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Theoretical Investigation of Collisions of Aligned Atoms: Ca(4s4f 'F )+ He
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Cross sections for inelastic collisions of aligned, excited atoms are calculated using ab initio molecular
potential curves and couplings and a fully quantum mechanical scattering treatment. Agreement with
currently available data is reasonable. The cross sections for specific transitions exhibit strong, energy-
dependent oscillations, which are attributed to an interference effect.

PACS numbers: 34.50.Pi

Recent developments in experimental techniques have
led to the investigation of collision processes involving
atoms prepared initially in aligned states [1]. In a series
of elegant experiments [2-5], Leone’s group has investi-
gated such collisions using excited Ca atoms and has
found a strong dependence of specific inelastic cross sec-
tions on the initial alignment. Analysis of these results
has been limited by the lack of reliable potential curves;
available calculations [6] have been based on model po-
tentials. In this Letter, we report a full analysis of an
aligned atom collision based on ab initio potentials.

We consider the process

Ca(4s4f'F)+He— Ca(4p?'S)+He. (1)

For this system, Driessen, Smith, and Leone [5] have per-
formed the following experiment. The initial Ca atom is
prepared in a well defined state, whose quantization axis
is related to the directions of the polarizations of the
lasers used to prepare the state. Specifically, 'F states

(J=3) whose angular wave function is |[JO) or (|J1)

—|J—1))/+/2 can be prepared. The excited atoms in-
teract with a beam of He atoms incident at an angle
with respect to the quantization axis, and collisions cause
transitions to several final Ca states. Transitions to the
4p?*'S are detected by monitoring fluorescence from that
state. The experimental signal is the 'S fluorescence as a
function of B; this signal is proportional to a cross section
o(B) for process (1). CT ’

For the conventional analysis of scattering experiments,
one usually defines the z axis to coincide with the initial
velocity vector of the relative motion. From this point of
view, the information contained in o(8) could also be ex-
pressed as a set of cross sections oy, M =0,1,...,J,
where M is the projection of the initial atomic angular
momentum J on the z axis. (Note oy =0 —s.) The ex-
perimental signal o(B) is related to the oy by

cr(ﬂ) -§XM([)')20'M. )

The coefficients A (B) are determined from rotation ma-
trix elements and from the initial state angular wave
function [4]. Driessen, Smith, and Leone have given
Asr(B) explicitly for two different arrangements of their

laser polarizations. They have measured two sets of oy
corresponding to two slightly different energy distribu-
tions.

The first step of the theoretical analysis was to perform
the necessary electronic structure calculations. Figure 1
shows some of the adiabatic potentials, which were calcu-
lated at the configuration interaction (CI) level using the
core polarization potential of Mueller, Flesch, and Meyer
[71, and a basis set with 15s, 9p, 84, and 5f Gaussian-
type orbitals. The calculated Ca excitation energies gen-
erally agree with experiment within about 150 cm ~!, and
the spacings between the states near the 'F state are
correct to within 20 cm ~!. Radial coupling matrix ele-
ments were calculated by numerical differentiation. The
most important of these couplings are also shown in Fig,
. Angular coupling terms (the matrix elements of L,
and Ly) were also calculated. Details of the electronic
structure calculations will be published separately [8].

The behavior of the potentials at long range is due
mainly to exchange terms between the Rydberg electron
and He and reflects the radial probability density of the
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FIG. 1. Selected ab initio, adiabatic potential curves for
CaHe, for £ (—), [T (---), A (--), and ® (----) symmetry.
The inset at lower left shows (FII|L,|S%) (---), which governs

the rotational coupling, and the radial coupling term
(FZ|d/dR|SE) (—).
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FIG. 2. Calculated cross sections op. In the upper panel,
the collision energy distributions are shown for the initial states
[J0) (=-=) and (I =T =1)/VZ (---). In the lower panel,
the solid line is the average cross section.

outer electron. For X states, the maxima of the 'F and
D curves near 14ay and 20aq correlate with the corre-
sponding 4f and 54 wave functions; what appears to be
an avoided crossing at 14ay arises instead from a node in
the 5d wave function. For non-Z states, the He lies on a
nodal plane and the electronic interaction is much small-
er.

Inspection of the adiabatic curves in Fig. 1 indicates
two possible transition mechanisms connecting the F and
S levels: radial coupling in the range (5-8)ag between
the two Z potentials, and rotational coupling in the same
region between the FIT and the S potentials. The latter
coupling arises because for R S8aq, the adiabatic X state
correlating to the 'S asymptote has significant 'F charac-
ter.

The next step was to solve the coupled channel scatter-
ing equations. In a diabatic representation (i.e., using an
atomiclike basis), these equations are written

_h2 d2
2u dR?

