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We report crossed beam experiments on the laser assisted collisions Na(3s)+ M + hν f Na(3p)+ M with
M ) Kr, N2, and CO2. By varying the photon polarization, we gain direct insight into the geometric properties
of the collision complex. For the Na+ Kr system, we are able to deduce from the experimental data the two
possible directions (Condon vectors) of the internuclear axis at the moment of the optical transition.

1. Introduction

Atomic and molecular collisions have been and are being
studied experimentally in many laboratories. With very few
exceptions, the experimental effort is concentrated on the
preparation of the colliding particles and on the study of the
collision products. Experiments of this type can have the form
of very detailed studies, involving the use of atomic or molecular
beams and angle-resolved detection, and of sophisticated
methods for the preparation and the analysis of atomic and
molecular states. The results are often used to discuss the
collision event itself; the information gained in this way about
the mechanism of a collision is necessarily indirect and therefore
more or less uncertain.
The absorption of light by a system of colliding particles

provides a possibility for the direct study of collisions.1

Experiments of this type have been performed for atom-
atom,2-5 atom-molecule,6 and even chemically reactive
collisions.7-9 Photodissociating (“half-collision”) systems have
been studied with femtosecond laser pulses10 in many cases.
The last group of experiments is capable of providing direct
insight into the time evolution of atomic systems. Direct
experimental insight into the geometric structure of a collisional
event has however not been achieved so far. In contrast to all
previous experiments, the present studies use atomic beams and
an angle-resolved detection scheme. We will demonstrate that
this makes geometrical properties of the collision complex
observable.
We have demonstrated11-15 that crossed beam experiments

on laser assisted (“optical”) atom-atom collisions,

where the photon energyhν is detuned with respect to the atomic
A-A* transition energy, offer unprecedented possibilities for
observing collision processes and for investigating the underly-
ing molecular interactions. Especially, polarization experiments
have been shown to give direct access to the geometric
properties of the collision complex AM. The purpose of the
present paper is to demonstrate (1) that, for an atom-atom
collision, a very detailed insight into the geometry of the
collision complex can be obtained and (2) that the method yields
valuable, though less detailed, information for atom-molecule
collisions also.

2. Experimental Method

The experiment has been described previously.11,12 We
therefore summarize here only the most important aspects.
Figure 1 shows the experimental setup. A thermal Na atom
beam, a pulsed nozzle target beam, and two laser beams intersect
each other in the scattering volume. One of the laser beams
(“excitation” laser) has a photon energy close, but not identical,
to the Na(3sf 3p) transition energy. Two atoms and one such
photon can interact to produce an excited atom:

We express the photon wavenumber by the detuning∆ν/c )
(ν - νres)/c, with νres corresponding to the Na D1 (3sf 3p1/2 )
transition. Typically, the detuning is of the order of( 100
cm-1. In order to allow a differential detection, the Na(3p)
collision products are transferred to a Rydberg state by the
second (“detection”) laser. The Rydberg atoms live long enough
to travel to a rotatable distant detector, where they are field-
ionized and finally counted. The velocity of the products is
obtained by a time-of-flight measurement. In the atom-atom
case, we obtain the full kinematic information in this way; i.e.
for every particle detected, we know all velocity vectors before
and after the optical collision within narrow limits. We know,
especially, the relative velocity vectorsv ) vNa - vM before
and after the collision. These vectors are of special interest,
because they indicate the direction of the Na-M axis before
and after the collision. For the atom-molecule collisions, the
amount of vibrational or rotational energy transfer is not known.
We do not observe large energy losses of the Na atoms,
however, and will therefore at present simply disregard vibra-
tional and rotational energy transfer. This means, however, that
we possess only a qualitative knowledge of the kinematics,
especially of the relative velocity vectors, in these cases. In
the NaKr case, the resolution for the center-of-mass scattering
angle is typically 4° full width at half-maximum (fwhm). This
is representative for the atom-molecule cases as well. The
relative velocity can be resolved within 60 m/s fwhm. Some
of the measurements reported here were carried out with a lower
velocity resolution. The target beam has a thermal velocity
distribution; the velocity spread corresponds to a translational
temperature of about 50 K for the molecular targets and 6 K
for the atomic target. The molecules are in their vibrational
ground states, but a number of rotational states is certainly
populated. The detection laser is operated on a Na(3p1/2fnd)
transition withn between 30 and 40 and is linearly polarized.X Abstract published inAdVance ACS Abstracts,September 15, 1997.

