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Molecular beam scattering dynamics at the gas-liquid interface are investigated for CO2 (Einc ) 10.6(8)
kcal/mol) impinging on liquid perfluoropolyether (PFPE), with quantum state (V, J) populations measured as
a function of incident (θinc) and final (θscat) scattering angles. The internal state distributions are
well-characterized for both normal and grazing incident angles by a two-component Boltzmann model for
trapping desorption (TD) and impulsive scattering (IS) at rotational temperatures Trot(TD/IS), where the
fractional TD probability for CO2 on the perfluorinated surface is denoted by TD and IS densities (F) as R )
FTD/(FTD + FIS). On the basis of an assumed cos(θscat) scattering behavior for the TD flux component, the
angular dependence of the IS flux at normal incidence (θinc ) 0°) is surprisingly well-modeled by a simple
cosn(θscat) distribution with n ) 1.0 ( 0.2, while glancing incident angles (θinc ) 30°, 45°, and 60°) result in
lobular angular IS distributions scattered preferentially in the forward direction. This trend is also corroborated
in the TD fraction R, which decreases rapidly under non-normal incident conditions as a function of backward
versus forward scattering direction. Furthermore, the extent of rotational excitation in the IS channel increases
dramatically with increasing angle of incidence, consistent with an increasing rotational torque due to surface
roughness at the gas-liquid interface.

I. Introduction

The study of both reactive and inelastic collisions in the gas
phase represents an enormously fertile area of research interest,
toward which Professor Stephen R. Leone has made seminal
contributions over the last several decades.1-9 As a result of
such pioneering efforts by Leone and others in the chemical
physics community, our understanding of state-to-state gas-phase
collision dynamics has reached new heights of predictive power,
control, and elegance.3,10-15 An equivalent intellectual frame-
work for understanding state-to-state collision dynamics at the
gas-liquid interface has proven more elusive, toward which
recent efforts in our group have been dedicated.16-21 The desire
for greater understanding of such interfacial dynamics is
motivated by both practical and fundamental interests. Indeed,
gas-condensed-phase interactions arguably play a major role
in a wide range of chemical phenomena such as industrial
synthesis,22 combustion,23 aerosols,24,25 pollution,26 atmospheric
ozone depletion,27-29 as well as many other heterogeneous
chemical processes.

For a gas molecule to dissolve, for example, it must first
collide with the surface, at which point it may either directly
scatter back into the gas or become temporarily trapped long
enough to lose memory of its initial collision conditions. If
trapped, the gas can simply desorb or proceed along a
complicated path where it could diffuse across the interface or
finally dissolve into the liquid before reappearing some time
later. To help understand such interfacial dynamics, elegant
molecular beam time-of-flight mass spectrometry (TOFMS)
experiments30-34andtheoreticalmoleculardynamicssimulations35-42

have been developed to explore the physical and chemical

properties that impact molecular trajectory dynamics at the
gas-liquid surface. From these studies and many others, the
gas-liquid scattering event has been usefully characterized
primarily by the two scattering pathways illustrated in Figure
1, though, more accurately, a continuum of such channels must
clearly exist. These pathways have been simply indentified as
(i) “trapping desorption” (TD) events, where all memory of the
incident collision is lost through interactions that range from
direct collisions, physisorption, and momentary solvation, and
(ii) “impulsive scattering” (IS) events, which entail limited
gas-liquid collisions that potentially sample nonequilibrium
dynamical processes. In both experimental and theoretical
studies, the TD versus IS nature of these two channels has been
identified by final kinetic energy analysis.43,44 For molecular
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Figure 1. Two classes of collision channels at the gas-liquid interface;
(a) trapping desorption (TD), whereby full equilibration to the surface
temperature occurs prior to re-entry into the gas phase, and (b) impulsive
scattering (IS), which occurs on a sufficiently few collision time scale
to yield flux out of equilibrium with the surface temperature. Trans-
lational and internal quantum state distributions measured at a series
of incident and scattering angles provide evidence for the presence of
both TD and IS channels.
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projectiles, additional and quite complementary information
should be present in the internal quantum state distributions of
the scattered species. Uncovering this information has been a
thrust of recent work in our laboratory, where direct absorption
spectroscopy with high-resolution lasers has been exploited to
examine rotational and vibrational quantum states resulting from
such inelastic16-19,21 or reactive20 scattering events. However,
additional detailed information on the gas-liquid collision
dynamics can be obtained by combining high-resolution lasers
with 3D manipulation of the absorbing laser beam path.
Specifically, these experiments offer the tantalizing prospect for
probing internal state populations of scattered species as a
function of incident and final scattering angles, which represents
the major focus of the present work.

The primary goal of previous studies has been to explore
relevant physical and chemical properties that determine whether
or not a gas molecule sticks to a liquid surface. Pioneering
TOFMS experiments in the Nathanson group have explored a
range of important system parameters, which include incident
energy,45,46 surface temperature,47,48 and the structure of the gas
and surface.45,46,49-51 Further investigation of the surface
structure has been achieved by the development of self-
assembled monolayer surfaces (SAMs),52-54 which provide a
model liquid-like structure for molecular beam scattering
experiments. Chemical control of the SAM surface enables
studies probing effects of surface stiffness,55 mass,37,39,56 and
hydrogen bonding57 at the surface. In each case, the scattered
molecules are detected along the near-specular scattering
direction, where TD and IS components are best separated by
final kinetic energies. The TD fraction is, by definition, well-
described by a Maxwell-Boltzmann velocity distribution, for
which the temperature is most often ≈TS, although several light
rare-gas projectiles deviate from this trend.36,37,40,44 In compari-
son, the IS molecules typically cover a broader range of final
energies and retain a greater fraction of the incident energy.
The nature of the IS component reveals a surface with
considerable local roughness48 whereby the incident gas samples
a wide range of local collision geometries. In parallel with
experimental efforts, high-level molecular dynamics simulations
have quantitatively reproduced results from many of the
experimental liquid and SAM studies.33,35-42 From these studies,
individual trajectories have been investigated and categorized
to determine the nature of TD and IS events. For example, the
fraction of molecules that thermally accommodate with the
surface sample a diverse range of interactions, which include
not only physisorption and solvation pathways but also direct
scattering trajectories with one inner turning point. In parallel,
analysis of the IS fraction also reveals the importance of single,
double, and multiple interactions with the surface, all of which
lead to the broad final energy distributions noted in
experiments.35-39

