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Molecular scattering behavior has generally proven difficult to study at low colli-
sion energies. We formed a molecular beam of OH radicals with a narrow velocity
distribution and a tunable absolute velocity by passing the beam through a Stark
decelerator. The transition probabilities for inelastic scattering of the OH radi-
cals with Xe atoms were measured as a function of the collision energy in range of
50 to 400 wavenumber, with an overall energy resolution of about 13 wavenum-
bers. The behavior of the cross sections for inelastic scattering near the energetic
thresholds was accurately measured, and excellent agreement was obtained with
cross-sections derived from coupled-channel calculations on ab initio computed
potential energy surfaces.

The study of collisions between gas-phase atoms and molecules is a well-established method of gath-
ering detailed information about their individual structures and mutual interaction (1 ). The level of
detail obtained by these studies depends on the quality of preparation of the collision partners before
the collision (2-4 ) and on how accurately the products are analyzed afterward (5-7 ). In recent years, it
has become increasingly possible to control the internal and external degrees of freedom of the scattering
partners, allowing the potential energy surfaces that govern the molecular collisions to be probed in ever
greater detail. The most detailed information is obtained when crossed molecular beams are used to
produce intense jets of molecules with a well-defined velocity, confined to only a few internal quantum
states. Further state selection can be achieved by optical preparation of a single quantum state or by
purification of the beam with the use of electrostatic or magnetic multipole fields (2, 3 ). These methods
allow the orientation of the molecules to be controlled before the collision (8, 9 ) and the orientation of
the scattered products can be measured (10 ).

One of the most important parameters describing a scattering event is the collision energy of the
scatterers. However, control over the collision energy has been a difficult experimental task. Since
the 1980’s, ingenious crossed beam machines have been engineered to vary the crossing angle of the
intersecting beams, allowing variation of the collision energy while maintaining particle densities high
enough for scattering (11 ). It was thereby possible to measure threshold behavior of rotational energy
transfer (12, 13 ), or to tune the collision energy over the reaction barrier for reactive scattering (14, 15 ).
These methods led to considerable improvement in the control over collision energy at high energies -
for example to probe short-range interactions. However, a similar level of control over collisions at low
energies, which are sensitive probes for long-range interactions, is generally lacking. The angle of the
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intersecting beams cannot be varied to arbitrarily small values; and at low collision energies, the energy
resolution, which is determined by the velocity spread of both beams, rapidly becomes comparable to the
collision energy.

Low-energy collisions of atoms and molecules interrogate the part of the interaction potential energy
surface that is relevant for the formation of long-lived complexes. From resonance phenomena in the
scattering signal as a function of collision energy, accurate information on the interaction can be ex-
tracted (16-18 ). Near the energetic thresholds for inelastic scattering, resonant states can be formed
when the colliding complex begins to rotate, leaving the constituents with insufficient translational en-
ergy to overcome their van der Waals attraction. Methods to experimentally extract information on these
resonances are extremely limited. Thus far, low-energy collisions have only been studied in cryogenic cell
environments (19 ), or in supersonic gas expansions that are specifically designed to maintain a thermal
equilibrium at temperatures as low as 6 K (20 ). Recently, reports have appeared on the study of cold
inelastic collisions between alkali atoms and dimers in an optically trapped gas (21, 22 ).

An alternative experimental approach to studying collisions at a low and/or variable energy is to
produce molecular beams with a low and/or variable velocity (23 ). Mechanical velocity selectors can be
used to select molecules with a narrow velocity distribution out of molecular beams (24 ), but the particle
densities and velocities that can be reached are set by the original velocity distribution of the beam.
Exquisite control over the velocity of polar molecules in a molecular beam has only been possible since
the development of the Stark deceleration technique. The Stark decelerator for neutral polar molecules is
the equivalent of a linear accelerator for charged particles, and exploits the interaction of a polar molecule
with inhomogeneous time-varying electric fields (25, 26 ). The deceleration (or acceleration) process can
be seen as slicing a packet of molecules with a narrow velocity distribution out of the densest part of the
molecular beam pulse. This packet can then be decelerated or accelerated to any velocity, maintaining the
narrow velocity distribution and the particle density in the packet. In a crossed-beam configuration, this
tool offers the revolutionary capability to study elastic or inelastic and reactive scattering as a function
of the continuously variable collision energy, from low to high collision energies, and with a high intrinsic
energy resolution. The computer-controlled velocity of the molecular beam allows scanning of the collision
energy in an otherwise fixed experimental geometry. The deceleration process is highly quantum-state
specific, and the state purity of the bunches of selected molecules that emerge from the decelerator can
be close to 100 %. Moreover, the decelerated molecules are all naturally spatially oriented, and steric
effects can therefore in principle be studied as well.