A + M + hν f A* + M (1)

Na(3s)+ M + hν f Na(3p)+ M (2)
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The signal is then strictly proportional to the population of the
3p1/2 state, independent of a possible orientation.16 We use
nanosecond laser pulses. They are long compared to the
picosecond duration of the collision. This means that the lasers
are on during the entire optical collision and that the detection
process occurs long after the collision, on average.

3. Polarization Experiments and Collisional Geometry

3.1. General. For atom-atom optical collisions, the motion
of the nuclei can be discussed in terms of classical trajectories.
For the NaKr system, this is close to exact, provided that
interference effects are duely taken into account.14 We use the
classical trajectory interpretation throughout this paper. The
optical transition, which occurs during the collision, is restricted
to those configurations of the collision complex, for which the
resonance condition

is fulfilled. Vi andVf are the ground and excited state potential
energy surfaces,r is the complete set of nuclear coordinates,
andhν is the photon energy. For a single trajectoryr ) r (t),
the transition occurs normally at a single, well-defined config-
uration r c. We call this the Condon configuration for the
trajectory considered. The optical transition probability is, in
the dipole approximation, proportional to|∑ν〈f|dν|i〉Eν|2. 〈i| and
〈f| are the initial and final electronic wave functions for the
nuclear configurationr c, and dν and Eν are the Cartesian
components of the electronic dipole operator and of the electric
field vector (we consider only linear polarization at the moment).
The matrix elements〈f|dν|i〉 form a vector (the transition dipole),
which depends onr c. There are usually signal contributions
from more than one trajectory, which must be added coherently.
The signal intensity is then

The labelR enumerates the different trajectories. For the atom-
atom case, explict expressions for the complex amplitudescR
can be found in ref 14. Depending on the complexity of the
system,R can be discrete or continuous; the∑R becomes an
integral in the latter case. Most generally, the experimental
signal can be an incoherent sum of contributions of the form of
eq 4, e.g. when a target molecule is present in different rotational
states. The signal intensity has always the general form

with a field-independent tensorAµν. Like every symmetric
tensor,Aµν can be characterized by its main axes. For the
symmetry conditions of the present experiment, two of the main
axes are in the scattering plane in Figure 1 and one is at right
angles. As the polarization vectorEν is in the scattering plane

as well, the signal intensity can be expressed as

The Cartesian componentsE′i refer now to the directions of
the main axes; the sum extends only over the axes in the
scattering plane. The geometric properties ofAµν are easily
obtained from polarization experiments; e.g., the main axis with
the largest main value corresponds to the polarization direction,
for which the largest signal intensity is observed. We designate
the quantityAµν as the alignment tensor of the transition dipole
moments. Alignment tensors are a well-known tool for
characterizing the wave functions of an ensemble of isolated
atoms,16 and the alignment of atomic collision products has been
measured in many cases.17,18 The tensorAµν, which we use
here, is closely related to this notion, and the experimental
methods, which we use to measure its geometric properties, are
identical. Unlike the old concepts,Aµν describes a property of
the collision complex, however, and not a property of a collision
product.
An important simplification arises, when all signal contribu-

tions can be added incoherently. Then

wherepR is the weight factor of theR th signal contribution,
e.g. pR ) |cR|2. In this case,Aµν simply characterizes the
statistical distribution of the transition dipoles, which contribute
to the experimental signal.
We use the NaKr case at a positive detuning to illustrate the

general considerations. Figure 2 shows the NaKr potential curve
system.19,20 For positive detuning, only the repulsive B2Σ state
can be excited. The resonance condition eq 3 is fullfilled when
the atoms are at the distancerc, the “Condon radius”. Figure 3
shows numerically computed classical trajectories. The vectors
r1 andr2 (“Condon vectors”) mark the points on the trajectories
where the optical transition takes place; the relative position of
the two atoms corresponds to one or the other of the Condon
vectors at the instant of the transition. For NaKr and a positive
detuning, there are only two trajectories which lead to a given
scattering angle. In the first case, the transition occurs at the
first passage of the trajectory through the circle with radius rc;
in the second case, at the second passage. Note that the first
trajectory cannot have the transition at the second passage and
vice versa: the force inside the circle would be different, leading
to a different deflection. The set of Condon configurations
consists here only of the two membersr1 andr2. Correspond-

Figure 1. Principle of the experimental setup with two particle beams,
two counterpropagating laser beams, and a rotatable detector.