In an effort to detect gas flux over a broader range of final
scattering angles, the Minton group has incorporated a moveable
TOFMS to measure various in-plane and out-of-plane scattering
geometries for systems such as O + C30H62 (l).32,58-60 The TOF
technique detects both inelastic O scattering along with reactive
scattering of OH and H2O products. The in-plane measurements
covered a range of final scattering angles from θscat ≈ -15° to
85°, where both the inelastic and reactive products exhibited
TOF kinetic energy distributions characteristic of two-channel
(TD and IS) dynamics. In each case, the TD component, as
defined by kinetic energy distributions, was found to desorb
with a cos(θscat) angular distribution. In contrast, the impulsive
component scatters from the surface in a more directional

(“lobular”) yet subspecular distribution, which approximately
follows a cosn(θscat - θ′) pattern, where n ≈ 4-6 and θ′ <
θspec ) 60°. Such directionally lobular patterns are strongly
suggestive of direct scattering dynamics, that has been exten-
sively investigated in many gas-metal surface systems.61,62

However, there are also key dynamical differences between
gas-liquid and gas-metal scattering studies. For example, laser-
based detection of NO + Ag(111)62 also reveals similar lobular
angular distributions but where the recoiling flux now peaks in
the superspecular direction. The above comparisons underscore
the value of correlated angular and quantum state distributions
for further clarifying the role of gas-liquid collision dynamics
in both TD and IS scattering channels.

The coupled angular and quantum state distributions provide
useful insight into scattering dynamics at the gas-liquid
interface. To uncover the TD and IS angular distributions, we
first consider results from earlier studies in addition to the laws
of detailed balance. For CO2 scattering from PFPE, we
previously determined the incident energy dependence of the
TD fraction, which smoothly decreases from unity to ≈0.5 as
Einc increases from 1.6 to 10.6 kcal/mol.17 To further investigate
CO2 desorbing from a perfluorinated surface, additional studies
at low collision energies (Einc ) 1.6 kcal/mol) show unity
sticking over a range of surface temperatures (TS ) 232-323
K).19 Results of these experiments indicate that scattered CO2

is well-characterized by Maxwell-Boltzmann rotational and
translational distributions where the characteristic temperature
is that of the surface, TS. By detailed balance, unity sticking
coefficients and complete thermal accommodation also imply
that the angular distribution of the scattered flux (FTD) will
follow a cos(θscat) distribution,63 typical of effusion through a
small orifice and illustrated in Figure 1. Our experimental results
have been quantitatively supported by MD simulations of CO2

+ F-SAMs,19,35 where the fluorinated self-assembled monolayer
has successfully modeled the PFPE interface. Simulations with
a TS ) 300 K surface show that the total flux from low collision
energy trajectories (Einc ) 3.0 kcal/mol) follows a cos(θscat)
angular distribution and is characterized by a rotational tem-
perature of ≈300 K.35 The cos(θscat) scattering pattern observed
under conditions of unity sticking probability simply reflect,
again by detailed balance, the uniform angular sampling of
collisions at the liquid surface from the gas phase.

Nonequilibrium scattering dynamics that naturally arise at
higher incident energies can lead to nonunity sticking prob-
abilities for CO2 off PFPE. This makes it challenging to
unambiguously identify trajectories as TD versus IS pathways.
However, by detailed balance, the TD component will be
thermally accommodated at TS if the sticking probability is unity
for all sufficiently low incident Einc (say, 0 to ≈5RTS)
represented in the subsequently desorbing flux. Details of this
argument are outlined by Rettner, Schweizer, and Mullins, where
they model the desorbing flux by the product of cos(θscat), a
flux-weighted Boltzmann distribution at TS, and an energy-
dependent sticking coefficient.64 In the case of CO2 + perflu-
orinated surfaces at 298 K, we do experimentally observe unity
trapping probabilities for normal incident energies up to 5RTS

≈ 3.0 kcal/mol. Since desorption yields molecules with es-
sentially all energies < 5RTS, then a unity sticking coefficient
up to 5RTS necessarily translates into an outgoing TD flux with
kinetic and internal energies well-characterized by a Boltzmann
distribution at TS. Furthermore, previous gas-liquid scattering
studies even under nonequilibrium conditions by Minton and
co-workers demonstrated that the TD component (as measured
by time-of-flight) follows a cos(θscat) distribution,32,36,60 sup-
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porting a unity sticking coefficient independent of angle at near-
thermal energies.

On the basis of these considerations, we empirically charac-
terize the TD channel as the fraction of collision events which
emerge with (i) internal state distributions equilibrated to TS

and (ii) angular distributions proportional to cos(θscat). This is
consistent with a physical picture of the fraction of scattering
trajectories spending sufficient time near the liquid interface to
lose all memory of incident collision conditions. Such a
definition also permits us to characterize the (i) angular, (ii)
internal quantum state distributions, and (iii) relative branching
ratios for flux into the complementary IS channel. Though there
is considerable experimental support for this as the simplest
description consistent with the data, we note that there is no a
priori reason why nonequilibrium scattering dynamics should
be adequately represented by a simple sum of TD and IS
components. Indeed, one can anticipate that deviations from such
a two-channel model will eventually be evident at the quantum-
state-resolved level, which provides further motivation for
continued study with high-resolution IR laser spectroscopic
methods.

The present paper focuses on quantum-state-resolved CO2

scattering from a perfluorinated liquid, where relative TD and
IS populations are extracted as a function of incident and
scattering angle in an effort to reconstruct the three-dimensional
scattering distribution. The remaining sections of this paper
include a detailed description of the scattering experiment, which
is presented in section II. In section III, quantum state popula-
tions are reported for normal and glancing incidence conditions.
These results are analyzed with a two-temperature Boltzmann
model that incorporates TD and IS dynamics. Section IV
includes a discussion of the results, where we present and test
a model for the two-channel dynamics. Final remarks and
conclusions are summarized in section V.

