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THREE-STATE MODEL FOR LASER-ASSISTED COLLISIONS
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I. Iatroduction

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

AD-A213 106

radiative interaction. A typical laser~assisted collision can be written

as a reaction of the form

A1+nsi,4AF R : e )

where |I> and |[F> are composite 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 |F> may be expressed in terms of the indi-
vidual atomic-state eigenkets as |I> = [i>|1'>, |F> = |£>}£'>, where 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 "o;tical collisions" [1] for Collisfonally-Aided
Radiative Excitation (CARE) [2]}involving reactions of the form

T L]
i.+1m+Ai+Af. s )

in which the state of atom A is uncllanged. The transition from state {'

A1 + A
to f' in atom A' 1s accompanied by the absorption of a photon of frequency
? which is assumed to be non-regbnant with the i'-f' transition frequency.
Consequently, the role of t collision is to provide or extract transla-
tional energy to compengafe for the energy defect between the photon and
transition frequencies. Second, there are the so-called “"radiative colli-
sions"’[3) {or Laser-Induced Collisional Excitation Transfer (LICET) (4]
or Radiatively-Aided Inelastic Collisions (RAIC) [2)}.involving re-

actions of the form

'
£ + Af' ,

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

A1+A1,+‘hﬂ*A (3)

the photon and Composite) 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 [5],

In a typical LAC experiment [6,7), atoms & 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 @ which drive the laser-assisted collision. The LAC

cross section is measured as a function of detuning
= Q- = -~ - 4
b= Qmuwp, = @~ (B, - E)M (%)

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

wer* The LAC excitation profile which emerges from such studies, as shown

in Fig. 1, exhibits a marked asymmetry about ATC =0 (rc = collision

T T L L

1 A ) -

-5 0 5 10 15
AT,
Fig. 1. Typical laser-assisted collision profile [cross section o

(arbitrary units) as a function of dimensionless detuning
Atclshowing a long quasistatic tail for & > 0.

duration). The long tail occurring for positive ATc in Fig. 1 is referred
to as the quasistatic wing, while that part of the profile which drops
off rapidly for negative ArC 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 dectuning but not the other. The good
agreement between theory and experiment encouraged several groups to ex-

amine LAC In more detail. As a result of this work [8,9], 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 detatled information about the A-A' interatomic potential [8]. 1In
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-
1y 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 obgervations for the fall-off

with Arc qf the quasistatic wing of LICET profiles. Theory [5] piedicts

a |a|~%+5 fall-off for a dipole-dipole collisjonal interaction, while
experiment [10-12] often reveals a dependence which varies more like
lAl'o'a. 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 [15]. 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. IIT. The parameters are evaluated using a modified versionm of

the conventional theory which allows one to take into account the
contributions from a nearly resonaat 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. —

II. Review of CARE and LICET

Both the CARE and LICET reactions are represented schematically by Eq.(1),
in which a single photon of frequency § from a field having amplitude EO
is absorbed during a collision, taking the atoms A and A' from some

initial composite state |I> = Iii'> to a final composlte state |F> = lff'>,
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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 (Eg) of the applied
radiation field. (2) The field frequency is nearly equal to the composite

frequency w,. associated with the I + F transition, such that ](Q-NFI) /

(Q+mFI)|<<1F§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, rc. (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,
lAIrc > 1, are considered. Conditions (4) and (5), taken together, imply
that ]AIIL >> 1, which in turn, implies that there is negligible transir
tion amplitude in the absence 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 initijial state

|1> (there are no resonant A-A' collisions).

Both CARE and LICET can be treated by a similar formalism. The
Hamiltonian for the A-A' systew interacting with a radiation field is
-+
B i @ + 1 I5LRO] - LER, )

where Ho is the sum of atomic Hamiltonians for atom: A and A' (; represents
the electronic coordinates of either atom A or A'), Hc[;,i(t)] is thne

A-A' collisional Hamiltonian, KT = ; + K‘ is the suw of dipole operators

: and ;' for atoms A and A', respectively, and E(t) is the applied field,

assumed to be of the form

B(e) = u(f o710 4 E100). )
It is convenient to expand the wave function as

lv(e) > = I ag(o)|E®)> %)

where |E(R)> 1s a short-hand notation for IE[R(t)]>. The quantity

[E(R)> is an instantaneous eigenket of (B, +H); that is
o) +H (R)IER)> = E®)|ER)> . (8

When Eq. (7) 1s substituted into the Schr&édinge- vquation and Eq. (8) is
used, one finds that the aE(t) satisfy
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tha (r) = E®ap(e) - E. <E(R) [ ®)>E(E)ag, (2)