Vf(r ) - Vi(r ) ) hν (3)

I ) |∑
R
cR ∑

ν

〈f|dν|i〉Eν|2 (4)

I ) ∑
µν

AµνEµEν (5)

Figure 2. Potential curves of the NaKr collisional molecule. The arrow
represents the photon energyhν of the excitation laser. The optical
transition is limited to a small range of internuclear distances around
the valuerc, where the photon is resonant.

I ) A′11(E′1)
2 + A′22(E′2)

2 (6)

Aµν Re∑
R
pR〈f|dν|i〉〈f|dµ|i〉* (7)
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ingly, the∑R in eqs 4 and 7 goes only over two terms. As the
transition is between two molecularΣ states, the transition dipole
moment has the direction of the internuclear axis. For incoher-
ent superposition, the signal intensity is found from eqs 5 and
7:

This is easily converted into expressions for the main axes and
main values of the alignment tensor. For instance, the major
axis (the polarization direction with the largest signal intensity)
is found at the angle

whereR1, R2 are the angles of the Condon vectors, all angles
are measured with respect to an arbitrary direction, and

∆R ) R1 - R2 is the angle between the Condon vectors.
Accordingly, the direction of the large main axis ofAµν is a
weighted average of the directions of the Condon vectors.
Equation 10 has the property to enhance the weight of the larger
one of the two contributions; maximum signal intensity occurs
for a polarization angle, which is closer to the more prominent
Condon vector than (p1R1 + p2R2)/(p1 + p2).
Equations 7-10 hold only as long as the signal contributions

can be added incoherently. This seems reasonable, at least as
a first approach, for the atom-molecule systems. In the NaKr
case at positive detuning, the differential cross-sections show
oscillations which are due to the interference of the two signal
contributions (see Figure 6 below). The experimental directions
of the main axes do not show any corresponding variation. This
justifies the use of eqs 9 and 10. The experimental main values
(A′11 andA′22 in eq 6) show slight interference structures; the
data, which we present in the following section, have been aver-
aged over an oscillation period. For NaKr at a negative de-
tuning, we observe no interference; i.e., the incoherent inter-
pretation is applicable in this case as well. The interaction of
polarization and interference will be considered in section 3.3.
3.2. Alignment: Experimental Results and Interpretation.

In Figure 4, we present experimental results for the alignment
tensor. The arrows indicate the directions of the relative velocity
vectorsv ) vNa - vM before and after the collision, where M

denotes the second collision partner. They show, at the same
time, the directions of the Na-M axis long before and long
after the collision. The dots are the original experimental data;
they show the signal intensity as a function of the linear
polarization direction in a polar diagram. The bars give the
main axes of the alignment tensors; they were derived from
the intensity distribution by a numerical fit to eq 6. Generally,
the results show a considerable variability, indicating a great
sensitivity of the experimental data on the details of the process.
Figure 5 compares the experimental data for NaKr with

theoretical results. The bars are the experimental alignment
tensors. The curves are classical trajectories, which were
computed numerically. The circles show the calculated Condon
points, and their diameter represents the weight factorp(r c); p
was computed as in ref 14. Figure 5a refers to a positive
detuning. The experimental results for the large main axis are
between the Condon vectors, as expected from eq 9. They are
not just their arithmetic mean becausep1 andp2 and, even more,
q1 andq2 are different. Note that the direction of the Condon
vectors varies with the scattering angle. This is reproduced by
the experimental results, demonstrating that the experimental
data provide a direct, simple, and realistic image of the
geometric properties of the collision complex. Figure 5b refers
to a negative detuning. In this case there are contributions from
four trajectories. However, only the two with the largest weight
are of practical importance for the alignment tensor. Since now
aΠ state is excited (Figure 2), the transition dipole is at right
angles to the NaKr axis. The major axis of the alignment tensor
is therefore expected to be essentially at right angles to the
dominant Condon vectors. This is indeed observed. Note that
the method is sensitive to the directionr of a Condon vector,
but does not distinguish between+r and-r .
For the atom-molecule systems, the relation between the