Here we report the use of a Stark-decelerated molecular beam with a tunable and narrow velocity
distribution in a molecular beam scattering experiment. In a crossed beam set-up, rotationally inelastic
scattering between state-selected OH radicals (X 2Π3/2, v = 0, J = 3/2, f (27 ), referred to hereafter as
F1(3/2f)) and Xe atoms is studied throughout the 0.14 to 1.14 kcal/mol (50 to 400 cm−1) region, with
an overall energy resolution of ∼ 0.03 kcal/mol (13 cm−1). We chose the OH-rare gas system because,
at higher collision energies, rotationally inelastic collisions have been studied for this system in great
detail, both experimentally and theoretically; state-to-state cross-sections and the effects of molecular
orientation have been determined (28, 29 ). The energy range covered in the present study encompassed
the energetic thresholds for inelastic scattering down to the lowest rotational levels of OH. The threshold
behavior of the inelastic state-to-state cross-sections was accurately measured and was compared with
the outcome of coupled-channels calculations on a computed OH-Xe potential energy surface.

A molecular beam of OH radicals in the low-field seeking F1(3/2f) state was decelerated, guided,
or accelerated using a Stark decelerator (Fig. 1). The time-of-flight profile of the radicals that exit the
decelerator is shown for a typical setting of the decelerator. The densest part of the OH beam, with an
original velocity of 450 m/s, was selected and slowed down to a final velocity of 281 m/s. The decelerated
packet of radicals arrived temporally delayed in the field-free interaction region and was scattered with a
beam of pure Xe under an angle of 90 ◦. In the experiments, the velocity of the OH radicals was varied
from 33 to 700 m/s; the contribution of the OH radicals to the center-of-mass (CM) collision energy (Ecoll)
was thereby varied from less than 1 to ∼ 310 cm−1. The contribution of the width of the OH velocity
distribution to the overall energy resolution was very small. The maximum rotational state purity of the
packet of OH F1(3/2f) radicals before the collision was measured to be ≥ 99.7 %. Contamination of the
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Figure 1: Schematic representation of the experimental setup and of the energy-level scheme of the OH
radical. The OH radical beam is produced by photodissociation of gaseous HNO3 that is coexpanded
with a noble carrier gas (Ar, Kr, or Xe) into a vacuum. The beam is skimmed and radicals in the
low-field-seeking F1(3/2f) state are focused with a hexapole into the Stark decelerator, where the beam
is decelerated, guided or accelerated to a velocity in the 33 to 700 m/s range. A typical time-of-flight
(TOF) profile is shown in the left inset. The selected packet of radicals arrives temporally separated in
the scattering region and is scattered with a beam of pure Xe at an angle of 90 ◦, under single-collision
conditions. The collision-induced populations in the F2(1/2), F1(3/2), and F1(5/2) rotational levels
are probed before and after the collisions using a pulsed dye laser system in a saturated laser induced
fluorescence (LIF) scheme. The fluorescence is imaged onto a photomultiplier tube (PMT). In the energy-
level schemeshown in the right inset, the splitting between both parity components of each rotational
level is largely exaggerated for reasons of clarity.

inelastic state-to-state scattering data by initial populations in different quantum states was negligible.
The xenon beam was produced by expansion of Xe at 2.5-atm backing pressure from a cooled pulsed

valve (−70◦C), resulting in a beam with a velocity of ∼ 300 m/s. The exact velocity of the Xe atoms
depends on the detailed settings of the pulsed valve as well as the timing of the collision event within the
Xe gas pulse, and these settings were kept fixed during the measurements. Although the exact velocity
of the Xe atoms was not measured, the constant contribution of the Xe atoms to the CM collision energy
of ∼ 60 cm−1 was sufficiently low that the total CM collision energy could be tuned over the energetic
thresholds for scattering into both parity components of the F1(5/2) level (84 cm−1 excitation energy)
and the F2(1/2) level (121 cm−1 excitation energy). The approximately 10 % velocity spread in the Xe
beam was by far the dominant contribution to the overall energy resolution in this experiment.
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Figure 2: Probabilities for inelastic scattering of OH F1(3/2f) radicals in collisions with Xe atoms to
the F1(3/2e), F1(5/2e), F1(5/2f), and the F2(1/2e) levels as a function of 1

