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Chapter 1

Introduction

Water is one of the most important life-related molecules which influence the
environments of planets, solar systems, galaxies, and interstellar regions of space The
main goal of this thesis is to obtain state-to-state cross sections for inelastic collisions
of H2O with the most important interstellar colliders, ι e , molecular hydrogen and He
Our measurements provide a good test of the intermolecular potentials for these
astrophysically important collision systems

In this chapter we will review the

importance of observations on the water molecule under astrophysical conditions,
summarize previous state-resolved collision studies, analyze previous velocity map
imaging-based collision investigations, and describe the competition processes in
intermediate electronic states of water used for spectroscopic probing in our imaging
measurements Finally, an overview of our measurements and analysis to be described
in the coming chapters will be presented

rhapter 1 Introduction

1.1 Importance of water collisions
1.1.1 Importance of water
Water, consisting of two hydrogen atoms (the most abundant element in the
universe) and one oxygen atom (third most abundant in the universe and the most
abundant element on earth) results in one of the most abundant molecules in
interstellar media, galaxies, our solar system, and earth ' '
In addition to the importance of solid and liquid water in our own world, gas
phase water also plays an important role in astrophysical processes in different
regions of space For example, the water molecule is an important coolant which
decreases the temperature of warm molecular clouds The huge increase in heat during
star formation may cause the collapse process to be halted unless heat is continuously
and effectively removed from the molecular cloud Thermal energy can be transferred
into molecules by collisions involving excitation of molecular internal states The two
most abundant gases in the interstellar clouds, H2 and He, are not good coolants
because the large spacing of their internal states By investigation of their cooling
curves, CO and O2 are believed to be the dominant coolants for lower densities and
temperatures of clouds while H2O is the important coolant at high densities and
temperatures conditions'9 (see SWAS science20) The ability to distribute energy to the
surrounding environment by water collisions anses because of the multitude of energy
levels of this asymmetric top molecule 3 4 2 ' The role of water as a reservoir for the
element oxygen has also been discussed extensively in the past ^22
In the interstellar medium where the temperature is quite low, the formation of
H2O molecules are believed to be involved in two different processes with reactions
that most probably require little or no energy input 4 One of these process occurs in
the gas phase and depends on the formation of the very reactive Hi+ ion which is
produced by ionization of H and H2 through cosmic rays 4 2'
H;+O^>OH++H2

OH*+H2^>H20++H
H20+ + H^
H}0++e

H}0+ + H

->tf 2 0 + //

The other possible mechanism for formation of the H2O molecule in the interstellar
medium occurs on the surface of dust grains In this mechanism, water molecules are
formed directly as ice (solid waler) 4
2
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1.1.2 Observation of interstellar water vapor
Molecules in interstellar and circumstellar media are identified via their specific
spectral signatures, which indicate transitions between known internal states of the
observed species Up to now, more than 130 molecules have been distinguished (see
Appendix D ) 2 3 In the ultraviolet region of the electromagnetic spectrum the earth
atmosphere is opaque due to the strong absorption and dissociation of atmospheric
molecules In the infrared and submillimeter domain Earth's atmosphere is also
opaque for observing interstellar molecules using ground-based observatories, except
for a few atmospheric windows, because of the presence of the extensively populated
H2O and other spectroscopically active molecules (e g

CO2) Consequently,

observation of interstellar water molecules on the earth surface is achieved by high
altitude observatory (e g balloon or aircraft), observation in areas with a dry
atmosphere, or through some of the above-mentioned atmospheric windows at certain
ranges of wavelengths Figure 1 1 illustrates the atmospheric windows of earth The
water molecule was observed at the first time in 1969 by its microwave radiation at 22
GHz by Cheung et al24 Afterwards, the 22 GHz water line, which corresponds to
616—»521 rotational state transition, has become one of the most important spectral
signatures for observing interstellar H2O molecule Actually, from the predictions of
theoretical calculations, this strong transition is not unique and many other transitions
for detecting water should be possible 2 5

Several other spectra lines of interstellar

H2O molecule were in fact detected on earth's surface (including high altitude
observatory) one decade later Important spectra lines for H2O detection which were
extensively in the past are presented in Table 1 1
A space observatory provides a better chance for observing H2O spectral lines
without disturbance from the earth's atmosphere For example, due to the great
contributions of the Infrared Space Observatory (ISO, launched in 1995 and operated
89

until 1998) missions , it was realized through the observation of different pure
rotational and ro-vibrational transitions of water (covering the full 2-200 μιη range) in
a large vanety of astronomical environments48 that water is everywhere in space
Afterwards, two successful

missions, ι e, the Submillimeter Wave Astronomy

Satellite (SWAS, launched in 1998) 1012 , and the Odin Space Observatory (Odin,
launched in 2001)

n l5

, have brought plentiful data about water, in addition to other

astrophysically important molecules These two missions offered higher spectral
resolution than ISO but only the strong lio-loi transition of ortho-H20 at 557 GHz
was used 8 In addition, several spectral lines of water isotopologues (e g H2' Ο) have
been detected by ISO, SWAS, and Odin missions 8 1 5 New missions, eg,
3

the new
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7

16 18

launched Herschel space observatory (May 2009) and ALMA '

ground-based

telescopes, will deliver a huge quantity of new data about water.
Because of the wide distribution of H2O in earth's atmosphere as mentioned
above, monitoring the abundance, global distribution and variation of water vapor by
13

satellite observatories have been executed in several aeronomy missions (e.g. Odin ).
Collision induced pressure broadening of spectra lines of water has received wide
attention because it is used in the retrieval of atmospheric parameters.

8
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Figure 1.1: Atmospheric windows (adapted from NASA-IPAC' )

Table 1.1: Important detection wavelengths for interstellar H2O.
Frequency (wavelength)

Transition

Reference

22 GHz (13.6 mm)

616—»-523

Cheung e? α/, 196924

380 GHz (789 μπι)

4|4-β2Ι

Phillips ef a/, 198030

183 GHz (1.6 mm)

3|3 _+ 220

Waters eia/, 19803'

321 GHz (934 μηι)

1029^936

Menteneia/, 199032

325 GHz (922 μπι)

5l5->422

Menteneia/, 199033

557 GHz (538μιη)

lio - *loi

Taubere/a/, 199634
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1.1.3 Collision models
Many observations of water spectral lines in the sub-millimeter or microwave
range are ascribed to Microwave Amplification by Stimulated Emission of Radiation,
25 32 35 37

i.e., the water maser. ' ' "

Inverted populations of the water rotational states

followed by stimulated emission can result in maser radiation. Astronomical masers
are quite commonly observed phenomenon for some interstellar molecules (e.g. water,
ammonia, OH and SiO). The water maser emissions have been observed in
circumstellar envelopes of the late-type stars, star formation regions, comets, and the
nuclei of active galaxies. In order to model the observations and the anomalous
non-thermal behavior, a collision mechanism has been included for interpreting the
observed spectral data. 21 ' 38 The typical collision energy is in the tens to few hundreds
K. Figure 1.2 illustrates energy flow taking place in molecular clouds with embedded
sources.39 It includes radiative absorption and emission of dust grains, collisions
between hydrogen and dust grains, collisions between hydrogen and specific
molecules (e.g. H2O), radiative absorption and emission of the specific molecules, and
escape of photons. At specific ranges of density and temperature conditions for dust
grains and molecules in different astronomical regions, state populations of the water
molecule deviate from thermal equilibrium. In general, the pump mechanisms that
lead to state inversion are associated with collision and/or external radiation processes.
For instance, for the 6|6—>52i water maser (22 GHz), a great number of pump
mechanisms (models) have been discussed.38'40 Most models of the 22 GHz water
maser are based on mechanisms from de Jong or Deguchi. De Jong proposed that the
22 GHz water maser occurs near the surface of a dense molecular cloud in which
radiation of different pumping lines escape at different optical depths.41

Energy is

continuously pumped into the line emission sources by collision with surrounding H2.
Deguchi introduced a hot-gas cold-dust mechanism that leads a 523—*4\4—>5o5—>6i6
pumping cycle.42 The radiation of the 523—»414 rotational state transition of water
vapor is absorbed by cold ice grains which have a strong absorption peak near 45 μπι
(processes ® and ® in Fig. 1.2). Afterwards, collision excitation by surrounding
hot hydrogen (process © in Fig.1.2) returns the population from the 4,4 to the 6|6
state (through the 5o5 state). De Jong and Deguchi both proposed the same
523—^4:4—>5o5—»6|6 pumping cycle for the 22 GHz water maser but with different
mechanisms. The rate of collision and radiation induced transitions from the upper level
of the 6|6—>523 maser line are much smaller than the rate of transitions associated to
other pumping states. As a result, inverted population between the 616 (upper state)
and the 523 (lower state) levels is achieved resulting a maser for this transition. For
5
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other water maser transitions, different pumping cycles and mechanism are involved.
In modeling observation of water emissions, radiative transfer and statistical
population balance (equilibrium) equations have to be solved simultaneously. 38,41-43
This is usually achieved using the escape probability approximation

38,44

In these

models, the state-to-state collision excitation and de-excitation rates are described in
the statistical population equilibrium equation form as 4 3 :

^(η,Α.+ηη^+η,Β^)

= ^{nn.j.+nß^J)

(1.1)

where yij stands for the collision rate coefficients, η is the density of the colliding
partner (e.g. H2), the Einstein A coefficients present the radiative de-excitation. Bij are
the Einstein Β coefficients for absorption and stimulated emission, n, is the population
density of the 1 level, and J is the mean photon radiation field.
Masers provide information on state populations and on the radiation and
collision induced pumping conditions in the interstellar media (e.g. temperature and
density). In addition to the estimations of the abundance and population distributions
of interstellar water, the water maser also provides a probe for the source region
where it was produced and the medium wherein it has been propagated.25'35,45

Figure 1.2: Energy flow in molecular clouds with embedded sources.39 ®dust
absorption of stellar radiation, ©cosmic ray ionization of Hi, (3)gas-grain collisions,
® collisional de-excitations, (5) collisional excitations, ® dust emission, (Z) dust
absorption of dust (continuum) photons, (§)dust absorption of line photons,(9)line
absorption of dust photons, ©line absorption of line photons, ©line emission.

6
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1.1.4 Collision rates and cross sections
In modeling the observed spectral data of interstellar water, the state-to-state
collision rate is the key factor. Because of experimental difficulties, the state-to-state
collision rates of H2O with H2 or He are normally extracted from calculations. The
molecular interactions of water with collision partners are described by the
intermolecular potential energy surface (PES). Collision (scattering) theory links the
PES with the properties of collision dynamics. In addition to collision rate coefficients,
cross sections are also a most important property of collision dynamics. The collision
cross section is normally distinguished in two forms: differential and integral cross
sections, in which the first one contains infonnation about the product angular
distribution. The link from the differential cross section (do/dfl),'· j to the integral
cross section Oj·· j for an inelastic collision with a j ' ^ j state transition is achieved by
integration of the DCS over the solid angle (Ω) 46 :

a^^U—)

dto,

άΩ = 2πΰη{θ)άθ

(1.2)

where θ is the scattering (deflection) angle in the center-of-mass frame on the
collision plane. The connection from the integral cross section to the state-to-state
collision rate coefficient k(j'*-j, T) at temperature Τ is 21,46 :

Η]'^-],Τ)=<συ>^=

^vJaJ.^(vj)f(vj,T)dvj

(1.3)

where υ, is the relative collision velocity in the j (initial) state, ΐ(υρ Τ) denotes the
velocity distribution at kinetic temperature T. Normally, the function ƒ is a
Maxwellian thermal distribution. Differential cross sections contain the most detailed
dynamics information while collision rates are the most averaged property among
them. Such averaging may wash out details. In order to link to the details of the PES,
the differential cross section is the best candidate, although it is not a property
measured in an astrophysics observation. In our experiments, the directly measured
state-to-state differential cross section can be used to check detailed features of the
PES. The state-to-state DCS can also be converted to more averaged properties*, i.e.,
integral cross sections and collision rates. For inelastic collisions, the anisotropy of
the intermolecular PESs that lead to internal (rotational) energy change can be
examined by structures in the product angular distributions such as rotational rainbow
7
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maxima.
In classical collision theory, trajectories for different initial approach angles are
calculated using classical mechanics. Consequently, interference effects, which are
not present in classical mechanics, are not included in the calculations. For quantum
calculations, wave functions are calculated and then the probabilities are determined
from the square moduli of them, in which the cross terms give rise to interference
effects.47 Although quantum calculations usually reproduce the experimental results
well, intuitive explanations are achieved more easily using classical calculations,
which are more associated with our macroscopic environment. Semi-classical
collision theory combines the concept of trajectories from classical theory and
interference effects from quantum theory. Different collision theory methods have
different advantages, including expense, intuitive physical interpretation, and
accuracy. For a further understanding, we refer readers to several excellent textbooks
and publications.46·48"58

*In our current experiments, only relative integral cross sections are measured due to the difficulty of
determination of absolute intensities of molecular beams It may be achieved in the future by
calibration of beam intensity using absolute cross sections from well-known collision systems

1.2 Previous smdies of water collisions

1.2 Previous studies of water collisions
In collision expenments, one speaks about elastic scattering if during a collision
only momentum is interchanged Elastic collisions occurs typically in atom-atom
scattering, except at quite a high collision energy where in a collision electronic state
population can be changed Inelastic collisions relate to scattering events in which there
is a transfer of internal energy The collision of a molecule with another molecule or an
atom can bring about a change of internal state In reactive scattering, the collision
results into the forming and/or breaking of chemical bonds in order to form other
molecules as products In the last decades the inelastic and elastic scattering of
molecules from other molecules or from rare gas atoms became the prototype research
for characterizing intermolecular PESs 46 50 59 60 By combining scattering studies with
spectroscopic studies of molecule-atom or molecule-molecule van der Waals (VDW)
clusters, the full portrait of intermolecular interactions can be built up Compared with
elastic scattering, inelastic scattering probes the anisotropic part of the interaction
potential which is responsible for energy transfer (e g rotational energy) 60 The
crossed molecular beam apparatus is the ideal tool for collision experiments Two
molecular beams crossed at the certain angle with specified initial states in the single
collision condition can establish easily well defined experimental conditions (e g
kinematics, collision energy and initial states) Integral and/or differential cross
sections can be obtained from the certain designed crossed beam experiments
In the past the most common setup for doing such expenments was the universal
detection crossed beam machine46 60 A great number of atom-atom or atom-molecule
elastic scattering processes have been investigated with these machines and the
associated spherically averaged PES have been determined6<) However, for
rotationally state resolved inelastic scattering, because of the restricted energy
resolution of universal detector, only a few (mainly diatomic) molecules which have
large separations of rotational states were investigated (e g hydrogen collisions)6' ^
Alternatively, numerous spectroscopic detections, e g laser induced fluorescence
(LIF), Resonance enhanced mulliphoton ionization (REMPI), and infrared absorption,
provide a great opportunity for probing initial and product quantum states for inelastic
collision investigations These spectroscopic detections combined with crossed beam
machine have become one of the most powerful tools for detecting integral cross
sections from inelastic collisions (eg NO 6769 , OH6770"", CH47475, HF76, and
ammonia7778) For the solution of detection of state-resolved product angular
distribution information from inelastic scattering, 1 e state-to-state DCS, in the past,
above-mentioned spectroscopic detections combining with Doppler shift techniques79,

9
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variable detector80, or counter-propagating beam method81 were used successfully for
several collision systems (e.g. Na282, ammonia81, NO81'84, and formaldehyde80). In
addition, for preparation of initial states in inelastic collisions, an electrostatic state
selector85 located after a supersonic nozzle plays an important role for preparing a
molecule beam (e.g. OH, NO, or ammonia) with only a specific quantum level
populated. Recently, the imaging technique has become one of the most popular tools
for photodissociation and collision investigations. In Chapter 1.3.1, we will discuss
the influences of the imaging method to inelastic collision experiments.
In the past, elastic and inelastic scattering of water molecule with different atom
or molecule have been investigated and will be reviewed in detail in the coming
chapters. Here, we simply summarize the previous studies about water collisions
(elastic and inelastic) in Table 1.2.

Table 1.2: Previous investigations of elastic and inelastic water collisions.
Authors

Systems

Bickes et al (IÇTB)86
Β ickes et al ( 1975)

87

main results

include H 2 0+H 2 0,

elastic differentia) cross section (lab frame)

Η,Ο+Η;., H 2 0+He,

Slankas et al ( 1979)M

H 2 0+Ne, and H 2 0+Ar

Chapmane/a/(1999r

Η-,Ο+ΑΓ

rotationally

inelastic

state-to-state

integral

cross section

elastic differential cross section (CM frame)
Brudermann et al
(2002)

90

and rotationally

Η,Ο-1-He

inelastic differential

section (CM frame, partial state

cross

resolved,

energy loss)

Aquilani! et al (2005)'"
Cappelletti et al (2005) 92
Belpassi et al (2009) 91
Roncaratti et al (2009)''"'

include H 2 0+He,

integral

H 2 0+Ne, H 2 0+Ar,
H 2 0+Kr, and Η,Ο+Χε

10

cross section and glory

scattering

(discussions of hydrogen bond and charge
transfer)
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1.3 Prelude to water collision experiments using the Velocity
Map Imaging technique
1.3.1 Learning from previous collision studies by imaging
detection
Since the invention of ion imaging95 and its high resolution variant called
velocity map imaging (VMI),96 crossed beam machines combined with imaging
detection has become one of the most popular techniques for inelastic and reactive
collision experiments. Imaging experiments yield product scattering angular
information with internal state resolution, i.e. state-to-state differential cross
sections.97 Ion imaging detection directly projects the 3-dimensional (3-D) Newton
spheres of recoil product ions onto a 2-D position and time sensitive detector (e.g., a
multichannelplate (MCP) detector) using an electric field. The ions are formed from
nascent collision products using as state-selective REMPI process. VMI also provides
mass selectivity by gating on the detector at the proper time after the ions pass
through a time-of-flight (TOF) tube. The VMI technique improves the nascent
velocity resolution of the ion imaging method because ions with the same velocity but
from a different point of origin are steered by the ion optics to the same detector
position. VMI uses an electrostatic immersion lens design of the electrodes where the
proper ratio of voltages between electrodes is set for velocity mapping. Using VMI,
the collision dynamics in the center-of-mass (CM) frame, including angular, velocity,
and energy distributions of selected products (mass and internal states), can be
extracted from the 2-D raw images using numerous numerical methods (see Chapter
2). However, because of the difficulty of finding efficient and suitable ionization
schemes, a limited number of diatomic and polyatomic molecular systems have been
studied by this method. Table 1.3 summarizes previous inelastic collision experiments
using imaging detection.

II
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Table 1.3: Summary of previous inelastic collision experiments using the ion
imaging or VMI technique.
Molecule

collision system

References

NO

NO+Ar

Suits el at"

Lorenz etat05

Bontuyane/a/ 100

Ehoffera/'"

etalm

Ehoffi-ia/ 107

Kohguchie/a/' 0 2 ""

Wade et α/ 108

Dixit« a/104

EylesÉ-io/109

Westleye/a/" 0

Gijsbertsen et al"1

Cline

NO+He

Gijsbertsen et at ' '
NO+D2

Westleyeiü/ 110

HCl+Ar

Lorenz et a/" 1

HCI+Ne

Wddeefa/"'

HCI+Kr

Wddee/ü/""

HC1+N2

Wddeera/" 4

HCI+CH,

Wddeefa/" 4

CO

CO+Ne

Lorenz et a/" 5

ND,

ND,+Ne

Kay e / a / " 6 " 7

HCl

Gijsbertsen et atn

1.3.2 Searching for suitable water REMPI lines
In order to be able to investigate state-to-state differential and integral cross
sections of water with different collision partners by using VMI detection, careful
choice of a suitable (intense, narrow-bandwidth, and isolated) resonance enhanced
multiphoton ionization (REMPI) scheme for water is necessary. This means that the
interactions of the resonant state used in the REMPI scheme with nearby electronic
states are important because the pre-dissociation rates and lifetime of the resonant
state are directly related to the spectral linewidths and line strengths. In this thesis,
prior to our investigation of the collision dynamics of water, we revisit (in Chapter 4)
the C 'Bi (v=0) - Λ ' Ά Ι (V=0) 2 photon transition for three water, i.e H2O, HOD and
D2O From the results of Chapter 4, we inferred that the C-X

transition with REMPI

detection was expected to be appropriate for identifying most of the rotational states
]

(in the X k\

(v=0) ground vibronic state) of water before and after collisions In

Chapter 4, we describe in detail the predissociation rates and the associated lifetimes
for several electronic states of water

12
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1.4 Outline of the thesis
The main body of this thesis describes the first experimental measurement of
rotationally resolved state-to-state differential cross sections for water-hydrogen and
water-He inelastic collisions, and compares them with the results of full quantum
close coupling calculations based on ab initio potential energy surfaces In addition,
for the H20-He (polyatomic molecule-atom) system, a 2-D classical hard shell model,
frequently used for explaining rotational rainbow features for diatomic molecule-atom
inelastic scattering is applied The organization of this thesis is
In Chapter 2 the crossed beam machine with VMI technique will be introduced,
and the assignment of the observed 2+1 REMPI spectra and the choice of suitable
water REMPI lines for collision experiments will be presented Finally, image
analysis for extracting state-to-state DCSs of water collisions will be discussed
In chapter 3, a 2-D classical hard ellipsoid model for rotationally inelastic
scattering will be presented We derive and summanze the most useful equations,
based on previous publications Application of this model to the F^O+He polyatomic
molecule-atom inelastic scattering system will be described
In Chapter 4, 2+1 REMPI spectroscopy and predissociation dynamics of the
C B\ (v=0) state for three water isotopologues H2O, HOD, and D2O will be
presented
[

Chapter 5 presents the preliminary results for rotational state resolved differential
cross sections of H2O collision with hydrogen or He Very different results between
H2O-H2 and H20-He systems were observed and the experimental results showed
good agreement with those of quantum calculations Most striking in the experimental
data is that scattering of H2O-H2 is strongly in the forward direction for all H2O final
rotational states
Chapter 6 presents in detail rotationally state resolved differential and relative
integral cross sections of H20+He inelastic scattering at 429 cm ' center-of mass
collision energy The extracted data were compared with full close coupling
calculations based on a previously published ab initio potential A hard ellipsoid
model is also employed to yield a more physical insight for interpreting the results
Chapter 7 presents detail measurements of slate-to-stale differential and relative
integral cross sections for rotationally inelastic H20-hydrogen scattering at 575 cm '
collision energy The influence of the hydrogen (7 = 0, 1, 2) rotational state
populations on the collision cross sections were observed Our experimental cross
sections are compared with predictions from fully quantum scattering calculations
based on the most complete H2O-H2 potential energy surface Comparisons show
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excellent agreement with theory in almost all details.
Finally, in the appendix section A and B, we present the preliminary
measurements of water-rare gas (Ne, Ar, and Xe) inelastic collisions, 2+1 REMPI
spectroscopy and inelastic scattering of ammonia, which is another astrophysically
important molecule, and a note on a method for productions of translationally cold
water molecules.
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Chapter 2

Experimental and analysis

In this chapter, we introduce the crossed beam machine modified for H2O
collision experiments, the velocity map imaging (VMI) detection, the fitting
procedure of 2+1 Resonance Enhanced Multi-Photon Ionization (REMPI) spectra
using Pgopher for image detection, and the selection of water quantum slates that are
suitable to be used in our measurements. In addition, most importantly, image analysis
and the density-to-flux transformation using numerical treatments and their relation
with experimental configurations will be explored.
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2.1 Experimental setup
2.1.1 Crossed beam machine
The basic details of our crossed beam machine have been described in previous
papers and theses" 8 1 2 2 The setup was modified here in order to use imaging
detection and to increase collision signals Two main changes from the previous setup
are the velocity map imaging assembly and the primary beam The Laser induced
Fluorescence (LIF) detector was replaced by a set of ion optics and a two dimensional
multichannel plate (MCP) / phosphor screen detector for velocity map imaging
detection 96 In addition, the hexapole was removed and the nozzle for the primary
beam was positioned more closely to the collision center
A schematic drawing of our 90° crossing angle beam machine is presented in
Figure 2 1 1 Initially, the machine consisted of three chambers The old hexapole
state selector was taken out and the pulsed valve for the primary beam was
repositioned from the source chamber to the collision chamber on the same axis Now
the distance from the primary beam source (Jordan valve with a pulse duration of
-100 us at full width half maximum) to the collision center (- 90 mm) is much shorter
than in the previous design in order to increase beam density and collision signal The
collision region and primary beam source are in the same chamber By mounting a
skimmer with diameter 2 5 mm at 3 mm from the beam source, the primary beam
molecules are partially differentially pumped before entering the collision region The
main (collision) chamber is pumped by two turbo pumps (VARIAN, 1380 1/s) which
are pumped by the same backing pump (mechanical pump) The secondary beam
nozzle (also a Jordan valve with a pulse duration of -100 us at full width half
maximum) is located in a separate source chamber as in the previous design and
pumped by a turbo pump (VARIAN, 1380 1/s) which is backed by a mechanical pump
In order to maintain a lower pressure in the collision chamber when H2 gas is used as
the collision partner in the secondary beam, a smaller turbo pump (VARIAN, 250 1/s)
was inserted in between the two turbo pumps which pump the collision chamber and
the backing pump When the two molecular beams are on at a repetition frequency of
10 Hz, the pressure in the collision chamber is -3-5x10 6 mbar which is still good for
operating an MCP-based imaging detector
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2.1.2 VMI Detection
3-dimensional Newton spheres of rotationally excited H2O molecule are formed
by collisions After ionization the H2O molecules are detected by the velocity map
imaging (VMI) technique 96 From the images the angular and velocity information is
directly obtained The VMI detection contains ion optics, a TOF tube, and a
2-dimensional position sensitive detector which is composed of a microchannel plate
+ phosphor assembly and a Charge-coupled device (CCD) camera A schematic
drawing of the ion optics and imaging detector is presented in Figure 2 1 2 The main
idea of VMI detection is to extract ions with the same velocity vector by ion optics
and to focus them via the TOF tube onto the same pixel position at the 2-D detector,
regardless of the position where the ions were formed Consequently, from the pixel
positions at the 2-D detector, the 3-D information including angle and velocity
(energy) of the collision products can be re-constructed by image analysis as
described in section 2 3
The ion optics consists of a repeller, extractor, and ground plate These plates
and the MCPs are parallel to the collision plane The time of flight (TOF) axis is
perpendicular to collision plane The ion optics assembly is aligned carefully at the
collision center The diameter of the plates is 80mm The diameter of opening in the
extractor and ground plates is 20 mm The separations between repeller-extractor and
extractor-ground plates are 10 and 15 mm, respectively
After propagating through a -200 mm focal length lens, the laser beam was
aligned carefully to set the focus point at the collision center This alignment is critical
for obtaining optimal images (section 2 3) The ratio of repeller and extractor voltages
is adjusted to obtain the sharpest images The typical working repeller voltage is 1000
volt for our water expenments
After 350 mm free flight along the TOF tube, the 3-D ion spheres are crushed,
forming images, on the 2-D position sensitive MCPs/phosphor screen detector, which
is read by a CCD camera Consequently, ions with the same mass-to-charge ratio will
arrive at the detector at the same lime Application of - 100ns gating on the detector
enables detection of ions with a certain m/e (eg FhO*) The voltage of the front MCP
plate is set at —850 volt continuously Pulsed (100 ns width) voltage (- +850 volt) is
supplied on the back MCP at 10 Hz to separate water ions from different background
ions with different mass-to-charge ratios (mass selectivity) In addition, the
continuous working voltage of the phosphor screen is -+3500V The trigger signals
(lime delay and widlh) for the nozzles, camera, MCP, and laser are controlled by a
commercial pulse/delay generator (BNC) at a 10 Hz repetition rate Typically,
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accumulations of 8000 laser shots are necessary to produce one decent 2D raw image.

Primary
beam

Secondary
beam

Figure 2.1.1: The top view of schematic drawing of the fixed-angle crossed beam
setup in water collision and REMPI spectra experiments.

lens
Linear polarization

Figure 2.1.2: A schematic drawing of the VIM detection including ion optics, TOP
tube, MCPs+phosphor assembly, and camera. R: Repeller; E: Extractor; G: Ground.
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Table 2.1.1: Determined speeds and speed ratios of molecular beams in the H2O
collision experiments. Uncertainty is - 8 % in speed ratio and velocity.
Molecules

Center speed (m/s)

Speed ratio (ν/Δν)

2% H2O seed in Ar

625

>10

secondary

H2

2700

-6

secondary

He, D2

1660

-8

secondary

Ne

724

>10

secondary

Ar

625

>10

secondary

Xe

376

-10

Molecular
beam
Primary

Table 2.1.2: Estimated collision energy in center of mass frame.
Collision system

Collision energy in center of mass frame (cm')

H20(seeded in Ar)+H2

575(361*)+10%

H20(seeded in Ar)+He

429 ± 10%

H20(seeded in Ar)+D2

429 +10%

**H20(seeded in Ar)+Ne

362 +10%

* *H20(seeded in Ar)+Ar

405 +10%

**H20(seeded in Ar)+Xe

352 ±10%

*cold H2 beam, see Chapter 7.
**These collision experiments are not discussed in the main text of this thesis but will
be presented in appendix sections and forthcoming publications.
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2.2 Water REMPI spectroscopy using imaging detection
2.2.1 Notation of water quantum states
For any collision experiment,

identification

of the initial rotational

state

populations after supersonic jet expansion (before collisions), and how the rotational
states change after collision with different atoms or molecules are critical processes.
In our experiment, for the detection of the rotational states of H2O, we employed
2-photon resonant,

1-photon ionization

as Resonance

Enhanced

Multi-Photon

Ionization detection (2+1 REMPI) scheme for H2O via the C - Χ transition. In
addition, at similar wavelength ranges, we also studied the 2+1 REMPI spectroscopy
and pre-dissociation of deuterated water (i.e. HOD and D2O) for forthcoming
publications on collision experiments. A detailed description of the rotational energy
levels of the H2O ground vibronic state, 2+1 spectroscopy via the C - ^transition, and
pre-dissociation in the C state will be presented in Chapter 4.
Here, in order to explain the quantum number label notation for rotational states
of water in relation to the collision and REMPI spectroscopy experiments of this
thesis, we define:
(1) Before collisions with other partners, the rotation states of H2O in ground vibronic
state (X, v=0) are labeled by JKOKC, where J is the total angular momentum; Ka and Kc
are the approximate quantum numbers, classically correlated to projections of J onto a
and c axes of H2O rotational axes; respectively.89
(2) After a collision with another partner, the by this collision populated rotational
state of H2O (still in its ground vibronic state (X, v=0)) are labeled with J"Ka"Kc"·
(3) With or without collisions, when the H2O molecules are resonantly pumped to the
C electronic state, the rotation levels of the C state are labeled by J'KO'KC·

2.2 A Fitting and simulation of water spectra by Ρgopher
The acquired 2+1 REMPI spectra of water molecules were analyzed by the
Pgopher spectral simulation program.123 For the detail description of Pgopher, we
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refer readers to the website and help files of the program. Here, we simply introduce
the main steps in fitting/simulation of water 2+1 REMPI spectra. First of all, the
spectroscopic parameters have to filled in including the parameters of the ground
vibronic state (X, v=0) from the literature, the symmetry of H2O in theX(v=0) and C
(v=0) states, the point group and representation of H2O, statistical weights, and
transition moments for 2-photon resonance via C - X transition (see Chapter 4). After
loading the experimental spectra with wavelength calibration, the line positions of
spectra are fitted by floating the spectroscopic parameters in C (v=0). Finally, the
relative intensities of the spectra lines, transition moments, line widths, and rotational
temperature are determined by contour fit using all existing parameters from line
position fits and including extra parameters for pre-dissociation of the C state.