experimental data and the collision geometry is less direct. This
is because there is generally a larger set of Condon configura-
tions and because the relation between the arrangement of the
atoms and the direction of the transition dipole is not as simple
as that in the atom-atom case. The N2 data for positive
detuning nonetheless have considerable similarity with the
corresponding Kr results, whereas the corresponding CO2 data
are quite different. We will give a tentative explanation. The
energy of the exciting photons is close to the Na(3sf3p)
transition energy. The optical transition is therefore essentially
from a Na(3s) to a Na(3p) state in all cases studied here. The
transition dipole has the same direction as the 3p molecular
orbital, which is excited by the transition. For the NaKr B2Σ
and A2Π states, the orbital and correspondingly the transition
dipole are aligned, respectively, along or at right angles to the
internuclear axis. This has already been used for the interpreta-
tion of the NaKr data. The N2 molecule has only closed
molecular orbitals and behaves therefore like a noble gas atom
in many aspects. It has no static dipole moment and only a
small quadrupole moment.21 This suggests that the Na-N2

interaction is essentially a central interaction. The molecular
eigenstates then have the Na(3p) orbital aligned along or at right
angles to the Na-N2 axis (Σ- or Π-like states, respectively).
The CO2 molecule has lone pair electrons at the oxygen atoms;
this leads to a negative charge at the two oxygens and a positive
one at the carbon and hence to a large quadrupole moment.21

We expect the Na-CO2 interaction to be dominated by this
charge distribution. The alignment of the Na(3p) orbital in the
NaCO2 molecular eigenstates is then governed by the direction
of the CO2 axis, and not by that of the Na-CO2 axis. In the
NaKr and NaN2 cases, the alignment tensor reflects the statistical
distribution of the axis connecting the collision partners in the

Figure 3. Collisional geometry of the NaKr optical collision for a
positive detuning. The curves are the classical trajectories for the vector
r between the two atoms. The half-circle shows the Condon radiusrc;
the Condon vectorsr 1 andr 2 mark the points on the trajectories, where
the optical transition occurs.E indicates the variable polarization of
the excitation laser.v and v′ are the relative velocity vectors before
and after the collision;θ andR measure the center-of-mass scattering
angle and the polarization direction, respectively.

I ) p1(r1‚E)
2 + p2(r2‚E)

2 (8)

R ) q1R1 + q2R2 (9)

q1 + q2 ) 1,
q1
q2

)
arccot[(p2/p1+ cos(2∆R))/sin(2∆R)]
arccot[(p1/p2 + cos(2∆R))/sin(2∆R)]

(10)
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moment of the transition, e.g. as in Figure 5; this can explain
the similarity between the Kr and N2 results. In the CO2 case,
the alignment tensor rather reflects the statistical distribution
of the molecular axis of the collision partner CO2 in the moment
of the transition. The experimental alignment tensors in this
case are close to isotropic, because the CO2 axes have an
isotropic or close to isotropic distribution.
3.3. Geometric Information from Interference Structures.

When interference structures are resolved, the alignment tensor
will no longer have the simple geometric meaning expressed
by eqs 7-10. Interference structures can however be used to
gain even more insight into the geometric properties of the
collisional system. Figure 6a shows differential cross-sections
for the Na(3p) atoms from the Na+ Kr process at a positive
detuning. The oscillations (“Stueckelberg” oscillations) are
caused by the interference of the contributions from the two
trajectories (Figure 3). The structures vary with the polarization
of the excitation laser; see Figures 6b,c.
Figure 7 shows Stueckelberg oscillations computed for

different directions of the linear polarization (positive detuning).
The small graphs at the right hand side show computed
trajectories and Condon vectors for the same conditions. They
belong to a scattering angle of 27°, and they are identical in all
polarization cases. In addition, the small graphs show the
polarization vector. One observes that the Stueckelberg oscil-