II. Experimental Section

As illustrated in Figure 2, the experiment consists of a
molecular beam of CO2 impinging upon a renewable liquid
surface in vacuum, with scattered molecules detected by direct
absorption of infrared laser light with a Pb-salt diode laser

spectrometer. Detailed discussion of the apparatus has been
presented elsewhere.16 Therefore, we focus on aspects essential
to the current studies, in particular, collision and detection
geometries used to probe the scattering dynamics. The incident
CO2 molecules are prepared in a supersonic expansion, where
a 10% mixture of CO2 in hydrogen at 300 K passes through a
500 µm pinhole aperture on a piezo-controlled pulsed valve.65

The valve generates 300 µs long gas pulses, which pass through
a 3.0 mm skimmer positioned 1.5 cm down the expansion axis.
The skimmed molecular beam travels an additional 8.5 cm
before it impinges upon the liquid surface, which for our current
study, we use Krytox 1506 perfluoropolyether (PFPE) as our
target liquid. The bulk properties of PFPE listed in Table 1
reveal important criteria for our scattering experiments, which
includes low vapor pressure to ensure our laser detection scheme
measures nascent scattering populations. In addition, the per-
fluorinated chemical composition promotes impulsive scattering
compared to similar hydrocarbon liquids like squalane.17,45,46

A freshly renewed PFPE surface is generated by rotating a 15
cm glass wheel through a 200 mL reservoir of liquid, where
the liquid is viscously dragged onto the wheel.66 A razor blade
scrapes away impurities at the surface to leave behind a 0.5
mm thick liquid surface. The molecular beam and liquid wheel
assembly are housed in a 60 L aluminum vacuum chamber that
is equipped with a 6 in. liquid-N2-cooled diffusion pump. The

Figure 2. Experimental configuration used to probe CO2 scattering from a liquid surface, based on high-resolution Pb-salt diode laser absorption.
(a) The �laser ) 90° configuration permits detection of in-plane (|ν - ν0 | ≈ 0) and out-of-plane (|ν - ν0| > 0) scattering events as a function of
incident (θinc) and final angles (θscat). (b) The �laser ) 0° configuration samples exclusively in-plane scattering events, with additional information
on forward/backward angular recoil dynamics from high-resolution Dopplerimetry.

TABLE 1: Properties of Bulk PFPE Liquid

PFPE

chemical composition F-[CF(CF3)CF2O]14
a-CF2CF3

massa 2400 amu
density 1.87 g/cm3

melting point -45 °C
boiling point 200 °C
vapor pressureb 7 × 10-7 Torr
viscosityb 80 cp
compressibility 10-9 cm2/dyne
surface tensionb 17 dyne/cm
KH

c 3.1 × 104 Torr

a Average size of Krytox 1506 polymer. b 25 °C. c Henry’s law
constant for CO2 with C10F22O2.
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operating pressure is maintained at 3 × 10-5 Torr, while the
pulsed valve operates at 11 Hz with a backing pressure of 100
Torr.

CO2 molecules are detected with a Pb-salt diode laser
spectrometer by direct absorption on the ν3 asymmetric stretch.
The tunable laser produces 1-2 µW of light at around λ ) 4.2
µm, which covers rovibrational transitions for CO2 in the ground
(0000; J ) 0-54) and first bend-excited (0110; J ) 0-38)
vibrational states.67 The laser is coarsely tuned via a commercial
temperature controller (∆ν/∆T ≈ 3-4 cm-1/K) and finely tuned
with a low noise current source (∆ν/∆I ≈ 2 MHz/µA). Within
the spectrometer, the beam is split at several points to
simultaneously measure the absorption of the scattered mol-
ecules as a function of laser frequency. First, the absolute
frequency is established from absorption of a reference gas,
while the relative frequencies are determined from interpolation
of transmission fringes from a confocal etalon. The remaining
fraction of the original beam is used to detect the scattered gas
molecules. The beam is split, where the first half is passed above
the liquid surface in a multipass configuration,68 after which it
is directed onto a liquid-N2-cooled InSb photovoltaic detector.
A reference InSb detector records the second fraction of the
light, at which point, the signals from both detectors are sent to
fast servo-loop subtraction electronics to eliminate common
mode noise. The detection scheme results in absorption sensi-
tivities of 1-2 × 10-6 Hz-1/2. The combined signal is sent to

a computer-controlled A/D, where the time signals are stored
as a function of detuning frequency. The time signals include a
2 ms fragment that incorporates windows before, during, and
after the gas pulse collides with the surface. IR frequency-
dependent Doppler absorption profiles are generated from these
signals by integration over the rising edge (∼200 µs) of the
scattered gas pulse.

As depicted in Figure 2, multiple configurations are used to
detect the scattered flux over a range of final angles. For
experiments reported in this study, the molecular beam impinges
upon the surface with incident angles (θinc) of 0°, 30°, 45°, and
60°, where θinc is defined as the angle between the expansion
axis of the molecular beam and the surface normal (z-axis). For
convention, the molecular beam axis starts in the x-z plane,
which then places the laser propagation direction parallel to the
y-axis in the �laser ) 90° configuration (Figure 2a) or parallel
to the x-axis in �laser ) 0° (Figure 2b). For each configuration,
the final scattering angle (θscat) depends upon the spatial
relationship between the spot of the molecular beam on the
surface with the position of the laser multipass. At the �laser )
90° configuration, θscat is the in-plane scattering angle where
the laser detects molecules that are traveling in the x-z plane
(i.e., Vy ) 0; �scat ) 0°). Additionally, the schematic in Figure
2a shows that the laser can detect out-of-plane scattering due to
Doppler-shifted absorption at detuning frequencies that cor-
respond to ∆V/ν0 ) Vy/c. The laser detection scheme also
provides opportunity to measure both forward and backward
scattering as we change the configuration from θscat ) -60° to
+60°. In each case, the radial distance from the laser beam (θscat;
�scat ) 0°) to the center of the molecular beam spot on the
surface is fixed at 2.0 cm. By way of comparison, the �laser )
0° configuration exclusively detects in-plane scattering, includ-
ing both forward and backward directions. This pair of
configurations therefore provides a unique opportunity to
simultaneously extract internal quantum state, angular, and
velocity component information for both in-plane and out-of-
plane scattering in the forward and backward directions.

Figure 3. Sample high-resolution CO2 absorption profiles for incident
scattering angles of (a) θinc ) 0° and (b) θinc ) 60° for the �laser ) 90°
laser configuration. Einc ) 10.6(8) kcal/mol is achieved by seeding CO2

in H2 (300 K) for all experiments reported in the study.