2.2.2 Selected transitions for collision experiments
The selection of isolated and narrow lines with a large line strength in the C-X
2+1 REMPI transition is crucial for inelastic scattering measurements in order to
obtain rotational resolved state-to-state information. The </ a ' 2 > value or Ka' quantum
number in the C state mainly determines the spectral line width (see Chapter 4). From
the predissociation model in Eq. 4.1 in Chapter 4, we show that if the </ii'2> value (or
Ka1) is smaller, the line width Δω is also smaller. Here we list the selected transitions
used for our water collision experiments in Table 2.2.1., where Ka' is highlighted.
Table2.2.1: Selected transitions for water collision experiments.
Upper state Lower State

c(y=0)

,f(y=0)

J

Ka

1
2
2
2
1
3
1

1 1 1 1 0
1 1 2
1 2
0 2 2 2 1
0 2 3 2 1
1 0
1 1
1
0 3 2 0 2
0
1 2
2 0

Kc

J
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2.3 Image analysis
Velocity map images for collision expenments directly map information about
the product Newton spheres in the center of mass frame Angular distributions
measured using a traditional universal detector in a crossed beam expenment require
transformation from the lab to the center of mass frame In addition, another
disadvantage for using a universal detector compared with VMI detection for
measuring angular information is the difference in time consumption due to the need
for adding signals at different angles In Chapter 1, we have reviewed the history of
water collision expenments using various detection methods Here we briefly
introduce the key aspects of VMI detection and image analysis for our water collision
experiments in order to understand the experimental uncertainty and limitations The
analysis we describe here holds as well for other collision systems using VMI
detection together with a crossed beam apparatus Although VMI detection has
numerous advantages in the collision expenments, the experimental raw images can
not directly be used to compare with theoretical calculations because of the need for a
density-to-flux correction124 which will be discussed in the next few subsections
The analysis of velocity map images acquired from inelastic and reactive
scattering have been discussed in detail in the past for numerous
experiments '" m "'' 125 Here we introduce our method for image corrections and for
extracting differential cross sections from the experimental raw images Our method
is basically the same as described by McBane ' 25 We also used his codes, Imsim and
Palfit, with slight modifications to fit our experimental conditions In this section, the
kinematics and Newton spheres will first be descnbed for our water collision
experiments Secondly, some preliminary treatments and tests for correcting the raw
images will be discussed Moreover, the density map raw images of nascent H2O after
collisions are converted to the desired flux maps (D-to-F transformation) and the
concept of the apparatus function is introduced In addition, the influence of
experimental geometries on the D-to-F transformation will be discussed Finally, after
image corrections and the D-lo-F transformation, the desired differential cross
sections (DCSs) are extracted
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2.3.1 Newton Spheres and VMI images
Product angular distributions in collision experiments are usually described by
Newton diagrams4660 which show clearly the connection of the velocity vectors
between the laboratory and center of mass (CM) frames before and after collisions
For simplicity, we consider two molecular beams with zero velocity and angular
spread colliding at a 90° crossing angle, as presented in Figure 2 3 1 Here, we should
remind the reader that Newton diagrams can describe vector connections not only for
a 90° collision angle but also other possible angles The relations between the velocity
vectors of the colliding molecules 1 and 2 in the lab and CM frames are
^=^vI+^v2
M
M
y r e ;=i' l -v 2 =«,-« 2

(2 3 1)
(2 3 2)

where VLM and Vrel are the velocities of center-of-mass and relative velocity,
respectively, mi and m2 are masses of molecules 1 and 2, respectively, M is the total
mass of the colliding system as presented in Eq 2 3 3, v, and v2 are velocities of
molecules 1 and 2, respectively, in the lab frame, iî, and t/2 denote velocities in the
cenler-of-mass frame for molecules 1 and 2, respectively
M=m^+m1
μ = —!

2-

(233)
(234)

Eqs 2 3 3 and 2 3 4 present total mass M and reduced mass μ of the collision system
using the individual masses As presented in Figure 2 3 1, before collision, the initial
velocities for the molecules 1 and 2 in the lab frame ( v, and νΊ ) and CM frame ( w,
and M2 ) are related to the velocity of center-of-mass ( VCM ) and relative velocity

",=TfKw
M
-m, „-,

(2 3 5)

(2 3 6)

ν, = ^ + 5 ,

(2 3 7)

ï2=VCM+U2

(2 3 8)
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After collision, the final kinetic energy Τ'can be expressed by the initial kinetic
energy Τ and excitation (or de-excitation) energy ΔΕ of the product internal states in
Eqs. 2.3.9 and 2.3.10.
ÎT = ([/2)M(Vrr,)2

(2.3.9)

,

\T = T-AE = (l/2)M(.Vrrl')2

(2.3.10)

When ΔΕ =0, the collision occurs elastically. The final velocity of molecule 1 and 2 in
the lab ( v, ' and v, ' ) and CM ( M, ' and M2 ' ) frame can be obtained as:

"7 = 2 - ^ '
M

«V^Kw'
m

J "l - 'CM

T

(2.3.11)
(2.3.12)

"l

U'^cw+iV

(2.3.14)

In addition, the deflection angle θ of molecule 1 after the collision is defined as the
angle between Vrel and M, ' vectors (Alternatively, the deflection angle θ with
respect to molecule 2 is defined by the Vrel and «, ' vectors).
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Figure 2.3.1 Typical Newton diagram and circles for descnbing collisions of two molecular
beams crossed at 90°. (a) Relation between the velocity vectors in the lab and CM frames
before and after collisions, where v, and v2 represent the initial velocity vectors of
molecules 1 and 2, respectively, C is the CM point, VCM

and Vrel ( Vrel = νί - v, ) are the

CM and relative velocity, respectively, M, ' and v, ' (v, ' = V(M +M, ') represent the final
velocities of molecule 1 after collision in the CM and lab frame, respectively, two Newton
circles describe the angular distribution of the recoil velocity vectors of molecule 1 in elastic
(without translation-internal energy transfer) and inelastic collisions (with translation-internal
energy transfer); the deflection angle, Θ, after collision is defined as the angle between M, '
and νκ1

(b)-(e) show separated components of (a) in order to present in (b) the laboratory
-

coordinates the initial velocity vectors of molecular beam 1 and 2 ( v, and ν,, respectively),
(c) CM coordinates, the CM ( VCM ) and relative velocity ( Vrel ); (d) the initial velocity vectors
in the CM frame, M]=[m2/(mi+m2)]xVrf/ and w2=-[mi/(mi-i-m2)] χ Vrel, (e) Newton spheres
of scattered molecule 1 in the collision plane for elastic (outer ring) and inelastic (inner ring)
collisions
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Due to collisions, 3-D Newton (velocity) spheres of the scattered molecules form
in the collision region The molecules are ionized by laser radiation with a specific
wavelength chosen for the REMPI process Normally, the ionization volume is small
compared to the collision volume The VMI ion optics act as a positive lens to focus
the 3-D Newton sphere of the molecular ions, through the time-of-flight tube to the
2-D position sensitive detector, with the property that the mapping is independent of
the ionization position

96

Velocity map images deliver direct information on the

scattering angular distribution in the CM frame without any complicated Lab-to-CM
frame transformation 4 6 6 0 Even though these images have such a charming feature, the
final information cannot be extracted directly without any correction In the ideal
crossed beam experiment the molecular beams have no angular spreads (they are well
collimated), sharp velocity distributions (they have a very high value for the speed
ratio ν/Δν), and a very short pulse duration In addition, in the ideal case the
ionization efficiency does not depend on the velocity or position of the collision
products in the collision area In this ideal situation, the angular dependent intensity of
the velocity map image can be directly treated as the real product angular distribution
in the center of mass frame after collision, which is called the differential cross
section, DCS In fact, in our experiments the ionization probability is position and
velocity dependent and the molecular beam pulses are also not ideal as mentioned
above (i e we assume no angular spread, sharp velocity distributions, and an
ignorable short pulse width) Images acquired from collision expenments must be
corrected for the practical experimental conditions in order to extract the actual DCS
Newton diagrams are used here for explaining these corrections A typical image of
nascent H2O after inelastic collision with He and the corresponding Newton diagram
is presented in Figure 2 3 2 Figure 2 3 2 (a) shows the raw F^O+He collision image
for the loi—»-lio energy transfer transition without background subtraction Here we
define the H2O molecular beam as the primary beam and the collision partner beam
(e g He beam) as the secondary beam Two bright spots on the top and right sides of
the image arise from the thermal and non-colliding H2O molecules in the 110 state in
the two molecular beams (- 5% in the primary beam and <1% in secondary beam)
These two spots present the projected positions of the velocity vectors on the detector
for the primary and secondary beam in this typical velocity map image The H2O
parent beam signal present in the secondary (e g rare gases or hydrogen) beam comes
from residual H2O in the gas handling system
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(a)

(b)

Figure 2.3.2: (a) Velocity map image and (b) its corresponding Newton diagram for
H20+He and collision induced loi—•! 10 transition without background subtraction.

Figure 2.3.3: An enlarged Newton diagram corresponding to Figure 2.3.2 (b). VCM ,
v, ', and Vf ' denote CM velocity, slow part and fast part of H2O velocities after
collision in the lab frame, respectively, M, ' and uf ' express the H2O velocity
vectors after collision in the CM frame at different deflection angles associated with
vs'

and v.'

(i.e. ν / ^ , ' + ν ^ ,

and vf' = uf'+VCM).

C is the CM point. The

outside ring represents an elastic collision. Forward and backward scattering as
presented in the figure are defined as the deflection angle θ close to 0° and to 180°
with respect to the initial velocity vector of the H2O beam in the CM frame,
respectively.
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According to the properties of the velocity map imaging technique, the pixel
positions of the two parent beams and the radius of the Newton sphere projection on
the detector can be transferred to velocity information and used to check the
experimental geometry The pixel-to-velocity factor and collision energy can be
determined by fitting the sizes of the projected Newton spheres for different energy
transfer processes In our experiments, initially, the speeds of the two molecular
beams are determined by measuring the flight time at different flight distances from
the valve to the ionization point Afterwards, the collision energy is calculated from
the measured speeds assuming a 90° crossing angle However, the experimental
conditions, including the speed of the beams, speed ratio, collision energy, crossing
angle, and camera geometry, can also be confirmed from the image and the extracted
pixel-to-velocity factor" 5 In addition, the discrimination of possible clusters
collisions can also be achieved by determining the size of the images and the
pixel-to-velocity factor
Figure 2 3 2 (b) presents the Newton diagram for H2O colliding with He, which
corresponds to the image in the Figure 2 3 2 (a) Also shown is the direction of the
laser beam which is propagating in the collision plane In order to describe the
velocity vectors in the two different frames (1 e lab and CM) for different inelastic
processes, the Newton diagram of Figure 2 3 2 (b) is enlarged in Figure 2 3 3, where
VLM,

v/, and v^ ' stand for the CM velocity, slow part and fast part of the H2O

velocity after collision in the lab frame, respectively

us ' and uf ' are the H2O

velocity vectors after collision in the CM frame at different deflection angles
associated with vs ' and vf ' (1 e ν/ = ΰ5 '+ VCM and vf' = üf '+ VCM ) The forward
angular distribution as presented in the figure corresponds to the case where the
deflection angle θ is small with respect to the initial velocity vector of the H2O
molecules in the CM frame, while backward scattering relates to the case where the
deflection angle θ is close to 180° and the sideways angular distribution (not
presented in the figure) is halfway between the forward and backward directions
From Figure 2 3 3, it can be easily noticed that the left side of the Newton sphere has
a lower velocity in the lab frame ( |ν, '| ) than that at the right side ( i^ ' ), 1 e
|v, '| < wf ' . The ionization probability ρ is simply proportional to the residence lime of
the collision products lr in the ionization volume The residence time tr can be
described by the velocity in the lab frame by tr ~ 1/v Consequently, H2O scattered to
the lower left side of the Newton sphere are slower and contribute with a higher
intensity to the image

This can be easily noticed from Figure 2 3 2 (a) where the

lower left side of the image is brighter than the upper right side In other words, the
image shows an asymmetry property with respect to the relative velocity vector From
v, ' = VCM + (7, ' (Eq 2 3 13), it can easily be seen that the lowest recoil velocity in the
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lab frame ( v, ') occurs when recoil M, ' is directed opposite to VCM corresponding to
the highest ionization probability and strongest intensity on the image. In section 2.3.3
we will discuss the way to correct for this asymmetry of the image, which is called the
'Density-to-Flux' (D-to-F) transformation problem.124 In a simple way, in order to
extract the relative cross section with is proportional to the Flux, the observed Density
must be transformed by considering the velocity, namely flux=density χ velocity. In
practice, the transformation considers all geometric, temporal, and intensity
conditions of the molecular beams and the ionization radiation. In the coming sections
we evaluate the D-to-F transformation, guided by discussions from previous
publications" 3 " 5 .

2.3.2 Prelude to the D-to-F transformation
Before applying the density-to-flux transformation, background signal must be
removed from the images. The background signals of rotationally excited H2O
molecules mainly come from residual water molecules in higher rotational states in
the collision chamber and in the molecular beam, as mentioned above. We acquire
background images at the same experimental conditions as the collision images in
alternating sequences during measurements. Overview images of the molecular beams
are also taken in order to trace their propagation, as presented in Fig. 2.3.4. The trace
is acquired by using different time delays of the nozzle or adding different carrier
gases in order to vary the velocity of the H2O beam molecules imaged at the laser
focus. Using this image the tilt angle of the camera, which determines the orientation
of the Newton diagram and the pixel position for zero velocity at our experimental
configuration, can be determined. From the average velocity of the molecular beam
(determined by measuring the travel time for a known distance from the nozzle to the
ionization center) the pixel-to-velocity factor can be derived. Alternatively, the speed
of the molecular beams and the pixel-to-velocity factor can also be obtained from the
collision images for a well known amount of energy transfer. The relation of the
radius of the image r, the pixel-to-velocity factor f (m/s/pixel), and the initial
translational energy can be derived from Eqs. 2.3.9-2.3.11.
1

w,
M

r = — x—'-x

'2x(T-AE))

(2.3.15)

\

In addition, the speed ratio of the molecular beam (ν/Δν) can be estimated from the
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spot size of the parent molecular beam along the propagation direction under
well-adjusted VMI conditions. Furthermore, the ionization volume can be evaluated
using the spatial imaging mode of operation. These experimental parameters are
necessary not only for applying the density-to-flux transformation, but also for
examining the possibility of cluster collisions with different kinematics (e.g. size of
image and position of center of mass) compared to monomer collisions. This is
illustrated in Fig. 2.3.5 where Newton diagrams for cluster and monomer collisions
are presented for (a) H20+He and (H20)2+He; (b) HzO+Ar and (fyOh+Ar; (c)
FLO+Xe and H20+Xe2 collisions.

Figure 2.3.4: Trace of the propagation of the two molecular beams.

30

2.3 Image analyses

Figure 2.3.5: Comparison of Newton diagrams for cluster and monomer collisions
with the same velocities and collision angle: (a) FhO+He (black) and (H20)2+He (red);
(b) H2O+AT (black) and (HaOh+Ar (red); (c) HaO+Xe (black) and HzO+Xez (red)
collisions.

2.3.3 Density-to-flux transformation
In order to apply the 'Density-to-Flux' transformation and to extract the actual
product angular distribution in the center of mass frame after collision (i.e. the
differential cross section), the well-developed programs from G. McBane have been
used.126'27 These programs have been modified to fit our experimental system. We
have used two different procedures to extract the differential cross sections from the
raw images.
(1) The first procedure, 'direct extraction', is based on the procedure given by Lorenz
et al. for the HCl+Ar collision system. ' ' 3 Upon the determination of the experimental
parameters, including the temporal and velocity distribution of molecular beams,
intensity distribution and ionization efficiency of the focused laser beam, time delay
between the collision and laser firing, geometry and spatial conditions of molecular
31
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beams and laser beam, and the kinematic condition of the collisions, we simulated a
so-called 'apparatus function' image The apparatus function image represents the
instrument-dependent simulated image assuming a perfectly isotropic DCS in the CM
frame In other words, we simulate how an isotropic DCS is distorted because of
instrument effects by the scattering angle dependent intensity function Ideally, the
da

real differential cross sections ^j(# can be extracted from the experimental images
Ιεχρ(θ) by factoring out the scattering angle dependent intensity of the apparatus
da

function Ι3ρρ(θ), namely Ιεχρ(θ)= ^ ( Φ χΐαρρ(θ)

Figure 2 3 6 illustrates the main

procedure for extracting the differential cross section from an experimental image by
removing the influence of the instrument configuration, using the HaO+Ar loi—»-lio
transition as an example Angular distributions for the experimental and apparatus
function images, Κοχρ(θ) and Καρρ(θ) as presented in Fig 2 3 6 (a) and (b), are
extracted by integrating the intensities of the annulus of the images at every scattering
angle The width of the annulus is determined by the full width at half maximum
(FWHM) of the nm of the images The asymmetric intensity distribution with respect
to 180° as a function deflection angle from experimental raw image becomes quite
symmetric after this correction, as presented in Fig 2 3 6 (c) This symmetry property
represents the assumption of cylindrical symmetry of the product angular distribution
with respect to the relative velocity vector (i e 0° and 180° in the CM frame) The
cfa

extracted angular distribution ^ % i a l (trial differential cross section) can be used for
do

calculating the differential cross section ^ ( ^ Conversely, if we use the extracted
eb

angular distribution ^ % i a l

as the input angular distribution in the simulation

program, the output image should be identical as the experimental raw image In fact,
due to the uncertainties in extracting Rexp(9) and Rapp(e), the simulated and actual
experimental images are not exactly identical The difference between the angular
distributions of the two images is used as the correction factor for each round of the
extraction-division-simulation procedure " 3 After successive iterations, the extracted
angular distribution is converged and the differential cross section is determined This
'direct extraction' method works well for extracting differential cross sections in the
present water collision expenments The key points of the extraction method are the
accuracy of the apparatus function and the way the angular distribution is extracted
from the images The accuracy of the apparatus function must be confirmed by a
simpler theory-expenmenl test with well-known collision dynamics (e g

NO

collisions) or by varying the experimental configurations to check all input parameters
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of the simulation program. The later approach will be discussed in the next
subsection.

(a)

Experimental

(b) Apparatus function

Deflection angle θ

Deflection angle θ

(c) Differential cross section

Deflection angle θ

Figure 2.3.6: Illustration of the main procedure for the 'direct extraction' method by
factoring out the influence of the instrument configuration, (a) Experimental raw
image and its normalized relative intensity as a function of deflection angle Rexp(e); (b)
Simulated apparatus function image by considering the isotropic angular distribution
into the instrument configuration and its normalized relative intensity as a function of
deflection angle Rapp(0); (c) Extracted normalized relative intensity as a function of
deflection angle (trial differential cross section) using the experimental intensity
divided by the apparatus function.

(2) The second procedure we used is called the 'palette fitting method', which was
introduced previously in the analysis of CO-Ne collisions."5 A detailed description of
5 128

the fitting method can be found in references " ·

. In this method, we used the same

experimental parameters as in procedure 1. Before the fitting procedure, to provide a
basis set ('palette') for the fitting of the experimental raw images, we used a 5° or 10°
step, which corresponds to our experimental angular resolution. This step
spaced-scattering angle basis set is a triangle, piecewise linear, and continuous
function. The basis set function and all experimental settings were used as inputs to
the simulation program. The output images from the program (Imsim) are a set of
instrument-weighted basis set images. The experimental raw image and a set of
instrument-weighted basis set images are loaded by the palette fitting program
accompanied with a control file which describes the detection information of the
image taken from the Imsim input parameters and a large number of variables for
fitting procedures (e.g. number of basis set images, setting masks on the image,
weighting during the fit, type of regularization used in the linear fit, specifying the
33
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type and width of additional blurring for imperfection of VMI). Figure 2.3.7 presents
the instrument-weighted basis set images and illustrates the fitting procedure. In
addition, during the fitting procedure, nonlinear parameters of the magnification, size
of basis set images (i.e. velocity map scale factor), orientation angle of image, and
image x-y position offsets are adjusted automatically in order to obtain the best fit.
The Doppler shift parameter (only an option in Palfit) which can be used to present
the displacement of laser wavelength is ignored in our H2O collision experiments due
to the large linewidth of our REMPI detection method. The use of masks to block
certain areas becomes important when the experimental raw image contains defects
due to background subtractions and non-uniform, strong, and noisy background
concentrated on certain areas. After the fitting is converged, the output file provides
the information of differential cross section and fitting errors. Comparisons of
extracted differential cross section by fitting and direct extraction procedures will be
discussed in a forthcoming subsection.

Experimental image

Figure 2.3.7: Illustration of the palette fitting method for extracting differential cross
sections, (a) experimental raw image (H20+He, loi—^i transition); (b) a set of
instrument-weighted basis set images; (c) simulated images after the fitting is
converged.
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The Newton diagrams as described in subsection 2.3.1 and 2.3.2 are illustrated
for a single velocity v, and a single velocity v? at a collision angle of 90 using the
assumptions of zero velocity spread (high speed ratio) and fully collimaled molecular
beams. The velocity distribution and angular spread cause a spread of the center of
mass and relative velocity vectors and consequently lower the angular and velocity
(energy) resolutions of our images. Figure 2.3.8 presents simulated variations of the
Newton diagrams for HaO-Ar collisions inducing the loi—»lio transition due to the
angular spreads of two molecular beams causing an anticlockwise or clockwise
rotation of the primary H2O beam of 4.8° which is accompanied by an anticlockwise
or clockwise rotation of the secondary Ar beam of 5.7° with respect to their regular
perpendicular (intersection) collision angle (Fig. 2.3.8(a)). For the velocity spreads
(Fig. 2.3.8 (b) the speed ratio (ν/Δν)=10 at the center velocity of 625 m/s is used for
both molecular beams). The lower energy resolution due to the velocity spreads of
molecular beams especially in the fast lab-frame recoil velocity part (Fig. 2.3.8 (e))
have been discussed previously."3 Actually, the influence of the velocity spread as
illustrated in Figures 2.3.8 (e) and (0 is over-estimated here due to the simulated flat
shape of the velocity distribution function, which actually has a maximum at the
center velocity. The Imsitn simulation program includes only the speed ratio effect on
the apparatus function. In order to simulate the angular spread of the molecular beams
for our experimental conditions, we introduced a set of combinations of different
collision angles and orientations to describe the spread in the two-dimensional
collision plane.
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(c) Angular spread
-» low angular resolution

(d) Angular spread
-» low energy resolution

(e) velocity spread
-• low energy resolution

(f) velocity spread
-+ low angular resolution

Figure 2.3.8: Newton diagrams for H20-Ar loi—+110 collisions due to (a) the angular
spreads in the collision plane, in which the H2O beam has a 4.8° spread (from Al to
A2) and the Ar beam a 5.7° spread (from A3 to A4) at the 90° center crossing angle,
and (b) the velocity distribution due to (ν/Δν)=10 speed ratios of the H2O (from SI to
S2) and Ar (from S1 to S2) beams at the center velocity of 625 m/s. In (c)-(d), black
and red, solid and dashed lines (note the leg lengths and crossing angles in the
Newton triangles) indicate different combinations of the two velocity vectors of the
molecular beams indicated in (a) and (b) resulting in maximum shifts of the Newton
diagrams (i.e. velocity and angular spreads), (c) A loss of angular resolution for the
scattered H2O molecules due to the angular spreads of the H2O and Ar beams by
comparing the A1-A3 and A2-A4 vector combinations indicated in (a), (d) A loss of
energy resolution due to the angular spreads of both beams by comparing the Al-A4
and A2-A3 vector combinations indicated in (a), (e) A loss of energy resolution for
the scattered H2O products due to the velocity spreads by comparing the SI-S3 and
S2-S4 vector combinations in (b). (f) A loss of angular resolution for the scattered
H2O due to the velocity spreads by comparing the S1-S4 and S2-S3 vector
combinations in (b).
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For example, if we consider our molecular beams both with a 6° angular spread,
1° per step and 90° crossing angle of the center lines as presented in Fig 2 3 9, the
collision angles can be from 96° (max ) to 84° (mm ) with 1° steps Each
molecular beam has 7 different angles for the beam vectors (from -3° to +3 with
respect to the center line of the molecular beam) By considering the angular spread of
both molecular beams, we have 49 (7x7) sets of molecular beam vectors With the
same basis function and the same experimental conditions except for the crossing
angles and onentation of the Newton triangles as mentioned before, we simulate a set
of basis set images (for palette fitting) or apparatus functions (for direct extraction
method) for including the angular spread consideration as mentioned above (only the
angular spreads of two molecular beams in the collision plane are considered)
Consequently, the angular spread consideration included in the palette or apparatus
function is formed by a linear combination of the 49 sets of images without weighting
factors Figure 2 3 10(c) displays the output of sum of the images Compared with the
simulated apparatus function image without the 2-D angular spread consideration
(well-collimated beams) as presented in Fig 2 3 10(b), the apparatus function
simulation (Fig 2 3 10 (c)) including the 2-D angular spread has a broader width at
the rim for the slower lab-frame velocity area (see arrow) as predicted in Fig 2 3 8(d)
However, the experimental image as presented in Figure 2 3.10 (a) shows a similar
width of rim as the simulation with the 2-D angular spread From the experimental
images and the energy resolution predictions as presented in Figure 2 3 8 (d) and (e),
the influence of the angular spread in the image can be compared with the one from
the speed spread for two molecular beams, for our experimental conditions
Decreasing the angular spread in our expenment by decreasing the size of the
skimmer opening or increasing the nozzle-skimmer distance (well-collimated) will
increase the energy and angular resolution of the images but also decrease the
collision volume and the signal intensity The current experimental configuration is a
compromise between signal intensity and resolution
In Figure 2 3 11 we compare the extracted differential cross sections using the
direct extraction or palette fitting method, with or without the 2-D angular spread
consideration, with the theoretical calculation for the HiO+He collision system First
of all, the extracted differential cross sections from the palette fitting method do not
show significant differences from the direct extraction Secondly, DCSs from the
palette fitting procedure with or without 2-D angular spread do not show significant
differences The difference of DCSs between calculation and experimental extraction,
mainly on the very forward part, may be due to over-subtraction of the background
signal at small angles (parent beam) in the experiment or over-estimation of the
amsotropy of potential energy surface which has its main influence in small scattering
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angles (i.e. attractive part of the PES).
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Figure 2.3.9: Spreads in the 90 crossing angle of the center lines assuming that the
molecular beams both have a 6° angular spread.

(a) experimental

(b) apparatus
function 1

(c) apparatus
function 2

w,^
Figure 2.3.10: (a) the experimental image of Η2Ο+ΑΓ collision for the loi—»^i
transition; (b) simulated image of the apparatus function without the 2-D angular
spread correction; (c) simulated image of apparatus function with the 2-D angular
spread consideration.

Possible effects of several other experimental conditions on the images and
extracted differential cross sections have also been studied. First of all, we checked
the influence of the polarization direction of the linear polarized electric field of the
ionization laser. We did not find significant differences in the images (within the
experimental uncertainty, 5%) when the direction of the £-field was varied. We
therefore ignore collision-induced alignment effects in our H2O collision experiments.
38

23 Image analyses

Secondly, possible saturation effects were checked by using different levels of the
detection laser power, from which it could be concluded that no saturation effects
influencing the relative intensities at different scattering angles where observable in
our images
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Figure 2.3.11 Comparison of the extracted differential cross sections with loi—»221
transition in F^O-He collisions using direct extraction or palette filling method with
or without 2-D angular spread consideration with the calculated (QM_CC) differential
cross sections

2.3.4

Influence of the experimental configuration on the
D-to-F transformation

For inelastic and reactive collisions the influence of the experimental conditions
on the velocity map images and the subsequent image correction and D-to-F
transformation has been described in detail in other reports "^ ' 2 5 Here, we discuss the
influence of the experimental configurations on the apparatus functions for our
expenments We mainly consider H2O collisions but also some examples for ammonia
and NO collisions, which will be presented in forthcoming publications, will also be
considered From previous collision experiments using pulsed crossed beams, pulsed
laser ionization, and VMI detection, we know that after collision, the intensities of a
image as a function of velocity projection of Newton sphere corresponding to x-y
39
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pixel position on the detector is the integration of the density function of the
molecular beams, ionization probability function, differential cross section, relative
velocity, and Jacobian function over velocities, time, velocity projection, and
volume

l25

In short, the pulse duration of both molecular beams (normally tens to hundred
microseconds) is much larger than the time duration of the ionization laser beam
(normally few to tens nanoseconds) Before the laser fires, defined as time=0, two
molecular beams with densities as functions of velocity and spatial distributions cross
to form a collision volume Consequently, from the collisions preceding the laser
(t=0), products travel from the initial collision point to other positions depending on
their recoil lab-frame velocities and Δι values At the moment the laser fires, product
molecules which reside in the ionization volume will be ionized by the laser beam
with a spatial dependence of the laser intensity

The coordinate transformation from

the product CM deflection angles to the velocity projections of the Newton sphere on
the detector is called the Jacobian function The variables as mentioned above for the
integrations may influence the final intensities as a function of the scattering angle,
for a given differential cross section the different experimental configurations may
result in different features of the images
First of all, the influence of the laser beam on the images, including the spatial
alignment and location of the focus, has been discussed in the past " 5 Here, we extend
the discussions to the possible effects of other experimental parameters including laser
focusing points, focal length of the lens, spatial alignment and crossing angles
between the laser beam and the molecular beams for F^O+He (a small Newton circle)
and Η2Ο+ΑΓ (a large Newton circle) collision systems in case of the loi—Mio
transition We simulated experimental parameters-weighted images for an isotropic
DCS (apparatus function) and compare the results of the relative intensity as a
function of the scattering angle in the CM frame All extracted instrument-weighted
angular distributions are normalized to a maximum intensity of 1
(1) Figure 2 3 12 shows Newton diagrams for fyO+He (black dash) and FhO+Ar (red
solid), the laser propagation direction, and four different positions of the laser focus
points (in the collision plane) with respect to collision crossing center (l)-(5)
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Laser focus
• (1 (crossing center (0,0,0)
• position(2)
• posilion(3)
• posilion(4)
• position (5)

Laser
Figure 2.3.12: Newton diagrams for H20+He (black dash) and FhO+Ar (red solid),
showing the laser propagation direction, and possible positions of the laser focal point
(in the collision plane) with respect to the collision crossing center (l)-(5).
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Figure 2.3.13: Simulated apparatus functions for different laser focus points: (a)
H20+He and (c) h^O+Ar are in the collision plane with a 7 mm shift from the
center; (b) FhO+He and (d) Η2Ο+ΑΓ are out of the collision plane (away or towards
the MCP along the TOF direction) with a 5 mm shift from the center. Note in (a) and
(c), the 5 line colors corresponds to the 5 positions of laser focus with the same colors
used in Figure 2.3.12. In (b) and (d), the black curves are apparatus functions
simulated for a focus position at (1) in Fig. 2.3.12 (in the collision plane) while the red
curves are simulated for laser focus points out of the collision plane and along the
TOF axis.
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Except for the parameters of the laser focus points, all other experimental
parameters are set as the actual experimental conditions (e g focal length=20 cm) and
kept the same for all simulations Figures 2 3 13 (a) and (c) show the simulated
angular distributions for the loi—»-l 10 transition (apparatus functions) corresponding to
5 points of the laser focus on collision plane ((a) for fyO+He and (c) for FhO+Ar) at
7 mm from the crossing center in Figure 2 3 12 along with 2 extra points out of the
collision plane, along the time-of-flight axis ((b) for F^O+He and (d) for F^O+Ar)
with a 5 mm shift from center The colors of lines in Fig 2 3 13 (a) and (c) correspond
to the colors of the focus position in Figure 2 3 12 We notice from the simulations
that when changing the position of the laser focus, the features of the apparatus
functions change considerably This effect has been mentioned in previous
articles ll5125 For large Newton circles (F^O+Ar), the deviations of the apparatus
function from the one for the laser beam are larger than those for small Newton circles
(F^O+He) Features of the angular distributions about the deflection angles at
maximum and minimum intensities, and the relative intensities ratios, change because
of competition between the scattering velocity in the lab frame and local intensity of
the laser beam For instance, for F^O+Ar collisions in Fig 2 3 13(c) the maximum
intensities of the deflection angles for changing the laser focus position from (3), (1)
to (2) in Fig 2 3 12 shift from 272°, 290° to 303°, respectively As mentioned above,
the slowest scattering velocity in the lab frame propagates reverse to the
center-of-mass velocity, position (1) in Figure 2 3 12 and 290° in CM frame When
the laser beam is focused on this point, the effect of the slow velocity and the intensity
of the laser both result in the highest detection probability at 290° When the laser
beam is focused on positions (3) and (2) which are not on the slowest velocity point,
the highest detection probabilities shift to smaller and larger deflection angles in CM
frame, respectively, due to the shift of positions of laser focus to compensate the
detection probabilities for nearby and for a bit faster (than the slowest) scattering
molecules In addition, from the simulations for our experimental configurations we
find that the ratio between the maximum and minimum intensities of the apparatus
functions becomes larger (more anisotropic) or smaller (less anisotropic), especially
seen in Fig 2 3 13 (c) (F^O+Ar) when we focus the laser beam away from the
crossing center along the axis, which is perpendicular to the laser propagation at
position (5) or (4) in Fig 2 3 12, respectively Because the scattered molecules with
the slowest scattering velocity in the lab frame flight close to the position (5) while
the scattered molecules with the fastest lab-frame velocity flight away with respect to
the position (5), when the laser beam is fired and focused on position (5) the ratio of
detection probabilities between the slowest and the fastest velocities is enhanced For
the focus position (4), the scattered H2O molecules with the slowest and the fastest
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lab-frame velocities both fly away with respect to position (4) (the fastest one still
flies more rapidly away from position (4) than the slowest one), resulting in a smaller
ratio between the maximum and minimum intensities of the apparatus functions This
effect is obviously smaller for PhO+He than that for HaO+Ar, as presented in Fig
2 3 13 (a) and (c), because the first one has a smaller Newton sphere The simulated
apparatus functions of F^O+He and H2O+ Ar collisions for laser focus positions at the
crossing center of the two molecular beams in the collision plane ((1) in Fig 2 3 12)
and out of the collision plane from the crossing center and away or towards the MCP
along the TOF axis are presented in Fig 2 3 13 (b) and (d), respectively The
simulations show identical apparatus functions for focus positions out of the collision
plane away or toward to the MCP along the TOF axis due to the property of
cylindrical symmetry of scattered molecules with respect to the collision plane (red
curves in Fig 2 3 13 (b) and (c)) In addition, the simulations also predict that the
apparatus function for a laser focus position out of the collision plane is quite similar
to that for a laser focus position in the collision plane (the first one is a bit more
anisotropic than the second one)
(2) For 2+1 REMPI detection of H2O collisions, a focal length (fi) =20 cm spherical
lens was used By assuming a Gaussian beam profile, the beam waist WQ and Rayleigh
length zo can be calculated from the wavelength, focal length, and spot size of laser
beam

^.9
focal-length
w 0 = wavelength χ 10 wχ(;rxspotsize/2)
w2
z0 = πχe
(2 4 17)
^wavelengthχ 10 J

(2 4 16)

Consequently, the simulated apparatus functions by setting fi=20 or fl=50 cm (as also
used in the expenments) but keeping the same values for the other experimental
conditions as mentioned above (e g laser focus in on the cross center) are presented in
Figure 2 3 14 Black and red lines are for Π=20 and 50 cm, respectively, for F^O+Ar
Green and blue lines represent the simulations for fl=20 and 50 cm, respectively, for
FhO+He collisions From the simulations, we find that for small Newton circles
(hhO+He) the effect for different focal length can be ignored while for Η2Ο+ΑΓ
collision this effect plays a minor role in the apparatus function In addition, from Eqs
2 4 16 and 2 4 17, we know that use of a shorter focus length lens (eg fl=20 cm)
results in higher laser intensity (power per unit area) and consequently in higher total
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+

Η2θ yields at constant laser power output and pulse duration. When we choose to use
+

a shorter focus length lens for detecting some transitions causing high H20 ion
+

signals, the effect of Coulomb repulsion between the H20 cations, which could
perturb images, should be avoided. In this cause, reducing the output power of the
ionization laser is necessary.
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Figure 2.3.14: Simulated apparatus functions by setting fl=20 or fl=50 cm but
keeping the same values for other experimental conditions. Black and red lines are for
Π=20 and 50 cm, respectively, for Η2Ο+ΑΓ. Green and blue lines represent the
simulations for Π=20 and 50 cm, respectively, for fyO+He collisions. The arrow
points out the differences in the apparatus functions for P^O+Ar collisions.

