

In other words, the problem can be reduced to an effective two-state

problem in the separated-atom basis. It should be noted that, in the

quasimolecular basis, the problem is a&ay5 an effective two-level prob-

lem involving states !I(R), and IF(R)> provided the adiabaticity con-

ditions (17) are valid.

B. Modified Three-State Theory

I now consider the energy level diagrams shown in Figs. 4 and 5. re-

spectively. In both Fig. 4 (CARE reaction) and Fig. 5 (LICET reaction).

there is a single intermediate state ID, that is nearly-resonant with

either the initial or final state. For example, in Fig. 4, state

!D> idi'- is nearly resonant with state IF- = Jif's while, in Fig. 5(b),

state iDl = fd'- is nearly resonant with state 1t = Iii',.

The term "nearly-resonant" must be made more precise. Since we are

assuming adiabaticitv [inequalities (17)1, the detunings wI and wov must

be large enough to satisfy

c .. DFcI -. (27)

On the other hand, it is assumed that "DI or 'DF is sufficiently small to

insure that V - ', D 
i 

(i = I or F). In the quasistatic wing, the

internuclear separation at which the transition takes place if determined

hV the .ondition = (R . If we set V(R) in the

D() = U F1 (R o), tnen,n

quasistatic wing, the "nearly-resonant" condition becomes

a= I or F. (28)

In other words, for a range of detunings

, . 1 D . i I or F, (29)

the collision is both adiabatic and "nearly-resonant".

The collision is adiabatic in the sense that the quasimolecular levels

are not coupled in the absence of the radiation field. Since the quasi-

molecular states go over into the separated-ato states as R -- =. the
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_____ f "

, i

A A'

Fig. 4. Excitation scheme for the Care reaction
A. - A, +-%l Af + A;, , in which state

ID>= Idi'> is nearly resonant with final

state IF> = Ain c s

" (a) (bi
d'

d i' f . it

A! A A

A A' A A'
(c) (d)

Fig. 5. Various LICET excitation srhemts for the reaction

A ; , + M -Af + A ,. The curved arrows represent

the collisional coupling and the straight arrows the
radiative coupling. The reactions proceed via an inter-
mediate state which is nearly resonant with either the
initial or final state.

.. . . .. {~i ilH
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adiabaticity condition also Implies that, in the absence of the radiation

field, the separated-atom states are unchanged AObti'ng a collision.

However, inequality (28) insures that IVaD(R)I > IwaDI (from this point

onward, it is assumed that a = I or F) d'tbi9  the collision. This im-

plies that the coupling matrix element connecting states Ia> and ID> is

comparable to the frequency separation of those states. Consequently, it

is no longer permissible to use non-degenerate perturbation theory to

calculate Ia(R)> ard a(R). Moreover. separated-atom state ID> acquires a

non-negligible population duting the collision (a population which

vanishes asymptotically as R-). The fact that it is no longer a good

approximation to neglect state ID> population during the collision is

the reason why the modified theory is referred to as a "three-state"

theory.

It is now assumed that, owing to the fact that state ID> is nearly re-

sonant with state It> or (F>. all intermediate states other than state

ID> contribute neglibibly to the CARE and LICET reactions. For the ex-

periments to be discussed in Sec. IV, this approximation is sufficiently

accurate to illustrate the relevant physical features of the LAC cross

sections. The quasimolecular energy level diagrams corresponding to

these reactions are shown in Fig. 6. Figure 6(a) corresponds to the LICET

QUASI-MOLECULAR ENERGY LEVELS

' R) F F(R) F
F

|D

n D (R)

LL D(R) W
ICR D.

1  I (R)

Ro  R Ro  R

(a) (b)

Fig. 6. Quasimolecular energy levels as a function of A-A' inter-
nuclear separation R. The asymptotic values I, D, and F
are the energies of the composite atomic states. Fig. 6(a)
corresponds to the LICET excitation schemes of Figs. 5(a)
and 5(b). while Fig. 6(b) corresponds to the LICET excitation
schemes of Figs. 5(c) and 5(d) and to the CARE excitation
scheme of Fig. 4. For the frequency shown, the I(R) , F(R)
transition is resonant at R = R

0
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excitation schemes of Figs. 5(a) and 5(b) while Fig. 6(b) corresponds to

the LICET excitation schemes of Figs. 5(c) and 5(d) and to the CARE ex-

citation scheme of Fig. 4. The level repulsion of the nearly-degenerate

levels is seen in these diagrams.