TABLE 2: Two-Temperature Boltzmann Analysisa of CO2

+ PFPE; �laser ) 90°
θinc

b θfinal R Trot(IS) (K) Tvib (K)

0° 0° 0.56(4)c 720(20) 235(4)
0° 30° 0.57(3) 720(30) 234(5)
0° 45° 0.56(3) 730(30) 241(4)
0° 60° 0.56(3) 720(20) 231(5)
30° -60° 0.62(3) 670(80) 237(4)
30° -30° 0.57(3) 830(70) 232(5)
30° 0° 0.56(2) 830(60) 231(2)
30° 30° 0.51(3) 860(40) 237(5)
30° 60° 0.38(2) 710(40) 235(2)
45° -60° 0.61(4) 740(80) 233(5)
45° -30° 0.60(5) 780(90) 228(7)
45° 0° 0.53(2) 940(80) 238(8)
45° 30° 0.49(2) 950(60) 234(5)
45° 45° 0.42(2) 940(60) 247(5)
45° 60° 0.32(2) 820(40) 238(5)
60° -60° 0.67(6) 800(160) 229(9)
60° -30° 0.49(4) 880(110) 232(5)
60° 0° 0.40(7) 790(30) 235(5)
60° 30° 0.32(3) 810(30) 243(9)
60° 60° 0.29(3) 1220(40) 238(9)

a Trot(TD) is fixed at TS ) 298 K in the nonlinear least-squares
fit. b Configuration is illustrated in Figure 2a. c Numbers in
parentheses represent the estimated error from the two-temperature
fit over several data sets.
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III. Results

A. Incident Beam Characterization. Prior to each scat-
tering experiment, the molecular beam is characterized in
the absence of the liquid wheel assembly. First, absorption
profiles, A(ν - ν0), are recorded for a series of J states within
each vibrational manifold. Each profile is sampled over all
detuning frequencies to generate column-integrated densities
(AV,J) for the internal state population, which is directly
proportional to the density in a particular quantum state,
FV,J(x,y,z). Explicitly

AV,J )∫A(ν- ν0)dν) SV,J∫ FV,J(x, y, z)dy (1)

where SV,J is the Hönl-London line strength for a given
transition.69 To characterize the internal state distribution, the
column densities are divided by SV,J, (2J + 1) degeneracy, and
plotted against Erot ) BCO2J(J + 1) in a standard Boltzmann
fashion. The best-fit line to the data represents the rotational
temperature (Trot), which is ≈15 K for the supersonically cooled
CO2 in the molecular beam. A comparison of the relative
populations in the 0000 and 0110 manifolds reveals a simple
estimate of ≈175 K for the vibrational temperature (Tvib). The
dramatic differences in temperatures for these two degrees of
freedom clearly reveal the difficulties of relaxing a 667 cm-1

vibrational mode compared to rotational levels70 that are spaced
at intervals of 2BCO2J, where BCO2 ≈ 0.3902 cm-1.

In addition to internal state characterization, the total kinetic
energy of the molecular beam is characterized before the
scattering experiments. The translational degrees are character-
ized using time-of-flight measurements and high resolution
Dopplerimetry of the absorption profiles. First, a hearing aid
microphone is used in a TOF experiment where the gas pulse
arrival time is measured for a series of distances along the
expansion axis,71 with a distance versus time plot yielding an
average velocity for the pulsed molecular beam. The measured
velocity is 1.41(9) × 105 cm/s, which agrees well with the
calculated value of 1.42 × 105 cm/s from standard gas flow
formulas.70 From this velocity, we calculate the incident energy
of the CO2 to be Einc ) 10.6(8) kcal/mol. Additional translational
characterization involves line shape fits to the absorption
profiles, which provide distributions for the orthogonal trans-
lational degrees. First, absorption profiles from the θinc ) 0°
configuration are fit to a Voigt line shape, where the Gaussian
component models the velocity spread due to the skimmer, while
the Lorentzian width simply accounts for a finite residual line
width of the laser (∆νL ≈ 20 MHz).16 The extracted Doppler
width (∆νD ≈ 66(4) MHz) agrees well with calculated fwhm
velocity distributions based on the geometry of the skimmer
(θfwhm ≈ 12°) and average centerline speed of the molecular
beam. Beyond normal incidence, θinc ) 30°, 45°, and 60° in
the �laser ) 0° configuration produce a line shape that consists
of two Gaussians, each symmetrically offset from the rest
transition frequency (ν0). While the symmetry is due to the laser
multipass, the offset reflects the projection of the centerline
velocity along the laser propagation direction. The extracted
shifted frequencies for R(0) are (159(4), (228(2), and (286(2)
MHz for θinc ) 30°, 45°, and 60°, respectively. Similar values
are obtained for other J state absorption profiles, after which a
simple calculation turns these frequency projections into cen-
terline velocities of 1.32(4) × 105, 1.35(9) × 105, and 1.39(4)
× 105 cm/s. While each of these values is similar to our
microphone TOF characterization, the values all deviate to the
slow side of the TOF average, which is consistent with velocity
slip effects in the pinhole expansion.70

B. Normal Incidence Scattering. The simplest scattering
geometry involves CO2 impinging on the surface at normal
incidence. With a fixed incident angle of θinc ) 0°, the first
series of experiments consist of measuring the J state populations
at scattering angles of θscat ) 0°, 30°, 45°, and 60°. Sample
absorption profiles are illustrated in Figure 3a for scattered CO2

(0000) at θscat ) 45° and 60°, providing the opportunity to
compare distributions for two different final angles. The
differences between the two probe geometries are minor, where
the general shape of the envelope is essentially the same. The
only qualitative difference is that the overall amplitude of the
absorption for θscat ) 45° is ∼10% larger than that for θscat )
60°. To make this comparison more quantitative, we turn to a
two-temperature Boltzmann analysis previously used to char-
acterize scattered quantum state populations.

As outlined in the previous section for the incident beam
characterization, we integrate the absorption profiles to create
column densities that then are fit with a two-temperature
Boltzmann model.16 The model assumes that the total population
is the sum of two subpopulations, TD and IS, where each
component is well-characterized by a temperature, Trot(TD/IS).
The model also assumes that the 0000 and 0110 populations are
described by the same rotational temperatures but differ by Tvib.
Explicitly, the populations are fit to the following function

AV,J

SV,J
)N · {R ·PTD(J)+ (1-R) ·PIS(J)} ·Pvib(V) (2)

where R is the density-based trapping desorption fraction at a
given probe geometry (θscat, �laser) and PTD/IS(J) and Pvib(V) are
the standard Boltzmann probability distributions

PTD/IS(J)) (2J+ 1) · e-Erot/kTrot(TD/IS)

Qrot(TD/IS)
(3)

Pvib(V)) e-hν/kTvib

Qvib
(4)

Populations are fit to eq 2 with a nonlinear least-squares
algorithm, where the Trot(TD) is fixed at 298 K to reduce
parameter correlation. As noted in the Introduction, we have
explicitly tested this assumption in previous studies19 where low
collision energy scattering results in unity sticking and rotational
temperatures that equal the surface temperature. Extracted values
from the fit are summarized in Table 2.