(3) The effect of the crossing angle between the laser beam and the molecular beams
on the final extracted differential cross sections has been discussed in previous
publications on NO and HCl collision experiments.

In Figure 2.3.15 (a) we

illustrate the experimental configuration for H20+He and Η2Ο+ΑΓ with 4 different
laser propagation directions through the crossing center.
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Figure 2.3.15: (a) Illustration of the experimental configuration for HaO+He (black
dash) and H20+Ar (red solid) with 4 different laser propagation directions through the
crossing center, (b) Simulated results for the effect of the laser beam propagation
directions shown in (a) with fl=20 cm. The green line is for F^O+He and the red line
is for H20+Ar collisions (the laser beam propagation direction has no effect for this
simulation), (c) Simulated apparatus functions with a 0=50 cm lens and 4 laser beam
propagation directions through the crossing center. Black and red lines present the
results for H20+Ar with propagation direction (l)-(2) and (3)-(4), respectively.
Similarly, green and blue lines present the results for F^O+He with the propagation
direction (l)-(2) and (3)-(4), respectively.

We simulate again the apparatus function to compare the effect from orientation
of laser beam propagation. Fig. 2.3.15 (b) presents the simulation results with fl=20
cm setting. The results show that there is no difference for the 4 propagation
directions for F^O+He (green line) and H20+Ar (green line) collisions. For fl=50 cm
the simulation shows that, first of all, for H20+Ar the reverse propagation gives the
same features and for the laser beam in between the (bisected) two molecular beams
(red in (c) and (3)-(4)in (a)) a slightly different apparatus function can be noticed
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compared to the laser beam propagation along the (l)-(2) direction (black in Fig.
2.3.15(c) ). In addition, the same simulations for H20+He show almost no difference
for the 4 propagation directions.
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Figure 2.3.16: Simulated results for the combined effects of a shift of the laser beam
focus and laser beam propagation direction for F^O+Ar collisions. The focus of the
laser beam is shifted to position (3) in Fig. 2.3.12 at 7 mm away from the crossing
center. The black line represents the simulation in case of the laser beam propagation
along the (l)-(2) direction in Fig. 2.3.15. The red line presents the results for laser
beam propagating along the (3)-(4) direction in Fig. 2.3.15.

Now we consider both the effect of the position of the laser focus and that of the
orientation of the laser beam propagation. The laser beam focus is shifted to position
(3) in Fig. 2.3.12 at 7 mm away from the crossing center by a fl=50 cm lens.
Simultaneously, the 4 laser beam propagation directions as presented in Fig. 2.3.15(a)
are considered. For Η2Ο+ΑΓ collisions, simulations show that reversing propagation
direction again has no effect and, most importantly, alignment parallel to (3)-(4) in
Figure 2.3.15(a) causes a larger shift of the angle at maximum intensity from the
crossing center operation (290° as mentioned in Fig. 2.3.13 (c)) than the one along
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(3)-(4) propagation directions. Figure 2.3.16 presents the simulated results for the
effect of the laser focus shift + laser propagation direction for Η2Ο+ΑΓ collisions.
Again, it reveals a large effect of the alignment of the laser beam focus in the images.
In other words, the shift of the focus point (laser misalignment) enlarges the effect of
different laser beam propagation in the images. A possible way to reduce this effect is
to use the rotatable molecular beam machine in our lab, which makes it easier to align
the laser beam focused on the crossing center of two molecular beams (position (1) in
Fig. 2.3.12) using its extra pulsed valve whose propagation axis pass through the
crossing center of the collision plane and along the TOF axis. In addition, by the
rotatable molecular beam machine, the orientation angle between the laser beam and
the molecular beams can be changed by rotating one of the molecular beams.
Furthermore, other effects, including 2-color detection, different type of laser focus,
and collision induced alignment, on the velocity map images should be considered
carefully (will not be discussed in this chapter).
In the present experiments, the timing of the two molecular beam pulses is
adjusted such that the laser fires at the maximum intensities of both beams. In order to
check the effect of timing on the apparatus function, we simulated the apparatus
function for HaO+Ne collisions inducing the loi—•lio transition for different firing
time with respect to the molecular beam timing (the two molecular beams are
overlapped in time). The results are presented in Figure 2.3.17. We set 4 different
timings for the laser firing: early timing at the rising edge of molecular beams (black),
maximum intensity of the molecular beams (red), late timing at the falling edge of the
molecular beams (green), and very late timing at the long tail of the molecular beams
(blue). From the simulations, it is found that the early laser firing give less asymmetry
in the apparatus function. The very late timing results in a very asymmetric image. In
practice, although the earlier timing gives a more symmetric image, it will also give a
weaker final signal. The optimal timing was studied in NDj+He collision experiments
+

for the 1 f—•44 transition (which will not be part of this thesis but will be published in
the future). Experimental raw images for different laser firing timings are presented in
Figure 2.3.18. It is easy to notice the increase of asymmetry with respect to laser
firing time from early time to late delay: In the present H2O experiments, we
compromise with respect to image symmetry and signal intensity in such a way that
the laser firing timing was set at the time where the signal intensity is maximal.
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Figure 2.3.17: Simulated apparatus functions for h^O+Ne collision for the loi—»lio
transition by setting 4 different timings for the laser firing: early timing at rising edge
of molecular beams (black), at maximum intensity of molecular beams (red), late
timing at falling edge of molecular beams (green), and very late timing at the long tail
of the molecular beams (blue).

The effects of the 2-D (collision plane) angular spread (6 for both molecular
beams) and speed ratio of the two molecular beams on the apparatus functions for
H2O+AT for the loi—•! 10 transition as mentioned above are simulated and presented in
Figure 2.3.19. Fig. 2.3.19 (a) shows the apparatus functions with (red) and without
(black) angular spread. In Figure 2.3.19 (b), the simulated angular distributions
present different effects from the speed ratios (5:black, 10:red, and 20:green) of two
molecular beams. These experimental parameters show noticeable effects on the
apparatus function, which, however, are smaller than that the influence of the shift of
the laser beam focus point.
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Figure 2.3.18: Experimental raw images of NDj+He for the If—>44+ transition with
different laser firing timings, (a) rising edge of molecular beams, (b) time delay at
beginning of falling edge of molecular beams, (c) late time delay at half of falling
edge, and (d) firing at long tail of molecular beams.
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Figure 2.3.19: Simulated apparatus functions when taking into account the effects of
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Moreover, we compare the apparatus functions simulated by the Imsim program
using our experimental parameters with correction using the inverse of the recoil
velocity in the lab frame (l/v") for H2O+ He and H20+Ar collision including the
-

1

loi •lm transition. Here, (l/v ) is used based on the fact that after collisions
molecules which travel with lower velocity can stay in the ionization volume in longer
time and thus have higher detection probability. The comparisons are presented in
Figure 2.3.20. From the figures, note that for collisions with a smaller Newton sphere
(e.g. H20+He), the difference of the apparatus functions from simulation and from
(ΙΛΟ is smaller than for a larger Newton sphere (e.g Η2Ο+ΑΓ) Clearly, the l/v'
correction method is too simple for water collisions
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Figure 2.3.20 Comparisons of the apparatus functions simulated by the Imsim
program using our experimental parameters (red) with the inverse of the recoil
velocity in the lab frame (l/v') (black) for (a) H2O+ He and (b) H20+Ar collision
including the loi—»lio transition.

2.3.5 Other factors affecting the D-to-F transformation
Other effects that influence our images and require corrections are imperfect
velocity mapping including blurring and imperfectly round images. Inhomogeneous
detector sensitivity and saturation of the detector also influence the relative intensities
of the images

These effects

should be considered on image corrections by

background correction and numerical treatments in the analysis
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Here, we qualitatively simulate the influences of numerous experimental
parameters to the image corrections. These simulations help us link the experimental
conditions to the features of images although most of them have not been proved
directly in experiments. For the parallel collision experiments of ammonia, similar
image corrections and feature predictions from simulations are on the way.
Furthermore, for testing all effects and checking the prediction and accuracy of
simulations and image corrections as mentioned above, NO+Ar and NO+He collision
systems are the best candidates due to not only to their well-known collision dynamics
but also to the numerous detection schemes (1+1 or 1+1 ' REMPI and with or without
different types of lenses). In addition, the collision induced alignment effect for NO
collisions has been studied extensively.

2.3.6 Differential and integral cross sections
The integral cross section for a collision induced transition from initial state i to
final state f (o,r) is obtained by integrating the differential cross section (άσ,ί/άΩ.) over
the solid angle (Ω):' 2 9

σ = U—L)dQ.

(2.4.18),

with

άΩ. = 2π5\ηθαθ

Because of cylindrical symmetry of the differential cross section with respect to the
relative velocity axis, we normally express the state-to-state DCS by (do,r/d9) with θ
ranging from 0 to π. In general, from experiment, we acquire relative or normalized
DCSs. For absolute integral cross sections, we need more information such as the
densities of the molecular beams and the collision volume, which are difficult to
measure. Consequently, from the experiments we only extract the relative integral
cross sections. The question is whether the relative total signals obtained by
integrating the intensities from the images are the actual relative integral cross
sections. The answer is "no" because product molecules after collisions which have
slow velocity in the lab frame have a higher detection probability, which is in fact the
reason for the density-to-flux transformation. Because the intensities of images are
normalized during D-to-F processes in the current version of the Imsim, we thus have
to weight our total signals separately by considering the velocity in the lab frame at
different scattering angle and differential cross section.129 This means that without
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differential cross section information and just by relative total signals we cannot
obtain correct information about relative integral cross section In the past, when the
detected molecule has a small Newton sphere (very heavy molecule compared with
the other collision partner), the weighting factor from the differential cross section has
been ignored in obtaining the relative cross sections (e g NO+He, OH+H2, or
NHi+H2) Here we consider the detection probability, which is inversely proportional
to scattering velocity in lab frame, and the DCS extracted from experiments in order
to calibrate the weighting factor for relative integral cross sections We select three
transitions, loi—»·1ιο, loi - > 2|2, and Ιοί—^i for our F^O+Ar collisions to be examples
because of their large Newton spheres and different angular distributions The
1οι-*·1ιο and loi—>2i2 show forward scattering while the Ιοί—^ι has a quite sideways
angular distribution From the calculations based on equations in reference129, we
obtain 30% and 1% over-estimation of the total signals for the loi—»221 and loi—>2i2
transitions compared with loi - ^lio, respectively In other words, assumption that the
relative total signals summed from the raw images are the same as the relative cross
sections is not always safe, especially for large Newton spheres and very different
differential cross sections For water collisions with H2 or He the assumption is
reasonable, and is used in this thesis For water collisions with Ar and Xe (see
appendix) caution must be used
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Two-dimensional classical ellipsoid hard shell model
In the past, a number of theoretical models have been developed to interpret the
differential cross sections (DCSs) of rotationally inelastic collisions 4 6 4 7 4 9 5 0 A
particular feature of DCSs, the rotational rainbow, is one of the most sinking
experimental observations and has been used to determine the shape of the
intermolecular potential energy surface, especially at the range of the repulsive wall
In order to gain insight into the features of rotational rainbow and associated
scattering angles in regard to our water involving collision experiments, a
two-dimensional (2-D) classical ellipsoid hard shell model 4 7 5 8 1 3 0 is presented
Avoiding the complexity of a full quantum calculation, the simple 2-D ellipsoid hard
shell model describes a rotationally inelastic collision by considering the geometric
shape of an ellipsoid hard shell, which represents the repulsive anisotropic short range
part of the atom molecule PES, in the scattering plane in which one has conservation
of total energy and momentum A detailed description of this classical model for the
rotationally inelastic scattering of a cylindncally symmetric molecule and an atom has
already been provided by Bosanac et al58

n o

In this chapter, we will derive the useful

equations to calculate the rotational rainbow angles and provide a new application of
the model to the water-rare gas (asymmetric top molecule-atom) collision system In
the homonuclear diatomic molecule-atom collision system, the 2-D classical hard
shell model predicts one value for effective impact parameter (labeled here bn), which
leads to a single scattering angle at which the rotational rainbow feature (for which
the classical DCS becomes infinity) Similarly, by including the term δ describing the
shift of the center of mass from the center of the ellipsoid shell for heteronuclear
diatomic molecule-atom system, the model predicts two maximum bn values, causing
two rotational rainbow angles For H2O, an asymmetric top polyatomic molecule, the
application of this model is tested as a practical tool to interpret the rotational rainbow
features observed in our rotationally resolved state-to-state differential cross sections
for the H20-He collision system In order to apply the 2-D model to the water
molecule, the intermolecular potential energy surface is cut through three planes each
of which points perpendicular to one of three principal axes of H2O (1 e the a, b, and c
rotation axes) around which the H20 molecule can freely rotate This treatment has
also been applied in a previous publication to interpret the partially state resolved
DCSs which resulted from a time-of-flight analyses of the scattered He atoms as
observed in dependence of the laboratory scattering angle 9 0 Here, we extend this
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calculation at 0 cm" to a number of Here, we extend this calculation at 0 cm" to a
number of larger energy values of the equi-potential surface and compare the from
these equi-potentials predicted rotational rainbow angles with the ones that presented
by the state-to-state resolved DCS's.

3.1 Collision features
For non-reactive collisions (no breaking and/or forming of chemical bonds), an
elastic collision represents a collision with conserved momentum, while inelastic
collisions are accompanied by internal energy transfer. These present themselves in
the case of a molecule as a change of its vibrational and/or rotational state, (if the
initial kinetic energy is high enough, the electronic state may also change.). To
describe a non-reactive (elastic and inelastic) collision, a classical trajectory in the
center-of-mass frame with central-force in an anisotropic force field is analyzed. Such
a trajectory illustrates the relation of the incident impact parameter b and the outgoing
deflection angle θ in the scattering plane which is also governed by the inter-particle
PES and the collision energy.49 Figure 3.1 illustrates such a classical trajectory and
our definitions of variables, where v, and vf

are the initial and final velocity,

respectively, b is the impact parameter, and θ is the deflection angle. In addition, db
and d0 represent the differences of b and θ between the different trajectories,
respectively.
For an elastic collision, the differential cross section is defined as the ratio of the
flux of the scattered product into the solid angle dQ with respect to the flux of the
incident beam in the cylindrical collision area dA, (see Fig. 3.1):
dA = 2tàdb

(3.1)
(3.2)

ά(1 = 2πΰηθάθ

dCLKV'

scattered flux , incident flux _ scattered flux
dA
dQ.
incident flux

_ Vf ^

bdb

ν,

ύηθάθ

do

^_

ία

άσ

(θ)

dÇi

=

b

b
θ

™ 0db

(3.3)

sino —
db

(3.4)
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Scattered and incident flux are proportional to \vf and [vj, respectively. However,
for elastic collisions, the absolute magnitude of vi and vf

are the same, so the

differential cross section (σ(θ)) in Eq. 3.3 is determined only by dAA^. In Eq. 3.4
the modulus is added because the differential cross section (σ(θ)) is defined to be
positive. From Eq. 3.4 one notices easily that a singularity (cusp) occurs when sin9 or
(d0/db) is zero. A typical deflection 9(b) function for an atom-atom interaction at a
large collision energy compared with the well depth of the potential is depicted in Fig.
3.2. The deflection angle experimentally observed is ΙΘΙ (In some cases we use θ
defined over the O-π range instead of ΙΘΙ for describing scattering angles). The
singularity caused by sin0=O relates to the so-called glory effect. The forward and
backward glory effects as presented in Fig. 3.2 will not be discussed in this thesis. For
a detailed discussion of the glory effect, fast oscillations, and the rainbow effect, we
refer readers to numerous textbooks listed in the references. The other singularity
caused by (d9/db)=0 is the so-called rainbow effect ((a) in Fig. 3.2). Classically, a
singularity of the deflection function represents the summation of numerous
trajectories at the rainbow angle (0R), resulting in an infinite intensity. In practice,
infinite intensity cannot occur. In addition, note for elastic scattering: the rainbow
effect occurs only in the case when the inter-particle potential energy surface has not
only repulsive but also attractive features.
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Figure 3.1: A classical trajectory with our definitions of variables, where v, and Vj
are the initial and final velocities, respectively, b is the impact parameter, and θ is the
deflection angle, which can be positive or negative (adapted from Ref. 47). In addition,
db and d9 represent the differences of b and θ between two different trajectories,
respectively. Furthermore, the collision area of incident beam is given by dA The
impact parameter b is defined as the distance of shortest approach between the two
colliding particles that would occur at V=0 in which case the interaction between the
two impinging particles would be absent

56

.1.1 Collisinn features

θ

At) backward glory

(a) rainbow

Figure 3.2. A typical deflection function 9(b) (the observed deflection angle
experimentally is ΙΘΙ) for atom-atom interaction at large collision energy compared
with the potential well depth (adapted from Ref. 47). (a) The singularity in the
collision differential cross section (DCS) caused by (d9/db)=0 is the so-called rainbow
effect. The other singulanty of the DCSs caused by sin9=0 is the so-called glory effect.
The forward (b) and backward (c) glory effects will not be discussed in this thesis

For a rotationally inelastic collision we take the analogy from elastic collisions
for discussing the important features of the differential cross section, especially for the
rotational rainbow The expression of the differential cross section from an initial
rotational j , state to a final jr state is classically expressed48:
jfj

<-)„,Wjf=

scattered flux(L· )
s

_l-

incident flux(j. )

_ L .

+

,3 5,

where the scattering solid angle dQ and cross-section area in the incident beam dA
are:

dÇi = hin θ άθ αφ
dA = bdb dy

(3 6)

(3.7)
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In which b denotes the impact parameter and γ the azimuthal angle of the impact
parameter around the v, 4 8 Note that in Eq 3 5 the rotational angular momentum
vector j , was assumed to be fixed, while the final jr possesses an infinitesimal spread
both in magnitude and spatial direction d jr Next we transform Eq 3 5 into a double
differential cross section and well by allowing an infinitesimal spread in the spatial
direction of j , άΩ.ι=άοο'>θιάφι
djfdQf

=djfdcosefd0f

and denoting the infinitesimal spread of jf as

Note that the spherical angles 0f , φί , the spherical

scattering anglesθ,,φ,, and also the azimuthal impact parameter angle γ refer all to
same spaced fixed collision frame for which v, points along the positive direction of
the z-axis Upon taking cognizance that the flux of particles is proportional to their
velocity and the subsequent substitution oïdQl,dü./

άσ^{θ,φ)
da

=

anddjf in Eq 3 7 one results

ψ,\ο db dydd,
\v,\ da da,

Note that the number of variables in the numerator and in the denominator of Eq 3 8
are the same Moreover, the ratio of its elementary derivatives can be seen as the
transformation between two 4 dimensional coordinate systems and one may write48,

da da

3(Ω,Ω )

db dy da

Βφ,γ,α )

(3 9)

Note that if the jacobian of Eq 3 9 becomes zero, the rotationally inelastic DCS of
Eq 3 8 reaches the infinite value of a rotational inelastic rainbow The large number
of variables in Eq 3 7 provides a complicated condition for predicting the scattering
angle of a rotational rainbow Such a prediction is much more facile if one restricts
oneself to a simple 2 dimensional approach geometry, as depicted in Fig 4 3, for the 2
collision partners for which also the symmetry axis of the molecular hard shell
ellipsoid, as well as the impact parameter and in addition to the initial velocity vector
all are assumed to reside in the same plane It is just in this particular approach
geometry that it is possible to encounter always the situation of the infinite
rotationally inelastic DCS which there for provides in the simplest way a prediction
for the rotational rainbow scattering angle
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Figure 3.3:Parameters for a hard ellipsoid collision (see text).

v, and vr are initial

and final velocity vectors, respectively, b is impact parameter α and θ represent
respectively the initial orientation angle of the diatomic molecular axis and scattering
angle in respect to V|. Note that all these collision parameters reside in the plane of
this 2 dimensional picture and that the (not shown) rotational angular momentum
vectors ji and jf point perpendicular to this plane.

In the planar case, as depicted in Fig. 3.3, the area of the spatial DCS of Eq.3.7
reduces to the length of a line segment:

& « « - #

db da

da db

(3.10)

For the reason of simplicity from now on we assume that ji=0. However, according to
Fig. 4.3 the rotational rainbow angle in the case that the detection probability is
insensitive for the direction of jr in respect to ji is expected to be predicted also by Eq.
(3.10). The deflection function 9(b,a) is now also a function of α and the new variable
jr(b,a) appears in the expression of 2 dimensional rotationally inelastic DCS of Eq.
3.10. Here the ratio of \vf and 1^ | reflects to the fact that scattered and incident flux
in Eq. 3.5 are proportional to vJ and [vj, respectively, as already mentioned in Eq.
3.3. A rainbow occurs when the Jacobian determinant in Eq. 3.10 (i.e. the term in the
square bracket) is zero. Still the situation at which this will occur remains quite
complicated. Here we assume that the second term is much smaller than the first term
(i.e. the off-diagonal term in the Jacobian determinant can be ignored) because of the
assumption of an impulsive collision which requires a high collision energy compared
to the depth of the potential well.131 Then, the rainbow occurs due to two conditions:
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either (1) an extremum of the deflection function as a function of the impact
parameter (i.e. (dQ/db)=0) for constant α or (2) an extremum of the excitation function
as a function of orientation angle (i.e. (ojr/oa)=0) for constant b. In addition, due to
the definition of orbital angular momentum 1^>μν, the first extremum is normally
also expressed as (dQ/dL)-0. The first one is the usual angular rainbow which
preferentially occurs in elastic collisions with attractive forces. The second one is the
rotational rainbow which is best observed in collisions which are dominated by
repulsive forces in the backward direction.

130

Figure 3.4 presents an example of the

excitation function versus α at b=0 for a hard ellipsoid homonuclear diatomic-atom
collision.48

Figure 3.4: Excitation function versus α (ji=0) at b=0 for a hard ellipsoid
homonuclear diatomic-atom collision (adapted from Ref. 48). 48 jr and α are the final
rotational state and the orientation angle, respectively. Positive or negative jr value
corresponds to counterclockwise or clockwise rotation, respectively.
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3.2 2-D Rigid ellipsoid model for diatomic molecule-atom
collisions
The 2-D rigid ellipsoid model for inelastic collisions is based on the assumption
that the repulsive wall of the potential energy surface dominates the rotationally
inelastic collision process This implies that the collision energy is large compared to
the potential well depth and the repulsive part of the PES is raises very steep with a
dimimshment of the intermolecular distance (the hard shell assumption) As argued in
3 1 to result the rotationally inelastic classical rainbow scattering angle, one only has
to consider collisions in a plane that contains initial momentum Pi, the impact
parameter b and the molecular axis, which in the case of diatom coincides with the
symmetry axis of the 2 dimensional ellipsoid hard shell PES n < ) The definition of the
various parameters depicted in Figure 3 5 (a) are, ra and Tb represent the two semi-axes
of the ellipsoid The center of mass O of the hard shell ellipsoid is at the crossing
point of the X and Y axes The orientation angle of the ellipsoid α is defined as the
angle with respect to the ra axis and the line perpendicular to the incident momentum
P, The impact parameter b, perpendicular to P, is parallel to the X-axis, where the Y
axis is traced through the Ο point The h axis points perpendicular to the ellipsoid
hard shell surface and crosses this surface at its collision point Ρ It at position Ρ that
the atom at its incoming part of its undisturbed straight path trajectory bounces on the
shell and upon having transferred momentum to the hard shell starts with its
undisturbed outgoing part of its straight path trajectory with its final momentum Pr
Finally, the three angles θ, φ, and (pR denote respectively, the deflection angle, the
angle between P, and h axis, and the angle between Pr and the h axis All as
presented in Fig 3 5(a) For inelastic collisions with rotational energy change, the
parallel component of the incident momentum with respect to the collision surface
(perpendicular to h axis), P, sincp, cannot transfer momentum to the ellipsoid and
remains constant (i e Ρ, sin(p= Pf sinipiO In other words, the component of the incident
momentum perpendicular to the collision surface causes the transfer of energy and
momentum Consequently, the effective

torque to get the ellipsoid rotating is

proportional to the effective impact parameter b n The latter is defined as the shortest
distance between the center of mass of the ellipsoid and the h axis In addition,
another assumption in the present 2-D hard shell model is that the ellipsoid was not
rotating before collision Due to the conservation of total energy and of total angular
momentum we have

(/jcos^J^cosfl,)2
2μ

2μ

|

/
21
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fc„^ cos φ = -bnPf cos φκ + j

(3 12)

Where μ is the reduced mass of the system, j is the rotational angular moment of the
ellipsoid, and / is the moment of inertia of the system
In addition, by the geometric construction in Fig 3 5(a), the coordinates of collision
point Ρ
in X-Y coordinates are
\XP=b

(3 13)

and in the X'-Y' coordinates, as defined in Fig 3 5(a),
\Xn =bcosar+ysinûr
\Yp = - ( e s i n a - y cos a)

(3 14)

Then, combining Eqs 3 13 and 3 14 with the equation of the ellipsoid defined in the
X'-Y' coordinates
(bcosa+ysma)2

(-bsma+ycosa)2

r„

r.

a

η

_

We can now solve Eq 3 15 to obtain
b{r2 - r^ ) sin or cos a - rarb {r2 cos2 a + r^ sin2 a - b1 )" 2
r 2 cos 2 a+r. 2 sin 2 ûr
α

(3 16)

ο

For making the connection with φ, we know the relation of the slope of the tangent
line of the ellipsoid at Ρ point and tanq) in the X-Y coordinates
dy
tan^ = —
dx

(3 17), where x = b

After we combine Eq 3 16 with 3 17, we obtain

tanç?-^2"7""^'"g^g+^xfc'c^g+fr2""2«-*2]

In addition, from geometric considerations, we have
bn = h cos φ + ysin φ

(3 19)

where y is from Eq 3 16 and ψ is from Eq 3 18
and
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(3.20)

θ = π-φ-φκ

From Eq. 3.13 to 3.20 we considered only a geometric construction. Now we include
the dynamic properties (i.e. total energy and angular momentum conservation). First
of all, from Eq. 3.12 and P, sin(p= PrsincpR , we obtain φ κ in tangent form:
b„nn<p

tan?v
[j-

(3.21)

fr„cosp]

Secondly, combining Eqs. 3.11, 3.21, and P, sin(p= Pf sin(pR, we obtain the final
rotational angular momentum j :
. = 2ρρηοο%φ

(3

22)

[l + ^ ( y ) ]
In summary, from the set of Eqs. 3.16, 3.18, and 3.20-3.22, the functional relationship
of excitation j(b,a) and deflection 0(b,a) can be obtained. For simplicity, two further
assumptions are made: (1) the value of (μ/Ι) is much smaller than 1, and (2), the
orientation angle a=0. From the assumption (μ/Ι) «

b], we may contract Eqs. 3.21

and 3.22 to:
tan^ =

r

1
2
l+bliM/I)_

• \
~\+b;(ßlI)
sin^»
=
\cos<p)

tan φ = tan φ

(3.23)

and
^- = 26„cosp

(3.24)

By considering θ=π-(φ+φ[0 and φ-φκ from Eqs. 3.20 and 3.23, respectively, we
obtain:

»n(|) =

KPu

2b

(3.25)

From assumption (2) (i.e. a=0), the simplest case for the angle a, we can derive the
function bn(b) and find the maximum value of b n is (ra-rb). The rotational rainbow
maximum forms when the bn value reachs its maximum. The extrema of the
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deflection function as a function of the impact parameter is:
sin(^) =

2

JZ/^L

2{ra-rb)

(3.26)
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Figure 3.5: (a) The geometry of a homonuclear diatomic molecule-atom collision and
definition of the collision parameters (adapted from Ref. 130). (b) Same for a
heteronuclear diatomic molecule-atom collision (adapted from Ref. 58).
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From a classical mechanics point of view energy is continuous For applications of
molecular collisions with internal state changes, the quantization of rotational angular
momentum, j , is necessary
For off-center heteronuclear diatomic molecule-atom collision, the 2-D hard
shell model is similar to the homonuclear diatomic molecule-atom scattenng for
deriving the deflection and excitation functional sets The main difference between
these two collision systems is the shift of the center of mass point, O point, from the
geometric center of the ellipsoid, C point, ι e δ as depicted in Fig 3 5(b) Following
similar geometric and dynamic considerations, we obtain

XP=b,

YP = y

Xp -bcosa+

ys\na-S

Y = -{b sin a- y cos a)

a

(3 27)

b

Next, the further geometry related equations are denved in analogy with the
homonuclear system as mentioned above
_ {[iir i( 2 cosa-r ft 2 (6cosa-J)]sin£ir-r £I rj(^ 2 cos 2 a+r () 2 sin 2 or-(/>-^cosû') 2 ) l/1 )
y

;

2

'•>—2

'3

r/cos or+r^sin a
_ (r (l 2 -r fc 2 )sinacosa+r/ t (6-<yu>sa)x[r o 2 cos 2 a + ^ 2 sin 2 a-(/7-<5coso:) 1 ] "2
tan φ —
^ ,
^ γ—
bn =fecos^+3'sin^

(3 30)

(3 31)

θ = π-φ-φΗ

After including the dynamic considerations (i e total energy and angular momentum
conservation) as mentioned above in Eqs 3 11 and 3 12, we obtain the equivalent
equation found for homonuclear-molecule collisions, Eqs 3 21 and 3 22

tan^=

j=lEte2±

b

(3 32)

-™'

(3 33)

Consequently, after further considering the functional relations from Eq 3 28 to 3 33,
we obtain
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sinö =

(j/p^l^-u'pfn+iM'nb-]2

(3.34)

i-ißlDijlp,)2

2bl

For a simpler form of Eq. 3.34, we assume that the value of the (μ/[)(]/ρ,) term is
small, and obtain:
sinÂ = ^ ^ [ l - ( / / / / ) ( ; 7 p 1 ) 2 ] - | / 4
2
lb.