1 .
-any < EAER2 o o)
E4E ’
It 1s noted that Hc(R) ~ 0 as R ~= ; consequently, the eigenkets [E(R)>
reduce to the composite state eigenkets |E> = |ee'> of Ho 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 aE(t),

Hag(e) = E®ag(e) - | < B(R) |3, B (> ED)ag, (0), 10)

can be given a simple interpretation in terms of a quasimolecular picture
The A~A' system can .be viewed as a quasimolecule with
The field

of the reaction.
energy eigenvalues E(R) and corresponding eigenkets [E(R)>.
induces transitions between quasimolecular states ]E(R)> and lE'(R)> which
depends on the dipole matrix element <E(R)|E&[E’(R)>. The validity con-
dition for Eq. (10) is discussed in more detail in Sec. III.

In the rotating-~wave or resonance approximation, Eq. (10) yields the
following set of time-evolution equations for the initial and final-state

amplitudes:
. * iQr
ihaI EI(R)aI - ﬂxT(R)e ap (1lla)
T _ <1Qe ,
tha; ~ Eg(R)a, - tx (Re™ a . (11b)
The Rabi frequency XT[R(t)] appearing in Eq. (11) is defined by
>
<F(R) [ig| LRI>-E
(12)

xp(R) = P ;
>
wnere the field amplitude Eo is evaluated at the time of the collision.
It will prove useful to define
wpg(R) = [EL(R) - E (R)]/m

= wpy ¥ U (R (13)
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where mFI(R) is the transition frequency in the molecular basis, Wpr is

the transition frequency in the separated-atom basis [w_ (R) ~ wpy a8

FI(
R ~®], and UFl(R) = wFI(R) - wg; is the collision-induced modification
of the separated-atom transition frequency. We are interested in the
solution of Eq. (11) for ]aF(W)l to lowest order in Eo' assuming the
atoms are in state |I> = |ii'> at t = ~ » (before the collision). This

solution is given by t
- -/ S5 AR(ET) ]de!
lagt) | = [/, xp[RC(E)] e e}, (14)

where
A(R)Y = @ - mFI(R)
= A - UFI(R) R Q5s)

and A is given by Eq. (4).

It can be seen from Eqs.(14) and (15) that the final-state amplitude

aF(w) can be viewed as a single~photon transition in the A-A' quasimole-
cule between levels separated in frequency by uFI(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(m)I2 averaged over the dis-
tribution of collision impact parameters and A-A' relative speeds, depends
pp(R)- In the line wings ([A[tc > 1),
however, the qualitative dependence of both the LICET and CARE cross

on the functional form of xT(R) and'U

sections on 4 is similar. Suppose, for example, that the relative colli-
sional shift UFI(R) increases monotonically with decreasing R (see Fig. 2).

F(R)
é F
u .Yy
w !
1(R)
4 — R

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

UFI(R) = wFI(R) - W increases with

decreasing R. For the frequency shown,
the excitation occurs at an internuclear
separatioa R = Ro.
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Then, there are internuclear separations for which A(R) = 0 if &4 > O, 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 < Q, 1f UFI(R) > 0. As a consequence of this asymmetry, the CARE and
LICET cross sections exhibit a marked asymmetry for detunings lAITC > 1.
For the illustrative example given above, the quasistatic wing (Arc> 1)
falls off slowly with increasing 'A'Tc owing to the A(R) = O resonances,
while the antistatic wing (ArC < =1) falls off rapidly with increasing
|A|rc owing to the £ack of such resonances. A typical LAC profile is
shown in Fig. 1, exhibiting a power law fall-off with Arc for ot > 1
and an exponential fall-off with Atc for Arc < =1, [1f UFI(R) decreases
monotonically with decreasing R, the quasistatic wing occurs for

Arc < -1 and the antistatic wing for At > 1.]

From this point onward, I should like to focus the discussion on the quasi-
static wing of the LAC pro::iles. In the quasistatic wing, it is possible
to obtain an approximate expression for the LAC cross section using the
method of stationary phase. If ATC>> 1, the major contribution to the
integral (14) comes from those values of t = to (or internuclear separa-
tions R = Ro) for which A(Ro) = 0 or, equivalently, for which Q = mFI(RO).
For the energy levels shown in Fig. 2, there are two times, symmetric
about t = 0, for which Q = wFI(R), provided that A > 0 and ¢ < wFI(bo),
where bo 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
(assuning ATC >> 1) 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

. sle(Ro)IZ n2ng
where v is the A-A' relative speed, and ko is defined by Q@ = mFI(Ro) or,
equivalently, by & = UFI(RQ)'

Equation (16) could have been predicted using dimensional analysis. The
cross section depends on the square of the radius of excitation Rg and
the square of the product of coupling strength XT(Ro) times the time spent

in the crossing region. The time spent in the crossing region varies as




720

\dUFI(Ro)/dtDl-% = [v|dUFI(R°)/dR°[]-¥. It remains to specify xT(R) and

wpr (R).