+V(R)—E|F=0, (3)

where g is the reduced mass, V(R) is a coupling matrix
including electronic interactions and the centrifugal
terms, and E is a diagonal matrix of the channel energies.
V(R) is determined from the ab initio results using the
matrix C(R) that transforms the adiabatic wave func-
tions |7} to the desired diabatic representation. C(R) was
found by diagonalizing {i|J2|j) to recover states of well
defined J? corresponding to atomic states. (Note J2=],2
for our singlet states.) The diagonal elements of V(R)

TABLE 1. Partial cross sections oum, normalized so that
G=loo+2(c1+02+063)1/7=1. The theoretical values of &
were 10.69 a.u. [|J0) and 9.17 a.u. [(JJ1) =]/~ 1))//21.

[70) (FAVE VS VNG)
M Theory Experiment Theory Experiment
0 1.04 1.34(1) 1.01 1.46(2)
I 1.78 1.24(2) 1.87 1.39(1)
2 0.56 0.75(2) 0.56 0.83(3)
3 0.64 0.84(2) 0.57 0.55(10)

were shifted slightly to match the atomic energies; the
off-diagonal elements were not changed. The rotational
coupling terms obtained in the ab initio calculations were
transformed using C(R) and included in V(R).

The cross sections are defined in terms of the 7" matrix
elements, which are determined by solving Eq. (3). The
result is

o =k_”22(21)+1 ))N: %i”(JMP—MINO)Tf'Jw'.aJN 2
2 .

(4)

where N is the orbital angular momentum of the Ca-He
relative motion, P=J+N, {---) is a Clebsch-Gordan
coefficient, and aJ and o'J' denote the initial 'F and final
IS states.

Figure 2 shows the calculated cross sections o for col-
lision energies 60 to 1100 cm ~'. The results reported are
based on including the F and S levels; additional channels
did not change the results significantly. The most strik-
ing feature of these results is the strong energy depen-
dence of op and o), which contrasts with the smooth be-
havior of the cross section averaged over M. The origin
of the oscillations will be discussed below. We convoluted
the cross sections with the experimental energy distribu-
tions [5]. [We used a peak at 613 cm ™! and FWHM of
210 cm ™! for the |J,0) state and a peak at 540 cm !
and FWHM of 160 cm ™! for the ([J1)—|J—1))/V2
state.] The convoluted cross sections are compared with
the corresponding experimental values in Table I and in
Fig. 3. The energy-averaged cross sections shown in Fig.
3 agree with experiment with respect to the relative size
of o¢ and oy compared to o and o3, but there is a
discrepancy in the ordering of oo and o). This ordering
depends on the phase of the oscillations of o and oy (see
Fig. 2). The oscillations are an interference effect sensi-
tive to the calculated potentials; this sensitivity may ac-
count for the discrepancy.

To understand the origin of the oscillations, we exam-
ine the collision dynamics in more detail. To analyze the
contributions of the radial and rotational coupling mech-
anisms mentioned above, one needs to know the ampli-
tude for the atoms to “choose” the X or the IT state in a
particular collision. We calculate this amplitude by for-
mulating a time-dependent semiclassical theory for the
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FIG. 3. Comparison of energy-averaged cross sections with
experiment (Ref. [51) for initial state |JO).

evolution of the initial states of fixed M (in the space-
fixed frame) into specific molecular states labeled by A
(z, M, etc.). The essential points of the theory can be il-
lustrated by describing the two state limit, in which an in-
itial level (J=1) is correlated with a X and a IT potential
curve. Our approach differs from Grosser’s [9]. We
evaluate the coupling matrix V using a space-fixed (SF)
coupled angular momentum representation [10]. The to-
tal angular momentum P is conserved, and the channels
are labeled by N, which has two possible values, N +
=p-+ 1. Then V can be written

7(R)—abr/RY, V(R)—Vn(R)1/2,
(5)
V(R —Va(R)/2, V(R)+hbe/R?.

7(R) =[V(R)+Vn(R)1/2+ P(P+1)/2uR? is the aver-
age electronic plus the average centrifugal energy. The
splitting between the diagonal energies follows from the
relation N+ (N + +1)~P(P+1)£2P. We have taken
the limit P> 1 and expressed the coupling in terms of the -
velocity v and impact parameter b (b =hP/uv). We in-
troduce time dependence by invoking a straight line tra-
jectory R=Ib2+(v1)?]1"2 for the nuclear motion. This
model should be reliable, since the transitions of interest
take place at long range, where the potential is weak, but
more elaborate methods [11] are available.

We calculate the amplitude for the atoms to be in each
of the possible adiabatic states as a function of time dur-
ing the collision. At t=—o° (large R) the adiabatic
states are the coupled SF states. At smaller values of R,
the off-diagonal elements in Eq. (5) become large com-
pared to the splitting of the diagonal elements, and the
molecular or body-fixed (BF) states labeled by A are the
adiabatic states. The transition between these two re-
gimes occurs near Ry, the value of R where the off-
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FIG. 4. The probabilities |faa|? connecting SF states M =0
and | with ¢ (@), IT (0), A (¥), and ® (+) BF states.

diagonal term in Eq. (5) is equal to one-half of the
difference of the diagonal terms. (Note that R, depends
on 5.) We calculated the transition probabilities by in-
tegrating from ¢ = —oco to the time at which the atoms
first reach a distance of 12ao. There the BF X and I1
states are well defined, but transitions to the 1§ state have
not yet taken place.