2 ( mOHmXe

mOH+mXe
)v2

OH - i.e., as
a function of the contribution of OH to the CM collision energy (where mOH and mXe are the mass
of OH and Xe, respectively, and vOH is the velocity of the OH radicals in the laboratory frame). The
horizontal error bars represent the uncertainty in collision energy that results from the velocity spread
of the OH beam, which is different for every setting of the decelerator. The vertical error bars represent
the statistical spread of the data as obtained from repeated runs of the experiment.

Saturated laser induced fluorescence with tunable pulsed lasers was used to detect the OH radi-
cals (30 ). For each setting of the OH velocity, the populations in the F1(3/2e), F1(3/2f), F1(5/2e),
F1(5/2f) and F2(1/2e) levels were measured, both with and without collision of the Xe beam with the
OH beam. The decrease of population in the F1(3/2f) level due to scattering with the Xe atoms was
about 1 %, indicating that single collision conditions were fulfilled in the experiment. The signals asso-
ciated with the scattering products were normalized by the signal of the incoming OH F1(3/2f) radical
beam. Different excitation rates for the different branches of the optical transitions used to probe the
different levels were taken into account to relate signal intensities to populations. Thus transition proba-
bilities for inelastic scattering to the F1(3/2e), F1(5/2e), F1(5/2f), and F2(1/2e) levels were obtained as
a function of the OH contribution to the CM collision energy (Fig. 2). Collisions populating the F1(3/2e)
level were most likely. Within the F1(5/2) level, collisions populating the lower Λ-doublet component of
e parity were favored, consistent with findings of other 2Π-rare gas systems (28,29 ). For the F1(3/2e)
and the F1(5/2e/f) levels, the transition probabilities were almost constant at higher collision energies.
Close to the F1(5/2) energetic threshold, collisions populating either one of the parity components of this
level became less probable, and the transition probabilities for these levels dropped sharply. The only
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inelastic channel that was exoenergetic was scattering to the F1(3/2e) level, and its transition probability
showed an increase at low collision energies. Excitation to the F2(1/2) level required a spin-orbit changing
collision, for which the cross-sections are generally lower than for a spin-orbit-conserving collision. The
transition probability for this channel also showed a clear threshold behavior.
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Figure 3: (A) Contour plots of the A′ (upper) and A′′ (lower) potential surfaces in cm−1. The potentials
are computed with the RCCSD(T) method. A large one-electron basis consisting of the augmented-
correlation consistent polarized valence quadrupole zeta (aug-cc-pVQZ) set is used, extended with a set
of (3s, 3p, 2d, 1f, and 1g) mid-bond orbitals with geometry-dependent exponents (38 ). The angular
dependence of the sum of the potentials is represented by a Legendre polynomial expansion and the
difference of the two potentials by associated Legendre functions, as required by theory (31 ). The proper
R−n analytic form is used for the radial dependence of the long-range expansion of the sum potential,
and the reproducing kernel Hilbert space interpolation method (39 ) is used for the radial dependence
of the short and intermediate range of the sum potential and for the difference potential. We tested
the fit by performing additional ab initio calculations for 75 random geometries and found it to be very
accurate: The errors at these points were on the order of a few tenths of a cm−1 or less. A fortran code
of the potentials is available as supporting online material. (B) Computed cross sections for the first 10
channels, computed on a collision energy grid of Ecoll = 5, 10, 15, . . . , 400 cm−1. The solid and dashed
lines correspond to channels of f and e spectroscopic labeling, respectively. The F1(3/2f) channel is the
elastic channel. In the Hamiltonian we used the OH rotational constant B = 18.5487 cm−1, the spin-orbit
coupling constant A = −139.21 cm−1, and Λ-doubling parameters p = 0.235 cm−1 and q = −0.0391 cm−1.
The channel basis included all OH rotational states with angular momentum J ≤ 21