III. Evaluation of the Cross Section

In order to calculate XT(R) and UFI(R)' one must find the quasimolecular

eigenkets and eigenenergies |E(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)TCl > 1, E$ 1 ;
|mFE(R)IC' >> 1, E#F -an

where E(R) is the eigenenergy of an arbitrary level in the quasimolecular
basis. It is assumed that the adiabaticity conditions (17) are always
satisfied.

The adiabatic eigenkets and eigenenergies are sclutions of Eq.(8); they
are simply the eigenkets and eigenergies of the Hamiltonian [H0+Hc(;,R)].
Within the context of the model, the quantities E(R) and |E(R)> can be
calculated using perturbation theory in the separated-atom basis. The
manner in which perturbation theory is applied depends critically on the
coupling matrix elements VIE(R) = (HC)IEfﬁ or VFE(R) = (HC)FE/ﬁ. In con-
vertional "two-state" theories of LAC, it is implicitly assumed that
IVGE(R)] << |muE| (a = I,F). In the modified "three-state" theory of LAC
to be discuspged below, it is assumed that there is one state D for which
the inequality |VaD(R)| << lw“Dl (a = I or F) fails to hold. I consider
each case separately,

A. Conventional Two-State Theory

The condition lvaE(R)l << 'maEI (o = I,F) is sufficient for carrying out
non-degenerate perturbation theory on the Hamiltonian Ho + Hc. Defining

VBE'(R) - [Hé(R)]BE./h. (18)
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one can easily obtain

[E(R)> = |E> + ] —E—=—]IE'>,
E'#g “EE' (19)
and
E(R) = E + UE(R) . (20a)
with
(Voo (R)[2
Uy = T —EE i (20b)
E'4e  “EB’
The collision-induced frequency shift UFI(R) is given by
UFI(R) = UF(R) - UI(R) (21)
which, combined with (20b), yields
fy yi2 i |2
U = ) #_fE(R" _ Vig(R) 22)
E “FE “1€

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

R™? and UFI(R) vaties as R 6, typical of a van der Waals interaction.

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

energy-level diagram appropriate to the CARE reaction,

Ai+Ai,+‘ﬁQ+Ai+A' y

f
15 shown in Fig. 3(a). The initial state is |I> = |ii'>, the final state
’
----- _f
hQ
4
..Ar._..f i
hQ
. ., .
[ i f i’

A A A A
(@ - (b)

Fig. 3. Energy level diagrams for laser-assisted collisions:

(a) CARE reaction AL+ Ai. + f0 » A+ AE.

(b) LICET reaction A1 + Ai. + fQ Af + A%..
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is |F> = |if'>, and atomic states |i'> 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
he ¥
XT = <FIUT'I>-EO/2'h
(23)

= <f'lﬁ'\f>-Eo/2h .

For a collisional shift operator UFI(R) which varies as R—n (n23), the CARE
1+

™ in the quasi-

cross section, as given by Eq. (16), falls off as |a|

static wing.

The situation changes if one considers the LICET reactiow
A1+A'i.+ﬁa+Af+A‘, ,

whose energy level diagram is shown in Fig. 3(b). Since both atoms change

their internal states, it follows immediately that
<Flugpl1> = <€£'0 + 0']i1'> = 0 . (24)
Thus, in contrast to CARE, the Rabi frequency XT(R) given by Egs. (12)

and (19) vanishes asymptotically as R ~ =, The combined radiative-colli-

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

XV XLV Vo X Voo
T [ FE EI . ft El + FE"EL ¥ FF El

KT(R) =) " ~ " »
E 1E 1E FE FE (25)
where
xggr = <ElB|E-E /7R (26a)
Xppt ” <513'!E'>'E°/2“ (26b)

For a Rabi frequency XT(R) which varies as R ™ and a collisional shift

frequency UFI(R) which varies as R—n (m, n 2 3), the LICET cross section,
SO

as given by Eq. (16), falls off as |4 in the guasistatic

wing.