lations vanish when the polarization is at right angles to one of
the Condon vectors. The reason is obvious. As we excite aΣ
state, the signal contribution from a single Condon point is
proportional to (rc‚E)2. WhenE is at right angles to a Condon
vector, there remains only one signal contribution, and hence
there is no interference any more. Between the two directions
with vanishing oscillations, the oscillations are inverted. The
data in Figure 6b were obtained with polarization directions
for which we expect normal and inverted oscillations, respec-
tively. Figure 8a shows, for the same experimental conditions
as those in Figure 6b, the contrast (Imax - Imin)/(Imax + Imin) of
the Stueckelberg oscillations as a function of the polarization
angle. The contrast was evaluated for one oscillation period,
using Imin ) I(θmin) and Imax ) [I(θmax1) + I(θmax2)]/2; θmin,
θmax1, and θmax2 are indicated in Figure 6b. In this way, a
negative contrast means an inverted oscillation. The solid curve
in Figure 8a is a polynomial fit to the experimental points. Its
zeros indicate the polarization directions where the oscillations
vanish and hence the directions of the two Condon vectors.
These directions are shown in Figure 8b, together with corre-
sponding theoretical data. The agreement between experiment
and theory is satisfactory. We have no doubt that it can be
considerably improved, when the experiments are performed
with better angular resolution, or when a refined method of
evaluation is applied.

Figure 4. Experimental results. The collision pair, detuning, center-of-mass scattering angle, and relative velocity are indicated below the figures.
The dots show the dependence of the signal intensity on the laser polarization in a polar diagram; the bars are the corresponding main axes of the
alignment tensorAµν. The arrows represent the directions of the relative velocity before and after the collision.
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The oscillation patterns for left and right circular polarization
(Figure 6c) are shifted with respect to each other. In the
framework of semiclassical theory,14 this is easily shown to be
due to an additional phase shift

with R1 - R2 being the angle between the Condon vectors.
Figure 9 shows anglesR1 - R2, which were derived in this
way from experiments with right and left circular polarization,
together with a corresponding classical numerical result. The
agreement again is very satisfactory.

4. Discussion

Optical collisions have been studied and used as a tool for
the investigation of molecular interactions over the past 25

Figure 5. Comparison of experimental and theoretical results for the NaKr system for (a) positive and (b) negative detuning. The numbers below
the figures indicate the center-of-mass scattering angles and the relative velocities. The bars show the experimental main axes of the alignment
tensorAµν. The curves are the calculated trajectories. The circles mark the Condon points; the diameter is proportional to their statistical weight.

Figure 6. (a) Typical angular distribution of the Na(3p) atoms from
the NaKr optical collision: detuning, 120 cm-1; velocity VNa of the
collision products, 1091 m/s. The structures are interference (Stueck-
elberg) oscillations. (b) Stueckelberg oscillations for two different linear
polarization directions: detuning, 80 cm-1; VNa, 1212 m/s. One curve
shows normal and the other one inverted oscillations. The anglesθmax1,
θmin, andθmax2, which were used for the evaluation of the contrast,
are indicated. (c) Stueckelberg oscillations for left and right circular
polarization: detuning, 288.5 cm-1; VNa, 1137 m/s. The interference
patterns are shifted with respect to each other.

∆Φ ) 2(R1 - R2) (11)

Figure 7. Theoretical differential cross-sections for NaKr for different
directions of the linear polarization: full quantum mechanical calcula-
tions;14 detuning, 80 cm-1; relative velocity, 1125 m/s. The small graphs
show the classical trajectories and the Condon vectors for a scattering
angle of 27° (corresponding to the vertical line in the large graph); in
addition, the small graphs show the polarization direction as a dashed
line. The interference oscillations vanish when the polarization is at
right angles to one of the Condon vectors; this corresponds, ap-
proximately, to the fourth and seventh rows.
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years.1-6 These studies were always undertaken in the form of
gas cell experiments. In the present experiment, the relative
velocity vectors before and after the collision are fixed in space,
the first one by the use of beams, the second one by the use of
a differential detector. As a consequence, the collisional
geometry is fixed in space, as well. For the NaKr case, Figures
3 and 5 demonstrate how the Condon vectors have a fixed
direction in space becausev andv′ do. It is in this way that
the geometry of the collision complex becomes experimentally
accessible. In contrast one has an isotropic distribution of both
v andv′ under the conditions of a gas cell experiment and hence
an isotropic distribution of the Condon configurations and
transition dipoles.