(3.35)

An even much simpler form is:

•A

W

sin(-) =

1
2b,

N

(3.36)

Eq. 3.36 has the same form as Eq. 3.25 but with a different bn value. It shows the
similarities of an off-center heteronuclear molecule collision system with the
homonuclear molecule system. The main differences are the center shift δ and the
effective impact parameter b n . In order to extract the rotational rainbow angle from
Eqs. 3.34-36, it is necessary to evaluate the maximum value of bn, max(bn), as
mentioned above. Because the max(bn) is almost independent of the orientation angle
a, 58 we can set a=0 and consequently obtain b n from 3.28-30 with the new variable
S=b-ô in order to simplify the equation:

b.= Γα8 + Γαδ-(&)
r

r'S2
4

ο2/ 2

(3.37)

2\

If we insert the values of ra, rt,, and δ into 3.37 and extract bn as a function of S, we
can find the max(bn) value. For further simplicity, we can assume that δ is small
compared to the difference of the two semi-axes of the ellipsoid (i.e. ra-rb). From here
on we should keep in mind that this assumption is not always valid and the following
equations are not suitable for all situations. From Eq. 3.37 and the small center-shift
assumption, we obtain a max(bn) value when:

S =r

-(l/4)<?
(r.+'i)

/

(ra

2

2\

(3.38)

-rb )

Consequently, we can find two max(bn) values:
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m!ix(bn) =

ra-rb+S

(3.39)
r. + η

and
max(bn) =

ra-rb-S

(3.40)
r, +n

If δ=0 we find only one value of max(bn) = ra-rb for homonuclear collisions as
mentioned above.
In summary, a rotational rainbow angle occurs when b n approaches its maximum
value. For homonuclear and heteronuclear diatomic molecule-atom collisions, the
general equations for extracting max(bn) are presented with a few reasonable
assumptions in Eqs. 3.39 and 3.40. The max(bn) values are determined by two
geometric factors, the center shift δ and the difference of two semi axes (Γ3-ΓΗ). If the δ
is zero, as the case for homonuclear molecules, only (ra-rb) determine the rotational
rainbow angles. The rotational rainbow angles 6R follow directly from Eq. 3.34 or its
two simplified forms in Eqs. 3.35 and 3.36. The simplest form, sin(9R/2) =
(j/P,)x(l/(2max(bn))), connects the rotational rainbow angle 9R and the final rotational
slate j , the initial moment, or the geometric factor max(bn), where the higher rotational
rainbow angle, 6R, is reached by (1) higher rotational excitation; or (2), a smaller
initial momentum which is determined by the reduced mass and relative velocity
between particles; or (3), a smaller max(bn). In regard to (3), a decrease of max(bn)
can be induced by a small center shift δ or by a small decrease of the difference of the
two semi axes (ra-rb) which will bring about a lower anisotropy of the ellipsoid. In
addition, the 2-D hard shell model predicts only one rotational rainbow angle 9R for
each jr in the case of a homonulecar diatomic molecule and two rotational rainbow
angles for a heteronuclear diatomic molecule. In the following Section we discuss the
failure of Eqs. 3.39 and 3.40 for extracting max(bn) values for applications of
H20-atom collisions because of the large center shift and the asymmetry of the hard
shell. Another direct geometric extraction method to obtain the max(bn) magnitudes (a
contour fit) will be explored.
First we use two examples, CO+Ne " 5 and NO+He" 0 '" 2 , as 2 prototypes of
diatomic molecule -atom rotationally inelastic collision systems. The reason for
choosing these two collision systems is that their PES's have been tested and that the
theoretical predictions obtained from these PES's have been compared with
experimental outcomes in earlier studies. The anisotropic parameters used for
previous CO+Ne and NO+He collision experiments are presented in Table 3.1.
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Table 3.1: The anisotropic parameters used for previous CO+Ne and NO+He collision
experiments.
Anisotropic parameters
System

Rotational

Major axis ra

Minor axis rb

Center shift δ

constant of

(A)

(Â)

(A)

rotator (cm 1 )

3.16

2.61

0.22

1.85

2.72

2.10

0.04

1.69

-

1.69

CO+Ne" 5

NO+He
110

(Westley et al)

*NO+He
112

(Gijsbertsen et al)

ra-rb=0.40
(spin-orbit conserving)

* The anisotropic parameters extracted from the work of Gijsbertsen et al is presented here for
comparison with the work from Westley et al and will not be used for testing our calculations.

(1) CO+Ne
The calculated rotational rainbows angles for inelastic collisions of CO with Ne
with the model parameters in Table 3.1 are plotted as a function of the final rotational
quantum number (j/) in Figure 3.6(a). In our calculations we test equations 3.34 (full
version, labeled with an asterisk) and 3.35 (simplified version, labeled with a circle)
and compare them with the results from a previous publication by Lorenz et al," 5 as
presented in Figure 3.6 (b). Two sets of angles at the same j/value are obtained due to
the property of the off-center ellipse, which correspond to C-end and O-end collisions
of CO. The favorable comparison between Fig 3.6 (a) and (b) for the model
calculations using the same parameters give us a good test of our subroutines, with the
correct units of all physical properties in the equations, and, most importantly, a basis
for further calculation of H2O collisions presented in the next section. In addition, in
our comparisons of the different simplified version of our equations (i.e. Eqs. 3.34 and
3.35) for calculation of rotational rainbow angles, we also show that the differences
between them are small especially in small state changes (small')fvalue) as presented
in Figure 3.6 (a).

69

Çhapter

3 Twn-Himpnsional rhssiral ellipsoid hard shell mode]

(a)
180-

(b)

-ι—•—ι—"—ι—>—ι—·—ι—•—r-

'

c 150-

—
•
0

o
M 120

•

i.

1

i

90

£

60

ε

30

hjfd ellipse. ("CIKJ
hurtl ellipse. Ο end
CC, low angle
expt, lov, angle
CC. iMgh diiglc
expt. hiith.iiiKk

Ϊ ,'

• ••

4 '1

2

•

I

·—I

4

6

'

l

'

8

I

10

12

14

;
/tf

.

À

*-*
--

' l ' I — '

'
' a

'S-r**
,

16

J,
Figure 3.6: Comparisons of calculated rotation rainbow angles as a function of final
rotational state (J/) for CO+Ne inelastic collisions for this work and those in a previous
publication, (a).Our calculations use Eqs. 3.34 (asterisks) and 3.35 (circles), as
described in the text. Two sets of angles at the each j / value, lower (black) and higher
(red), are obtained due to the property of the off-center ellipse as mentioned above,
which correspond to C-end and O-end collisions of CO presented in Lorenz et al." 5
(see (b)) (b) Expected rotational rainbow angles calculated by classical hard-ellipse,
comparisons with CC calculations (on the CCSD(T) surface), and experimental results
adapted from Lorenz et al." 5 .

(2)NO+He
A second example for testing the 2-D hard ellipse model is the NO+He inelastic
collision as presented previously by Westley et al "". Again, we use two versions of
the simplified equations to calculate two sets of rotation rainbow angles for different
final rotational states (final j). Figure 3.7 (a) presents our calculations of rotational
rainbow angles as a function of final j . We find that for the same final j state, the two
sets of rotational rainbow angles are quite similar. It indicates for NO-He that the
anisotropics for collisions at the two ends of the NO ellipse are quite similar.
Therefore, Westley et al concluded that the absence of two rotational rainbows for
NO-He collision was attributed to small value of center shift in NO molecule (δ=0.04
A). However, in the work of Westley et al, the initial rotational state of NO molecule
before collisions contains two components of the A-doublet (}=\/2, ε=+1 and
-1).

Gijsbertsen et al

predicted that in the experimental conditions of

Westley et al four rainbow maxima could be observed by the facts of (1) asymmetry
of two sides of NO molecule and (2) parity conserving or changing transitions
(panly=(-lYc/2) for NO-He collisions. However, in the work of Gijsbertsen et α/" 2 , in
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which only one component of the Λ-doublet (ε=-1) was initially populated, similar
value of asymmetry parameter (ra-rb) was extracted compared with that from Westley
et al (see Table 3.1)

In addition, calculations using two different versions of

equations (Eqs 3.34 and 3.35) for rotational rainbow maximum for NO+He collisions
show almost the same results For comparison, Figure 3.7 (b) shows calculations and
experimental results from Westley et al"0(sce the text in Fig. 3.7 and in the reference).
From these comparisons we confirm the quality of our calculations.
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Figure 3.7: Plots of rainbow maxima vs final rotational state (final j) (a) Our
calculations use Eqs. 3 34 (astensks) and 3.35 (circles). Two sets of angles at the same
final j value, lower (black) and higher (red), are obtained due to the properly of
off-center ellipse as mentioned above, (b) Calculations from Westley et al"" using
HIBRIDON based on the Yang-Alexander PES and the hard ellipse models. Closed
circles are experimental results for D2+NO; open squares are results for He+NO; solid
and dashed lines are fits to the hard ellipse model for the experimental data of NO-D2
and NO-He, respectively; triangles and crosses are HIBRIDON predictions for
He+NO at collision energies of 491 and 545 cm', respectively. See text in Westley et
al"".
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3.3 Application of 2-D hard shell ellipsoid model to water
collisions: the F^O+He system
3.3.1 Cuts through potential energy surface for water-He system
To apply the 2-D hard shell model on H2O collisions, we characterize the shape
jf the hard shell in terms of the amsotropy of the ellipsoid H2O is an asymmetric top
nolecule with C2, point group symmetry Obviously, considering only one 2-D plane
is in diatomic molecules cannot describe actual rotations of H2O In the classical
iescription, H2O has three principal axes, a, b, and c and the Ka quantum number
epresents the rotational angular momentum projection quantum of H2O in the limit of
ι prolate top onto the a axis while the Kc quantum number represents this projection
quantum number in the limit of an oblate top around the c axis In addition, the
otation of H2O around the b axis we describe as Ka~Kc The axis definition in
Zartesian coordinates for H20-He from the PES of Patkowski et α/132 which we use
lere and the corresponding rotational axes of H2O are illustrated in Figure 3 8 Note
hat the definition of the χ and y axes in this PES do not match with the standard
»pectroscopic definitions for water
Collision energy governs the collision dynamics by probing different areas of the
sotential energy surface which govern rotational energy changes When the collision
energy is large compared with the depth of the potential well, the repulsive wall of the
DOtential dominates the dynamics of a collision Under this assumption, the hard shell
ipproximation is expected to do well The potential well depth (energy minima) for
he PES of Patkowski et al is about (-)34 9 cm ' To explore the possible presence of
otational rainbows we cut the potential energy surface through three planes around
he a, b, and c axes at four different energies, 0, 200, 429, and 575 cm ' In other
words, four sets of equi-potential cuts for F^O-He collision system are extracted from
he PES mentioned in the paper of Patkowski et Ö / W ' 3 2 The main reasons for
>electing these specific energy values for the equi-potential cuts are (1) the collision
energy of the fyO-He system in our expenment is 429 cm ', (2) the collision energy
or another important H2O collision system, H2O-H2, in our experiment is 575 cm ', (3)
ZOO cm ' is almost the half value of hhO-He collision energy, (4) 0 cm ' energy
nainly considers the attractive part and near repulsive wall of the potential For (2)
1 e 575 cm ), we wish to compare the amsotropy of the potential cores of the
U20-He PES for these slightly different collision energies (from 429 to 575 cm ')
Mthough the H2O-H2 PESs are very different from the FhO-He one, it is still quite
nteresting to see if this effect of the different collision energy on the same PES may
:ause a significant difference in the collision dynamics As will be seen in the
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comparison of the experimental differential cross sections for the H2O-H2 and
H20-He systems presented in Chapter 5 and 7, the large differences in the DCSs are
mainly caused by PES differences and the rotation of H2 then due to the difference in
collision energy.
Cuts through the potential energy surface of the fyO-He system along the a, b,
and c principal axes of H2O at four different energies together with the corresponding
rotations are depicted in Figure 3.9. From the equi-potential cuts we can easily
recognize the anisotropy of the potential cuts at different energies. As mentioned
above, there are two types of anisotropics for the off-center ellipsoid. The first one is
the difference of the two half axes of the ellipsoid, (ra-rb), and the second one is the
shift of the center of mass of the H2O molecule from the center of ellipsoid (geometric
or symmetry), δ. For example, the center shifts δ for rotation around the b axis at
different energy cuts are always zero. Rotation around the c axis has a quite large
center shift while rotation around the a axis has a small center shift. In addition, the
center shifts for rotation around the a and c axes decreases when the cut energy
increases. For the difference of the two half axes (ra-rb), for the same cut energy,
rotation around the c axis has large values while rotation around the b and a axis have
smaller values (rotation around the a axis is a bit smaller than b axis.). Due to the
asymmetric feature of the cuts on the top and bottom sides for rotation around the c
axis (x-z plane), as presented in Fig. 3.9 (0, the differences in the two half axes of the
'ellipsoid' are calculated for both the top-side and bottom-side. We summarize the
center shifts δ and differences of the two half axes (ra-rb) for cuts in Table 3.2. From
the magnitudes of the anisotropics we can predict that the rotation around the c axis,
compared with the a and b axes, is easier and has small rotational rainbow angles due
to the large anisotropics.
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Figure 3.8: Illustration of the axis definition for Cartesian coordinates of the F^O-He
system in the PES from Patkowski et α/132 and the corresponding rotational axes of
H2O (i.e. a, b, and c). The coordinate center is the center of mass of H2O.

Ry (Ang.)

Rx (Ang.)

Rx (Ang.)

Figure 3.9: Cuts through the potential energy surface of the H20-He system along the
a, b, and c principal axes of H2O at four different energies (0, 200, 429, and 575 cm"1)
together with their corresponding rotations, (a) and (d) illustrate rotation around the a
(x) axis and the corresponding cuts on the y-z plane at four equi-potentials (black:0,
red:200, green:429, and blue:575 cm''), respectively, (b)-(e) and (c)-(f) illustrate
rotations and cuts around the b and c axes, respectively, at four equi-potentials. The
red circles in the cuts represent the positions of the center of mass of H2O and the blue
stars stand for the center of geometry or symmetry of cuts (ellipsoids).
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Table 3.2: Center shift δ and difference of the two half axes (ra-rb) for cuts through
three rotation planes around three principal axes at 4 different equi-energy points
Rotate around
Energy for

Rotate around

α-axis

Rotate around

è-axis

c-axis

equi-potential

Half axes

Center shift

Half axes

Center shift

Half axes

Center shift

cuts (cm ')

Difference

δ

Difference

δ

difference

δ

(À)

(Â)

(Â)

(À)

0

0 180

0 059

0 30

0

200

0 048

0 048

0 07

0

429

0 024

0 041

0 03

0

575

0015

0 039

0 02

0

(Â)

(À)

0512

05

0 366

0 346
0 376

041

0 323
04

0 387

0318
0 395

04

* Due to the asymmetric feature of the cuts on the top and bottom sides for rotation around the c axis
(x-z plane) as presented in Fig 3 9 (f), the differences of the two half axes for the 'ellipsoid' are
calculated using both the top-side and the bottom-side

3.3.2 Calculating effective impact parameters
For calculating rotational rainbow angles as described previously, we have to
know the effective impact parameters as a function of the impact point or angle on the
ellipsoid, and, most importantly, the maximum values of the effective impact
parameters For a homo-nuclear diatomic molecule and potential cuts with a zero
center shift, the maximum effective impact parameters are determined directly from
the difference of the two half axes of the ellipsoid (ra-rb) as described in section 3 2
For our H2O collision, the excitation of a rotation around the b axis can be described
by this type of ellipsoid. For an off-center diatomic molecule and for potential cuts
with a non-zero center shift, the maximum values of the effective impact parameters
could be obtained from Eqs. 3.39 and 3.40 in the case of a small center shift compared
with the difference in the two half axes. For rotations of H2O around the a and c axis
as induced in a collision with He, the large value of the center shift, as presented in
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Table 3.2, invalidate by Eqs. 3.39 and 3.40 as a means to calculate max(bn).
Alternatively, the bn values as a function of the impact point on the ellipsoids (cuts)
and the following max(bn) can be obtained directly by calculating the shortest
distance from the center of mass of H2O to the axis which is perpendicular to the
collision surface at the impact point. We calculate the shortest distance (effective
impact parameter bn) by a numerical treatment of the contour fit to the potential cuts.
Figure 3.10 (a) illuslrates the potential cut with respect to rotation around the c axis at
0 cm"' energy and (b) presents the corresponding effective impact parameters bn as
function of contour (attack) angle χ as defined in (a). The positive direction of the
effective impact parameter bn is defined as counterclockwise rotation. From Fig. 3.10
(b), we find there are three absolute values of maximum bn, 0.52, 0.28, and 0.18 À.

(b)

(a)
Rotation around c axis

c
<
Ν
CC

60

Rx (Ana.)

120

180

240

300

contour angle χ (degree)

360

Figure 3.10: (a) Illustration of the potential cut with respect to rotation around the c
axis at 0 cm" energy, (b) The corresponding effective impact parameters bn as a
function of the contour angle χ as defined in (a), CCW denotes a counterclockwise
direction of water rotation around the c axis (bn is defined as positive values) and CW
is clockwise direction of water rotation around the c axis (bn is defined as negative
values). See text.
Next, we apply the same contour fits for all potential cuts. The extracted value of
the maximum effective impact parameters from the equations in section 3.2 and from
the contour fit method are summarized in Table 3.3. The first point that should be
noticed is the number of max(bn) values. Rotation around the c axis contributes to
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three values of max(bn). This infers, as explained in Section 3.2, that three rotational
rainbow angles are expected. For the rotation around the b axis, only one max(bn)
value is found at the low energy cuts (0 and 200 cm') while two max (bn) values
turned out to be contained in the high energy cuts (429 and 575 cm"'). For this
homo-nuclear diatomic-alike shape (around the b axis), only one max(bn) value
results from (ra-rb). Here we can not totally exclude the possibility of a smaller
max(bn) arising from our imperfect contour fits. The other possibility is that the
homo-nuclear diatomic-type PES imperfect ellipsoid shell contour shape results into
more than one max(bn) value. Finally, for a rotation around the a axis, two max(bn)
values and rotational rainbow angles are predicted from the center shift and the
difference of two half axes for the off-center hetero-nuclear diatomic type of ellipsoid.
In our contour fits, at the higher energy cuts, a third max(bn) with a very small value
was found. Again, the imperfect off-center ellipsoid fit could offer an explanation.
Finally and not that unexpected at each particular energy cut, the maximum value of
the effective impact parameter was always for the rotation around the c axis, resulting
the highest degree of anisotropy and smallest rotational rainbow scattering angle.
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Table 3.3: Extracted values of the maximum effective impact parameters from
equations as mentioned in section 3.2 and the method of contour fit for 4
equi-potential cuts and 3 rotation planes.
Energy for
equi-potential
cut (cm ')

Max(bn) /A

Max(bn) /A

Max(bn) /A

Rotation around the

Rotation around the

Rotation around the

α-axis

fe-axis

c-axis

equation

contour fit

021

021

0 15

0 15

equations

contour fit

equations

0 52
0 30

0 33

*

*

0 02

0 45
0 07

0 10

*

0016

*

0 03

0 03

0 02

0 07
575

*

0 04

0 25
017

0 07
429

0 28
0 18

0 09
200

contour Tit

0 02

001

0 06
0 02

0 05
0 03

0 43
*

0 27
0 15

0 42
*

0 27
0 14

*Due to the large value of center shift compared with difference of two half axes, the equations for
extracting maximum values of effective impact parameters, max(bn) expressed in section 3 2 are not
valid

3.3.3 Prediction of rotational rainbow angles
After extracting the values of max(bn) for the 3 principal rotation axes, the
rotational rainbow scattering angles follow from a number of simplified equations as
shown in the previous sections (Eqs. 3.34-36) Indeed, the simplified equations do not
provide significantly different rotational rainbow angles In the following, we mainly
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will make use of the rainbow angles obtained from the less simplified equation (i e
Eq 3 34) For rotation around the c axis, all three max(bn) values, extracted by
contour fits as presented in Table 3 3 for each of the 4 different energy cuts, will be
used For rotation around the b axis, we choose only one max(bn) value (the largest
one) from the contour fits for each energy cut Finally, for rotation around the a axis,
we use two max(bn) values (larger two values) for each cut Ignoring the smallest
value of max(bn) which is deemed to result a -180° scattenng angle and there for
insignificant for our purpose Figure 3 12 presents a summary of the calculated and
experimentally extracted rotational rainbow angles for 4 different energies and 3
rotations using the above-mentioned max(bn) values The experimental differential
cross sections and corresponding rotational rainbow angles for different rotational
state transitions of the F^O+He collision will be presented in Chapter 6 Here we
directly use the experimentally extracted rotational rainbow angles from Chapter 6 in
order to compare our 2-D hard shell calculations Before starting with the
compansons, there are two further assumptions that have to be clarified
(1) For the deriving the 2-D hard shell model, an initially non-rotating ellipsoid is
assumed For H2O collisions which will be presented in Chapter 5-7, the initial
rotational state for para H2O (1 e Ooo state) is non-rotating For ortho H2O, the initial
rotational state, loi, carries a rotational angular momentum before the collision We
will assume that the calculations of the 2-D hard core model for collision dynamics
holds also for the initially loi rotationally excited ellipsoid and replace the final
rotational angular momentum, jr by the difference of the rotational stale before (ji)
and ()ƒ) after the collision, namely Aj=j/ - j„ in all the derived equations
(2) The relation between the H2O quantum numbers in rotational levels and the
rotating planes and axes of the H2O molecule has been described above In short,
classically, the projection of j on the a axis, Ka, represents the rotation of H2O around
the a axis 89 The Kc value describes the rotating around the c axis Rotation around the
b axis is expressed by Ka~Kc For example, the 220, 2n, and 2o2 states are pure
rotations around the a, b, and c axes, respectively, with the same rotational angular
momentum, j=2 For some states with mixtures of rotation, we choose the main
rotation for the compansons For example, although the 221 and 321 states have impure
rotation around the a axis, we treat them as pure rotations This assumption is at least
qualitatively valid
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Figure 3.11: Calculated and experimentally estimated rotational rainbow angles, (a)
Aj=l; (b) Aj=2; (c) Aj=3. The calculations within parentheses in the figure express
estimated angles that exceed the maximum value of the sin(9) function.
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In Figure 3 11, panels (a) to (c), we compare the calculated and experimental
rotational rainbow angles corresponding to rotation around a, b, and c axes with Aj
from 1 to 3, respectively For the experimental data on the rotational rainbow angles,
we employed the rainbow angles obtained from our experimental differential cross
sections in Chapter 6 In the calculations, we also present angles from the different
energy cuts In addition, the (two, one, and three) predicted angles corresponding to
values of max(bn) for rotation around the a, b, and c axes, respectively will

be

presented in the same plot The comparison between the various calculations shows
(1) (1) For the same Aj, a rotation around the c axis results in small rotational rainbow
angles while a rotation around the a or the b axis result in larger rainbow angles
comparable for both axis rotations (2) For each rotation axis, when Δ) increases the
rotational rainbow angles also increase, especially for rotation around the a and c axes
(3) When we choose a higher energy for the potential cut, the resulting rotational
rainbow angles are larger The trends of the rotational rainbow angles in (1) and (3)
reflect the anisotropy of the potential cuts resulting in max(bn) at different energy for
different rotation axes The trend of (2), that the more backward scattering dominates
for higher rotational states connects to the proportionality between sin(0/2) and j (or
Aj) in Eq 3 36 Moreover, we also notice that the expenmental results qualitatively
agree with the predictions from our 2-D hard sphere model calculations, especially for
the 200 cm ' energy cut, although the predicted angles for rotation around the c axis
seem to be smaller than the expenmental ones which also do not show more than one
rotational rainbow A speculative explanation for the best agreement if the energy cut
is at the half collision energy could be The 200 cm ' energy cuts of the potential
corresponds about to the average of the two limits for the sensitivity of the repulsive
part of the potential At 429 cm collision energy one is mainly sensitive to collisions
with b=0 or 0=180 deg The other end is 0 cm ', where the attractive and repulsive
parts cancel This is the angular range where diffraction oscillations die out We
assume the average of these two values (i e 200 cm ') is sensitive to the angular range
where we expect the rotational rainbows
In summary, the 2-D hard sphere model explains the features of rotational
rainbow angles for homo- and hetero- diatomic molecules colliding with atoms Here
we extended this model to the asymmetric top collisions of the HzO-He system at a
range of cut energies Under some reasonable assumptions and with the help of
contour fit, to include the large off center shift, the effective impact parameters were
extracted and allowed us to calculate the rotational rainbow angles connected /"KU KC
rotationally excited state of the scattered H2O molecule after a collision with He The
calculations qualitatively predict the results from our expenments Based on this
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calculation, water and ammonia (symmetric tops for NH3 and ND3) collisions with
different rare gases in our other experiments will be tested and presented in the
forthcoming publications.
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Chapter 4
REMPI spectroscopy and predissociation of the C 1B1(v=0)
rotational levels of H 2 0, HOD and D 2 0

Rotational analysis of the ( 2 + 1 ) resonance enhanced multiphoton ionization
(REMPI) spectrum of the C 'Βι Rydberg state of the water isotopologues H2O, HOD
and D2O is reported Spectroscopic parameters for the ν = 0 vibrational level of the
C ' B I (V = 0) state of the mixed isotopologue HOD are derived and its spectra are
accurately simulated for the first time using the Pgopher program Simulation of two
photon spectra of the C'Bi - X]A\

transition of HOD requires two transition

moments, and the ratio of these is determined and explained by a simple geometrical
model Optimal transitions for state-selective detection of low energy rotational states
are identified for all three molecules Analysis of the linewidths in the present work,
1 Ì Ì 1 'ΪΑ

combined with previous work,

^

, suggests that while a simple </<,' >-dependent

model for heterogeneous predissociation of the C'Bi Rydberg state accounts for
much of the quantum number dependence, it is not sufficient for describing the
predissociation in any of the three isotopologues The component of the linewidth due
to the homogeneous predissociation attributed to predissociation of the C'Bi by the
Λ'Βι state was found to be significantly narrower than in previous work, indicating a
longer lifetime of the C'Bi Rydberg state The current work provides the basis for
on-going studies of rotational energy transfer in the mixed isotopologues of water
using the velocity map imaging technique
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4.1 Introduction
The fundamental properties of water have long drawn much attention in different
research fields because of its general importance in our world, especially in biological
and chemical reaction systems Studies of water molecules in the gas phase have
provided information about the photodissociation, predissociation, collision and
reaction dynamics of water after absorbing various wavelengths of light or after
collision with surrounding molecules in the atmosphere or in interstellar regions of
space Over the last few decades, investigation of photodissocialion and
predissociation of water using single or multiphoton absorption to energies above 6 2
eV (< 200 nm) have been the subject of comprehensive theoretical and experimental
investigation Absorption and resonance enhanced multiphoton ionization (REMPI)
spectroscopy and the predissociation dynamics leading to OH radical formation
following excitation of different resonant Rydberg electronic states of water are
among the most prevalent topics of study
Studies of the collision dynamics of water with atoms and molecules found in the
atmosphere and in interstellar space (e g N2 and H2, respectively) have also recently
become more important because of their contribution to data bases of collision rates
which are used to explain telescope observations and atmospheric models In the
coming years a huge amount of data on water in interstellar and circum-stellar media
is expected from a variety of new space-based telescopes Interpretation of this data
up to now relies almost exclusively on collision rates and cross sections that are
extracted directly from ab initio potential energy surfaces (PES) describing
interactions of water with its collision partners, pnmanly hydrogen molecules and
helium atoms Laboratory measurements of the interactions of water with H2 and He
are clearly necessary to test the quality of these PESs In forthcoming studies we will
use this spectroscopic knowledge (1 e the 2+1 REMPI spectroscopy of the water
molecule) for detection of the initial and final quantum states of water before and after
inelastic collisions
In our laboratory we use the velocity map imaging (VMI) technique to
experimentally determine state-to-stale differential cross sections for waler-H2 and
water-He rotational collisions for comparison with theoretical predictions VMI relies
on state-selective ionization of nascent water by two-photon resonant, one-photon
ionization, (2+1) REMPI, at -248 nm, via the well-known C 'BI Rydberg state A
good understanding of all aspects of REMPI of water via the C 'Bi state is thus
necessary in these measurements Spectroscopic parameters for the simulation of the
water REMPI spectrum are available for H2O and D2O, but not for HOD, although
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vibrationally resolved REMPI spectra for HOD by Anderson and co-workers, and an
action spectrum of the HOD C-X origin band for dissociation to the D+OH fragments
by Cheng et al have been reported in recent studies ' 3 7 n 8 Our goal here is to provide
rotational parameters for all three isotopologues that can be used in a standard
simulation program (Pgopher) to evaluate, for example, rotational state populations
The rotational quantum states for an asymmetric top such as water (C2v point
group symmetry) are labeled Λα κ<- where J is the total rotational angular momentum,
Ka is formally the projection of J on the molecular α-axis, which lies in the plane of
the molecule perpendicular to the C2 rotation axis (the molecular fc-axis), and Kr is
formally the projection of J on the c-axis, which lies perpendicular to the molecular
plane The presence of two identical hydrogen atoms in H2O and D2O results in two
nuclear spin states ortho (Ka + Kc = odd), and para (Ka + Kc - even) JKC KC refers to
the electronic ground state (X) and J'KO'KC' to the electronically excited state ( Q in this
article In general, collisions do not cause ortho-para conversion, although this
restriction may not always apply under the conditions of a pulsed supersonic
expansion 8 9 1 3 9 1 4 0
In the present study we are primarily concerned with the efficiency

and

selectivity in detection of specific lower energy rotational states of ground electronic
state water using REMPI via the C state From a given initial rotational state there are
usually several possible excitations through different rotational branches in the C state,
each with a unique two-photon line-strength Due to predissociation the lifetimes of
individual C-state levels vary strongly with quantum number, this is discussed in
more detail below The natural linewidth of a rapidly pre-dissociating state can be
significantly larger than that of our laser linewidth, which is less than 0 2 cm ' at 248
nm The efficiency of detection therefore decreases with increasing linewidth due to
decreasing overlap with the frequency spread of the excitation laser, in addition to the
reduced quantum yield for ionization Furthermore, a transition of interest with
narrow linewidth can be overlapped by a nearby transition from a different initial state
with a large linewidth If the two initial states are close in energy, they cannot be
distinguished in the velocity mapped image The line strength, natural linewidth, and
line position with respect to nearby states thus determine the most suitable transition
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4.1.1 REMPI studies of predissociation of Rydberg states of
water
Rydberg
141

spectroscopy

states

of

H2O

have

been

extensively

studied

by

traditional

and multiphoton techniques including one-photon ionization, 1 + Γ,

2+1, 2+1', and 3+1 REMPI m

l35 Π 6 n 8

REMPI spectroscopy of water has proved to

be an invaluable method in several areas of research, including the general
investigation of predissociation in water Rydberg states, 1 3 3 1 3 6 Π 8 1 4 2 the analysis of
water photoejected from ice surfaces,143 and for preparing state selected PhO*
molecular ions ' 3 7 Fast predissociation is observed as broadening in the transition
hnewidth of rotationally resolved REMPI spectra of the three water isotopologues, ι e
H2O, HOD and D2O ' r n 3 6 1 3 8 The quantum state specific hnewidth of REMPI spectra
has revealed the importance of different pathways of excited states to other quantum
states by a variety of excited state couplings, intersection, ionization, and dissociation
processes, the latter of which mainly lead to formation of the OH radical in different
internal states
Studies of the photodissociation/predissociation dynamics of the first three
electronic excited states, i e Λ"'Bi, Β Άι, and C Ε ι of water have been previously
reported The H2O yi'Bi *— Χ Ά] transition, the first absorption band, is a quite
typical example of direct photodissociation because of the repulsive nature of the
^ ' B I potential energy surface ' 4 2 The quite isotropic PES of the Ä 'Β; state around
104° in the HOH bending angle, the equilibrium HOH bending angle of the ground
X ' Αι state, explains the low rotational state population of OH (Χ 2Π) products formed
following the À <— X transition of H2O
Photodissociation of H2O via the second, Β Άι, state displays quite different
dynamics than those of the Ä 'B| state ' 33 ' 42144 ' 47 There are three different pathways
following B*—X excitation

(1) H2O is dissociated to produce OH {Α 2 Σ) radicals

with an extremely high degree of rotational excitation because the PES of the Β state
is quite anisotropic around the equilibrium HOH bending angle of the H2O ground
electronic state (2) The Β state is coupled with the Ä state by the Renner-Teller effect
and then followed by direct dissociation of H2O (Ä 'BO to produce the OH (Χ 2Π)
radical, as mentioned above (3) A conical intersection of the Β and X states at -1 6 A
H-OH bond distance can be reached following the X*— Β transition, leading to OH (X
2

Π)
Excitation of ground state H2O {Χ Άι) to the C 'Β, state has even more possible

pathways than the Β state (see Appendix C) for final photodissociation products 3+1
REMPI spectroscopy of the C <— X transition by Ashfold and coworkers135 indicated
linewidths with a strong dependence on the Ka' quantum number in the C slate They
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interpreted these results in terms of two separate predissociation mechanisms for the
C state One is a heterogeneous mechanism induced by rotation of the H2O molecule
around the α-axis Since this rotation transforms as the symmetry species Bi within
the C2v molecular point group, it was suggested that the C 'Bi states of H2O and D2O
predissociate heterogeneously (by rotation) via a state of A| symmetry (B|XB|=A|),
most likely the nearby Β iA\ excited electronic state whose dissociation pathways
have been discussed above The second mechanism was rotational state independent,
implying a homogeneous predissociation via a state of the same symmetry, the
Λ'Bi state Overall a model for the linewidths in the C state was proposed of the
form

ω = ûj, + ωα < J, '2 >

(4 1)

comprising a homogeneous component, coo, and a heterogeneous component, ωα Note
the use of <Ja'2>, the average of the square of the operator for the projection of J' onto
the a axis rather than Kà2 This is because the projection quantum numbers {Kà and
Kc') are m fact not good quantum numbers for asymmetric tops, though they do
provide unambiguous labels for the states An alternative model, using

ω = ωρ\ρ{ωα<3αΛ>)

(4 2)

gave a similar fit to the experimental results, though the former model was preferred
as it could be accounted for with a simple theoretical model for mixing with the Β
state
Subsequent linewidth measurements by Meyer et al l 3 6 and Kuge and
Kleinermanns133 confirmed the trend in linewidths though the latter found a slightly
improved fit to the measured linewidths could be obtained by allowing a slight
dependence on <JC'2>, the average of the square of the operator for the projection of J '
onto the c axis

i»=3 2x(l + 0 3 5 < y ( , ' 2 > + 0 0 2 5 < y r ' 2 > )

(cm')

(4 3)

Symmetry arguments imply the involvement of a state of A2 symmetry
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Recently, Yuan et al have reported a detailed analysis of the time of flight of the
hydrogen atom photo-dissociation products from both one- and two-photon excitation
to the C state of H2O,'14 showing that the nonadiabatic predissociation dynamics
involves at least 4 electronic surfaces The products clearly showed the presence of
two channels, the Ooo level produced highly vibrationally excited OH radicals, and a
second channel involving highly rotationally excited OH opened up with rotational
excitation of the H2O parent These two channels were assigned to predissociation via
the Ä and Β states respectively, again consistent with a homogeneous mechanism and
a heterogeneous mechanism involving rotation around the a axis They saw no
evidence for involvement of an electronic state of A2 symmetry (which would be
expected to be induced by c axis rotation) as this would produce two Η atoms and
thus a continuous time of flight distribution rather than the observed structure They
found a reasonable Fit to their (1+Γ) REMPI experimental linewidths using
ω / cm ' = 2 53 + 1 15</fl'2> They could also measure the branching ratio between the
two channels for a selection of rotational levels of H2O, and found that, while the ratio
showed a trend with Ka' it was less pronounced than the quadratic dependence
indicated by the linewidth model This was interpreted in terms of a rotational
dependence to the C —* Ä rate, in addition to that required by the C —» Β mechanism
In addition, the same group (Cheng et al 1 3 8 ) investigated internal states populations of
OH and OD photo-fragments following excitation to individual rovibrational levels of
the C state of HOD using the H(D) atom photo-fragment translation spectroscopy
technique A few rotational linewidths were reported but predissociation rates could
not be extracted due to the limited size of their data set Linewidth models from
previous work are summanzed in Table 4 1
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Table 4.1: Summary of reported models for measured spectroscopic linewidths for the
f

'Β; state of water, including heterogeneous, homogeneous and/or ionization
1

mechanisms. The formulae all give the linewidth in cm' . Errors for the ωο and ûjafits
are included for our work in parentheses.
Molecule

H2O

D2O

HOD

Parameters in model

Alternative Model

Reference

2

Ω = ωο + ωα</α' >
coo/cm"'

cûfl/cm"1

3.0

1.05

2.1

0.74

3.2

1.12

2.5

1.15

1.5(0.18)

1.00(0.08)

1.7

0.37

1.0

0.50

0.9(0.22)

0.40(0.07)

This work

1.0(0.10)

0.68(0.05)

This work

3.0xexp(0.2 </fl,2>)

Ashfold et al.I35

ωο = 5.3 cm" for

Meijer et al. ne

ionization spectra

,2

,2

3.2+1.12</a >+0.08</r >

Kugeé>fa/.m

Yuan et al.