The results of this sub~cc-rion have been categorized as those of a "two-
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state' thzory. The label "two-state" refers to the separated-atom basis.
A= l(ag as [VQE(R)|<‘|muEl(u= 1,F), all separated-atom states other than
{1> and |F> are neglipibly populated during and following the collision.
In other words, the problem can be reduced o an effective two-state
problem in the separated-atom basis. It should be noted that, in the
quasimolecular basis, the problem is afways an effective two-level prob-
lem involving states !T(R)> and |F(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-
spectivelv., In both Fig. 4 (CARE reaction) and Fig. 5 (LICET reaction),
there is a single intermediate state |D> that is nearly-resonant with
either the initial or final state. For example, in Fig. 4, state

D> = 1di'* is nearlv resonant with state [F> = [if'> while, fn Fig. 5(b),

state [D~ = [fd’~ 1s nearly resonant with state |I> = [i1'>,

The term 'nearly-resonant' must be made more precise. Since we are
assuming adiabaticity [inequalities (17)], the detunings “n1 and wpp must
be large encugh to satisfy

| , . .
T H H w T . 7
wppict 7t L s duppred 2ol @7

On the other hand, it is assumed that “ng OF “pp is sufficiently small to

insure that jVﬁD(R)\ N !w\D] (xr =1 or F). In the quasistatic wing, the

internuclear separation at which the transition takes place if determined
by Lhe condition & = UFI(RD)' 1f we set VD(R) = UFl(Ro)' tnen, in the
quasistatic wing, the '"nearly-resonant” condition becomes

:qul < lal s a =1 0rF (28)

In other words, for a range of detunings

by o T = ;
ab' C P e LortT, (29

EYER W

the collision is both adiabatic and '"nearly-resonant".
The c¢ollision 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-atom states as R -- =, the
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Fig. 4.

A

i

Excitation scheme for the Care reaction

Al. + A', 410 > Af + A%. , in which state

ID> = |{di'> is nearly resonant with final

state [F> = [iff>,

Fig. 5.

5 L

A

A‘
(a)

(c)

Various LICET excitation

A, i AT, +MQ *Af + AL,

i it
the collisional coupling
radiative coupling. The

1)
o -

(d)

schemes for the reaction
The curved arrows represent

and the straight arrows the
reactions proceed via an inter-

mediate state which is nearly resonant with either the

initial or final state.
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adiabaticity condition also implies that, in the absence of the radiation
field, the separated-atom states are unchanged f0ffowing a collision.
However, inequality (28) insures that 'vaD(R)l > |waD| (from this point
onward, it is assumed that a = I or F) duting the collision. This im-
plies that the coupling matrix element connecting states |a> and [D> is
comparable to the frequency separation of those states. Consequently, it
is no longer permissible to use non-degenerate perturbation theory to

r calculate |a(R)> amd a(R). Moreover. separated-atom state |D> 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 fD> 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 |D> is nearly re-

sonant with state [I> or |F>, all intermediate states other than state

) |D> 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 tlhie 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
5| ha % om0
x x
W D(R) &l ha
& ° g L(R)
TR w , Lo
Ro — R R R

o
(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
gcheme of Fig. 4. For the frequency shown, the I(R) + F(R)
transition is resonant at R = Ro.
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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 UFI(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 =1 ; Figs. 5(a), (b) (30a)
a =F ; Figs. 4, 5(c), 5(d) . (30b)

To simplify the notation, I will carry out the calculatiur 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 |I> and |D>, it follows immediately that
[FRY> = |F> UF(R) = 0. (31)
If the energy of state |I> is set equal to zero, the Hamiltonian (in fre-
quency units) in the I-D subspace that must be diagonalized is
0o Vv
H = ( )
, (32)
v NDF

® = ¥y
Hamiltonian (32) are given by:

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

wi(R) = lupr - wp (R)1/2 (33a)

wp(R) = [ug, + wp (R)]/2 (33b)
and

[T(R)> = cos[#(R)]|I> + sinlA(R)]|D> (34a)

[D(R)> = -sin{A8(R)]|I> + cos{n(R)]|D> (34b)
where

sin[0(R)] =j§ [} - :S?%ﬁ)] Ve (15)
and

T e O (36)
The transition occurs at internuclear separations given by Q = mFI(Ro)

or, equivalently, by
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A= UFI(RO) = - wI(RO) (37)

Since R0 is defined by Eq. (37) and since dUFI(Ro)/dRo = - dmI(Ro)/dRo can
be evaluated by using Eqs. (33a), (36), and (37), the only remaining quan-
tity to specify is xT(Ro).