Quantum state populations for each scattering angle are
plotted in Figure 4a for normal incidence. Results from the two-
temperature fit are used to normalize the populations, which
enables us to compare the relative distribution of the population
as a function of scattering angle. In addition to experimental
data and two-temperature fit, individual TD and IS components
are simultaneously plotted as green and blue curves, respectively,
for each θscat in Figure 4a. As a qualitative assessment of
similarities and differences, an arrow marks the J state that
corresponds to where the total population is equally divided
between TD and IS components. This matching point remains
constant at J ≈ 34 for each θscat, which indicates qualitatively
similar distributions over all final scattering angles.

To compare the dynamics more quantitatively, we plot the
TD fraction (R) as a function of θscat in Figure 5a. Remarkably,
the polar plot reveals that R remains nearly constant from θscat

) 0° to 60°, with the points along the gray dashed curve
denoting a fixed average value of R ) 0.56. In addition, the
extracted Trot(IS) values are plotted in Figure 5b, which indicates
that the IS rotational temperatures also remain nearly constant
at Trot(IS) ) 720 K for each θscat. Finally, the two-temperature
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analysis indicates negligible T-V vibrational excitation based
on a nearly constant (and sub-TS) vibrational temperature of
Tvib ≈ 235 K.

One experimental issue is finite angular resolution due to the
size of the laser beam multipass. This motivated an independent
series of experiments at fixed θinc ) 60°, for distances varying
from 2 to 8 cm from the liquid wheel. The increased distance
yielded a four-fold improvement in angular resolution of the
laser detection scheme (to (≈4°), with no influence on the
measured populations within statistical uncertainty. On the basis
of the azimuthal symmetry of the normal incidence geometry,
we can model the scattered IS angular distributions by FIS ∝
cosnθscat, where n is determined from experiment. Further details
will be presented in section IV, but the limited change in R as
a function of θscat implies that the ratio between the TD flux
and IS flux is constant over all final scattering angles. Since
we know that FTD ∝ cos θscat, the constant value of R suggests
a similar (i.e., n ≈ 1) angular distribution for both TD and IS
scattering at normal incidence.

C. Incident Angle Effects at �laser ) 90°. While normal
incident scattering from the liquid surface necessarily yields
symmetric angular distributions around the surface normal, θinc

> 0° introduces an asymmetry that permits preferential scat-
tering in certain directions, for example, forward, backward,
in-plane, or out-of-plane. As a first step toward characterizing
these angular distributions, we use the �laser ) 90° experimental
configuration illustrated in Figure 2a, for which the laser beam
is normal to the scattering plane. Sample absorption profiles
are plotted in Figure 3b for θinc ) 60° scattering (i) normal to
the surface (θscat ) 0°) and (ii) forward toward the specular
direction (θscat ) 60°). In terms of internal state populations,
the manifolds once again show smooth, temperature-like
distributions over all J states. However, the two angles clearly
exhibit contrasting results, where the forward scattering events
(θscat ) 60°) preferentially populate the higher rotational states.
It is important to keep in mind that for the �laser ) 90° geometry,
each high-resolution Doppler profile contains information on
both in-plane (ν - ν0 ≈ 0 MHz) and out-of-plane (|ν - ν0| >
0 MHz) scattering signals, sorted by detuning from the rest
frequency. Detailed analysis of these absorption profiles as a
function of θscat permits the true 3D state-resolved flux distribu-
tions to be determined, the results of which will be presented
elsewhere.72 However, to maintain consistency with the two-
temperature analysis of the previous section, at this point, we

Figure 4. Rotational state populations for scattered CO2 (0000) under
(a) normal incidence (θinc ) 0°, θscat ) 0°, 30°, 45°, 60°) and (b) non-
normal incidence (θinc ) 60°, θscat ) -60°, -30°, 0°, 30°, 60°)
conditions, each with a �laser ) 90° probe configuration. In all cases,
the dynamics can be characterized by a two-temperature Boltzmann
analysis, with two populations (TD and IS) quantitatively described
by rotational temperatures, Trot(TD) and Trot(IS). Remarkably little
dependence in the TD/IS distributions on final scattering angle is noted
at normal incidence, consistent with cos(θscat) angular distributions for
both TD/IS channels (see text for details). Conversely, strong growth
in the IS versus TD fraction with increasing angle for non-normal
incidence scattering is clearly evident, consistent with a propensity for
lobular scattering in the forward (though slightly subspecular) direction.

Figure 5. Least squares two-temperature Boltzmann fit parameters for
normal incidence scattering (θinc ) 0°) and �laser ) 90° probe
configuration. (a) Trapping desorption fraction, R, obtained from fits
in Figure 4a. b) Fitted IS and TD rotational temperatures as well as
vibrational temperatures over the same range of scattering angles. Note
the essentially complete independence of all of these parameters on
θscat, again consistent with identical cos(θscat) angular distributions for
both TD/IS channels under normal incidence conditions.
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simply integrate the Doppler profiles and sum over all out-of-
plane y-velocity components.

The integrated absorption profiles yield absolute column
densities, which reflect both in-plane and out-of-plane scattering
contributions into a given quantum state. Once again, the data
are fit to eq 2 for each θinc/θscat experiment to extract R, Trot(TD/
IS), and Tvib. The TD rotational temperature is fixed at TTD )
TS ≈ 298 K since the internal state distribution of CO2 is
assumed to be independent of θscat. Additionally, our model
characterizes the final IS distributions with a temperature,
Trot(IS), that may or may not depend on the final scattering angle.
Results from these fits are used to normalize the populations
for a given configuration, which is illustrated for five detection
angles in Figure 4b for θinc ) 60°. Even cursory examination
of these distributions shows dramatic contrast in comparison
with the normal incidence (θinc ) 0°) scattering populations
noted previously in Figure 4a. Specifically, populations for
backscattered CO2 (θscat < 0°) are significantly concentrated
into lower J states, which results in a relatively large TD
component (green curve) inferred for these scattering angles.
Conversely, the forward scattering experiments (θscat > 0°)
exhibit distributions with population shifting toward higher
rotational states, indicating a systematic evolution of TD (green
curve) to IS (blue curve) as a function of scattering angle.
Preferential forward scattering for IS trajectories indicates a
surface interaction in which a significant component of the
incident CO2 momentum is conserved. Detailed analysis of R
and Trot(IS) in the following paragraphs provides further insight
into these interactions and the ways in which they evolve as a
function of θinc.