2 . The highest total
angular momentum in the basis has F = 271

2 and all F ≤ 201
2 are present. The renormalized Numerov

method was used to propagate the wave function from R = 4 to 35 a0, where a0 is the Bohr radius. Our
computer code is verified by reproducing bound-state and scattering calculations on similar systems from
the literature.
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The theoretical framework to compute cross-sections for inelastic collisions of 2Π-state molecules such
as OH with 1S-state atoms such as Xe is well established (31 ). The electronic degeneracy of the Π
state is lifted upon the approach of the atom, and two potential energy surfaces are required to describe
the system. Contour plots of the potentials are shown in Fig. 3. We compute the potentials with
the partially spin-restricted open-shell coupled-cluster method with single and double excitations and
perturbative triples [RCCSD(T)] (32 ), as implemented in the MOLPRO 2002 program package (33 ).
Interaction energies were obtained as the difference between the energy of the complex and the energies
of the fragments. We computed the fragments in the same one-electron basis set as the complex to avoid
the so-called basis set superposition error. This method is one of the best available to compute highly
accurate potentials of weakly interacting systems. The Xe atom has 54 electrons; the 28 inner shell
electrons are described by a relativistic pseudopotential (34 ). The interaction energies were computed
for 300 geometries on a two-dimensional grid with 15 Gauss-Legendre points in the Jacobi-angle (θ) and
atom-molecule separations up to R = 20 a0. The OH bond length is kept fixed at r0 = 1.8502 a0. We
used an analytical representation of the potentials (Fig. 3). The global minimum of −224 cm−1 occurs
on the A′ potential for a T-shaped geometry. This potential has a local minimum for a linear OH-Xe
geometry (θ = 0◦).

To compute the inelastic cross-sections, we performed fully converged coupled-channels calculations.
The Hamiltonian includes the OH rotational, spin-orbit, and Λ-doubling terms. We used the R-embedded
body-fixed channel basis for which the potential energy matrix elements are given in (35 ). Convergence
of the cross-sections with respect to all parameters has been tested to be better than 1%. According to
Wigner’s threshold laws (36 ), the inelastic cross-sections at low energies are proportional to the square
root of the excess energy. We found that in this case, a square root energy dependence holds approximately
for several points above threshold on our 5 cm−1 interval grid as well.

Relating the measured energy-dependent transition probabilities (Fig. 2) to the calculated inelastic
cross-sections (Fig. 3) requires detailed information on the relative velocity of the scatterers, the actual
time interval during which scattering events are probed, and the detection probability of the scattered
products (12 ). Systematic effects, such as the collision energy-dependent time interval for scattering
and intensity and velocity of the incoming OH beam, cancel out when the relative inelastic transition
probabilities are extracted from the measured absolute transition probabilities given in Fig. 2. If we
assume an identical detection probability of the scattered products for the different inelastic channels
for a given collision energy (37 ), the relative inelastic transition probabilities directly yield the relative
cross-sections for inelastic scattering (Fig. 4). The horizontal axis is given an offset compared to the one
in Fig. 2 to include the contribution of the Xe atoms to Ecoll. The positions of the energetic thresholds are
known with spectroscopic accuracy, and we obtained the best agreement when a velocity of the Xe atoms
of 320 m/s was taken. The theoretical inelastic cross-sections (Fig. 3) were first convoluted with the
experimental energy resolution, and we used the resultant values to calculate the relative cross-sections
(solid curves in Fig. 4). Excellent agreement between theory and experiment was obtained throughout the
range of collision energies probed. The ratio of scattering into the different channels, and, in particular,
the shape of the inelastic cross-sections around threshold is perfectly reproduced.

Our measurements provide a very sensitive probe for the theoretical potential energy surfaces, from
which a detailed understanding of the collision dynamics can be obtained. A next step will be to use
two crossed velocity-tunable molecular beams or to collide the velocity-tunable beam with a stationary
(i.e., trapped) sample of cold or ultracold atoms or molecules. In such systems, quantum state selected
atom-molecule and molecule-molecule collisions can be studied, down to collision energies below 1 cm−1,
with a fraction of a wavenumber energy resolution.
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