The collision-induced level shift U F(R) = [wFI(R) - wFi ] and coupling

strength XT(R) must now be calculated using non-degenerate perturbation

theory in the a-D subspace, where

a = I Figs. 5(a), (b) (30a)

a = F Figs. 4, 5(c), 5(d) . (30b)

To simplify the notation. I will carry out the calculatiun for the level

scheme of Fig. 6(a); the level scheme of Fig. 6(b) can be treated in a

completely analogous fashion. Since the only non-negligible coupling is

between states II> and ID>, it follows immediately that

IF(R)> = IF> ; U F(R) = 0. (31)

If the energy of state IT> is set equal to zero, the Hamiltonian (in fre-

quency units) in the I-D subspace that must be diagonalized is

H= ~ (32)
G DF

where V(R) = V ID(R) V DI(R). The eigenfrequencies and eigenkets of the

Hamiltonian (32) are given by:

-I
(R ) 

=[DI - wDI (R)]/2 (33a)

D(R) =[wDi + wDI(R))/2 (33b)

and

II(R)> = cos[M(R)111> + sin[0(R)](D> (34a)

[D(R)> = -sin[O(R)]II> + cosfn(R)IID> (34b)

where

sin[O(R)1 1 DI /2) (35)

and

DI(R) - i2 + 4[V(R)l 1i (36)

The transition occurs at internuclear separations given by S = wFI(Ro)
or, equivalently, by

, t.,d rma hmmn a mlh-i n~ 
- m m a
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A U FI(RO) w Iw(R,) (37)

Since R 0is defined by Eq. (37) and since dIFI (R)/dR = dw I(R 0)/dR. can

be evaluated by using Eqs. (33a), (36). and (37), the only remaining quan-

tity to specify is X T(Ro)0

In CARE, states II> and IF> are directly coupled by the field. in LICET,

states 1I> and IF> are not directly coupled by the fields; rather it is

states ID> and JF> which are coupled by the field (see Fig. 5). it

follows from Eqs. (12), (31) and (34) that

XT (R) - X T(FI)cos[GCR)1 CARE (38a)

XT (R) = X T FD)sin[ 3(R)l LICET (38b)

X1 (E P EIiVTI'>./2i (39)

Combining Eqs. (16) and (33) - (39), one obtains the LAC cross sections

41X (FI)I 2 i2R2(W + A)F o DI ; CARE; (40a)

41
X (FD)1 2 

7r
2
R2 

6
o = vV(R 0)dV(R,)IdR ; LICET ,(40b)

where

jV(R )1 - [((. + A)] 1  
(41)

For a dipole-dipole collisional interaction,

V(R) - - C/it
3
, C 0 (42)

Eqs. (40) reduce to

4 TTIXT (FI)I CI

v A (A+. DO

4 = 3 3 / 2 C LICET .(43b)

To arrive at the corresponding result for the level scheme of Fig. 6(b),

one simply replaces w DI by w FD and X T(FD)) by X T(DI) in these equations.

If W DI> , as is commonly assumed In conventional "two-state" theories
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of CARE and LICET, then a 
3 / 2 

for CARE and o A-/2 for LICET.

However, if A = wDI' the quasistatic wing falls off more steeply than A-3/2

(CARE) or A-A (LICET) and the conventional two-state CARE or LICET theories

are no longer valid. Since A wDI in all high resolution LICET experiments

reported to date, it is not surprising that the conventional theory fails

to satisfactorily explain the data. On the other hand, Eq. (43b), which

represents a simple extension of the theory to account for the fact that

A and wDI may be of comparable magnitude, provides very good quantitative

agreement with experiment.

IV. Comparison with Experiment

I now wish to compare Eqs. (43) with some of the available experimental data.

Most CARE experiments are carried out in the absence of a nearly-resonant

intermediate state. There is, however, at least one CARE experiment that

should be approximately described by Eq. (
4
3a). Niemax [15] studied CARE

on the A = 459.5nm line of Eu perturbed by Sr. This reaction corresponds

to Fig. 4 with wFD 63 cm-1; a detuning range 10 cm
-1 

, A < 200 cm
-1 

was re-

ported. The quasistatic wing exhibited a 
-  

fall-off for A < 50 cm
-

and a A
- 2 

fall-off for A > 50 cm-
1
, in relatively good agreement with Eq.

