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Control of Atomic Collisions by Laser Polarization
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Atomic collision pairs in a light field form a microscopic interferometer. The light acts as the beam
splitter and controls at the same time the amplitudes and phases of the interfering waves. We
demonstrate the complete tunability using linear and elliptic polarization.
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FIG. 1. (a) The potential curves of the NaNe collisional
molecule in the light field. Only the 2	 states (heavy lines)
demonstrate complete control over the relative phase and
amplitude of the individual contributions.

participate in the present process. (b) The classical trajectories
with the transition points and the Condon vectors.
Angle-resolved cross sections of atomic collisions fre-
quently show interference structures like Stueckelberg
oscillations [1] or supernumerary rainbows [2]. They are
an invariable manifestation of the collisional interac-
tions. Atomic collisions in laser fields show analogous
structures. The interaction with the light, however, allows
manipulation of the collision in a controllable fashion.

The control of atomic and molecular processes by laser
light is an active field of research. Coherent control
[3,4] emphasizes the importance of the relative phase of
the spectral components. Pulse shaping techniques and
learning algorithms provide optimized electric field
shapes [5–7], by which control of unimolecular processes
was demonstrated. Control schemes involving collisions
in caging reactions [8,9], ultracold gases [10], and bimo-
lecular processes [11,12] show the high potential of the
method. Laser polarization as a control tool [10,12,13]
gains increased attention [6,14].

Macroscopic atom interferometers [15] exploit the
wave nature of matter. They have found practical appli-
cations, e.g., in the rotation sensing Sagnac gyroscope
[16] or for measuring forward scattering amplitudes
[17]. Because of the small de Broglie wavelength, their
potential sensitivity exceeds that of the corresponding
optical devices by several orders of magnitude. Macro-
scopic Mach-Zehnder-type atom interferometers using
light as the beam splitter show a remarkable similarity
with the present microscopic interferometer. The linear
dimensions of the two devices differ typically by a factor
of 108, and even miniaturized atom interferometers [18]
are a factor of 106 larger than the collisional interfer-
ometer discussed here.

We study here the optical excitation of transient NaNe
collision pairs, i.e., the optical collision

Na�3s� � Ne� h� ! Na�3p� � Ne:

The differential cross section shows a regular oscillation
structure reflecting the interference between two differ-
ent pathways for the atomic wave during the collision.
Using the polarization properties of the light field, we
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The process is most easily discussed in terms of a
dressed collision pair model. In Fig. 1(a) the NaNe inter-
action energies in the presence of a light field, i.e.,
UX	�r� � h� and UB	�r�, are shown as a function of the
atom-atom distance r. Optical excitation is possible at the
crossing (Condon) radius rc where

UX	�rc� � h� � UB	�rc�: (1)

For the present purpose, a semiclassical approach [19]
is appropriate for the description of the collision dynam-
ics. Figure 1(b) shows the relevant classical trajectories
and the corresponding transition points. One trajectory
crosses from the X curve to the B curve on the way in, the
other one on the way out. The trajectories start with
different impact parameters in order to end up at the
same scattering angle.

The optical transition probabilities are governed by
dipole factors d �E, where d is the vector of the electronic
transition dipole moment and E is the electric field am-
plitude vector. In the present case the transition is be-
tween molecular 	 states, and d is therefore parallel to
the internuclear axis. The axis directions r1 and r2 at the
transition points are the Condon vectors as shown in the
figure. The semiclassical expression for the differential
cross section [19] reads

� � jp1 exp�i
1�r1 �E� p2 exp�i
2�r2 � Ej2: (2)
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The relation holds for linear as well as elliptic polariza-
tion, where the vector E is complex. p2

1 and p2
2 are

classical weight factors and 
1 and 
2 are the phases
for the separate trajectories. Interference oscillations
arise because of the variation of the phase with the
scattering angle. We introduce vectors q1;2 reciprocal to
the Condon vectors such that

q i � rj � �ij=pj (3)

and express the electric field as

E � �1q1 � �2q2: (4)

The formula for the cross section simplifies then to

� � j�1 exp�i
1� � �2 exp�i
2�j
2: (5)

Equation (5) shows that the amplitudes and phases of the
two interfering terms can be tuned arbitrarily, using �
values with corresponding phases and absolute values.
Equation (4) shows the way to realize arbitrary complex
values for �1 and �2.