We first plot R against θscat in Figure 6a for θinc ) 0°, 30°,
45°, and 60° to uncover quantitative trends in the scattering
distributions. Results for each θinc are compared over θscat )
-60° to +60°, where values from Figure 5 have been included
for θinc ) 0°. For this specific angle, values for R at a given
θscat are also plotted at -θscat since both angles ((θscat) are
equivalent due to azimuthal symmetry for a normal incidence
geometry. The gray dashed line behind the data points reflects
the observed value (R ) 0.56) in this polar plot (see section
IIIB) inferred experimentally for FTD, FIS ∝ cos θscat. While
the sticking probability follows this curve nicely for θinc ) 0°,
the experimentally extracted TD fractions deviate significantly
from the curve as θinc increases to 30°, 45°, and 60°. The
deviations are most clearly illustrated at θinc ) 60°, for which
the trapping probability decreases from R ≈ 67% to 29% for
backward (θscat ) -60°) to forward (θscat ) 60°) scattering,
respectively. Such an angular dependence in R is also apparent
for other non-normal incident conditions, with the effects simply
more dramatic as θinc increases.

In addition to sticking probabilities, IS rotational temperature
Trot(IS) values extracted as a function of θscat provide comple-
mentary information on the scattering dynamics. The temper-
atures plotted in Figure 6b reveal several interesting trends worth
noting. First, Trot(IS) results for θinc ) 0° are again plotted to
illustrate the near-angular independence of the two-temperature
dynamics as a function of θscat. The similar θscat-independent
trends in R and Trot(IS) at θinc ) 0° are consistent with an IS
channel that includes single to several collisions between the
gas and liquid at the interface. These interactions are sufficient
to excite the CO2 into a hot, yet Maxwell-Boltzmann (i.e.,
thermal), distribution of rotational states, where molecules
impinging at normal incidence sample adequate surface rough-
ness to scatter into a random (i.e., cosn(θscat), n ≈ 1) distribution
of recoil directions. Beyond θinc ) 0°, however, Trot(IS) for CO2

systematically increases for all final scattering angles, with
degree of additional rotational excitation strongly correlated with
incident angle. In particular, the largest glancing incident angles
(θinc ) 60°) result in the hottest rotational distributions where
IS temperatures reach ≈1200 K. This trend in Trot(IS) would
be qualitatively consistent with surface roughening at the
gas-liquid interface, where glancing angles would be more
likely to torque molecules into higher rotational states. Once
again, however, in stark contrast to the strong incident angular
dependence of rotational excitation, the vibrational temperatures
listed in Table 2 reveal essentially no dependence on this degree
of freedom. For each angle, Tvib remains well below TS ) 298
K, which indicates a very inefficient flow of energy into the
bending mode of CO2 on the time scale of a collisional event.

D. Incident Angle Effects at �laser ) 0°. The laser detection
scheme also permits measurement of scattered CO2 in the �laser

) 0° experimental configuration depicted in Figure 2b. This
configuration predominantly samples in-plane scattering dynam-
ics in forward and backward directions, where high-resolution
Doppler profiles provide further evidence for TD and IS
populations. Sample absorption profiles for θinc ) 60° are plotted
in Figure 7a along with a cartoon representation of the
experimental configuration. From low to high J states, the

Figure 6. (a) Trapping desorption fraction, R, as a function of θscat

for θinc ) 0°, 30°, 45°, and 60° for a �laser ) 90° configuration. The
gray dashed line reflects R ) 0.56, which is the average value for normal
incidence experiments. This line also reflects the trapping desorption
fraction predicted if the IS component scatters with a cos(θscat) angular
distribution (see text for details). (b) Fitted IS rotational temperatures
as a function of θscat for θinc ) 0°, 30°, 45°, and 60°. Note the systematic
increase in Trot(IS) with increasingly non-normal angle of incidence.
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progression of profiles reveals a series of complex line shapes
that contain velocity component information about the incident
and scattered molecules. For example, narrow absorption
features at low J are observed at large Doppler-shifted frequen-
cies of (286 MHz. These are due to residual absorption of the
incident beam, which, even though cooled down to Trot ≈ 15
K, yields small but nonzero absorption contributions with respect
to the scattered flux. Indeed, on the basis of the known θinc )
60° incident angle, such data provide a useful independent
measure of the beam velocity (V ) 1.39(4) × 105 cm/s), in good
agreement with direct time-of-flight measurements (V ) 1.41(9)
× 105 cm/s). At higher J values, the signals are quickly
dominated by scattered CO2 flux, yielding Doppler profiles
symmetrically centered on the centerline transition frequency
(ν0). The progression of scattered populations once again shows
a temperature-like distribution, where signals increase at low
J, reach a maximum at J ≈ 16, and then decay as J extends
into higher states. Analysis of the data must take into account
both high-resolution Dopplerimetry of the line shape profiles

to extract Vx distributions as well as a two-temperature Boltz-
mann characterization of the internal state populations.

The sample absorption profile in Figure 7b reveals significant
deviations from the Gaussian profiles measured in previous
studies.16-19 The Doppler profiles, which now include broad
shoulder-like features symmetrized by the laser multipass
geometry, provide direct evidence for both (i) a TD velocity
component centered at zero and (ii) a shifted IS velocity
distribution with nonzero 〈Vx〉 . The simplest model consistent
with the data involves fitting the absorption profiles to a sum
of Gaussian functions that correspond to TD and IS components,
each of which is described by an amplitude, Doppler width
[∆νD(TD/IS)], and centerline frequency (νTD/IS). The TD
population is characterized by a single Gaussian centered at νTD

) 0 MHz, while the IS component reflects two Gaussian
functions symmetrically displaced by (νIS. The TD component
desorbs from the surface with a Maxwell-Boltzmann velocity
distribution characterized by Ttrans(TD) ) TS, which allows us
to directly calculate ∆νD(TD). These parameters permit least-
squares extraction of relative TD and IS amplitudes, ∆νD(IS)
and νIS. A sample Doppler fit for J ) 46 is included in Figure
7b, where the sum of TD and IS components nicely accounts
for the shoulder-like features. Extracted fit parameters include
∆νD(IS) ) 249(5) MHz, which is nearly two-fold larger than
∆νD(TD) ) 129 MHz and six-fold larger than the incident beam
width of ∆νD ) 66(3) MHz. Additionally, the fit yields a shifted
IS centerline frequency of νIS ) 89(3) MHz, which corresponds
to an average velocity component in the x-direction of 〈Vx〉 )
3.9(1) × 104 cm/s. This average velocity is much slower than
the observed speed in the incident beam and thus is consistent
with substantial transfer of kinetic energy into the liquid even
for IS trajectories. A complete analysis of these Doppler profiles
will require simultaneous least-squares fitting of data for each
J state and for both �laser ) 0° and �laser ) 90° configurations,
a task which is presently underway.72

In addition to the two-component Doppler profiles, the
quantum state populations can be analyzed for �laser ) 0° with
the two-temperature Boltzmann model to extract sticking
probabilities. Relative populations and fits are plotted in Figure
8 for incident beam conditions sampling θinc ) 0°, 30°, 45°,

Figure 7. (a) Sample high-resolution absorption profiles measured at
θinc ) 60° in the �laser ) 0° configuration for a series of final rotational
states. (b) A closer look at the Doppler profile for CO2 rotationally
excited into J ) 46, along with the least-squares fits into individual
TD (green dot) and IS (blue dash) components. Preliminary high-
resolution analysis is consistent with a TD component equilibrated to
the surface temperature (TS), with a forward/backward-scattered IS
component moving with respect to the surface at 〈 |Vx|〉 ) 3.9(1) × 104

cm/s.