A crucial step is the preparation of the initial wave
function (f=—o0) in terms of the SF basis functions
whose quantum numbers are J, N, P, and Mp. We must
construct a state with well defined J, M (denoted M), P,
and Mp. Since My =0 initially in a collision, Mp=M.
Using Clebsch-Gordon coefficients we express the desired
initial state as

IJ,M,P,M)-%(JMP—M[NO)IJNPM). (6)

The calculations for the 'F (J=3) initial level included
four states |J0) and [[JM)+(—1DM|J—M)1/V2 for
M =1,2,3. We solved the semiclassical equations by sub-
dividing the time domain into several intervals and using
Light’s [12] Magnus propagator in each interval. We
show in Fig. 4 the squares of the amplitudes faya that an
initially prepared M =0 or M =1 state becomes, after
passing through the coupling region, a Z, I1, A, or ® state.
The collision energy was 540 cm ~!. The behavior of the
numerical resuits as b— 0 is what one would expect
physically as the angular velocity of the internuclear axis
vanishes and the BF and SF frames coincide.

These results for fuya provide a framework for inter-
preting the oscillations in op and o). We write oy
=271 Py (b)bdb, where two processes contribute to the
transition probabilities Pys:

A.PM(b)=lfM}:Az+anAn|2. (7)

The factor A, which is 1 if M =0 and 2 if M =1, arises
from the linear combination of |JM) and |J— M) states.
Az (Ap) depends on b and is the amplitude for a transi-
tion from the = (1) state to the 'S state. The right-hand
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side of Eq. (7) can be written as
|fazAs®+ | fundnl >+ 2RefFs unAs An. (®)

The last term can lead to interference effects in the o
However, the sum of these terms over M vanishes be-
cause fy is unitary. Equation (7) can therefore account
for oscillations in each oy as well as the smooth behavior
of the average.

The results shown in Fig. 4 confirm that at large im-
pact parameters, a 'F M =0 state can evolve either into a
Z or a IT state, both of which are coupled to the 'S final
state. Indeed, our coupled channel calculations of the
partial cross sections for M =0 to S transitions exhibit a
complicated oscillatory dependence on energy and impact
parameter. As further evidence for the interference
effect, we note that suppressing the rotational coupling
between the 'F IT curve and the 'S curve eliminates the
oscillations in the energy dependence.

The interference effect is related to the long range bar-
rier in the !F X potential shown in Fig. 1. There is a
significant phase difference between trajectories that fol-
low the X curve and surmount the barrier, and those that
follow the flat IT curve. A model calculation attributing
the phase difference between Ax and Ay in Eq. (8) to this
effect matches the oscillatory behavior of o very well.
There is another effect of the barrier. At collision ener-
gies E less than the barrier height (~320 cm ~!), trajec-
tories that follow the = state will generally not penetrate
to the region at small R where transitions to the 'S state
can take place. We expect oy to be strongly suppressed
then, because the M =0 initial states evolve preferentially
into X states. Figure 2 confirms that for £ <300 cm -t
oy is the largest partial cross section, and can be 2-2.5
times larger than the other o). We also notice in Fig. 2
that the oscillations in o begin at 300-350 cm ~!, the en-
ergy range at which trajectories that begin in the M =0
state can first surmount the barrier. The quantum
mechanical results revealed evidence of orbiting reso-
nances inthis energy range.

Our semiclassical results can be compared with the
well known locking radius model (LRM) [2]. This model
assumes that when the internuclear distance approaches
some value Ry, the initial SF wave function is projected
onto BF states, which subsequently remain “locked” to
the rotating molecular axis. The angle y between the SF
and BF frames at Ry is given by siny=5b/R;. The pre-
dictions of the LRM for the fy for states of arbitrary J
can be expressed in terms of rotation matrices depending
on the Euler angles (0,7,0). The results for M =0 are
Soz=P;(cosy) and fon=8z/Q2J+1)Y, (y,0). We

tried to fit our calculated fysa using these formulas, treat-

ing R as an adjustable parameter. For R; =27.4ay, the
fit by |foz|? was excellent over the entire range of impact
parameters (b <9aq) that contribute to the !'F to 'S
transition. However, the fit by | fonl?, using the same
value of R, was accurate only for b < (3-4)ag. More-
over, the LRM did not properly model the locking pro-
cess. The value of Ry that fit | foz|2 was not close to the
value of R at which the transition from an M =0 SF state
to a well defined BF X wave function took place. The
semiclassical results clearly showed that those transitions
occurred in a broad range around R, (defined above),
which was (40~52)ay, for 1ag=< b < 9a,,

In conclusion, we have analyzed collisions of aligned
Ca(4s4f 'F) atoms with He. The key results are prom-
inent oscillations in the energy dependence of g9 and oy,
which have been quantitatively modeled as an interfer-
ence phenomenon, and strong enhancement of o at low
collision energies. Further experimental studies are need-
ed to confirm these predictions.
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