We measure differential cross sections in a scattering
experiment, using two atomic beams and two laser
beams. The second laser is part of the detection scheme
transferring the Na�3p� atoms to Rydberg states [20].
The experiments were carried out at a wavelength
of 585.611 nm of the excitation laser, i.e., detuned by
120 cm�1 above the Na�3s� 3p1=2� resonance. Scat-
tered Na atoms are registered for different scattering
angles. Na velocities after the collision are measured
by time of flight and were accepted in a small velocity
range only.

Figure 2(b) shows results for two different linear po-
larization directions of the excitation laser; the polariza-
tion is illustrated in Fig. 2(a). In the upper picture both
trajectories contribute, leading to pronounced oscilla-
tions. In the lower case, r2 � E is close to zero. Only one
active trajectory remains, and the interference structure is
strongly suppressed.
FIG. 2. (a) The linear polarization directions E used in the
experiment and the Condon vectors r1 and r2. The relative
velocity direction before the collision is along the horizontal
axis. (b) The experimental differential cross sections as a
function of the scattering angle �, multiplied by sin���.
Velocity range 1100–1250 m=s. (c) The corresponding theo-
retical differential cross sections.

033201-2
Figure 3(b) shows the experimental results for a series
of elliptic polarizations as illustrated in Fig. 3(a). We
constructed the complex field amplitudes from the re-
quirement �1=�2 � exp�i��, using the values 30	; 90	;
150	; 210	; 270	, and 330	 for the control parameter �.
The Condon vectors and p factors were taken from a
classical trajectory calculation for the scattering angle
20	. According to Eq. (5), the experimental data are
expected to show a continuous shift of the interference
pattern. This is indeed observed. The angular positions of
the interference maxima increase linearly with the con-
trol parameter �. The deviations from linearity have the
order of 
0:3	.

We performed quantum scattering calculations [19],
using potential curves by Kerner and Meyer [21] with
minor modifications on the basis of previous scattering
experiments [22]. The results are shown in Figs. 2(c) and
3(c). The measured and calculated positions of the max-
ima deviate by less than 0:5	 typically. The elliptic po-
larization experiments were carried out with the same
laser intensity E2 for all values of the control parameter.
Following Eqs. (4) and (5), this leads to a considerable
variation of the scattered intensity as shown in Fig. 3(b).
We use different scales in the graphs to emphasize the
regular shift of the interference pattern. Calculated and
measured intensities are in good agreement. Following
Eqs. (4) and (5) a contrast of 1 is expected, corresponding
to zero minimum intensity. This is modified by the finite
resolution of the apparatus, which is taken care of in the
theoretical curves. The contrast in the theoretical data is
FIG. 3. (a) The elliptic polarization and the Condon vectors
for the indicated value of the control parameter. The relative
velocity direction before the collision is along the horizontal
axis. (b) The experimental differential cross sections as a
function of the scattering angle �, multiplied by sin���.
Velocity range 1150–1300 m=s. The positions of the interfer-
ence maxima were obtained from a polynomial fit. (c) The
corresponding theoretical differential cross sections.
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slightly larger compared to the experimental results
pointing to some broadening mechanism not fully ac-
counted for in our convolution scheme.

Following Fig. 1(a), our collisional interferometer re-
sembles a Michelson interferometer. Figure 1(b) rather
suggests a close analogy to the Young double-slit experi-
ment. The phase difference is indeed for a large part
accumulated along the curved trajectories, very similar
to the double-slit interferometer. At variance with this
interpretation, the light field acts as a beam splitter for the
incident atoms which is localized at the Condon radius.
Together with Fig. 1(b), this suggests an analogy to a
Mach-Zehnder device. The beam splitter plays an active
role in the process, unlike in most other interferometers,
by transferring phase or amplitude to the wave. It is
remarkable that macroscopic matter-wave interferometers
have been operated in similar modes [23].

We have demonstrated the control of an atom-atom
collision in a polarized laser field. The two interfering
collisional waves can be excited with independent com-
plex amplitudes �1 and �2. The control is complete, be-
cause arbitrary values for each of the amplitudes can be
realized using elliptic polarized light. The interference
fringes can be shifted to any angular position, and the
contrast of the interference pattern can be given any value
between 0 and 1. The present experiment requires atomic
beams and a differential detector. Similar schemes with
beams and integral detection appear possible, for in-
stance, working with a large angular oscillation period.
Exploiting the polarization of the exciting laser field
appears as a versatile and simple tool for the control of
collisional processes.

Support by the Deutsche Forschungsgemeinschaft is
gratefully acknowledged.
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