Figure 8. Sample Boltzmann analysis for ground (0000) and bend-
excited (0110) vibrational states of scattered CO2, sampled for θinc )
0°, 30°, 45°, and 60° and measured in the �laser ) 0° configuration.
Populations reflect in-plane column scattering densities integrated over
all final angles.
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and 60°. The semilog plot illustrates the non-Boltzmann
behavior expected for gas-liquid scattering, which appears as
curvature in the distribution of populations. Fits to the two-
temperature model provide least-squares values of R, Trot(IS)
and Tvib, which are listed in Table 3 and plotted in Figure 9 as
a function of θinc. In stark contrast with the �laser ) 90° probe
geometry, the TD fraction in Figure 9a demonstrates little
change in sticking probability with θinc; R decreases only very
slightly from ≈0.56 to ≈0.50 as θinc increases from 0° to 60°.
Similarly, Figure 9b illustrates that Trot(IS) increases modestly
from ≈720 K to ≈920 K over the same range of incident angles.
Not unexpectedly, the bending vibration remains a “spectator”
coordinate, with Tvib nearly constant at ≈230 K for each
configuration. Detailed comparison of results from both �laser

) 0° and 90° laser configurations is presented in section IV.

IV. Discussion

A. Modeling IS Angular Distributions at Normal Inci-
dence. Motivated by success of the two-channel Boltzmann fits
for θinc ) 0°, we explore a simple physical model to characterize
the angular distributions for TD and IS fluxes. Azimuthal
symmetry in this scattering geometry limits possible distributions
to those that only depend on the final polar angle, θscat. We
extend the two-temperature Boltzmann model to angular
distributions, where the total scattering distributions are assumed
to be composed of both TD and IS components. By definition,
flux from the TD component is given by FTD ∝ cos(θscat),
whereas the IS flux is assumed to follow FIS ∝ cosn(θscat), with
n treated as a fitting parameter.63 Representations of these
distributions are illustrated in Figure 10a for n ) 0.5, 1.0, 2.0,
and 4.0. Our treatment implicitly assumes separable angular and
rotational contributions to each scattering channel, which allows
us to calculate R as a function of θscat based on model angular
distributions. The objective of this analysis is to calculate the
TD fraction as a function of θscat for different values of the
exponent (n) to directly compare with the experimentally
determined TD fractions presented in section IIIB.

As a first step, we develop a general expression for the flux
to column-integrated density transformation. With regard to
Figure 10a, flux from a point source with an assumed angular
dependence of cosn(θscat) is characterized in spherical coordi-
nates by

f(r, θ, �))Cn ·
cosn(θ)

r2
(5)

where the proportionality constant, Cn ) (n+1) · I/2π, is
determined by equating the integral ∫f(r,θ,φ)r2dr sin θ dθd�
over all scattering space to the total flux, I (in molecules/
sec). The flux to density transformation requires correction
by 1/V⊥ , where V⊥ ) �(Vx

2 + Vz
2) is the velocity component

perpendicular to the laser probe axis. Additionally, the laser

only detects molecules scattered into the probe column
parallel to the y-axis, yielding densities in terms of total
intensity (I) and perpendicular velocity (V⊥ ) in Cartesian
coordinates as

F(x, y, z, V⊥ )) n+ 1
2π

I
V⊥

zn

(x2 + z2)1/2 · (x2 + y2 + z2)(n+1)/2

(6)

To compare with experimental measurements, the density in
eq 6 must be integrated along the laser propagation direction
(y) at a fixed x and z distance from the source, where θscat )
tan-1(x/z). The column-integrated density (A) is therefore
obtained by numerical integration of

A)∫ F(x, y, z, V⊥ )dy (7)

Numerically computed integral values for eq 7 are plotted in
Figure 10b as a function of θscat for n ) 0.5, 1.0, 2.0 and 4.0.
High values of “n” clearly result in column-integrated density
peaked toward the surface normal, whereas low values of “n”
spread the integrated density over a broader range of angles.
These normalized column-integrated density distributions enable
us to predict how the measured TD fraction (R) depends on
θscat. Specifically, the TD fraction expressed in terms of ATD/IS

is

R)
ATD

ATD +AIS
(8)

where the angular distributions for each component are taken
to be cos(θscat) and cosn(θscat) for ATD and AIS, respectively.
Results of these calculated sticking probabilities are plotted in
Figure 10c for n ) 0.5, 1.0, 2.0, and 4.0 along with the
experimentally determined TD fractions. The trends in R over
θscat are clearly sensitive to the value of “n” used to model the
IS flux. For example, FIS ∝ cos4θscat exhibits the highest column-
integrated densities at normal angles and fastest density drop-
off as a function of θscat. The TD fraction calculated from eq 8
for n ) 4 distributions ranges from R ≈ 0.35 to 1.00 as θscat

increases from 0° to 60°, which is plotted in Figure 10c with
similar TD curves for other possible IS distributions. However,
the least-squares fit curve that most closely matches the IS
experimental results corresponds to “n” ) 1.0 ( 0.2. Alterna-
tively stated, the experimental data are consistent with a simple
physical picture in which the IS channel scatters CO2 from the
PFPE surface after single, double, and multiple interactions into
a final angular distribution of FIS ∝ cos(θscat), that is, indistin-
guishable from the normal “effusive” TD channel within
experimental uncertainty. The nature of the angular and
rotational state distributions indicates that CO2 interacts with a
corrugated surface, where roughness is a result of capillary
waves and the local chemical structure of the PFPE liquid.19,47,48