This work
1.7xexp(0.12</a,2>)
CÛO= 1.5 cm"

for

ionization spectra
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4.2 Experimental
REMPI spectra were measured using a Velocity map imaging (VMI) apparatus
designed for crossed-beam scattering that is descnbed in more detail in other
publications '

48

The basic details of the apparatus are typical of most VMI setups such
96

as first described in the paper of Eppink and Parker, except for the beam geometry
where the molecular beam propagates perpendicular to the time-of-flight axis In our
expenment helium, neon or argon carrier gas is bubbled through liquid water at -1 15
bar and into a pulsed valve (Jordan) with a 0 5 mm nozzle diameter These
hairpin-type valves operate at relatively high nozzle temperatures (>330K), which
discourages cluster formation The absence of significant amounts of water clusters in
the beam was confirmed by the lack of m/z signals higher than those of the water
monomer ion when focusing -4 5mJ pulsed light with a 20 cm lens near 248 nm but
off-resonance from any H2O 2+1 REMPI lines Pure liquid H2O and D2O was used in
the bubbler for the H2O and D2O REMPI spectra, respectively, while a 50 50 mixture
of D2O and H2O was used to record the HOD REMPI spectrum The liquid sample
was usually at room temperature without any additional heating Spectra were
recorded under various expansion conditions to give temperatures in the range of -7
to 200 Κ for different isotopologues
The pulsed expansion passes through an electroformed skimmer with a 3 mm
opening located 30 mm downstream from the nozzle After passing through the
skimmer into the differentially pumped detection chamber, the beam enters the
detection region between the repeller and extractor plate of the VMI ion lens where it
90mm downstream from the nozzle is crossed at 45° by a focused pulsed laser tuned
in the 248 nm region The experimental geometry introduces a Doppler shift estimated
to be - 0 1 cm 'at 80000 cm ' Ions formed are extracted along the TOF direction to a
position sensitive multichannel plate/phosphor screen imaging detector monitored by
a CCD camera The ion signal of the desired m/z ratio is selected by gating the gain of
the detector at the appropriate arrival time
Laser pulse energies of 1-4 5 mJ/pulse at repetition rale of 10 Hz were generated
by doubling the output light of a dye laser operating with Coumarin 307 dye, pumped
by a frequency tripled 355 nm Nd YAG laser using an auto-tracker A photodiode
monitor of the frequency doubled dye laser output was used to ensure that the laser
pulse energy remained constant during scanning The laser polarization is usually
directed perpendicular to the imaging detector face, but the REMPI signal was found
to be insensitive to the (linear) polarization direction The laser beam was focused
onto the molecular beam using either a fl 20 cm or 50 cm spherical lens A wavemeter
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(High Finesse, WS-7) was used to continuously monitor the wavelength and laser
bandwidth (<0.2 cm"' at 248 nm) during laser scans. All excitation energies discussed
in this work are given in vacuum wave numbers. We estimate an uncertainty of
-0.3 cm"' in the two-photon energy.
The signal is recorded as the number of ion events recorded within a chosen
spatial region on the imaging detector where the water cation molecular beam signal
is velocity mapped. In order to avoid under-counting nearly overlapping events the
ion lens was set slightly off the perfect velocity mapping conditions to expand the
signal region to an area of -3x3 mm2, or roughly 160x160 pixels with event counting
resolution. Outside this region a weak signal due to thermal water cation is also
observable due to thermalized sample. The spectrum intensity is presented in a linear
scale, the scan step size is 0.001 nm/step (the fundamental output of dye laser), and
the signal averaged for 100 laser shots (10 shots/sec) per step. The highest intensity in
the spectrum corresponds to ~104 events, or roughly 100 ions per laser shot.
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4.3 Spectroscopy of the C Έ] -X A] transition in water
Two representative 2+1 REMPI spectra of the

C'BI-X'AÌ

transition HOD

recorded in the 248 nm region are shown in Figures 4.1 and 4.2, where analysis yields
rotational temperatures of 7 and 29 K, respectively. The rotational temperature of the
HOD molecular beam was varied by either changing the time delay of the pulsed
molecular beam with respect to laser ionization, or by using different carrier gas
compositions. Compared to spectra taken with argon or Ne as the carrier gas, the
spectrum taken by using He as carrier gas shows a relatively large number of lines,
indicating a lower degree of rotational cooling (i.e. higher rotational temperature).
Also evident in the spectra is a large variation in the peak linewidths. Spectra of
similar quality were obtained for H2O and D2O.
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Figure 4.1: 2+1 REMPI spectrum of the origin band of the C 'Bi <—^Άι transition
in HOD.

The upper panel shows the experimental data and the lower panel shows

the simulation with a 7K rotational temperature. Assignments (J'KOKC*- JKHKC) of the
two strongest transitions are indicated.
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80600

80700

80800

-1

Two-photon energy / cm

Figure 4.2: (2+1) REMPI spectrum of HOD in the 248 nm region. The upper panel
shows the experimental data and the lower panel shows the simulation at ~29K
rotational temperature. The two transitions labeled in Fig. 4.1 arc also indicated.

4.3.1 Simulation of water REMPI spectra
REMPI spectra of the three water isotopologues H^O, HOD, and D2O, were
simulated using the Pgopher program.123 Rotational constants of the ground state of
the three isotopologues are well known from extensive previous investigations but are
re-visited here for reasons mentioned below. The rotational constants of the C ' B |
electronic state of H2O and D2O from Johns' 41 ' 1 9 were chosen as the starting
parameters for our fits. Fits were performed first by varying the rotational constants of
the C state, to fit all spectroscopic line positions at different rotational temperatures
while the rotational constants of ground state were taken from the re-fit results
tabulated in Table 4.2. Due to predissociation of the C state as mentioned above, a
linewidth model with the total linewidth, ω = coo +toa<Jà> was included in a contour
fit process, which determined the heterogeneous predissociation constant ωα, ωο, and
the rotational temperature of the water molecular beam. The linewidth model included
two effects on the intensity. The first is simply that the height of the normalized
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Lorentzian function used is inversely proportional to the width, and the second is that
that the ionization efficiency, and thus the peak area, is assumed to be inversely
proportional to the width to account for the competition between ionization and
predissociation In addition, individual peaks in the spectrum were examined
separately and least-squares fitted to a Lorentzian function to determine the linewidth
of the individual peaks This additional determination of linewidth allows an
independent check on the validity or otherwise of the simple two parameter model for
the linewidth

4.3.2 Ground state constants
To ensure a simple and consistent set of ground slate constants to allow
straightforward simulation of the water spectra, the experimental data available for all
three species in the JPL spectral line catalog150 were re-fitted The Ir representation123
was chosen because it means the centrifugal distortion in the largest rotational
constant. A, is included directly by the A^ya2 term in the Hamiltoman, minimizing the
number of centrifugal distortion parameters needed for HOD and D2O The
centrifugal distortion used Watson's A reduced asymmetric top Hamiltoman The fits
included all the available microwave, sub-millimeter and far IR lines with state
energies < 1300 cm ' above the Ooo level, which gives a reasonable coverage for levels
populated at room temperature and below Enough centrifugal distortion parameters
were floated to give an average residual < 0 1 cm ' This average residual is much
greater than the precision of the measurements in the JPL catalog, but a fit to the full
experimental precision would require a much more complicated Hamiltoman The
un-weighted refit to the experimental data used here provides a reasonably compact
description of the ground state levels Note that it is not possible to simply ignore
higher order centrifugal distortion constants from a more complete fit, as removing
then requires compensating changes in the remaining constants to maintain a
reasonable fit to the observed levels The final constants are given in Table 4 2
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Table 4.2: Simplified Ground State Rotational Constants (/cm ') obtained by refitting
to ground state data with energies < 1300 cm ' from the JPL spectral line catalog.
Η20

HOD

D2O

A

27.8310(24)

23.357(14)

15.347(10)

Β

14.5271(19)

9 0858(52)

7.2543(45)

9.2763(16) 6.3976(38)

4 8308(32)

C
ΔκχΙΟ
AJK

3

x 10

AyXlO
δκχΙΟ
"obs*

3

1

δ,χΙΟ 3
σ**

3

27.368(50)

9.92(11)

-5.201(42)

0

1.252(15)

0

1.348(49)

0

0.5126(56) 0.096(11)
256
0.090

1

7.361(42)
-2.84(13)
0
0
-0.720(44)

73

63

0 081

0.074

* «obs = number of observations
** σ = rms average of (observations-calculations)

4.3.3 C 'B, state constants for H2O and D2O
Excited state rotational constants for H2O and D2O are available from work of
Johns, 1 4 1 1 4 9 and these enabled our spectra to be assigned without problems A new fit
to line positions was undertaken, including the line positions published by Johns 141
and lines measured here. Some minor adjustments to the assignments of Johns were
made, mainly adjusting the contributors to blended lines, and some assignments were
made to unassigned lines The best combined fit was obtained by shifting our
measured line positions by -0.5 cm ' for H2O and +0.3 cm ' for D2O, which is
consistent with the precision claimed by Johns of 0.005 A (0.3 cm ') and our -0.3cm '
expected measurement accuracy. The resulting constants are shown in Table 4.3, and
details of the fit including a line list for HOD are available at the p-Gopher website19
The resulting constants are more precise than those of Johns, and essentially
consistent given that a different model of centrifugal distortion was used.
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Table 4.3: Rotational Constants for the C Β. state of water
/cm'

H2O

Origin

80625.068(96) 80687 064(16) 80751.681(51)

A

25.385(53)

21.5189(68)

14 6983(85)

Β

12.529(11)

8.0160(37)

6 3378(36)

5 8652(51)

4 4197(32)

-

-6.84(84)

8.5274(44)

C
hj χ 10
«obs*

σ**

5

92
0.52

HOD

(Contour fit)
-

D20

134
0.40

* «ob. = number of observations
** σ = rms average of (observations-calculations)

4.3.4 HOD molecule
The relationship between the C state rotational constants and geometry is
discussed by Johns ' 4 9 who highlights that the effective rotational constants contain a
contribution arising from mixing with other electronic states. For the purposes of this
analysis it is adequate to take the approximate geometry determined from the effective
constants as given by Johns, with TOH = 1.01 À and the HOH angle 107°. Calculating
the rotational constants from these gives the values tabulated in Table 4.4, in
reasonable agreement with the observed values presented in Table 4 3 for H2O and
D2O, giving a good starting point for the simulation of the HOD spectra.
One of the consequences of the lower symmetry in HOD is that the inertial axes
are rotated by an angle of around 19° with respect to the axes in H2O or D2O, as
shown in Figure 4.3 This means that two transition moment components are required
to simulate a two-photon spectrum To quantify this it is necessary to relate the
transition moments expressed as spherical tensors as is normal for multiphoton
transitions (See for example Ref. ' 5I ) to Cartesian axes For single-photon transition
moments we have:

Γ(1,0) = α,

7\l,±l) = 4^(fc±ic)
v2

(4.4)

The notation T{k,q) implies the tensor with rank k and component (projection) q and a,
b and c are the transition dipole moments along the inertial axes In writing the above
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we are assuming the Ir representation, with the quantization axis for Κ being the a
inertial axis. The C'Bi <— Α Ά | transition is carried by the c dipole moment, requiring
71(1,1) = 7X1,-1)= -id42

in spherical tensor notation. As the c axis, the out of

plane axis, is not changed by partial isotopie substitution, this will be the same in
HOD, and an extra transition moment is not required for one photon spectra of this
species. However, for a two photon transition, the relevant transition moments are:

r(2,±2) = - ( è 2 - c 2 ± 2 ^ c )

(4.5)

As only the be component has the right symmetry the required spherical transition
moments in the symmetrical isotopologues are 7X2,2) = -7X2,-2) = ibc. This will
change on partial isotopie substitution as a dipole along b becomes sin(190)a +
cos(19°)è. This introduces an additional ac transition dipole moment, which in
spherical tensor notation involves:
T(2,±\) = Tab-iac

(4.6)

requiring 7(2,1) = 7X2,-1) = -/ac. The ratio between the two should be T(2,l)/T(2,2) =
sin(19o)/cos(19o) = 0.34.
Given the constants and transition moments predicted above, analysis of the two
photon HOD spectrum was straightforward, yielding the constants listed in Table 4.3.
These are consistent with the constants estimated from the John's structure,
confirming our analysis. In addition, the ratio of transition moments, Γ(2,1)/Γ(2,2),
was determined to be 0.4041(42), reasonably consistent with the predicted value of
0.34. The error estimate on this value is the statistical error direct from the least
squares contour fit; given that this value will depend on the details of the linewidth
and intensity model used some systematic error in this value is also possible. Figure
4.1 shows a low temperature spectrum of HOD; at this temperature most of the
population is in the lowest level (Ooo), and two transitions can be seen from this level,
one carried by the ac component (with selection rules ΔΑΓ0 = ±1) and the other by the
be component (with selection rules ΔΑΓα = ±2). Note that as the two upper levels have
different Κά they also have significantly different widths (1.6 and 3.4 cm"'
respectively), so the 2\\ - Ooo transition is enhanced in the spectrum.
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Table 4.4: Rotational Constants for the C'B| state of water calculated assuming roH ~
1.01 Â and the HOH angle 107°

/cm-1

H2O

HOD

D2O

A
Β

26.09

21.80

14.51

12.69

8.02

6.35

C

8.54

5.87

4.42

Figure 4.3: Location of the principal inertial axes in H2O (dashed lines), and HOD
(solid lines). The axes for D2O are parallel to those for H2O, but the origin is a little
further away from the oxygen nucleus.

4.3.5 Linewidth analysis
The linewidths of our 2+1 REMPI spectra of water isotopologues were analyzed
using two different methods. The first of these was a contour fit using Pgopher to an
overall linewidth model, ω = ωο + ω(,</α'2> as used in previous work as discussed
above. The parameters from this fit (different for each isotopologue) are given in
Table 4.1. Simulations produced from this process are shown in Figures 4.1, 4.2 and
4.4, and produced a good match with experiment. We also tried a more flexible
linewidth model, ω = α»ο + ωα</α'2> + <ùh<Jb2> + ωΓ</Γ'2>, which produced a slightly
better fit for each isotopologue, but the additional parameters were not well
determined. For both fits there was evidence of some systematic deviations in the
intensities, as can be seen by careful inspection of the figures. A series of fits to
individual line profiles was therefore undertaken, in order to extract the linewidth
directly from the experimental spectra without any other assumptions. The selected
lines were least-square fitled by a Lorentzian funclion to determine the linewidths of
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the individual lines. Including a Gaussian component in the lineshape fitting by using
1

a Voigt profile to account for possible Doppler broadening (-0.3 cm" ) and laser
1

lineshape (-0.3 cm" ) effects did not improve the fit, suggesting these effects are not
contributing significantly to the observed lineshape. Extracted linewidths of the
selected lines for three isotopologues are summarized in Tables 4.5-4.7, and plotted as
2

function of their </ a ' > values in Figure 4.5. Linear fits to the ω = ωο + ω3<Λ' >
function are also shown. The ωο and rofl values presented in Table 4.1, which are
extracted from analysis of the full spectrum are found to be similar to the values
obtained from fitting to widths of individual lines in spectrum as given in the tables.

lo LO experimental
« 0,5^ 0,0
ω
cc
-2-1,0- simulation
80600
80700
80800
Two-photon energy / cm"1
Figure 4.4: 2+1 MPI spectrum of the origin band of the C 'Bi ·*— X ' A| transition in
H2O. The upper panel shows the experimental data and the lower panel shows the
simulation at ~8K rotational temperature. Assignments {J'ua-Kc· <- JKQKC) of the three
strongest transitions are indicated.

For both H2O and D2O it is clear from our spectra, particularly the low
temperature ones, that the ortho:para ratio remained at the room temperature value of
3:1 for H2O and 2:1 for D2O, respectively, with identical rotational temperatures for
the ortho and para manifolds. This conclusion necessarily depends on the linewidth
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model, as it depends on understanding the intensity pattern, but detailed inspection of
the low temperature spectra indicate that the conclusion is reasonably insensitive to
the model. Figure 4.4 shows a low (-8 K) spectrum of H2O; at this temperature only
the lowest ortho (loi) and para (Ooo) levels have significant population. As indicated
on the figure, the spectrum is dominated by K'a = 2 transitions, all with similar
measured and model linewidths (5.5+0.5 cm ') Any tendency towards an equilibrium
distribution would emphasize the central 221-O00 transition, and a regular 8K
Boltzmann distribution would almost completely remove the other transitions. These
results support the expectation that the nuclear spin functions remain unchanged
during a supersonic expansion, as discussed extensively in the past This is in contrast
to the results of Dickinson et al,139 who fit their H2O spectra with a 1.2.1 ortho:para
intensity ratio and different ortho and para temperatures. We note, however, that their
Figure 2(b), on which this conclusion is based, is essentially identical to our Figure
4.4 and was recorded under similar experimental conditions. The ortho.para ratio is
normally an indicator of the 'spin temperature' where the molecule is created, as
ortho-para conversion is very slow, requiring bond breaking or slow passage through
rare "doorway" states ' 52153 Molecules formed on cold interstellar grains, or at cold
metal surfaces in the supersonic expansion may be expected to show spin
temperatures or ortho:para ratios different from the high temperature 3 1 statistical
limit. We do not expect bond-breaking and reforming under our expansion conditions,
and thus a 3:1 ratio is not surprising Note that as HOD has no equivalent nuclei, a
normal Boltzmann distribution can be used, and the low temperature spectrum in
Figure 4.1 is dominated by transitions from the lowest level (Ooo).
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4.4 Results and discussion
4.4.1 Linewidths

Table 4.5: Linewidths of selected levels in of v=0 of the C 'B, state of H2O.
J'

Kà

Kr'

</a'2>

<Λ,2>

</ f ' 2 >

Linewidth (cm"1)

0

0

0

0

0

0

1.317(89)

1

0

1

0

1

1

1.309(61)

1

1

0

1

1

0

2.170(127)
2.924(54)

1

1

1

1

0

1

2

0

2

0

2.580

3.367

1.752(48)

2

1

1

1

4

1

2.556(300)

2

1

2

1

1

4

2.347(265)

2

2

1

4

1

1

4.812(126)

2

2

0

3.949

1.413

0.638

6.031(66)

3

2

2

4

4

4

5.576(154)

Table 4.6: Linewidths of selected levels in of v=0 of the C 'Β, state of HOD.
3'

Kà

Κ,'

<Λ'2>

<Λ·2>

<//2>

Linewidth (cm')

1

0

1

0

1

1

0.950(146)

1

1

1

1

0

1

1.518(86)

1

1

0

1

1

0

1.597(240)

2

0

2

0.016

2.777

3.208

1.030(100)

2

1

2

1

1

4

1.433(80)

2

1

1

1

4

1

1.606(69)

2

2

0

3.984

1.224

0.792

3.696(138)

2

2

1

4

1

1

3.430(91)

3

1

3

1.011

2.368

8.623

2.036(236)

3

1

2

1.011

8.347

2.642

1.980(339)

3

2

2

4

4

4

3.991(199)
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le 4.7: Linewidths of selected levels in o f v ^ o f t h e C ' B , state of D2O
2

J'

Ka'

Kr'

<Ja >

<Jb >

<JC' >

Linewidth(cm ')

0

0

0

0

0

0

0.743(139)

1

0

1

0

1

1

0.901(60)

1

1

1

1

0

1

0.979(89)

2

2

1

1

0

1

1

0

0.801(25)

2

0

2

0.031

2.681

3.288

0.662(101)

2

1

2

1

1

4

1.197(148)

2

1

1

1

4

1

0.958(184)

2

2

1

4

1

1

1.809(50)

2

2

0

3.969

1.319

0.712

1 814(80)

3

0

3

0.142

4.497

7 361

0 972(101)

3

1

3

1017

2 32

8.663

2.064(452)

3

1

2

1.023

8.272

2.705

1.679(782)

3

2

2

4

4

4

1.683(75)

3

3

0

8.977

1.728

1295

4.837(247)

4

1

3

1.105

13.479

5.416

2.328(366)

4

2

2

3.669

11.753

4.579

3.900(1140)

4

2

3

4.024

7.749

8.226

2.229(229)

Figure 4.5(a) shows a plot of the experimentally measured linewidths for the
H2O molecule as a function of </ 0 ' 2 > and the best fit line broadening parameters (ωο
and coa) for the function ω = ωο + ω ί ,</ α ' 2 > for our current work and those of the
recently published results by Yuan et α/. 1 3 4 A summary of linewidths for different
values of J', the relevant projection quantum numbers (Ko and Kc'), and the quantum
mechanical expectation value for the square of projection of the angular momentum
on three axes (</ 0 , 2 >, <Λ' 2 >, and </ r ' 2 >) are given in Table 4.5. Our fitted line shows
almost the same slope (ω 3 ) as Yuan et al, indicating agreement for the heterogeneous
predissociation rates. Furthermore, when compared with other literature values of ω α
summanzed in Table 4.1, all of the extracted heterogeneous predissociation rates from
different groups, except perhaps for the lower value of Ref. ' 3 6 are also quite
consistent. One obvious difference between the current work and previous reports
concerns the ωο value, which in principle will be determined by the homogeneous
predissociation of C state to the Ä state Any power broadening in the ionization step
will also contribute to this width and, given that the laser intensity must be sufficient
to drive a two photon transition, is quite likely to be a significant contribution As our
narrowest widths were narrower than all previous observations we must conclude that
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all previous work was affected by power broadening to some extent In our own work
the laser energy and focussing conditions were vaned to produce the smallest
observable widths, but our ωο value must remain an upper limit to the width from
predissociation as we cannot be certain we have reached the low power limit The
work of Yuan et al on the product state distributions and branching ratio as a function
of quantum state of the parent indicate the homogeneous rate is significant, suggesting
the new value of ωο is close to the true value
In Figure 4 5(b), we present results for fitting the linewidths of the D2O 2+1
REMPI spectrum for the C-X transition Again, the basic trend is reasonably well
reproduced by fitting to ω = ωο + ω 0 </ 0 ' 2 > with ωα (Table 4 1 ) reasonably consistent
with previous work, allowing for power broadening in the ionization step as before
The plot looks like a poorer fit than the H2O data, with linewidths for </ a ' 2 > values
around 1 and 4 showing quite large deviations, though not far outside the error bars
This variation of linewidths at the same </ a ,2 > value but different J'
observed by Kuge and Kleinermanns '

33

or tf, ' was

for the H2O molecule This can also found on

detailed inspection of our own results for H2O, though is perhaps more pronounced
for

D2O

However,
2

as

indicated
2

above

a

fit

using

more

parameters,

2

ω = ωο + ωα</α' > + (üb<Jb > + ror</(' >, gave only a slight improvement in the fit and
poorly determined additional parameters

This implies the simple Conolis based

mechanism is only a starting point, and suggests some additional pathways for mixing
need to be considered This will also account for some of the variation in the reported
ωο and <Ba parameters, as the best fit parameters will depend on the transitions
included in the fit
Fits of the HOD spectroscopic linewidths from 2+1 REMPI via the C-X
transition are presented in Figure 4 5(c) The extracted cùa and ωο parameters show
that the predissociation rates for HOD are intermediate between D2O and H2O This is
consistent with the discussion of the isotope dependence of the rate by Ashfold et
al, 135 they suggest the ratio of inhomogeneous rates for the C ' B I —* Β Ά ι process
between H2O and D2O should be Λ2(Η2θ) 2 ι/2 Λ 2 (θ2θ) based on a simple Fermi's
golden rule approach The factor of 2 I / 2 anses from the difference in the density of
states for the Β state between H2O and D2O and the squared rotational constant arises
from the Conolis matrix element mixing the two states, which has the form -2AJaLa
This predicts a ratio of 0 43, in good agreement with the observed ratio of 0 4 The
same argument applied to HOD predicts a ratio around 0 8, in reasonable agreement
with the observed ratio of 0 7 Again the fits show some sign of systematic error, but
again a simple model provides only minor improvements to the fit This implies the
Conolis coupling model is too simple, and a refined model is required, the observed
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trends are sufficiently irregular that a partial resonance is suggested.
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Figure 4.5: Plot of the experimentally measured linewidths (cm') in the 2+1 REMPI
spectrum via the C-X transition for (a) H2O, (b) D2O, and (c) HOD as a function of
<Jà~>- Several final states Ικακ<- are labelled in the figure panels, the full list is
found in Tables 4.5-4.7. Best fits of the line broadening parameters (ωο and ωα) for the
function ω = ωο + ωα</α"> to the linewidth data points are shown for our current work
(see Table 4.1), and in panel (a) also for the results of Kuge et al13' and Yuan et al134.
104

4.S Conclusions

4.5 Conclusions
2+1 REMPI spectroscopy of the C 'Β, (V=0) - Χ Ά , (v=0) transition of the three
water isotopologues H2O, HOD, and D2O has been investigated Rotational constants
for the C 'Bi (V=0) state of HOD were determined for the first time The rotational
constants are consistent with an approximate geometry of the excited state given by
Johns, with /-QH = 1 01 À and the HOH angle 107° For the H2O and D2O molecules,
refined rotational constants for C ' 8 1 ^ = 0 ) are derived that are more slightly more
precise than those of Johns,141 ' 49 and are essentially consistent given that a different
model of centrifugal distortion was used The current work shows that rotationally
resolved spectra of HOD via the C-X transition are possible, as for the H2O and D2O
molecules, although the spectroscopic lines are broadened by predissociation For the
unsymmetrical isotopologue, HOD, two transition moments are needed to model the
two photon spectra in contrast to the single transition moment required for H2O and
D2O and the ratio of the two transition moments was determined to be
T(2,\)/T(2,2) = 0 4041(42) This is consistent with the value 0 34 predicted by
considering the rotation of the principal inertial axes in HOD compared to the axes in
H2O or D2O Finally, the line broadening parameters for the 2+1 REMPI spectra of
water caused by heterogeneous and homogeneous predissociation mechanism and
ionization step were extracted using a simple ω = coo + cua</a'2> model as in previous
reports This provides a reasonable fit to the observed linewidths, but all three
isotopologues show some evidence of systematic deviations from the simple function,
though not far outside the errors in measurement This confirms previous work
indicating

the

main

predissociation

pathways

involve

the homogeneous

predissociation by the .4'Bi state and inhomogeneous predissociation induced by
α-axis rotation by the Β Ά] state, but indicates that some other mechanisms may play
a role In our current data, the heterogeneous predissociation rate is in good agreement
with literature number while our lower ωό value compared with previous literature
values indicates a smaller contribution in our study from the ionization rate to the
spectral line broadening
In order to ensure a simple and consistent set of ground state constants suitable
for general use in determining populations from electronic spectra of the C-X
transition, the experimental data available for the ground state vibronic state of water
in the JPL spectral line catalog was re-fitted The overall fitting parameters for all
three isotopologues provided here are consistent with previous literature values and
should work well for relatively cold molecular spectra, up to ~300K At temperatures
much higher than this congestion due to the combination of many transitions with
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increasing large natural hnewidths will make analysis very difficult, regardless of the
accuracy of the fitting parameters
REMPI spectra assignments and analysis of predissociation with respect to Ka'
and <Ja2> for three water isotopologues are reported here Supplementary data found
in reference 154 include the assignment, linewidth, and transition energy of isolated or
limited-overlap lines that can used for rotation state detection of nascent water
molecules before and after inelastic collisions In addition, the relevant line strength S
of individual lines from this work can be applied for spectroscopic and collision
investigations This investigation of the 2+1 REMPI spectroscopy for three water
isotopologues provides a full basis for the detection of nascent water molecules
formed by inelastic scattering, as described in future publications
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Mapping water collisions for interstellar space conditions
We report a joint experimental and theoretical study that directly tests the quality
of the potential energy surfaces used to calculate energy changing cross sections of
water in collision with helium and molecular hydrogen, at conditions relevant for
astrophysics
Fully state-to-state differential cross sections are measured for
HaO-He and F^O-Fh collisions at 429 cm ' and 575 cm ' collision energy,
respectively We compare these differential cross sections with theoretical ones for
H2O+H2 denved from state-of-the-art potential energy surfaces [P Vahron et al, J
Chem Phys 129 134306 (2008)] and quantum scattering calculations This detailed
companson forms a stnngent test of the validity of astrophysics calculations for
energy changing rates in water The agreement between theory and experiment is
sinking for most of the slate-to-state differential cross sections measured
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Interpretation of the molecular rotational spectra delivered by Earth and
space-born telescopes is a complex process requinng knowledge of molecular
state-to-state colhsional excitation rates over a broad range of temperatures and
transitions Because these rates for energy changing (inelastic) collisions are not
usually known experimentally,155156 astronomical models rely predominantly on
theoretical estimates that require accurate intermolecular potential energy surfaces
(PESs) Water is the most abundant polyatomic molecule in the Galaxy Detailed
knowledge of the energy transfer rates and mechanisms for water is critical in many
astrophysical applications, including line transfer, thermal balance of interstellar clouds,
and the occurrence of astrophysical masers 38
Our work is designed to test the PES describing the interaction of H2O with H2
and He, which are the dominant colliders in most astronomical environments A
stringent test of the accuracy of a PES is its ability to predict state-to-state differential
cross sections (DCS), which are sensitive probes of those regions of the interaction
potential that govern energy transfer In media with little ionization, water molecules
collide with H2 molecules in one of the lowest rotational states, or with He atoms, at
collision energies in the range from a few cm ' to a few hundreds of cm ' 38157 In our
laboratory we collide H2O with >90% in its lowest rotational slate with H2 or He at
collision energies of 575 and 429 cm ' respectively
Previous experiments by Buck and co-workers90 measured partially
state-resolved DCSs for He + H2O scattering Nesbitt and co-workers89 reported
state-selective integral cross section measurements for H2O + argon scattering
Cappelletti and co-workers9192 measured total integral cross sections for H2O + rare
gas scattering Our specific goal here is to determine the angular distribution in the
center of mass frame of the nascent excited H2O state flux created by scattering the
ground state H2O by H2 or He Such a measurement is now possible using the
velocity map imaging (VMI) method 96 '02 ' 05
The experimental procedure and VMI apparatus is described in Fig 5 1 and is
similar to that of Refs 102 and 105 Full details of the apparatus'58 will be given in
forthcoming publications (see Chapter 7) In addition, the nascent water laser
ionization detection method has been discussed in our previous publication (see
Chapter 4) In short, molecular beams of water and H2 or He are crossed at 90°,
where H2O and H2 are prepared predominately in their lowest possible rotational
states Collisions produce nascent H2O in higher rotational states State selective
ionization under velocity mapping conditions produces an image of the nascent final
state three-dimensional velocity distribution A typical raw image is shown in Fig
5 2A Experimental conditions are optimized to minimize the formation of water
clusters Our experiment detects water monomers, if water clusters anse from
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scattering water, the location and size of the Newton sphere (Fig. 5.2) will be quite
different from that of a monomer collision because of the different kinematics and
the dynamics of the cluster dissociation. The images shown in Fig. 5.2 display no
evidence of cluster contributions.