In a beam experiment with integral detection, one expects a
broad, but not necessarily isotropic, distribution for the transition
dipole. Integral beam experiments are already capable of
yielding geometric information similar to the present results.
The use of a differential detector however makes the experi-
ments much more sensitive, because only a small number of
trajectories contributes to the signal. We have been working
with two trajectories in the most favorable case (Figure 5a).
We have demonstrated, in addition, that the analysis of
interference structures can yield geometric information, which
is related to a single trajectory only. The technique used for
this latter purpose can, in principle, be extended to more
complicated cases; for instance, the separate determination of
the four Condon vectors, which characterize the NaKr system
at a negative detuning, should be possible in this way. For
atom-molecule collisions, there is an infinity of contributing
trajectoriesr (t) and hence Condon configurations, even with
differential detection, because the motion of the target molecules
is not sufficiently controlled. A number of modifications of
the present experiment can be envisaged in order to improve
this aspect. An experimental control of the internal degrees of
freedom of the molecule (by an energy loss analysis or by state
selective detection) is the most straightforward approach. The
discussion at the end of section 3.2 shows that experiments with
spatially oriented molecules are even more desirable.
We use the excitation photon in our experiments to probe a

heavy particle collision. The geometric quantities, which we
observe, are primarily related to the probing process and not to
an unmodified collision. The question arises, whether the
present experiments can be extended to make the unmodified
evolution of a collision visible. This is indeed possible by
pulse-probe experiments. Consider Figure 3 as the simplest
example. The excitation process prepares the collision pair in
a well-defined molecular state. By using an adequate linear
polarization, it is even possible to select a single starting value
r (0) and a single trajectoryr (t). A second photon can be used
to probe the collision at some later time. Polarization experi-
ments can yield geometric information about the collision
complex in the moment of the probing transition, quite similar
to the information obtained in the present experiments. Probing
can be achieved in different ways:
(1) Preparation and probing occur without explicit time

resolution (e.g. with nanosecond laser pulses as in the present
experiment), and the probing process uses a resonance transition
of a free atom or molecule. One observes the result of the
evolution from the collision complex to the free products after
the collision. Experiments of this type have been realized as
gas cell experiments (optical collision experiments with final
state analysis).4,5

(2) This is similar, but the probing process uses photons
detuned from the resonance. Probing occurs then at a moment
during the collision which is determined by the detuning. One
observes the result of the undisturbed evolution of the collision
between the preparation and the probing process. By variation
of the probe wavelength and hence the time delay between
preparation and probing, the evolution of the collisional
geometry with time becomes experimentally accessible. This
has also been realized in gas cell experiments (fractional
collisions22).
(3) Preparation and probing occur with ultrashort light pulses.

One observes the evolution of the collision geometry as a
function of the delay time. Again, this has been realized in
gas cell experiments (time resolved half-collision experiments10).
Gas cell experiments do not give access to the collisional

geometry. It will therefore be necessary to run these experi-

Figure 8. (a) Contrast (Imax - Imin)/(Imax + Imin) of the Stueckelberg
oscillations for NaKr as a function of the polarization direction:
detuning, 80 cm-1; center-of-mass scattering angle, 27°; relative
velocity, 1125 m/s. The polarization angleR has the same meaning as
in Figure 3. The line is a polynomial fit. (b) Directions of both Condon
vectors: solid straight lines, experimental result and error margins
derived from the zeros in a. Solid curves, theoretical classical
trajectories, dashed lines, theoretical Condon vectors (the diameter of
the circles shows the weight of the Condon points).

Figure 9. Bars: experimental results for the angle between the Condon
vectors obtained from circular polarization experiments. Solid line:
classical theoretical result. Detuning, 288.5 cm-1; center-of-mass
scattering angle, 31°.
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ments as beam experiments with a differential detection. A first
step has already been taken: We have used the detection laser
in the present setup as a tool for the product analysis in the
NaKr optical collision.13,20 This belongs to the first group of
experiments discussed above. Differential scattering experi-
ments belonging to the second or third groups can give much
more insight into the collision dynamics. It appears that the
combination of existing experimental techniques with the new
methods described in this paper should give us the ability,
ultimately, to produce time resolved geometric images of
collisions.
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