B. IS Scattering as a Function of Incident Angle. The
azimuthal symmetry for normal incidence (θinc ) 0°) beam
conditions simplifies the final scattering distributions to be a
function only of θscat and independent of �scat. However, this
symmetry is broken for θinc > 0°, yielding directional scattering
as, for example, clearly evident in the sticking probabilities in
Figure 6a for θinc ) 60°. The systematic decrease in R from
θscat ) -60° to +60° indicates that molecules in the IS channel
preferentially scatter in the forward direction. This loss of
symmetry for θinc > 0° introduces significant deviations from
our previous simple cosnθscat characterization of the IS angular
distribution. Indeed, more accurate models for these angular

TABLE 3: Two-Temperature Boltzmann Analysisa of CO2

+ PFPE; �laser ) 0°
θinc

b R Trot(IS) (K) Tvib (K)

0° 0.56(3)c 720 (20) 235(4)
30° 0.59(5) 770(40) 232(2)
45° 0.54(3) 780(60) 228(8)
60° 0.50(4) 920(40) 230(5)

a Trot(TD) is fixed at TS ) 298 K in the nonlinear least-squares
fit. b Configuration is illustrated in Figure 2b. c Numbers in
parentheses represent the estimated error from the two-temperature
fit over several data sets.
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distributions will likely involve forward-peaked “lobular” pat-
terns, such as described by cosn(θscat - θ′).32,61,62 As noted
previously, for example, Minton and co-workers have observed
strongly directional in-plane (�scat ) 0°) patterns for scattering
of O atoms from squalane C30H62 (l) at θinc ) 60°,32,58 which
can be reasonably well characterized by ≈cos6(θscat - 37°).
While such an in-plane characterization (�scat ) 0°) depends
only on θscat, the inclusion of out-of-plane scattering events will
clearly require additional modeling of the dependence on �scat.
However, full characterization of out-of-plane scattering events
(�scat > 0°) has long remained an ongoing experimental
challenge, with very few successful examples from the molec-
ular beam literature.60 Though also quite challenging, direct
absorption laser methods offer a powerful alternative for such
3D characterization of both in-plane and out-of-plane scattering
processes, where the information is “encoded” within the high-
resolution Doppler profiles for a series of laser probe geometries.
Though not there yet, efforts toward obtaining a full 3D
reconstruction of the quantum-state-resolved fluxes for CO2

scattering from PFPE are currently underway.72

Even so, we can offer the following initial observations. The
quantum-state-resolved sticking probabilities reported in our
work are extracted from column densities over the length of
the laser detection region and, thus, for �laser ) 90°, represents
integration over both in-plane and out-of-plane scattering
dynamics. However, for �laser ) 0°, integration over column
densities samples populations that arise from predominantly in-
plane scattering events. Therefore, comparison of results from

�laser ) 0° versus 90° configurations may offer some insights
into these two classes of scattering events. For example,
populations measured in the �laser ) 90° geometry at θinc )
60° progress from predominantly TD at θscat )-60° (R ≈ 0.67)
to mostly IS for θscat ) 60° (R ≈ 0.29). This trend is, of course,
consistent with lobular scattering in the forward direction but
does not distinguish between in-plane versus out-of-plane
dynamics. For in-plane scattering events sampled with the �laser

) 0° probe geometry, two-temperature fits to the populations
yield nearly constant R ≈ 0.5 for θinc ) 0°, 30°, 45°, and 60°.
At first glance, this would appear to be just the average R value
for �laser ) 90° over the range of θscat ) -60° to +60°.
However, due to preferential forward scattering in the IS
component noted above, flux into θscat > 0° will be weighted
more than that for θscat < 0°. Thus, a correctly flux-weighted
average for R at �laser ) 90° will be substantially less than the
above simple average over θscat ) -60° to +60°. As a result,
the data indicate a greater propensity for IS scattering when

Figure 9. Extracted fit parameters from a two-temperature analysis
of scattered CO2 populations detected in the �laser ) 0° configuration.
The TD fraction is plotted versus θinc in panel (a), while Trot(TD/IS)
and Tvib are plotted in (b).

Figure 10. Model and experimental angular distributions for scattered
TD and IS flux. (a) Illustrations of flux for different assumed cosn(θscat)
distributions. (b) Normalized column density as a function of scattering
angle for different n values. (c) Direct comparison between experimental
TD sticking probabilities for θinc ) 0° and calculated values based on
FIS ∝ cosnθscat. The data clearly support a simple “effusive” cos(θscat)
model (i.e., n ≈ 1.0 ( 0.2) for the IS channel under normal incidence
conditions.
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Doppler profiles are integrated over both in-plane and out-of-
plane directions (�laser ) 90°) rather than purely in-plane
directions (�laser ) 0°). Simply stated, this comparison reveals
the importance of out-of-plane trajectories as CO2 scatters via
the IS versus TD channels, a prediction that can be further tested
and quantified by detailed analysis of the Doppler profiles.

V. Conclusion and Summary

Experimental gas-liquid scattering experiments have probed
the effects of incident molecular beam angle on the final
scattering distributions. Specifically, quantum state rotational
and vibrational populations of CO2 have been measured as a
function of final scattering angle for incident angles of θinc )
0°-60°, sampled with laser probe geometries both parallel (�laser

) 0°) and perpendicular (�laser ) 90°) to the scattering plane.
At all angles, the high incident collision energy (Einc ) 10.6(8)
kcal/mol) leads to two-channel scattering dynamics that reflect
trapping desorption (TD) and impulsive scattering (IS). The
internal state populations are well-fit at all angles by a two-
temperature Boltzmann analysis that characterizes both IS and
TD distributions with a rotational temperature. The trapping
desorption fraction, R, and Trot(IS) are determined as a function
of final scattering angle, θscat, for conditions that include normal
to grazing incidence. Additionally, vibrational energy transfer
is monitored by a direct comparison of populations in the 0000
and 0110 vibrational states, which show sub-TS distributions in
the scattered flux.

Final recoil information is extracted for normal incidence
based on a model that characterizes the flux from the IS channel
as a cosn(θscat) angular distribution. The TD fraction is used to
extract the value of n ) 1.0 ( 0.2 based on the observation
that R remains nearly constant for θscat ) 0°-60°. The final
distribution of all molecules simply appears to be characterized
by TD and IS components, which each are described by
cos(θscat) patterns. Experiments for θinc > 0° illustrate deviations
from cosn(θscat) scattering distributions based on the two-channel
dynamics probed for a series of experimental geometries. The
IS flux appears to preferentially scatter in the forward direction
based on a decreased TD fraction for the populations measured
at these angles. In a correlated fashion, state populations reveal
primarily TD events in the backward directions. The experi-
mental geometries probe both in-plane and out-of-plane scat-
tering, which are both important types of scattering trajectories
in the IS channel.
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