We assume that clusters do not affect the results

of this study.

CCD camera
NdYAG
Laser

Figure 5.1: Schematic diagram of the crossed-beam VMI apparatus. Pulsed
molecular beam expansions of pure H2 or He and H2O in Ar are skimmed and
crossed at 90°. Newly formed rotationally excited H2O is state selectively ionized by
a pulsed laser operating around 248 nm. The H20+ ions are projected by a VMI lens
to a two-dimensional imaging detector monitored by a CCD camera. Normal H2 was
converted to para-H2 using an iron oxide catalyst at 20K and was then expanded
through a pulsed valve externally cooled by cold N2 gas to a temperature of 170K in
order to decrease the population of IÌ2(J=2).

In Fig. 5.2 the rotational quantum states of H2O are labeled JKO.KC where J is
the total rotational angular momentum, and Ka and Kr are projections of J on the a
and c rotation axis. The nuclear spin statistics of two identical hydrogen atoms results
in two forms of H2O, ortho {K(t+Kc=odd), and para (Ä^+Ä^—even), and two forms of
H2, para (y=even) and ortho (y=odd). Inelastic collisions conserve ortho-para
BO

symmetry.
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Images collected with the H2O and H2 or He beam separated in time were
subtracted from images collected in optimal time overlap for background correction.
A set of background-corrected images is shown in Fig. 5.2B. These images are
density maps of nascent H2O; conversion to the desired/Zi«: map is carried out using
the Imsim software procedure,

which reproduces a simulated density image in

quantitative agreement with the raw images. The derived flux angular distributions
(DCSs, άσ/άθ) for the selected images are shown as black lines in the panels of Fig.
5.3.

Figure 5.2: A:

Raw image of H2O in the

scattering of Η2θ(1οι) with Helium.

(JKU.KC

= lio) final state created by

A color bar on the left side shows the linear

intensity scale for the signal. Three signals are seen; a trace amount of water in the He
beam (vne, vertical direction), the residual (-5%) population of Η2θ(1οι) in the water
beam (VH2O, horizontal direction), and the two-dimensional projection of the
three-dimensional Newton sphere moving at the center of mass velocity (VCM)·

The

dashed circle indicates the size of the Newton sphere for elastic scattering and the
directions described as forward, side and back scattering in the center-of-mass frame
(0°, 90°, and 180° in the DCS plotted in Figure 5.3). The lower left diagonal arrow
shows the propagation direction of the ionization laser beam. B: Background
subtracted images of inelastically scattered H2O in the indicated final JKU.KC state for
collisions with para-H2 and He.
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An important experimental observation is that for the same final states at nearly
the same collision energy, water scatters much more strongly in the forward direction
(defined in Figure 5.2) due to collisions with H2 compared to He. Changing the H2
supersonic beam conditions (using para-H2 versus normal-H2 and cooling the H2
nozzle assembly from ~330K to 170K), we find that the scattering remains strongly
in the forward direction. Forward scattering is thus favored for all rotational states of
H2. Hence, an important difference between H2 and He is indicated in our
differential measurements, even when scattering is for the most part by para-H2(./=0),
which is often assumed to behave similarly to He.160

H 2 O-H 2

H20 - He

Figure 5.3: Experimental and theoretical differential cross sections for H2O - H2
inelastic scattering (left column) and H2O - He inelastic scattering (right column).
Black lines, experimental. Red lines, full theoretical DCS calculations. Blue lines, for
H2O-H2 scattering, theoretical calculations with H2 in 7=0 as initial and final states
(see text). Scattering angle (deg.), x-axes; DCS in arbitrary units, all normalized to
unity, y-axes. Scattering energies: H2O-H2, 575 cm ; H20-He, 429 cm'.
Experimental signal in the region of 0-10° (shaded gray area) is not reliable due to
background subtraction uncertainty.
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The experimental data are compared here with DCS predictions from a fully
quantum analysis using the most recent and advanced PES for the non-reactive
systems

H20+He 16 '

literature '

55164

and H2O+H2 ' 6 2 ' 6 3 Few such calculations exist in the

For the H2O+H2 case, a full nine-dimensional PES (including all

inter- and intra-molecular degrees of freedom) was obtained from Valiron et

al163

This nine-dimensional PES was averaged over the vibrational ground state wave
functions of H2O and H2, yielding a five-dimensional rigid-body PES This latter PES
has been used to calculate many energy changing cross-sections and rates relevant for
astrophysics,165 ' 6 7 making it all the more important to perform the present evaluation
The H20-He PES was denved from the PES of Hodges et al'6'

using their routines

as input to our fitting scheme, which is similar to the original scheme of Green et
al168
The scattering S-matnces needed for computing DCSs for both H2O-H2 and
FMD-He were calculated by employing the close coupling formalism implemented in
the Molscat program ' 6 9 For H2 with 7=1, 2, the DCS calculation made use of an
algonthm derived from the original DCS formulas
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Inelastic cross-sections of

interest were converged to 1% For the specific angles 90°, 135° and 180°, the
convergence of DCSs was checked again for a convergence better than 0 5% The
expenmental collision energy spread is about +10%, so we checked the sensitivity of
the computed DCS to Eu,ii,s,0n The sensitivity was marginal, which is expected since
the experiments sample transitions between the lowest rotational levels of H2O, and
all scattering resonances for those transitions occur at much lower Zscoihsion ' 7 ' ' 7 2 In the
case of He, very similar DCS results were obtained in Ref 90, providing an
independent check of our method
To compare the computed DCS with experiment for the H20-para-H2 collision
(rotational temperature of para-H2 ~220K), we averaged the theoretical DCS over a
rotational distribution in the H2beam of 61% Η2(7=0), 10% Η2(7=1),

29% Η2(7=2),

as measured experimentally using (2+1) Resonance

Multi-Photon

Enhanced

Ionization (REMP1) of H2 around 200 nm Collisions resulting in HjiJ) changing
cross-sections were both measured [using 2+1 REMPI of Η2(7=1,2) at -200 nm] and
calculated to be negligible

Comparisons of the experimental and fully quantum

calculated DCSs plotted in Fig 5 3 show remarkably good agreement for both the
H2O + He and the H2O + para-Hi systems We have not smoothed any possible
quantum oscillations appearing in the theoretical DCS Some remnants of the
oscillations averaged over the experimental resolution may be visible at the
experimental level
For the sake of comparison between He and para-H2 scattering, we also show
computed DCSs for scattering between water and para-H2, using the H2 7=0, 2 rotor
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states in the channel basis as before, but considering only J=0 initial and final states
In this calculation, the coupled channel propagation used for computation of the S
matrix elements includes a full description of molecular H2, including its amsotropy,
but the partial wave sum used for construction of the DCS from the S matrix elements
is identical to that for H2O-H2 collisions The results are shown as blue lines in the
left panels of Fig 5 3 In this case, the DCS structure becomes very different from the
results that include an average over the experimental rotational state distribution The
strong forward scattering disappears and the overall structure becomes qualitatively
similar to scattering of H2O by He Very similar results were obtained when only J=0
was included in the H2 rotor basis, that is, when H2 was treated as an atom in the
scattering calculation Apparently the most important difference between scattering by
He and by H2 (J=0) is the different shape of the potential, in particular, the well is
deeper for H2 While no attempt is given here to compare absolute values of cross
sections, the computed DCSs for He and for H2 (J=0 —» 0) show strong similarities at
the energies studied, away from the resonance regimes
H2O-H2 scattering is thus quite sensitive to the initial rotational state of the H2,
even though most collisions result in no change in its rotational state Ignoring this
dependence and treating all H2 molecules as 7=0 molecules or as atoms can introduce
important errors The common procedure of estimating rates for para-H2 collisions
with those from simpler He calculations should thus be applied with caution
Differences in the scattering of water by para-H2 and normal-H2 have been
found in pressure broadening experiments and simulations at 50<T<200 Κ m ' 7 4 The
present expenments, however, did not detect a qualitative change in the DCS changes
in H2 beam conditions In our experiment, it is not possible to produce a beam of pure
para-H2(y=0) Even at the nozzle temperature of 170 K, the expected population ratio
of para-H2(./=0) to para-H2(./=2) is still 4 3 1 Replacing normal-H2 by para-H2 at
this temperature in our apparatus produced beams with measured H2 populations in
J>0 states of 28%, and the observed images had quite similar angular distributions to
those observed under other beam conditions It is likely that this state distribution was
not pure enough to reveal the He-like DCS predicted by the calculation These
experimental indications are qualitative for the present apparatus configuration
because the reliability of the signal in the forward scattering region suffers from wide
beam angles and background subtraction uncertainty Improved experiments with
more narrow beams and a higher accuracy in the forward scattering region, and more
detailed compansons with scattering by the other rare gases as well as by D2 (whose
spin statistics are inverted with respect to H2) are under way Lower collision energies
will also be studied using a smaller molecular beam crossing angle
In summary, experiments are now possible that provide sensitive information in
in
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the form of state-to-state differential cross sections for collisions of H2O with H2, He,
and other species under conditions relevant to those of interstellar space. Although the
center-of-mass energy tested here is somewhat higher than the usual energies found in
interstellar matter, the shape of the PES has been thoroughly tested, setting great
confidence in the calculating scheme that we used to obtain the PES. The measured
and calculated properties for the most part agree quite well, giving confidence in the
quality of the PESs describing the H2O-H2 and Η2θ-Ηε interactions. The PESs for
H2O interaction with He and H2 in general appear to pass the experimental DCS test
with flying colors. Our results point out the differences between collisions of water
with helium and with cold para-H2, and suggest similarities in the shape of the DCS
for all initial ìÌ2(J) states.
Various tests at lower collision energies, including H2-H2O cluster spectroscopy,
and scattering experiments testing the resonance or elastic regimes, should be
undertaken in parallel with more global tests like pressure broadening or virial
coefficient measurements. All these tests comparing theory with experiment help
assess the validity of the H2O-H2 PES, of paramount importance to understanding of
the abundance and role of water in the interstellar matter.
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Chapter 6

Imaging the inelastic scattering of water with helium,
comparison of experiment and theory1

State-to-slate differential

cross sections for rotationally inelastic He-H20

scattering have been measured at 53 3 meV (429 cm ') collision energy, using the
crossed molecular beam technique The inelastic events are detected by velocity map
imaging of nascent Η2θ + ions, which are formed by state-selective (2+1) resonance
enhanced multiphoton ionization (REMPI) of the scattered H2O molecules Raw
density images are converted to flux images and the extracted differential cross
sections are compared with full close-coupling calculations of state-to-state cross
sections for rotational excitation based on a previously published ab initio potential A
hard-shell ellipsoid model is also employed to yield a more physical insight useful in
interpreting the results

The excellent agreement of fully quantum theory and

expenment found here for water collisions with helium at a collision energy relevant
to that of the interstellar media place the theoretically determined potential energy
surface and the collision cross sections extracted using this surface on a firmer basis
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6.1. Introduction
Water, a prominent component of molecular interstellar matter, can now be
efficiently

monitored by space-bome telescopes such as the Herschel Space

Observatory ' 7 5 In order to extract quantitative information from telescope spectra,
models are employed that depend critically on the microscopic properties of water in
collision with the major neutral gases of interstellar space, molecular hydrogen and
helium The key microscopic properties are rates of exchange between the rotational
energy of H2O and translational collision energy Because the rates for the population
changes brought about by these collisions are presently too difficult to measure
expenmenlally

for interstellar space conditions, they are derived by model

calculations relying on an accurate multi-dimensional potential energy surface (PES)
In order to test the quality of the PES describing the H20-He interaction, detailed
experiments are needed that measure low temperature energy exchange directly with
sufficient precision to be relevant for interstellar modeling Here we describe a test of
the quality of the PES describing the FhO-He interaction by comparing velocity map
imaging measurements of state-to-state differential cross sections (DCS) of rotational
inelastic collisions of H2O with He with state-of-the-art theoretical calculations of
these processes, at collision energies relevant to interstellar space Differential cross
sections are known to provide an excellent test of the accuracy of a PES 4 9

Inelastic

scattering provides information on the amsotropy in the interaction potential energy
surface The general trends in the DCS are interpreted here with the help of a
hard-shell ellipsoid model 4 7
H2O is an asymmetric top molecule with C2V point group symmetry Its rotational
states are characterized by the total angular momentum 7, and two quantum numbers
Ka and Kc which classically correspond to the projection components of J on the α and
c principal axes of H2O, respectively In this paper, we descnbe the rotational states of
H2O using JfiaK, notation In addition, because of the nuclear spins of the identical Η
atoms in H2O, the rotational levels can be separated into two manifolds, ortho and
para H2O, where the nuclear statistics weight ratio of ortho to para H2O is 3 to 1 '

59

The rotational states of ortho H2O (\Ka-K,\ odd) and para H2O (\Ka-Kt\ even) are
plotted in the rotational energy level diagram shown in Figure 6 1
H2O elastic and inelastic collisions have been studied in great detail previously
Differential cross sections for elastic scattering of H2O with the rare gases, H2, and
H2O were acquired by Bickes et al87

Their observed structures of diffraction

oscillations and rainbow maximum for the polar-nonpolar interactions were used to
determine the spherically symmetric model potential parameters (e g well depth and
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zero location of potential), assuming a Lennard-Jones (12.6) potential. Similar results
were obtained for H20+He.

88

Recently, Brudermann et al. presented a detailed

measurement of the differential cross sections for H20+He elastic and inelastic
scattering at two different collision energies and compared their results with quantum
90

calculations. The rotationally inelastic cross sections were obtained by energy loss
measurements without state selectivity. The present paper complements their
experiment, where full state-to-state DCSs are now measured. Recently, Cappelletti et
92

al

reported new determinations of the potential parameters for the isotropic

component of the D2O - He interaction by elastic scattering studies. They compared
their fitted parameters with those from previous determinations using different
potential models and with the predictions of ab initio calculated potential surfaces.
Furthermore, glory structures in the integral cross sections for H2O - rare gas
collisions have been investigated by Aquilanti et al.91 They discovered that the
interactions of H2O - Ar, Kr, or Xe cannot be described correctly by pure van der
Waals forces which are operative for H2O - He and H2O - Ne interactions.91 An
additional charge transfer component arises at intermediate distances which lead to an
energy stabilization.
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Rotationally resolved state-to-state integral cross sections for collisions of ortho
and para H2O with Ar were investigated by Chapman et al89 They reported an
approximate exponential-decay dependence of the measured integral cross sections
with the magnitude of rotational energy transfer of H2O In addition to general
agreement with an energy gap model, a clear propensity for rotational excitation of
H2O around the a and c principal axes was observed and compared with classical and
quantum calculations
The goal of the present experiment is to determine the angular distribution in the
center of mass frame of the nascent state-selected H2O flux created by scattenng the
ground state H2O by He at a fixed collision energy Such measurements are now
possible using the velocity map imaging (VMI) method

l00102105

Here we report

rotational state-to-state resolved DCSs obtained from H2O molecules colliding with
He using a crossed beam machine combined with velocity map imaging detection 96 A
single initial state is obtained by cooling the H2O molecules in an adiabatic supersonic
expansion, where more than 90% of ortho and 97% of para H2O is populated in the
lowest loi or Ooo rotational levels, respectively In addition to the conservation of total
energy and momentum during the collisions, the rotational levels of H2O are changed
with the conservation of nuclear spin, namely, ortho-to-para transitions using our
collision conditions are forbidden89
Ortho H2O (loi) + He -^ ortho H2O (J"Ka KC ) + He
or
Para Η2θ(0οο) + He — para H2O (7 V0 *<• ) + He
After adiabatic expansion in a supersonic jet, the ortho to para ratio is preserved ' 5 9
Single final rotational states of ortho and para H2O molecules before and after
collisions were detected by a 2+1 Resonance Enhanced Multi-Photon Ionization
(REMPI) process via the C -X electronic transition
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6.2 Experimental
Our crossed beam VMI experimental setup has been described in detail
somewhere

148

and other chapters in this thesis. Figure 6.2 shows a schematic drawing

of the apparatus, which includes two pulsed molecular beam sources, the ionization
laser, and a velocity map imaging detector. The H2O (primary) beam was produced by
flowing -1 bar pure Ar gas into a simple H2O bubbler (demineralized water at room
temperature) and then through a hairpin-type (Jordan) pulsed valve. The concentration
of H2O in the primary beam was - 2.5% which was calculated using the vapor
pressure of H2O at room temperature and -1 bar backing pressure (Ar). Rotational
cooling of H2O in the adiabatic expansion to -12 Κ takes place and the H2O beam
was then collimated by a skimmer (2.5 mm diameter) which was located 30mm
downstream from the valve exit.

Figure 6.2: Schematic diagram of the
CCD camera

crossed-beam VMI apparatus. A pulsed
beam of H2O is formed by seeding water
vapor in Ar carrier gas. The pulsed valve
for H2O operates with a high nozzle

2D Imaging
detector

Flight tube

temperature which discourages formation
of water clusters. The H2O beam crosses a
pulsed beam of neat He and rotational ly
excited H2O is state-selectively ionized by
(2+1) REMPI via the C -state in the 248
nm region using a focused (20 cm lens)
pulsed tunable dye laser beam doubled in
a BBO crystal. The nascent KhO* image is
mass-selected

by

time-of-flight

and

projected onto a two-dimensional (2-D)
detector then recorded by a CCD camera.

H20
in Ar
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The secondary (He) beam was produced at - Ibar stagnation pressure by a
second hairpin-type valve located in a differentially pumped source chamber and
collimated by a skimmer (3 0 mm diameter) 30mm downstream from the valve
Measurement of the speed distributions of the molecular beams were performed by
positioning the valves at different distances from the collision (ionization) center To
estimate the He speed we measured the speed of trace H2O present in the He gas lines
During collision expenments the trace H2O was removed by flushing the inlet lines
with dry He The collision (and ionization) center was 90 mm downstream from both
valves The two molecular beams were crossed at 90° During the collision, the
collision chamber pressure was -3x10 6 mbar
Nascent H2O molecules formed by collision in the crossed molecular beams
were ionized by a 2+1 REMPI process, as described in detail in Ref '59, which lists
the optimal detection wavelength for each final state Due to rapid predissociation in
the intermediate C state of H2O the optimal detection wavelength usually avoids
C -state levels with high <Ja'2> values (see Chapter 4) Some final states such as the
3o3 state could not be measured reliably at any wavelength due to accidental overlap
of all possible transitions by transitions to other final states
For REMPI detection the third harmonic of a pulsed Nd YAG laser (Contiuum
Powerlite 9000) pumped dye laser system (Lambda Physik ScanMate) was used for
the ionization process Coumarin 307 dye was used to produce dye laser wavelengths
around 496 nm Afterwards, the ionization radiation (around 248 nm) was generated
by frequency doubling the output of the dye laser with a BBO crystal The typical
power of the ionization radiation was 2-3 mJ/pulse A 20 cm focal length (spherical)
lens was used to focus the ionization laser to the center of the collision region and the
ion optics The linear polarization of the ionization laser was kept perpendicular to
the collision and detector planes Images collected with the temporal profile of the
H2O and He beam separated in time were subtracted from images collected in optimal
time overlap for background correction Due to background subtraction noise the 0-20
degree range of forward scattering has a large uncertainty, outside this range we
estimate the uncertainty at a given scattering angle as -10% for strong signals and
-20% for weaker signals At the temporal overlap condition for the two molecular
beams, the conditions were adjusted such that less than 10% of H2O ground state was
depleted by collisions in order to minimize secondary collisions in our H2O inelastic
scattering expenments
The collision energy in the center of mass frame for our H2O He experiment is
429 cm ' After collisional excitation, the rotational states of ortho and para H2O
change within the restnclion of the collision energy In addition, and significantly, no
ortho-to-para conversion by collision is expected under our experimental conditions.
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based on the results of previous studies using similar conditions.78,89
Integral cross sections were estimated by integrating the portion of the raw image
containing collision signal for images taken for the same number of laser shots and
same laser pulse energy. This total signal was then corrected by the known sensitivity
factor of the REMPI process for each selected final state. Due to drifts in the
molecular beam intensities and other instabilities these experimental integral cross
sections have an estimated uncertainty of ± 30%. Uncertainties in the differential
cross sections measured by velocity map imaging experiments have been discussed in
Ref. 115. Our own analysis concurs with their conclusions that the largest uncertainty
results from error in positioning the laser focus in the center of the scattering zone.
Using spatial map imaging96 we reduce this error to less than 2 mm, which according
to our simulations results in an uncertainty of around 20% at the forward and
backwards scattering angles, and less than 10% in the side scattering directions. All
experiments were repeated in a number of separate measuring sessions with varying
adjustments and configurations of the apparatus. Experimentally, we find that the
most important factor in reducing bias in the experiment is ensuring that the area used
for signal collection on the two-dimensional imaging detector is homogeneous in
sensitivity. Furthermore, the density-to-flux conversion also introduces an uncertainty,
especially for the weaker images. All in all, we estimate the uncertainty in the relative
intensity of the DCS across the full range of scattering angles at around ± 15% for
stronger signals (scattering to the In, lio, and 2|2 final states, see Figure 6.1) and
around ±25% for the other final states. Uncertainty in the angular position of peaks in
the DCS is estimated at around ± 5° due to the divergence of the molecular beams,
detector inhomogenity, and to the density-to-flux conversion.
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6.3. Experimental Results
Rotationally resolved state-to-state differential cross sections of H2O colliding
with He in the CM frame have been acquired for the first time. Three typical
experimental raw and simulated images for H2O colliding with He are presented in
Figure 6.3. The images show a wide range of scattering angles and are clearly
asymmetric with respective to their relative velocity axes, shown as a dashed arrow in
the figure, due to the measurement of laboratory product density instead of flux.
Using the Imsim simulation program,128 with input of all laboratory conditions, the
differential cross section is adjusted to yield the best simulation of the measured raw
images. The resulting differential cross-sections are shown in Figures 6.4 for
collisions of He with ortho and para H2O.

Figure 6.3: Experimental raw and simulated images of ortho H20-t-He collision for
the final states lio, 2n, and 221. A schematic diagram (not to scale) indicating the
directions of the He and H2O beams and the CM. relative velocity vector (dashed
arrow) is shown for the 110 raw image.
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Angle (degrees)

Angle (degrees)

Figure 6.4: DCSs for collision of He with a) para-Hi, Ooo-^ J"Ka"K," and b) ortho H2,
loi - » J"Ka"Kc"· Experimental values (red lines) and theoretical values (black lines) are
shown for each excitation. All DCS's, theoretical and experimental, are normalized
to 1. No smoothing is applied to the theoretical DCS's. See text (section 6.2) for a
discussion of error bars for the experimental data. Also shown are upward pointing
arrows predicting the position and rotation axis (a, b, and c) excited of rotational
rainbows predicted by the hard-shell ellipsoid model (section 6.4.2).
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Figure 6.5: Comparison of relative integral cross sections from experiment (with ±
30% error bars) and theory (right side, from present work, left side, from Moszynski
et al176) as a function of amount of rotational energy transferred (in cm"').

Experimental relative integral cross sections are presented in Figure 6.5 for the
strongest final state images l|o, In, 2i2, and 221, with theoretical values from the
present calculations, both at 429 cm"' collision energy. Experiment is scaled by setting
the largest final state cross section (to the 111 state) to unity, which has a theoretical
value of 10.2 Â2 (Table 6.1).
Also shown in Figure 6.5 are the theoretical values from Ref. '76, calculated for
slightly higher collision energy, 464 cm '. As expected, the two sets of theory values
are quite similar, and both agree well with the measured relative integral cross
sections within the experimental uncertainty (-30%). The extracted DCSs are
compared with quantum calculations as presented in Figure 6.4. Details of the
quantum calculations are presented in section 6.4 below. Theoretical and experimental
points are given 1° apart and are not shown individually. All experimental and
theoretical differential cross sections (da/ άθ) are normalized to unity, independently
of their actual values (Table 6.1):
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*(J **"> •/"«,-*-)= j ^ f s i n 0 ^ = 1

(6.1)

While the calculated DCSs are smoothed, the oscillations predicted at close to the
forward scattering direction cannot be observed experimentally because of
background subtraction limitations and the lower angular resolution of our images.

125

Chapter 6 imaginj the inebsdc scattering of water with heiium

6.4 Quantum calculations of the inelastic P^O-He DCSs
All quantum calculations are based on the H2O PES by Hodges et α/.161 Their
PES was subsequently fit on the appropriate spherical harmonic expansion.177 This
expansion was read by the Molscat program,178 providing the scattering elastic and
inelastic 5-matrices. The 5-matrices were then used to calculate the differential cross
sections, according to Ref.

I79

, with suitable simplification of the formula, for the case

of atom-molecule scattering. The Molscat program parameters were such that
particular care was given to the convergence of individual points of the DCS,
especially so in the back-scattering region, with an enlarged rotational basis for H2O,
up to J =10. The convergence of the DCS's is better than 0.5%. The reduced mass is
3.27457421 amu, and the rotational parameters for H2O are A - 27.88063134 cm', Β
= 14.52176959 cm', C = 9.277708381 cm"'.
The total inelastic cross sections were also calculated by the Molscat code and
are given in Table 6.1, for all relevant cross sections. One sees that some of the total
cross sections are notably smaller than others, namely, for some large changes of
angular momenta (e.g. Ooo —> 2\\; Ooo —» 322). Since these transitions were
experimentally measured and found not to be in good agreement with theory, DCS 111
—> 2ii and In —»322 were also calculated with the same level of convergence. Results
are presented in Figure 6.6, where (unlike Fig. 6.4) the integrated differential cross
sections (Eq. 6.1) yield the values listed in Table 6.1.
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Figure 6.6: Theoretical absolute DCSs for para-water excited by helium. Upon
integration (Eq. 6.1) the DCS yield their respective theoretical total cross sections
listed in Table 6.1.
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Table 6.1: Theoretical total inelastic cross section σ, for the excitation of para and
Ortho H2O by He.
JhaKc

-*J"Ka"Kc"

O00-»

2

σ(Α ),Ε ςο „ = 429αιϊ
10.180

In

Ο«»-» 2θ2

1.262

Ooo->

2ii

0.007

Ooo->

22o

1.250

Ooo-> 3,3

1.202

O0O-»

322

0.001

In-»

2θ2

3.115

lii->

2„

1.712

lii->

220

3.388

In-»

3,3

0.732

lii->

322

0.205

loi-»

lio

5.272

loi-»

2,2

5.429

loi-»

221

0.879

loi-»

3θ3

0.718

loi-»

3,2

0.096

loi-»

32,

0.477

loi-»

4,4

0.545
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6.5. Discussion
6.5.1 Comparison of experiment with fully quantum calculations
For ortho H2O - He inelastic collisions, the agreement of the experimental DCSs
and the calculations is excellent. The calculated oscillations at close to forward
direction cannot be observed by the expenments because of the lower angular
resolution of our images. This is also obvious from the interference oscillations
appearing in the calculations which die out close to this angular range. In view of the
experimental errors all the trends are well-reproduced for the ortho-H20 - He
collisions This is also valid for the para-H20 - He collisions aside from two very
weak transitions for which the calculation underestimates the experimental results.
These are the transitions Ooo —» 2ii and Ooo —• 322 for which the deviations between
experiment and theory mainly occur at large angles Here the experimental results
might be influenced by the at least much larger cross sections of the 111 —• 2| 1 and 111
—» 322- These DCSs are transitions 2 orders magnitude larger for a scattering angle of
90 degrees and more than 4 orders larger in the backward direction. Any experimental
contamination of para Ooo water by para In water will thus strongly affect the
experimental DCSs Because of this huge difference in magnitude, it is not sensible to
try and model the composition of the experimental para-water beam on the basis of
these particular transitions.
Aside from these two transitions all the other cases exhibit a remarkable
agreement between experiments and theory on the state-to-state basis This shows that
the potential surface that forms the basis of the calculation161 is a very realistic one
concerning the amsotropy in the repulsive region.
Several other PES exist for the He-H20 system; a systematic comparison is
given by Calderoni et al.180 Their discussion deals mainly with the position and depth
of the potential wells, which are not very well tested in this kind of expenment Since
both the PES used here and the one used by Brudermann et al90 agree with the
experimental data, we postpone a detailed comparison of the PES to DCS's of water
excitation by heavier rare gases, where differences between various PES are more
conspicuous
The excellent agreement we find between experiment and fully quantum theory
does not give us any explanation why the cross sections behave differently for
different final states Some of them peak in the backward direction, some exhibit
peaks in the angular range from 60° to 90°, and in one case the intensity drops
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continuously (Ooo —» 2o2) Thus, a simple model which provides a pictorial
interpretation of the very involved results of the full quantum calculations and the
measurements could be useful

6.5.2 Prediction of rotational rainbow positions using a
hard-shell ellipsoid model
After the drop off of the differential cross sections in the small angular range and
the disappearance of the oscillations, most of the state resolved cross sections show a
maximum in the angular range between 45 and 180 This is the sensitivity range of
the repulsive part of the potential surface and the peak position can be related to the
rotational rainbow behavior 50 We note also that the attractive part of the interaction
potential is anisotropic due to the dipole and the quadrupole moment of H2O but the
interplay of the collision energy and the weak interaction of the collision partner He
leads to the dominating repulsive interaction in the described angular range
In the simplest case of the scattering of a homonuclear diatomic molecule from
an atom and of the neglect of attractive forces, the interaction potential can be
approximated by a rigid ellipsoid with the two half axes ra and r^, It is pictonally
obvious that the maximum torque to the ellipsoid is transferred in the angular range
between the zero and ninety degree approach of the atom (see Chapter 3) This
position can be calculated and related to the effective impact parameter bn which
determines the magnitude of the torque This value can in turn be connected to the
deflection angle θ and to the final angular momentum J/415S in its simplest way by

sm{e/2) = (Jf/2)x(l/kbJ

(6 2)

in which k is the wave number The maximum of b„ then leads to the position of the
rotational rainbow angle θχ For a pure ellipsoid we obtain the simple result that
ma\(bn) = ra -/·&, the difference between the two half axes of the ellipsoid Therefore a
large bn value which corresponds to a large amsotropy of the repulsive potential leads
to a small rotational rainbow angle This is of course a classical picture which neglects,
as was already mentioned, the attractive part of the potential The influence of the
latter part on the position of the rotational rainbow has been derived in model
calculations '