(43a) (with w., replaced by WFD), which predicts a similar behaviour, with

a crossover from A-"
5 
to A

- 
behaviour at A - 63 cm-

1
.

A comparison between theory and experiment is presented in Fig. 7 for

Eu-Sr [101, Na-Ca [111, and Sr-Li [12] LICET reactions. The Eu-Sr reaction

corresponds to the level scheme of Fig. 5(b) with the frequency mismatch

WDI equal to -63 cm-
1
; a detuning range -55 cm

i 
c A < -10 cm

-1 
was re-

ported [10]. The comparison between theory [Eq.(43b)] and experiment

[(-A)-0.
85 

dependence] is shown in Fig. 7(a). This experiment was re-

cently repeated by Matera et al. [16], again showing good agreement with

Eq. (43b). (b) The Na-Ca reaction corresponds to the level scheme of Fig.5(d)

with WFD ' 94 cm-
1
; a detuning range A < 60 cm

-
1 was reported [11 . As

shown in Fig. 7(b), agreement between theory [Eq. (43b) with wD1 replaced

by wFDI and experiment [A-
0
.
8 
dependence is very good. (c) The Sr.-Li

reaction corresponds to the level scheme of 5(d) with wFD = 21 cm-; a de-

tuning range A , 50 cm
- l 

was reported [12). A comparison between theory

and experiment is given in Fig. 7(c), where the varying slope of log(o)

vs log (A) predicted by Eq. (43b) is clearly seen .n the data. [Equation

.. ....A .. .. .b- -,.= -lh almi ni~ a l i i.
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(43b) is not strictly valid for A 5 cm
-1, 

since the quasistaric assump-

tion (AT e- 1) used in its derivation fails in this detuning range forc

the Sr-Li reaction.]

I0-1 1to I I I I

-- theory

expt.~(C)

5-

:"(b) ... 4.

0.5"
I I I I I

10 20 50
(cm-')

Fig. 7. LICET cross section o (arbitrary units) as a function of
detuning A(cm

-1
) for energy defects (a) w = 63 cm

-1 
(Eu-Sr),

(b) wFD = 94 cm
-
1 (Na-Ca) and (c) wFD = 21 cm

-1 
(Sr-Li). The

point at A = 10 cm
-1 

is chosen to normalize the theoretical
and experimental curves.

V. Discussion

It has been shown that the conventional "two-state" theory of laser-

assisted collisions (LAC) is no longer valid for detunings AjI which are
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comparable with the frequency separatio' between the initial state II>

(or final state IF> ) and some intermediate stare ID> in the CARE and/or

LICET reactions. In such cases a "three-state" theory of LAC is needed,

in which one allows for state ID, to have a non-negligible population

during the collision. Since most LICET experiments have been carried

out for a detuning range in which the "three-state" theory is needed, it

is not surprising that the conventional two-state theory failed to

correctly describe the detuning dependence in the quasistatic wing. The

modified theory presented in this review gives very good overall agree-

ment with experiment. Although many approximations were made in arriving

at the LAC cross sections, computer solutions [14] of the appropriate

equations indicate that the approximations are satisfactory for the ex-

perimental parameters of interest.

The three-state theory can be extended in a number of ways. (1) It is

possible to formulate a strong-field version of the theory. This is

particularly important since the strong-field data of Dorsch Lt-t. [12]

does not agree with predictions of the conventional theory. The experi-

mental profiles do not become symmetric and do not narrow with increasing

field strength, as predicted by the conventional theory. Preliminary

calculations [17] using the three-state theory do not appear to resolve

this discrepancy. (2) The theory can be extended to include effects aris-

ing from the magnetic degeneracy of the levels. The coupling parameter

V(R) = [Hc(R)]ID is replaced by a matrix which couples the various mag-

netic sublevels of states II> and ID>. (3) Finally, one can remove the

adiabaticity requirement and allow population to be transferred to the

nearly-resonant intermediate state ID, following a collision. In this

limit, the quasimolecular states are not necessarily the most convenient

basis states since they are coupled for at least some range of inter-

nuclear separations.
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