In CARE, states |I> and |F> are directly coupled by the field. In LICET,
states [I> and fF> are not directly coupled by the fields; rather it is
states |D> and |F> which are coupled by the field (see Fig. 5). It
follows from Eqs. (12), (31) and (34) that

Xp(R) = xp(FD)cos[6(R)] ; CARE (38a)
xp(R) = x;(FD)sin(8(R)] ; LICET (38b)
where
> -
x7(EE") = <Elu [E'>-E /2% . (39)

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

2 g2g2
4|XF(FI)| 12RE (wpy, + 8)

) i CARE ; (40a)
T?V(Ro)dv(ao)/dko{
4ixT(Fo)12 ﬂzké 8
o= Tvw(R )AVIR)/dR_| ;  LICET , (40b)
where
lV(Ro)[ = (Blup, + A)]"j . (4l)

For a dipole-dipole collisional iateraction,
V(R) = - C/R%, C > 0 ; (42)
Eqs. (40) reduce to
4 nz[xT(FI)|2 c|
0 =3 —pm——— CARE, (43a)
3ol 2(A+w )i
DI
" [xg(FDY |2 ]

—g—‘*)—}/—z-—- H LICET . (43‘))

v A (A+wDI

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

Q
[}
[

one gimply replaces Wpp by Wgp and XT(FD) by xT(DI) in these equations.

If wpp >> A, as is commonly assumed in conventional "two-state" theories
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of CARE and LICET, then o~ &4 for CARE and o ~ & for LICET.
However, if 4 = w the quasistatic wing falls off more steeply than A—”Z

(CARE) or A_32 (ngéT) and the conventional two-state CARE or LICET theories
are no longer valid. Since A = Yoy 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 why may be of comparable magnitude, provides very good quantitative

1
agreement with exper iment.

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. (43a). Niemax [15] studied CARE
on the A = 459.5n0m line of Eu perturbed by Sr. This reaction corresponds

to Fig. 4 with wep = 63 cm™!; a detuning range 10 em™! < A < 200 cm”! was re-

D
ported. The quasistatic wing exhibited a A7l*> fall-off for A < 50 ca™}
and a A™2 fall-off for 4 > 50 cm™, in relatively good agreement with Eq.

(43a) (with wy replaced by wFD)’ which predicts a similar behaviour, with

1
a crossover from A™!-5 to A7 behaviour at A = 63 em™?.

A comparison between theory and experiment is presented in Fig. 7 for
Eu-Sr [10], Na-Ca [11], and Sr-Li {12] LICET reactions. The Eu-~Sr reaction
corresponds to the level scheme of Fig. 5(b) with the frequency mismatch

w, - equal to -63 em™l; a detuning range -55 el < A < -10 en”! was re-

pgited [10]. The comparison between theory [Eq.(43b)] and experiment
[(-0)~9-85 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 wep = 9 cn~}; a detuning range A < 60 cm~! was reported (11]. As
shown in Fig. 7(b), agreement between theory [Eq. (43b) with W replaced

by wPD] and experiment [2~0-8 dependence) is very good. (¢) The Sr.-Lli

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

FD
tuning range & < 50 cm~! was reported {12]. A comparison between theory
and experiment is given in Fig. 7(c), where the varying slope of log(o)

vs log (8) predicted by Eq. (43b) is clearly seen .n the data. [Equation




a3

(43b) is not strictly vatid for A < S cm‘l‘slnce the quasistatic assump-

tion (Arc>> 1) used in its derivation fails in this detuning range for

-1

the St-L1 reaction.]

10F

(6
T

N
T

o (arb. units)
-

0.5

1

T) 20 50
A (em™)

Fig. 7. LICET cross section o (arbitrary units) as a function of
detuning A(em™!) for energy defects (a) wp = 63 cm~t (Eu-Sr),

= -1 - = -1 T
(b) ¥ED 94 cm (Na-Ca) and (c) “ep 2l cm (Sr-Li). The

point at A4 = 10 cm™! is chosen to normalize the theoretical
and experimental curves.

V. Discussion

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

assisted collisfons (LAC) is no longer valid for detuniags {A| which are
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comparable with the frequency separatiorn between the initial state |I>
(or final state |F> ) and some intermediate state |D> in the CARE and/or
LICET reactions. In such cases a "three-state'" theory of LAC is needed,
in which one allows for state {D> 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 ef.al.[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 |I> and ]D>. (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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