3I

How can we apply such a model to the water molecule9 In the present
completely state resolved expenment we are able to relate the final states JKa
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J"Ka κι ) to the excitation of the different axes In this way the three values Ka~J, Ka~
Kc and KC~J correspond to the three principle axes a, b, and c For an asymmetric top
molecule like water, the different rigid bodies which correspond to the ellipsoid for
the diatomic molecule have to be constructed by cuts through the complete potential
energy surfaces This has been carried out for H2O - He in Ref 90 and Chapter 3
using the potential surface of Patkowski et al ' 3 2 We note that this potential surface is
very close to that derived by Hodges et al ' 6 ' and test calculations gave nearly the
same rotationally inelastic cross sections The shape of the three axes is quite different
The simplest one is the cut through the motion around thefe-axis,the C2 symmetry
axis of the water molecule It resembles an ellipsoid with one maximal b„ value The
motion around the α-axis, which is in-plane and perpendicular to the C2 symmetry
axis, exhibits the shape of a shifted ellipsoid with two values The most complicated
motion is that around the c-axis which corresponds to the rotation in the molecular
plane and the shape is a sort of shifted ellipsoid with two different halves with three
different maximum bn values (see Figure 9 of Ref 90 and Figure 3 9 of Chapter 3)
Now we have to select the correct energy where to place the cut through the potential
surface From the calculated differential cross sections we see that the interference
oscillations die out at around 45° Here, the sensitivity to the repulsive part of the
potential at around zero cm ' starts At 180° the potential at the collision energy of 429
cm ' is probed Therefore, an averaged value of 200 cm ' is realistic The resulting
maximum bn values for a cut through the PES at 200 cm ' are 0 10 A for the b-axis,
0 09 and 0 02 À for the α-axis, and 0 45, 0 25, 0 17 Â for the c-axis This leads,
according to Eq 6 2, to larger rotational rainbow angles for the α-axis, intermediate
angles for the è-axis, and smaller angles for the c-axis
We now discuss the general predictions of the hard shape model and the
companson with the results of the measurements and the calculations The predictions
based on the formulas of Ref 47 are presented as arrows in Fig 6 4 The transition loi
to 110 is not covered by the predictions of the rotational rainbow model, since J is
constant From the nine remaining measured transitions, three peaks in the backward
direction, five have a maximum in the middle range, and one exhibits a decreasing
intensity with increasing deflection angle

The preferred

axes of excitation

corresponding to the different transitions are also indicated in Fig 6 4 The
backward-scattering transitions are all caused by the excitation of the α-axis This is
nicely predicted by the hard shape model originating from the weak amsotropy
corresponding to this axis The five transitions of the middle range originate from the
stronger amsotropy of the c- and i>-axis excitations The excitation of the Ooo —» 111
transition which probes the b-axis is also well reproduced by the model If we
consider the i-dependence for the same axis, e g the c-axis on the right hand side of
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Fig 6 4 b), we obtain the expected increasing rotational rainbow angles with final J
but much less pronounced in the expenment than in the model The only exception
which does not fit into this picture predicted by the rotational rainbow model, is the
Ooo to 2o2 transition which does not show a maximum Here, we suppose a strong
coupling to the two energetically closely lying Ooo to 3i3 and 22o transitions of about
the same cross section which leads to a decrease of the intensity of the Ooo —• 2o2
transition at the expense of that of the other two Such an effect is typical for a
coupled channels calculation and is, of course, not included in the simple model In
general, we may state that in view of the fact that the present model is only a rough
description of the reality the predictions are quite useful to explain the behavior of the
angular dependence of the cross sections

m
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6.6 Conclusion
We have presented an experimental method capable of measuring rotational
excitation of water molecules by means of collisions with an impinging atom or
molecule The experiments shown here measure the rotational excitation DCSs of
ortho and para H2O by He atoms, at 429 cm ' collision energy in the center-of-mass
Water is cooled by adiabatic expansion before undergoing rotational excitation Hence,
each of the two species, ortho and para water are mostly in their respective ground
states, Ooo and loi Detection of the water molecules by means of (2+1) REMPI
allowed us to measure the emerging rotational state of H2O, and the subsequent ions
are detected as a function of the emergence angle In this way, we have a direct image
of the Newton sphere characteristic of the scattering event This powerful technique is
currently been used in our lab for other rotational excitation studies involving water
collisions with rare gases, with molecular hydrogen and deutenum, and also collisions
of isotopologues of water with helium of molecular hydrogen They are presented in
recent181 and forthcoming publications
Some of the DCS show strong features, with the appearance of a maximum in the
DCS in the sideways or backward direction We put forward a qualitative, classical
explanation for these rainbows, based on the anisotropic shape of the strongly
repulsive part of the PES This geometrical approach have been shown to be capable
of explaining the shift in the rainbow position, as the excitation goes from the a to the
b then to the c axis of H2O As the inertia of the excited rotation increases, stronger
momentum transfer is necessary, resulting in more flux transferred in the backward
scattering direction The experimental measurements and theoretical calculation have
been shown to follow these trends
These inelastic scattering H^O-He experiments are compared to theoretical
calculations using the PES of Hodges et al ' 6 ' Agreement with strong signal levels is
excellent and even discrepancies for weaker signals are plausibly explained by the
contamination by the next higher rotational excited state of the incoming water
projectile In a separate publication,'81 we have shown that for similar energies the
measured DCSs for the H2O - H2 compared also very well with quantum calculations,
at similar colhsional energies The quality of the comparison allows us to put all the
excitation rates used, for example, in astrophysical modeling on a very firm basis
Because of the importance of water, and of the difficulty in assessing its absolute
abundance in interstellar media, other calculations are underway to compare with line
broadening expenments28 ' 82 m and elastic scattering experiments 'iM
As mentioned before, the DCS expenments are sensitive to the amsotropy of the
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repulsive part of the PES. This part has been very successfully tested here. These
results would complement in a very interesting way studies concerning weakly bound
states between water and rare gases, more sensitive to the attractive part of the
interaction potential. As of now, the authors are not aware of any experimental study
of the He-hhO complex, conü-ary to the many studies pertaining to the heavier rare
gases. Bound states have been extensively studied for the Ar-hhO system, for which
several PESs exist. A similar situation exists for the Ne - H2O and Xe - H2O systems.
The DCS experiments and calculations for these systems are underway and will be
published shortly.

133

Chapter 6 Imaging the inehstir scatterin|» nf water with helium

134

Chapter 7

State-to-state differential and relative integral cross sections
for rotationally inelastic scattering of H2O by hydrogen

State-to-state differential cross sections (DCSs) for rotationally inelastic
scattering of H2O by H2 have been measured at 71 3 meV (575 cm ') and 44 8 meV
(361 cm ') collision energy using crossed molecular beams combined with velocity
map imaging A molecular beam containing variable compositions of the {J = 0, 1,2)
rotational states of hydrogen collides with a molecular beam of argon seeded with
water vapor that is cooled by supersonic expansion to its lowest para or orlho
rotational levels (JKOKC = Ooo and loi, respectively) Angular speed distributions of
fully specified rotationally excited final states are obtained using velocity map
imaging Relative integral cross sections are obtained by integrating the DCSs taken
with the same experimental conditions Experimental state-specific DCSs are
compared with predictions from fully quantum scattering calculations on the most
complete H2O-H2 potential energy surface Comparison of relative total cross sections
and state-specific DCSs show excellent agreement with theory in almost all details
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7.1 Introduction
In order to test the quality of potential energy surfaces (PES)s for H2O-H2 and
PhO-He at a collision energy relevant to astrophysical processes, we have recently
reported rolationally resolved state-to-state differential cross sections (DCSs) for H2O
collisions with H2 and He using a crossed beam machine combined with velocity map
imaging

detection l 4 8 1 8 '

For H20+He rolationally

inelastic

scattering,148 the

state-to-state differential cross sections were extracted expenmentally for the first
time and were found to be in good agreement with full close-coupling quantum
calculations based on a previously published ab initio potential. 90132 In addition, a
hard-shell ellipsoid model was employed to gain further physical insight in
interpreting the observed

rotational rainbows 4 7 5 0 5 8 observed

in the H20-He

differential cross sections. This article provides a full description of our studies on
state-to-state differential cross sections of rotational excitation of H2O by the H2
molecule.
Inelastic scattering probes the anisotropic part of the interaction potential, which
is

responsible

inelastic

8990148 81

'

for

rotational

energy

transfer.46 4 9 ' 5 0 ' 6 0

Elastic 8 6 8 7 9 0 9 2

and

collisions with H2O have been studied in detail because of the

general importance of water in many media including interstellar space. Elastic
differential cross sections of H2O with the rare gases, H2, and H2O, were first acquired
by Bickes et al87 The observed structures of diffraction oscillations and rainbow
maximum for polar-non-polar interactions were used to determine the spherically
symmetric model potential parameters (e.g. the well-depth and location of zero
potential), assuming a Lennard-Jones (12,6) potential. Brudermann et al90 presented
measurements of differential cross sections for ^ O + H e elastic scattering and
reported partially state-resolved inelastic angular dependent energy loss spectra, at
two different collision energies. Capelletti et α/. 9 2 1 8 5 reported determination of the
potential parameters for the isotropic component of the D20-He and D2O-D2
interaction by elastic scattering studies. They compared their fitted parameters with
those of previous studies using different potential models and with the predictions of
ab initio calculated potential surfaces. Glory structures in the total cross sections for
H20-rare gas collisions have also been investigated by the Perugia group. 9 1 9 4
Rolationally resolved state-to-state integral cross sections of ortho and para-H20
collisions with Ar were investigated by Chapman et α/ 8 9 They reported an
approximate exponential-decay character of measured integral cross sections with the
magnitude of rotational energy transfer of H2O. In addition to the energy gap model, a
clear propensity of rotational excitation of H2O around the a and c principal axes was
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observed and compared with classical and quantum calculations.
In this paper the collision processes
ortho-H20 (loi)+H2 or D2 (./=0 or lor 2)^>onho-H20(J"Ka κ, )+ Ri or D2 (.J"=J)
or
para-H20 (Ooo)+ H2 or D2 (7=0 or lor 2)->para-H20(y'Va

Kc

)+ H2 or D2 (ƒ'=ƒ)

are studied. In our experiments, all collisional transitions occur in the ground vibrarne
states of H2O and hydrogen. Unprimed quantum states of H2O or hydrogen denote
levels before collision, and the double prime symbol " indicates nascent final states
(H2O or hydrogen) after collision. A scheme of the H2O rotational energy level
structure in its ground vibronic state (v=0, X) and possible rotational state transitions
are presented in Figure 7.1 which shows the rotational energy levels of ortho- and
para-H20 separately, plotting the Ka ladder. We use here the notation JKUKI for the
rotational states of H2O, with total angular momentum J and the quantum numbers Ka
and Kc are the values for the projection of y on the α and c rotation axis.159 In this
computation, the rotational constants of

H2O were

taken at

27.88063134,

14.52176959, and 9.277708381 cm '. In addition, for the H2 (D2) molecule, the
symbol J is used to denote the rotational state. The rotational constant of H2 is taken
here at 60.853 cm'1.
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Figure 7.1: The rotational energy levels of ortho- and para-H20, plotted separately by
the Ka ladder. The shaded region shows the collision energy when using the H2 beam
with a 200K nozzle (collision energy 361 cm"'). Ground state levels are indicated by a
thick solid line while excited state levels populated by the collision and probed in this
study are indicated by a thick dashed line. Principal rotational axes a,b,c are labeled in
the inset ball and stick model.

The presence of two identical H atoms in H2O results in two nuclear spin states:
ortho (Ka + Kc- odd) and para (^o + Kr = even). In addition to the conservation of
total energy and momentum during the collisions, the rotational level transitions in
H2O conserve nuclear spin, namely, ortho-to-para transitions for our collision
conditions are forbidden.89 In addition, for the H2 (D2) molecule, with two identical
hydrogen (deuterium) atoms, the coupling of nuclear spin results in ortho-H2 (D2) and
para-H2 (D2). In electronic ground state of H2 (D2), states contain J = even (odd) are
para levels and J - odd (even) are ortho levels.186 The ortho/para ratios for
thermodynamical equilibrium values at the high temperature limit are 3 for H2 and 2
for D2.
We use velocity map imaging96 to measure slate-to-state differential cross
sections. The rotational states of H2O molecules before and after collisions were
detected by a 2+1 Resonance Enhanced Multi-Photon Ionization (REMPI) process via
the C-X electronic transition.159 Moreover, the rotational states (J) of hydrogen before
and after inelastic scattering were examined by several different REMPI detection
schemes. 1 8 7 1 8 8 The extracted DCSs from the experiments are compared with
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close-coupling
surfaces.163

calculations

performed

with

state-of-the-art

potential

energy

The organization of this paper is as follows. Section 7.2 presents the details of
experimental conditions, including the crossed beam machine, velocity map detector,
ionization laser, REMPI spectroscopy, and preparation and detection of the cooled H2
beam Simple descriptions of image corrections, extraction of differential cross
sections, and the theoretical calculations are presented in section 7.3. Section 7.4
presents experimental and calculated cross sections for different rotational transitions
of H2O and H2. The extracted and calculated DCSs for F^O-hydrogen are compared
and discussed in section 7.5. Section 7.6 contains summaries and concluding
comments.
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7.2 Experimental
The crossed beam experimental setup has been described briefly in our previous
reports148'81 and in more detail here. The setup, shown schematically in Figure 7.2,
can be presented in three parts: (1) two beam sources (primary and secondary beams)
and their characterization by laser ionization, (2) the beam-crossing region, and (3)
velocity map imaging detection:

CCD camera
NdYAG
Laser

2D imaging
detector

Flight tube

normal-H,

Figure 7.2: Schematic diagram of the crossed-beam velocity map imaging apparatus.
A pulsed beam of H2O formed by seeding water vapor in Ar is skimmed and crossed
by a second skimmed beam of pure normal- or para-F^. The temperature of the
secondary beam nozzle is fixed to either 200 or 320K. Rotationally excited H2O is
state-selectively ionized by (2+1) REMPI via the C -state in the 248 nm region using
a focused (20 cm lens) pulsed tunable dye laser beam that is frequency- doubled in a
BBO crystal. The E field of the linear polarized laser beam lies perpendicular to the
detector plane. The nascent H20+ image is mass-selected by time-of-flight and
projected onto a two dimensional (2D) imaging detector then recorded by a CCD
camera.
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7.2.1 Beam Sources and collision properties
7 2 1a H2O beam and laser ionization detection of the rotational state distribution
The H2O (primary) beam was produced by flowing -1 bar pure Ar gas into a
simple H2O bubbler (deminerahzed water at 300K) and then through a hairpin-type
pulsed valve (Jordan) The concentration of H2O in the primary beam was 2 5% which
was calculated assuming the vapor pressure of H2O at 300K The H2O beam was
rotationally cooled by adiabatic expansion and then collimated by a skimmer ( 0 = 2 5
mm) located 30mm downstream from the valve exit Analysis of the REMPI spectrum
of the water beam before collision, as described next, indicates a rotational
temperature of -12 K, where more than 90% of ortho and 97% of para-H20 is
populated in the lowest loi and Ooo rotational levels in the ground vibronic state,
respectively No expenmental correction was made for the populations of the 110 state
of ortho-H20 (-10%) or the In state of para-F^O (-3%) in the primary beam The
effect of especially the 111 state on the reported DCSs can be predicted by theory, as
shown in our previous paper on H20+He collisions ' 4 8

Correction for these states

was found here to be unnecessary for H2O+H2 collisions
After collision, nascent H2O molecules were ionized by 2+1 REMPI via the C-X
transition as described in detail in a separate paper ' 5 9 A tunable dye laser system
(Lambda Physik ScanMate) pumped by the third harmonic of a pulsed Nd YAG laser
(Contiuum Powerlite 9010) was used for the ionization process Coumann 307 dye
was used to produce dye laser wavelengths around 496 nm Afterwards, the ionizing
radiation (around 248 nm) was generated by frequency doubling the output of the dye
laser with a BBO crystal A typical power of the ionizing radiation was 2-3 mJ/pulse
during the experiments A 20 cm focal length spherical lens was used to focus the
ionization laser beam lo the center of the collision and ion optics region The linear
polarization of the ionization laser was kept perpendicular to the collision and detector
planes as shown in Fig 7 2 Changing the linear polarization of the laser from
perpendicular to parallel to the collision plane did not cause any observably
differences in the experimental results Therefore, we ignore any alignment effects for
our H2O product detection in our experimental conditions
Previous studies have determined that linewidth broadening for the C-X resonant
REMPI transition is partially caused by heterogeneous predissociation of the C 'Bi
Rydberg
2

state, with

the

</a' >-dependent m o d e l '

predissociation

34Π5 59

'

described

by

a

simple

Ka'2

or

Here we use prime character, ' , to note the

associated quantum numbers in the C 'B| Rydberg state Consequently, the choice of
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REMPI transitions with smaller value of Ka' results in narrower REMPI lines,
enabling the detection of single rotational states (J"Ka

Kc

) of nascent H2O after

collisions

7 2 1b Molecular hydrogen beam
The H2 (normal-H2 and para-hh) or n o r m a l s (secondary beam) was produced
by a pulsed valve (Jordan) located in a separate source chamber with -Ibar stagnation
pressure After expansion the secondary beam was colhmated by a skimmer ( 0 = 3 0
mm) 30mm downstream from the valve Normal H2 (ortho para=3 1 ), and normal D2
(ortho para=2 1) gases with 99 99% purity were commercially obtained and used
without further purification
Characterization of the rotational population of H2 in its ground vibronic state
has been investigated extensively in the p a s t l 8 7 1 8 8 in our expenments, the rotation
state populations of H2 were determined by either 3+1 REMPI via C (v=0)- X (y=0)
transition,187 or a 2+1 REMPI via the E,F-X transition l 8 8 Four different hydrogen
beam conditions were used, a supersonic expansion of normal H2 using a 320 Κ
nozzle and a nozzle cooled to 200K, and similar conditions for para-H2 REMPI
spectra were measured for each condition before and after collision with the H2O
beam The REMPI measurements took place in the scattering center which confirmed
that back conversion of para-H2 to normal-H2 did not take place in the pulsed valve A
typical (3+1) REMPI spectrum is shown in Fig 7 3 for samples of normal-H2 and our
sample of para-Fh, using a 320K valve
The para-H2 gas home-made conversion setup contained iron oxide powder at
-20K, cooled by liquid helium, which causes catalytic conversion of normal H2 to
para-H2 (y=even) ' 8 9 1 9 0 Para-F^ was stored in aluminum cylinders to slow down back
conversion due to magnetic materials The purity of para-Fh was at least 90% (1 e
para-H2 ortho-H2 - 9 1) Because of the high separation of H2 rotational states
(rotational constant -60 cm '), the adiabatic expansion of pure H2 by the supersonic
jet is not efficient in cooling H2 (J=2) to Fl· (J=0) In order to increase the amount of
7=0 para-H2, we used a modified liquid nitrogen cooled pulsed valve with an
externally adjustable poppet (General valve) and a nozzle temperature cooled down to
- 200K The population of 7=0 for this condition was estimated to be -73% by the
REMPI detection method The rotational state populations for normal-H2 and para-H?
for the different nozzle temperatures are presented in Table 7 1
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Figure 7.3: 3+1 REMPI spectrum of the ground vibronic state of H2 via the C (v=0)
<- X(v=0) transition. The black line represents the spectrum when using normal-Hi
while the red line shows the spectrum of our prepared para-H2. Both spectra were
taken with a 320 Κ nozzle.

7.2.l.c Collision conditions
Experimental conditions are presented in Table 7.2. The two molecular beams
cross (90 angle) at the collision and ionization center, 90 mm downstream from both
valves. With both beams on, the pressure in the collision chamber was ~3xl0"6 mbar.
Measurements of the speed distributions of the molecular beams were performed by
positioning the valves at different distances from the collision (ionization) center. By
measuring the H2O signal of the molecular beams using Ar, He, or hydrogen carrier
gases at the different valve-ionization distances, the speeds of different molecular
beams can be approximately estimated from the valve-ionization distances and their
corresponding arrival time delays. Residual H2O from the gas handling system of the
secondary beam can disturb the scattering image. In order to eliminate residual water
we tried several procedures. First of all, we pumped the whole gas system and cooled
part of the gas line by liquid N2 for at least 10 minutes before the experiment. Then,
during the experiment operation, we still cooled the part of the gas line positioned
before the valve by liquid N2 and/or kept collision partner gas flowing through the
valve to an external exhaust. The speed of gas flow in the gas line to the exhaust was
controlled by a gas pressure reducer and a needle valve.
143

Chapter 7 State to sfate cross sections for rotatinnally inebsQc scattering of H7O hy hydrogen

The contribution of secondary collisions was evaluated by monitoring the
intensity depletion of the H2O ground state signal With temporal overlap of the two
molecular beams, the conditions were adjusted (mainly via the backing pressure of the
secondary molecular beam) such that less than 10% of H2O ground state was depleted
by collisions We can safely conclude that secondary collisions in our H2O inelastic
scattering experiments can be ignored Furthermore, the percentages of H2O clusters
in the water beam was checked by scanning the mass gate time delay to higher m/e
ranges than H20+ while using up to 4 mJ/pulse of a focused laser beam (fl =20 cm) at
the wavelength on- or off-resonance with H2O REMPI lines No significant
water-water or water-Ar clusters in our molecular beams were observed at any laser
wavelength in our tuning range This is probably due to the rather warm operating
conditions of the Jordan valve and the straight nozzle channel we used, which is not
optimal for rotational cooling but which does disfavor cluster formation In addition,
the existence of collisions with clusters will cause different kinematics (e g , via the
reduced mass) and result in images with different locations and sizes of the Newton
spheres Non-monomer collisions can be evaluated by the image calibration
methods " 5 In our analyses, we found that the contribution of water-water or water-Ar
clusters to our collision signals can be ignored
Rotational state transitions in hydrogen molecules colliding with H2O (with the
same restriction of ortho-to-ortho or para-to-para transitions) are in principle
energetically allowed However, such H2 state changing collisions were not observed
experimentally

7.2.2 Velocity map imaging detection
A set of electrode plates96 (ion optics) was positioned in the center of the
collision chamber with the ion optics and time-of-flight tube perpendicular to the
collision plane The ion optics were aligned carefully to set the focus point of the
ionization laser and the collision center of the two beams at the center of the repeller
and extractor plates, both vertically and horizontally After collision and ionization,
the H20+ ions were extracted by the ion optics and pass through the tune-of-flight
tube A typical setting for the repeller plate was 1000 Volt The voltage ratio between
the repeller and extractor plates were adjusted to obtain the best focus of the H20+
molecular beam velocity on the MCP detector96 Afterwards, the Newton spheres of
the state-selectively ionized hhO* ions were crushed onto the MCPs, which were
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switched on at the appropnate moment The whole collision experiment was operated
in a pulsed mode at 10 Hz repetition rate The time delays of the two molecular beams,
ionization laser, MCPs, and camera were controlled by a pulse/delay generator
(BNC)
Signal from any remaining population of the detected final state in the H2O
primary beam and from residual H2O in the collision chamber was eliminated using a
background subtraction procedure We changed the secondary valve time delay to
control the temporal overlap with primary beam and recorded images under
conditions with and without temporal overlap alternatively for every 1000-2000 laser
shots The temporal-separated images were subtracted from the temporal-overlap
images to yield the final collision raw images Here we assume that the small (at most
a few percent) population of the detected final state in the primary beam does not
contribute significantly to the measured scattering image A typical accumulation time
for one reliable image was 8000 laser shots at 10 Hz The laser power and molecular
beam conditions were continuously monitored during the experiments

Table 7.1 Nozzle and rotational temperatures of Hi molecular beam and the
corresponding measured rotation populations Uncertainty is -5% in estimations of
the rotational temperature of H2
Normal-H2
Nozzle
Temperature

Para-H 2 (90%)

320K

200K

320K

200K

220(±10)K

170(±10)K

220(±10)K

170(±10)K

7=0
J=l

17(±0.5)%
72(+0 5)%

20(±0 6)%

61(±2.2)%

73(±2 5)%

74(±0 3)%

10(±0 1)%

Ml
Higher J

8(±0.5)%
3(±0 5)%

5(±0.7)%

10(±0.1)%
29(±2.1)%

1(±0. 3)%

<1%

<1%

Rotational
Temperature
OfHj
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Table 7.2: Molecular beam conditions and collision energy. Uncertainty is ~ 8 % in
speed ratio and vebcity, and ~10% in collision energy.

Secondary beam

Primary beam

Nozzle
conditions

H2O

He

D2

H2

1

1

1

320

320

1660

1660

8

8

430

430

(seeded in Ar)

Nozzle
pressure

1

(bar)
Nozzle
Temperature

320
200

(K)
Peak
velocity

2700
2100

(m/s)
Speed ratio

6

Collision
energy

575
361

(cm"1)
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320

625
10
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7.3 Results
7.3.1 State-to-state DCSs for H2O collisions with normal- and
para-F^
+

A typical nascent H20 image for the loi-»2i2 transition is shown in Figure 7 4,
where the experimental geometry connecting the experimental lab and center of mass
frames is also indicated

The asymmetry of the image with respect to the relative

velocity is due to the need for density-to-flux transformation A detailed description of
image corrections and the extraction of differential cross sections have been discussed
in detail in previous papers l l 3 1 1 5 1 2 8 1 4 8 i n short, the density-to-flux correction was
done using an apparatus-weighted function with iterative fitting or image division
methods In all cases the density-to-flux image correction program used to calculate
the flux DCSs yielded a simulated density image in very good agreement (within 5%
for all relevant image pixels) with the measured images The extracted differential
cross sections were normalized by setting the maximum intensity to unity, or by
setting the integrated DCS intensity to the absolute integral (total) cross section from
calculations
The calculation of differential cross sections for H2O-H2 inelastic scattering has
been presented in a previous publication l 8 ' We assume that both water and hydrogen
molecules are rigid bodies, at their average geometries in their respective ground
vibrational states This approximation is valid for the collision energies studied here
(< 600 cm '), since the first vibrational transition, the H2O bending mode is at 1595
cm ', resulting in a clear separation between the rotational and vibrational energies
The rigid-body, five-dimensional (5D) potential energy surface (PES) H2O-H2 results
from an averaging of the full 9-D PES that included internal water and hydrogen
motion

l63

It has been recently shown191 that averaging the full 9D PES over the

molecular ground state wavefunctions or else taking this PES at the average values of
the internal coordinates are two procedures totally equivalent at the precision we are
looking for The 5D PES is thus taken as the interaction of the two molecules, at their
respective vibrational ground state average geometnes
All quantum scattering calculations were performed with the Molscat code at
the Close Coupling level, using the diabatic modified log-derivative method of
Manolopoulos ' 6 9 The rotational basis set for water at the colhsional energy of 570
cm ' is 7(Η2θ) < 8, £„*< 950 cm ' Similarly for H2 J=0, 2 (para) and 7=1 (ortho)
states were used in the channel basis It has been repeatedly observed that inclusion of
closed rotational channels is imperative in order to converge the closed-coupling
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calculations, with a special emphasis put on the 7=2 level of H2.

'

The Molscat

code delivers the S matrix or Τ matrix elements, which were subsequently combined
to yield differential cross sections. The formulae were derived from Ref. ' 7 9 . Formula
(7.1 ) gives the differential cross-section (DCS) as a function of the angle of deflection
Θ, for an asymmetric top scattering off a rod:

^(ΛΛΑ^λν^-^ΣΣ

Σ^Μ-ιΓ'^χ

(7.1)

In equation 7.1, A: is the collisional wave-number in the center of mass reference frame,
Pi(cos0) is the Legendre polynomial of order λ, [/'] = (2/'+l), and the Ζ functions are
Racah angular momentum coefficients, defined e.g. in Edmonds 170 equation (6.2.15).
The quantum numbers go as follows. Double primed quantities denote values after
collisions, unprimed ones before collision or else conserved quantities. The
differential cross section is built by combining two different scattering amplitudes,
with respective transition matrices T'J, and Τ12, with * denoting complex conjugation.
J\ and J2 are here the total angular momentum of the partial waves, the / quantum
numbers are the orbital quantum numbers. In this equation, angular momentum
quantum numbers for water are j) η, where τ is the proper second quantum number for
a symmetric or asymmetric top.19'' Angular momentum of hydrogen is jj. Both are
coupled to form the angular momentum j\2.
The reduced collisional mass was taken as 1.812773730 a.m.u, All other Molscat
parameters were taken at default values. The convergence criterion was of 1 % for the
inelastic cross sections, with a careful examination of the DCS convergence. Also, the
variations of both total and differential cross sections were found to be very small in
the energy range £con = 570 + 20 cm-1.
Five sets of differential cross sections of H2O inelastic collisions with respect to
elastic or inelastic transitions of H2 J stale including 0-0, 2-2, 0-2, and 2-0 transitions
for para-H2 and 1-1 for ortho-H2 were calculated. In order to compare the
experimental extracted DCSs with mixture of angular momentum states for H2, the
calculated DCSs were averaged to the populations of J of normal and para-Pl· with the
weights presented in Table 7.1.
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Figure 7.4: Schematic illustration of the experimental geometry for studying inelastic
collisions of H2O with H2 (7 = 0, 1, or 2). End points of the vectors of the H2 beam
and the relative velocity are out of the range of the figure. The presented H20+ image
is a 2-D projection of the Newton sphere formed by ortho-H20 collisions with para-H2,
for the loi—>2i2 transition. 'CM' stands for the position of the center-of-mass and '0'
is the crossing point of the two molecular beams (H2O and H2 beams) and the laser
beam. The center-of-mass vector connects the center-of-mass and lab frames. Forward
scattering is defined as scattered H2O molecules moving along the direction of the
H2O CM velocity.

Our experimentally determined state-to-state DCSs for ortho- and para-H20
collisions with para-H2 using a 320K temperature nozzle are presented together with
the corresponding calculated differential cross sections in Figure 7.5. All experimental
DCSs show a very similar forward scattering angular distribution, and this feature is
still dominant even for the highest rotational state of H2O that we could measure
reliably, the 330 state, in which more than 40% of the 575 cm'1 collision kinetic energy
was transferred to rotational energy. The center-of-mass (CM) angular distributions
for almost all transitions also show a quite smooth decrease over the 60° to 180°
deflection angles where rotational rainbows usually appear, especially for the higher
final rotational states. The fluctuations in the shape of the differential cross section at
this range of deflection angles for some of the weaker final states (e.g. the 3i2, 4i4, and
3i3 states) are attributed to the low signal to noise ratio in the images.
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Figure 7.5: Experimentally extracted (red curve) and calculated (black curve)
state-to-state differential cross sections for H2O collisions with para-H2 expanded in a
320K

nozzle

(collision

energy

575

cm"').

(a)ortho-H20 (b)para-H20. The

experimental curves were scaled to match the theoretical curve at a deflection angle of
60°. Experimental uncertainties are estimated as <10% for 30 ο -180 ο and <20% for
0 ο -30 ο deflection angles for the stronger transitions and <20% for the weaker final
states, e.g. the 3i2,4|4, and 3i3 states.
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Figure 7 5 shows DCS results for scattenng of water with para-H2 using a 320K
nozzle For the other experimental conditions (para-F^ with a 200K nozzle, normal-H2
with a 320K and 200K nozzle) although the H2 J state populations changed
dramatically, the expenmental DCSs retain their main feature, namely dominant
forward scattenng Expenmental DCSs were scaled to theory at the scattenng angle of
60 degrees, which was chosen as a region in the image away from the forward
scattenng peak yet still region where the signal strength was good The forward
scattenng region is less reliable experimentally due to uncertainties resulting from
background subtraction, especially for the lowest energy final states where a small
population is still present in the parent H2O beam Agreement between theory and
expenment is very good in all regions away from forward scattering (30-180°) Less
satisfactory

agreement occurs in the very forward angular range, where the

experiment is less reliable, but where theory appears to consistently overestimate the
amount of scattering

7.3.2 State-to-state relative integral cross sections
Relative state-to-state integral cross sections for H2O-H2 inelastic collisions have
been extracted from our corresponding experimental state-to-state DCSs by first
integrating the expenmental images over all deflection angles to obtain the
state-to-state relative total signals, which were then corrected by the line strengths for
2+1 REMPI detection of H2O Corrections of the differential cross sections for their
different recoil velocity in the lab frame is not necessary in the case of H2O-H2
collisions because of their small Newton spheres and similarly shaped DCSs for all
transitions

w

Expenmental state-to-state relative integral cross sections for ortho- and

para-H20 colliding with para-H2 using a 320K nozzle are presented in a bar graph in
Figure 7 6, where the relative integral cross sections, as expected, decrease
qualitatively with the increasing degree of energy transfer

The energy spacing from

the ground state to the indicated final state is shown in Figure 7 1 and also listed in
Table 7 3
Calculated state-lo-state integral inelastic cross sections, presented in Table 7 3,
were obtained from the calculated DCSs by integrating the differential cross sections,
weighted by sin Θ, over all deflection angles Four selected transitions for each initial
rotational state (loi and Ooo of ortho- and para-H20, respectively) are presented in
Table 7 3 For H2 rotational state transfer two para (7=0 and 2) and one ortho (7=1)
states are considered and consequently five possible calculated transitions are
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presented. The trends in cross sections are relative, not only with regard to the
magnitude of dJ, Ka and Kc, and the energy transfer of H2O but also with the initial
and final J and AJ for H2. In general, the integral cross section decreases when the
magnitude of energy transfer increases for both ortho- and para-FbO.
Comparisons of experimental and calculated relative integral cross sections are
presented in Figure 7.6 by normalizing the experimental relative cross sections to
theory at the In final state. The calculated relative integral cross sections for the
comparisons were obtained by averaging cross sections using relative ratios of H2 J
states presented in Table 7.1. The experimental uncertainties of the relative image
intensities measured on different days result in 20% error bars for the integral cross
section results. The measured relative integral cross sections agree within the error
bars in almost all cases with the quantum mechanical calculations.
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Figure 7.6: Comparison of experimental relative integral cross sections with quantum
mechanical theory calculations for collisions of ortho- and para-H20 with para-H2
(320K nozzle). The experimental relative cross sections are normalized to the
calculated cross sections at the 111 state. The experimental uncertainty is ~ 20% .
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Table 7.3 Calculated integral cross section values for H2O + H2 inelastic transitions,
at kinetic energy £ C 0 || = 575 cm '
H2O transition
JKUKC-*J

Ka Kc

H2

Cross

transition

section
2

15 10

8 26

1— 1

1571

0— 2

0 074

0— 2

0061

2-0

0 167

2-0

0 307

0— 0

4 49

0— 0

1 39

2 — 2

5 42
5 70

23 8

2 — 2

7 68

1— 1

135

— 32,

2n
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2 — 2

4 22
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8 09
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(A )

42 4

J KaK·:->J
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Fner_v k v j (LUI ')
ortho

Η,Ο transition

2 — 2

Pner
para

) ]L\I

il (cm )

Ooo - I n
0

37 2

-202
70 1

8 48

1—1

9 12

1— 1

0— 2

0 062

0— 2

0

2-0

0 269

2-0

0 631

0-0
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0-0

0018

2 — 2
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2 — 2
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1— 1
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1— 1

1 51

0— 2

0011

0— 2

0

-2,,
9^2

2-0
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2-0
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0-0

0 265

0-0

0 784

2 — 2

1 19

2 — 2

3 34

1— 1

1 36

1— 1

4 09

0— 2

0 002

0—2

0 006

2-0

0 501

2-0

0 509
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7.3.3 Inelastic scattering of H2O with D2
Slate-to-state differential cross section for H2O collisions with n o r m a l ^ have
been investigated for several purposes First of all, n o r m a l ^ has a quite different J
state population distribution than normal-hh due to its different nuclear spin statistics
The ratio of ortho (y=even) to para (y=odd) of normal D2 is 2 1 at 320K and should
remain the same after supersonic expansion Consequently, J=0 dominates the initial J
slate population of D2 m the collisions with H2O
153
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previous publications, 14818 ' the DCSs of H20-He are dramatically different from those
shown here for H2O-H2 inelastic collisions. It is interesting to check that the
difference in collision dynamics is not just a mass effect. D2 has the same mass as He,
but the PES for H20-hydrogen is quite different from that of H20-He. 132 ' 6 U 6 3
Experimental DCSs for H20+nonnal-D2 are presenled in Figure 7.7 Here we mainly
investigate the lower rotational state transitions for ortho- and para-H20. Obviously,
H2O + nonmal-D2 inelastic collisions show a similar behavior to H2O-H2 collisions, in
which forward scattering again dominates the angular distribution of scattered H2O
molecules.
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Figure 7.7: Experimental state-to-state differential cross sections of ortho- and
para-H20 colliding with n o r m a l ^ , collision energy 430 c m ' . All signals were
normalized to set each maximum intensity to unity.
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7.4 Discussion
7.4.1 Differential cross sections for H2O collisions with para
and normal-H2
Because full quantum theory has been shown here to be successful in predicting
the main features of the experimental DCSs, we look now into the H2 y-state
dependences of the DCSs predicted by theory in order to understand the observed
preference for forward scattering.

Calculations presented in Table 7.3, show that

H2O+H2 collisions are mainly elastic with respect to H2 for both para-H2 (y^O, 2) and
ortho-H2 (y=l) scattering. In other words, y-state conserving instead of y-state
changing H2 rotation is the main process in H2O-H2 collisions. A similar conclusion
was obtained in our experimental measurements monitoring the y-state populations of
H2 after collision using REMPI detection of H2. The importance of H2 y-state
conservation during H2O-H2 inelastic collisions is attributed to the large rotational
state spacing of H2 compared to the collision energy and the state spacing in H2O.
Therefore, in our description of the shape of the DCS we use only theory DCSs for
three elastic collisions of H2 molecule, namely 0—»0, 2—>2, and 1—»1, as presented in
Table 7.3 for different experimental conditions (i.e. para- and normal-H2 using
different temperatures for the pulsed valve nozzle). The shapes, relative ratios and
intensities of the DCSs with respect to these three elastic processes for Hi will
determine the structures in the angular distributions for H2O+H2 scattering.

-J=O-->J-=O
- J=2-->J"=2
-J=1 ->J-=1

120

180 0

120

180

Deflection angle θ (degree)
Figure 7.8: Theoretical DCSs in À /steradian for H2O+H2 scattering where four final
rotational states for ortho- (lio-»l()i.2i2,22i) and para- (Ooo->l!i) H2O scattering are
plotted for three different elastic events for H2, namely y=0—>ƒ - 0 (black curve), 2—»2
(red curve), and 1-»1 (green curve). The y=0—κ/"=0 (black) curve is multiplied by 10
for the loi, In, and 2)2 final states for clarity.
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Theoretical DCSs for the three elastic processes involving H2 are presented in
Figure 7.8. DCSs for the two 7>0 processes show similar structure and intensity while
7=0 presents a very different angular distribution (except for 221) and much weaker
intensity, in line with all previous calculations. The angular distribution for the H2 7>0
processes peaks extremely in the forward direction (i.e. small deflection angles), while
in the H2 7=0 process for the three lower state transitions of ortho- and para-F^O
presented in Fig. 7.8, i.e. loi—»110, 1οι-»2ΐ2, and 0οο->1ιι, in addition to forward
scattering, the sideways and backward parts contribute significantly to the angular
distributions. Note, however, the strong forward scattering for the 221 state predicted
by theory, even for the H2/-O—κ/'=0 component.
According to Table 7.1, using a 320K nozzle, the para-Fh molecular beam
contains about 61% 7=0 while a normal-F^ beam has ~17% 7=0. Consequently, for
our experimental conditions, the DCSs from para-Fh collisions with H2O should
present higher contributions to the sideways and backward angular distribution than
the DCSs for a nonnal-H2 collision. In Fig. 7.9, theory is compared with experiment
using the 320K value, where the theory curves are a summation of the curves shown
in Fig. 7.8, weighted by the 7-state populations. In Figure 7.9, we notice that for each
H2O rotation state transition the contributions of the side-backward

angular

distribution in the DCSs for para-H2 are quite different from those of normal-H2 for
both the experimental observations and theoretical calculations, due to different
contributions (ratios) from H2 7=0 .
The calculated and experimental DCSs of H2O-H2 inelastic collisions are seen
from Figs 7.8 and 7.9 to show a strong forward scattering preference for all rotation
state transitions of H2O due to the domination of the H2 7>0 processes. The H2 7>0
states posses a quadrupole moment, resulting in a dipole-quadrupole H2O-H2
interaction, which should be the main contribution to the observed forward scattering.
Calculation, however, overestimates the scattering intensity for small deflection
angles compared with the measurements, which might indicate an inaccuracy of PES
at large impact parameters.
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Figure 7.9 Comparison of calculated and experimental DCSs for para- and normal-hl·
collisions with ortho- and para-hhO using the pulsed H2 valve at 320K Calculated DCSs
para-H2 (black curve) and normal-Hi (red curve), experimental DCSs para-Hi (green curve)
and normal-H2 (blue curve) Theory curves are in absolute units, while the experimental
curves were scaled to match the theoretical curve at the deflection angle of 60°

7.4.2 Features of the relative integral cross sections for H2O-H2
collisions
Figure 7 6 shows qualitatively that the state-to-state relative integral cross
sections decrease with increasing rotational excitation, in accord with the energy gap
rule

89

A least-squares fit of the cross section versus the amount of rotational energy

transfer ΔΕ for ortho-FhO + para-H2 using a 320K nozzle to the function σ(ΔΕ)=
σοεχρ(-ΔΕ/Εο) yields a value of E()=78(+9) cm ' The extracted exponential decay rate
from our H2O-H2 measurements is quite similar to that measured for H20-Ar
scattering in a previous publication (Eo=82 cm ')

A small difference in Eo for the

two systems may indicate less shielding effects for collisions with H2O for the smaller
size and lower mass of H2 compared with Ar

57

Cross sections also depend on the rotational axes of H2O Excitation of rotation
around these axes, which are labeled by the Ka and Kc quantum numbers in Figure
7 1, may follow propensity rules, as can be explained by two different reasons. The
first on is based on

the intramolecular body-fixed alignment effect

57

" Good

examples to describe this effect are the total cross sections to the 2o2, 2\\, and 220
states of para-FhO, plotted in Fig 6

The 2o2, 2\\, and 220 states represent rotation of
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H2O around the c, b, and a axes, respectively In our measurements, we found that the
relative cross section for the transition to the 2|| state (b axis) is much smaller than the
one for the other two transitions Following the discussion based on a classical
mechanics model of Kolb et al5Ί impact on the Ο atom of H2O by the collision
partner (here H2) cannot rotate the H2O molecule around the b axis because (1) the
perpendicular line to the Ο atom surface at the impact point always passes through the
center of the Ο atom and (2) the center of the Ο atom and the center of mass of H2O
are both on the b axis Consequently, only impact on the Η atoms of H2O may cause
rotation around the b axis It should be added that the Ο atom is so much larger than
the Η atoms that collisions with the Ο atom are much more probable than collisions
with the Η atoms This means that the probability of H2O rotation around the b axis is
smaller than that around the a and c axes This preference of H2O rotation around the
a or c axis after collision over rotation around the b axis has also been observed for
Η2Ο-ΑΓ collisions

89

We can also discuss propensity rules by examining the dipole allowed transitions
The H2O - H2 PES main anisotropic terms all stem from the large dipole moment of
water, 1 85 Debye, aligned with the symmetry 6-axis The dipolar transition rules are
as follows, for H2O A/ = 0,±1 and ΔΚα = +1, +3, M c = ±1, +3 This is clearly seen
in Table 7 3 and Fig 7 6 where the Δ7>1 transitions are clearly disfavored If àJ=+l,
the dipole rules apply and the loi—>2i2 transition in favored with respect to loi—>22i,
by nearly one order of magnitude However, for Δ/=+2, the transition is no more
dipolar, and the situation is no longer clear-cut If at a first approximation the
transition is of a quadrupole type, then AJ=0, ±2, and the wave functions keep their
symmetnes, with AKa = ±2, AKc = ±2 This propensity is observed theoretically and
experimentally Induced dipole and dispersion interactions with different selection
rules, however, could also play a role
One noticeable result from the calculations is that the 2—»0 transition of the H2 J
state become more important when the rotational energy transfer in H2O is larger (e g ,
loi—>32i transition) This process may be observed more easily in the DCSs than in the
relative integral cross sections because of the relatively small population of the 7=2
initial state of H2 and the relatively higher cross sections of the J conserving
mechanisms However, a bigger ring on the imaging detector, indicating a higher
amount of energy transfer is not evident in the H2O image, perhaps because of (1) the
calculated shape of the DCSs for H2 2->0 is quite similar to those of the H2 J>0
elastic processes and (2) the different radius of the Newton sphere due to the H2 2—»0
process cannot be distinguished due to the limited energy resolution for these small
images
Due to the large difference in the integral cross sections between H2 J-0 and 7>0
158
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elastic processes as presented in Table 7.3, the relative integral cross sections of H2O
colliding with para-F^ should be smaller than those for normal-H2, which has a much
higher initial population of H2 7=2. We performed experimental measurements for
determining the ratios of the state-to-state relative cross sections for collisions with
normal-H2 versus para-Fh. Experimental ratios (with 20% error bar) together with
calculations for two different nozzle temperatures are presented in Figure 7.10.
Experiment and theory agree quite well at least for three lower rotation states of H2O,
even though the actual collision energy of the 200K nozzle experiment (361 cm"1) is
smaller than that used for the calculations (575 cm"').

transitions

Figure 7,10: Experimental and calculated ratios of state-to-state relative cross section
of H2O collision with normal- and para-H2 using a 200K and 320K nozzle. The
experimental results have 20% error bars and -361 cm"1 collision energy. The
calculations consider rotational population for two different nozzle temperatures and
collision energy of 575 cm"1.

7.4.3 Comparison of the F^O-He and F^O-hydrogen collision
systems
H2 and He are two of the most abundant particles involved in collisions with H2O
in interstellar space. State-to-state differential cross sections for F^O-He and H2O-H2
inelastic collisions are quite different, as noted in our previous publication.181 As
discussed in Ref.

181

, results for the relatively simpler F^O-He system have been used

previously for estimating collision rates and cross sections for the more complicated
H2O-H2 system. The large differences found between F^O-He and H2O-H2 DCSs
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warrants extra caution in relating the two systems. In this work we also performed
H2O-D2 collisions with normal·^, which has the same mass as He and a higher (but
not exclusive) population of the 7=0 ground rotation state than that of normal-H2.
DCS results for H2O-D2 still show a very similar forward scattering preference, like
that of H2O-H2. We conclude that the difference in the DCSs for H20-He versus
H2O-H2 arises not from a mass effect but from the dominant participation of H2 7>0
processes, based on the predictions of the theoretical calculations.
From the above discussion we should expect that collisions of water with H2
limited to the 7=0 state will show similarities with water-He collisions. Figure 7.11
presents comparisons of calculated state-to-state integral cross sections for H2O
inelastic collisions with H2 (J, 0-0) and with He, at different collision energies. The
calculations of H2O+H2 is from this work using the J =0,2 basis set but considering
only the 0—>0 process for the H2 J state, at a collision energy of 575 cm'. We also
show results of previous calculations for H20+He from Patkowski et al.90 using two
collision energies (464 and 566 cm"1). From this comparison, the state-to-state
integral cross sections for the two systems are indeed quite comparable. Basic
similarities of the shapes, but with different phases of oscillations are also found
between the differential cross sections for water-H2 (7=0) and water-He.

IH 2 0 + H2( J,0-0)_575 cm 1
IH 2 0 + He_464 cm 1
I HO + He 566 cm '
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Figure 7.11: Comparisons of calculated integral cross sections for H2O inelastic
collisions with H2 (7, 0-0) and He at different collision energies. The calculation of
H2O+H2 is from this work while calculations for ^ O + H e are from Patkowski et al.
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The strong similarity in integral (and differential) cross sections water-H2 (J=0) and
water-He is at first sight surprising for several reasons First of all, the PES of H2O-H2
is quite different from that for H20-He The PES of H2O-H2 has two minima which
are located at 0° (R=5 82 Bohr radius, E=-235 14 cm ' for the 5D PES) and 119°
(R=6 07 Bohr radius, E= -199 40 cm ' for the 5D PES) with respect to C2 axis of H2O
in the H2O plane '

63

The PES of fyO-He for our compansons has only one minimum

(R=5 92 Bohr radius, E= -34 9 cm ') which is located at 75 with respect to the H2O
C2 axis (O atom side) in the H2O plane

Π2

In addition, the ratio of the collision energy

to the energy depth of the potential well is much smaller for H2O-H2 experiments
(2 45) than that for FhO-He expenments ( 12 29) For H20-He, mainly the repulsive
wall of the PES determines the collision dynamics due to this large (collision
energy/potential well) ratio Apparently, once this ratio exceeds unity the two systems
probe similar parts of the potential energy surface The importance of the multipolar,
and particularly the quadrupole, terms tend to show that the long distance anisotropic
part of the intermolecular potential dominates, but further detailed theory in needed to
strengthen this assertion
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7.5. Conclusions
Rotationally resolved state-to-state differential and relative integral cross
sections for HzO-hydrogen inelastic collisions at 575 cm"1 collision energy in the
center of mass system have been investigated in detail using a crossed beam machine
with velocity map imaging detection. The experimental cross sections agree extremely
well with quantum calculations using the most complete H2O-H2 PES of Valiron et al.
For the differential cross section results we found a strong preference for forward
scattering in the angular distributions for all measurable ./"*«"*<·" fina' stales for
collision with H2 and D2 at different experimental conditions. This forward scattering
preference is attributed to a dominant participation by H2 />0 with J = J " (J state
conserving), from the prediction of calculations. Side and backward contributions to
the DCSs came only from H20-H2(7 = J "=0), as has been confirmed by comparisons
of H20+normal-H2 and H20+para-H2 having different ratios of initial H2 J states.
The main deviations between experiment and theory occur only at the most forward
scattering angles where theory appears to overestimate the scattering intensity. Both
theory and experiments can be improved. For the theory part, the range of the PES
sensitive to large impact parameters must be examined. For the experimental part,
production of a pure J=0 population of H2 or D2 is needed, instead of a mixture of J>0
states. This will help directly clarify the differences in collision dynamics of
Η2θ-Η2(7=0) versus H20-He. We have found strong differences in the DCSs between
these two important collision systems, which play significant roles in the astrophysics
applications.
From measurements of state-to-state relative integral cross sections, we note that
the cross sections show an exponential decay with respect to transferred energy. This
effect has been observed for Η2Ο-ΑΓ inelastic collisions and attributed to the energy
gap rule. The measured and calculated relative integral cross sections are in very good
agreement. Both data indicate intramolecular alignment effects for H2O rotation
during the collision. Collisions resulting in final rotational states of H2O with
Ka"=Kc" correspond to rotations around the b axis of H2O and consequently have
smaller cross sections. The dipolar transition propensity and energy gap rules
dominates all other effects, when applicable. We also point out that the excellent
agreement between theory and experiment for water-hydrogen (and water -helium) is
not found for the relatively simpler water-Ar and water-Xe systems, as will be
discussed in an upcoming publication. Clearly, the PESs for these larger rare gases are
not correct in the regions probed by rotational inelastic scattering.94 The lessons
learned in improving PESs for such highly polarizable systems could have further

162

7.5 fnnchisions

implications for a better understanding of the collision dynamics of water.
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Summary
The main goal of this thesis is to investigate the rotationally resolved
state-to-state dynamics of water collisions with hydrogen molecules and rare gases
The data from this research is used to test the quality of the potential energy surfaces
for the water-hydrogen and water-He systems, which are essential for calculating
collision rates used to model telescope observations in numerous astrophysical
missions In addition, investigation of the influences of the shape and dipole moment
of water and the polarizabihty of the different rare gases provides a good example in
discussions of intermolecular interactions
Rotationally state-resolved differential and relative integral cross sections for
collisions of H2O in the ground vibronic state with different scattering partners are
measured in this thesis using a pulsed crossed beam machine together with velocity
map imaging (VMI) detection Preparation of single initial rotational states of ortho
(ka-kc=odd) and para (fca-A:c=even) H2O was obtained by rotational cooling in a
supersonic expansion into vacuum of a mixture of -2 5% H2O seeded in -Ibar Ar
Consequently, in the H2O beam before collision, the most populated levels, loi and Ooo,
are the lowest rotational states of ortho and para H2O, respectively The collision
partner, 1 e , a beam of molecular hydrogen or rare gas atom, was produced using
another supersonic pulsed valve at ~lbar stagnation pressure Single collision
conditions were assured by limiting the depletion of the H2O initial states In addition,
the H2 molecular beam was prepared with variable compositions of the (7=0, 1, 2)
rotational states of hydrogen This was accomplished by converting normal-Ph (./=odd)
to para-H2 (./=even) at ~20K and using a cooled supersonic valve The rotational state
populations of H2 were monitored by several different REMPI processes The two
molecular beams were crossed at 90 at the center of a collision chamber Center of
mass collision energies were estimated to be 429 and 575 cm ' for H20+He and
hhO+hydrogen, respectively These collision energies are relevant to those of the
interstellar medium No ortho-to-para conversion by collision is expected under our
experimental conditions The rotational states of the water molecule before and after
collision were characterized using the VMI technique combined with 2+1 Resonance
Enhanced Multi-Photon Ionization (REMPI) spectroscopy via the C-X electronic
transition VMI provides the mass and state-selected collision product signal together
with information on the recoil velocity vector, which is restricted by total energy and
momentum conservation Following ionization by REMPI, nascent H20+ ions were
extracted by ion optics through a time-of-flight tube onto a position-sensitive
2-dimensional detector The experimental 2-D raw images were converted to
differential and relative integral cross section data through a so-called density-to-flux
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transformation

The extracted

cross-sections

were

compared

with quantum

calculations based on ab initio potential energy surfaces (PES) Good agreement in
the comparisons between theory and experiments confirmed the accuracies of the
PESs In addition, for a more intuitive viewpoint, a 2-D hard ellipsoid model was used
to explain, for K^O-He inelastic collisions, a basic feature of the product angular
distnbutions, rotational rainbows Ellipsoid parameters in this model were extracted
using information on the amsotropy of the H20-He PES
In Chapter 1 the importance of the water molecule in astro- and aero-physics is
introduced and a simple historic review of elastic and inelastic collisions of water is
presented Furthermore, previous applications of velocity map imaging detection
combined with crossed beam machines in collision studies is discussed Finally, a
remark of predissociation in the C 'Β; (V=0) water electronic state, which influences
the selection of suitable REMPI lines for water rotational state detection, is presented
Chapter 2 describes the crossed beam machine, VMI detection, our procedure for
fitting 2+1 REMPI spectra using the Ρgopher simulation program along with
information on the notation of water quantum states used in this thesis The main part
of this chapter is a discussion of the density-to-flux transformation for extracting
state-to-state differential cross sections (DCS) from raw images We used the Imsim
and Palfit programs, and simulated the influence of the experimental configuration on
the raw images From the simulations, we find that the positions of the laser focus
mainly influences the relative intensities at different scattering angles in the images
while the other effects are minor, which agree with conclusions in previous
publications
In Chapter 3 a 2-D classical hard ellipsoid model is introduced in order to
explain rotational rainbow maxima, which are basic features in a recoil angular
distribution First of all, a simple review of equations used for predicting the rotational
rainbow angles based on geometric considerations and total energy and momentum
conservation is presented Anisotropics of the hard-shell ellipsoid are determined by
the difference of the two half axes of the ellipse and the shift of the center-of-mass
away from the geometric center of the ellipsoid

For homonuclear diatomic

molecule-atom collisions the model predicts one maximum value for the effective
impact parameter (bn) that causes the rotational rainbow feature For heteronuclear
diatomic molecule-atom systems the model predicts two maximum bn values, causing
two rotational rainbow angles Secondly, application of the derived equations are
given for two previously published heteronuclear diatomic molecule collision systems,
CO+Ne and NO+He, using the anisotropic parameters from them in order to test our
calculation Finally, the application of this model is extended to H^O, an asymmetric
top polyatomic molecule, in collisions with He In order to apply the 2-D model to the
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water molecule, the intermolecular potential energy surface is cut through three
orthogonal planes containing the three principal axes of H2O (1 e a, b, and c axes) at
several equi-potential energy positions The anisotropics extracted from the potential
cuts indicate larger rotational rainbow angles for the a- and b-axes, and smaller angles
for the c-axis
In Chapter 4, the REMPI spectroscopy and predissociation dynamics of the water
isotopologues H2O, HOD, and D2O, are presented This work provides the basis for
choosing suitable REMPI lines for study of rotational energy transfer in water using
the velocity map imaging technique

New rotational parameters for partially

deuterated water (1 e , HOD) via the C 'Β, (V=0) Rydberg state are acquired and the
Cstate predissociation rates of the three isotopologues are investigated Simulation
and fitting of water spectra is done using the Pgopher program Analysis of the
linewidths in the cuirent work, combined with results from previous work by
numerous groups, suggests that while a simple </a'2>-dependent model for
heterogeneous predissociation of the C'Bi Rydberg state accounts for much of the
quantum number dependence, it is not sufficient for describing the predissociation in
any of the three isotopologues The component of the linewidth due to homogeneous
predissociation (attributed to predissociation of the C 'Bi by the Λ'BI state) is found
to be significantly smaller than in previous works, indicating a longer lifetime of the
C Rydberg state In addition, in order to ensure a consistent set of ground state
constants suitable for general use in determining populations from electronic spectra
of the C - X transition, the expenmental data available for the ground vibronic slate of
water in the JPL spectral line catalog was re-fitted
Chapter 5 presents preliminary rotational state resolved differential cross sections
of water with hydrogen and He We compare expenmental differential cross sections
with theoretical calculations using quantum scattering theory based on state-of-the-art
potential energy surfaces For the most part, the measured and calculated DCSs agree
reasonably well, giving confidence in the quality of the PESs describing the H2O-H2
and H20-He interactions Most importantly, we have found that H2O-H2 scattering is
quite sensitive to the initial rotational level of the H2, even though most collisions
result in no change in its rotational state Ignoring this dependence and treating all H2
molecules as 7=0 molecules or as atoms can introduce significant errors The common
procedure for estimating rates of para-H2 collisions with those from simpler He
calculations should thus be applied with caution Although the cenler-of-mass
collision energy tested here is somewhat higher than the usual energies found in
interstellar medium, the shapes of the PESs have been thoroughly tested, setting great
confidence in the quality of the PES
In Chapter 6, we present the full set of results for state-to-state differential cross
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section data on rotationally inelastic scattering of H2O with He Some of the
experimentally extracted DCSs show obvious rotational rainbow maximum in the
sideways or backward direction We perform a qualitative, classical explanation for
these rainbow maxima, based on the anisotropics of the repulsive part of the PES as
described in Chapter 3 This geometrical approach has been shown to be capable of
explaining the shift in the rotational rainbow position as the excitation goes from the
a- to the b- then to the c-axis of H2O It can be stated simply that as the inertia of the
excited rotation increases, stronger momentum transfer is necessary, resulting in more
flux transferred in the backward scattenng direction Both experimental measurement
and fully quantum calculation have been shown to follow these trends Our
experimental results are compared to quantum theoretical calculations based on the
PES of Hodges et al Agreement for the stronger signal levels is excellent and even
discrepancies for weaker signals are plausibly explained by contamination of the
initial state by the next higher rotational excited state of the incoming water projectile
Chapter 7 presents full data for state-to-state DCSs and relative integral cross
sections of H20-hydrogen inelastic scattenng The experimental cross sections of
H2O - H2 agree quite well with quantum calculations based on the most complete PES
by Valiron et al For the DCS results of H2O

H2 and H2O - D2, we find a forward

angular distnbution preference for all measurable final rotational states at different
expenmental conditions with different H2 rotational state populations (7=0, 1, 2) This
forward scattering preference is attnbuted to a dominant participation by H2 7>0 with
J=J" (J state conserving), from the theoretical prediction

Side to backward

contributions to the DCSs come only from H2O - ìÌ2(J=J"=0) and have been
confirmed by the compansons of H20+normal-H2 and H20+para-H2 which contain
different ratios of initial H2 J states For the rotationally state-resolved relative integral
cross sections, we have noted that the cross sections reveal an exponential decay with
respect to transfer energy This effect has been observed for H2O - Ar inelastic
collisions in the past and is attnbuted to the energy gap rule The measured and
calculated relative integral cross sections are in very good agreement Both results
indicate intramolecular alignment effects for H2O molecule rotations dunng collisions
Rotation of H2O around the b axis (1 e, the C2 axis of H2O molecule) results in lower
cross sections due to the shielding of the Ο atom of H2O dunng collisions, as
mentioned in previous publications on the H20-Ar collisions using a classical model
In other words, collisions resulting in final rotational states of H2O with Ka"=Kc"
correspond to rotations around the b axis of H2O and consequently have smaller cross
sections

The main directions of future plans for collision dynamics studies are
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(1) Angular and detection resolutions of the images should be improved in order to
observe the fine structure of oscillations of the DCS, especially for collision products
with small recoil velocities. Speed and angular spreads of molecular beam will be
need to be decreased, as they influence the collision energy uncertainty and the
collision kinematics, they consequently smear out the small features of the images.
(2) A higher population of H2 and D2 7=0 in the hydrogen beam is necessary in
scattering experiments in order to improve the experimental comparisons of the
H20-hydrogen (7=0) and H20-He systems.
(3) Aside from the above-mentioned preliminary data about H2O scattering with rare
gases, studies of deuterated water (HOD and D2O) collisions with hydrogen and rare
gas will provide an important supplement to our current studies.
(4) Based on our efforts on water collision experiments, different collision systems,
especially for astrophysically interesting or organic molecules, will be studied. An
important example is ammonia. We have performed ND3 + rare gas collisions at
variable collision energy. Further experiments with partially deuterated ammonia (i.e.
NH2D and ND2H) and other interstellar abundant molecules will be performed.
(5) Collision energy governs the collision dynamics. Using our crossed beam machine
with design of variable crossed angle, we can investigate collision dynamics in lower
(below 200 cm') and higher (up to one thousand cm"1) center-of-mass collision
energy. In addition, our continuously adjusted collision energy provides a good
chance to study features of collision dynamics as a function of collision energy.
Especially for low collision energy, features due to resonance effects will be revealed.
In addition, for high collision energy, the transfer of translational to vibrational energy
may be observed for some systems with smaller vibrational state spacing.
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Rotationally state-to-state differential cross sections for H2O
inelastic collisions with rare gases

Inelastic collisions of water with hydrogen and He are important in astrophysical
applications, as mentioned in above chapters and previous publications l4,, m Recently,
studies of interactions between water and the rare gases have been shown to reveal the
role of polanzability of the rare gas in intermolecular interactions 9 ' 94 However, these
studies mainly investigate the integral cross section as a function of beam velocity
The extracted averaged potential well and equilibrium distance data were discussed
with respect to the topics of hydrogen bonding and charge transfer in weakly bound
complexes of water Here, we extend our water-hydrogen and water-He studies, using
rotationally state-to-state differential and relative integral cross section data, to the
water-rare gas interaction This work probes the anisotropy of the intermolecular
potential energy surface, which causes rotational energy transfer
Experimental methods have been explained in detail in previous chapters In short,
the water and rare gas (He, Ne, Ar, or Xe) molecular beams cross at the center of the
collision chamber with a 90° collision angle The experimental conditions have been
presented in Table 2 1 1 and 2 1 2 We present here preliminary results on water-rare
gas inelastic scattering Figure Al 1 shows an overview of selected raw images of
H20+hydrogen and ^O+rare gas From them, we see very different features in
deflection angles between the different collision systems As a test of our experiment,
we compare our extracted relative integral cross sections of fyO-Ar with previous
measurements and calculations by Chapman et al89 Good agreement is found, as
presented in Figure Al 2 In Figure Al 3 we present state-to-state differential cross
sections with respect to four different colhsional-induced transitions of water by He,
Ne, Ar, or Xe Unlike previous studies on HCl + rare gas by Wade et al"4, we have
found that the features of experimentally measured differential cross sections of water
collisions by different rare gases are quite different In addition, studies of
D20-hydrogen and D^O-rare gas inelastic collisions will be compared with H2O
investigations
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Figure Al.l: Selected raw images and corresponding Newton diagrams (not exactly
in the same scale) of H2O inelastic collisions with rare gas or hydrogen.
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relative cross sections-ortho H 2 0
Nesbitt et al. (exp.) (IR abso.)
Cohen et al. (cal.) (CC)
Szalewicz et al.(cal.) (CC)
our results (exp.) (REMPI+VMI)

Figure A1.2: Comparisons of our experimentally extracted relative integral cross
sections of HaO-Ar with previous measurements and calculations by Chapman et al.
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Figure A1.3: State-to-state differential cross sections with respect to four different
collisional induced transitions of water by He, Ne, Ar, or Xe.
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Resonance enhanced multiphoton ionization spectroscopy of
ammonia isotopologues via the Β -Xtransition

The spectroscopy and photodissociation of ammonia has been investigated
extensively in the past,

where the technique of Resonance Enhanced

Multiphoton ionization (REMPI) has played a crucial role

The associated

predissociation/photodissociation studies of numerous Rydberg series of ammonia
isotopologues provide a solid understanding of the properties and interactions of the
intermolecular potential

Ammonia

REMPI spectroscopy

dynamics have been reviewed in several articles

204 2 0 5

and predissociation

As in our water REMPI

spectroscopy studies' 59 (see Chapter 4), we need intense, narrow, and rotationally
resolved REMPI lines of the ammonia molecule 2 I 0 2 1 2 for inelastic collision studies
In our scattering experiments specific rotation states before and after collisions are
monitored by REMPI and information on the nascent recoil velocity vector is
extracted from the VMI images The Β or C' state transition of the symmetnc
isotopologues of ammonia, ι e NHi and ND3, is a good candidate for REMPI
detection in inelastic collision experiments For partially deuterated ammonia, 1 e
NH2D, NHD2, only transition via the Β state are suitable because of line broadening
due to strong predissociation in the C ' state Due to the tunneling of inversion motion
of ammonia, all rotational levels of ground electronic state (X) are split to two states
In order to probe state-to-state collision dynamics for ammonia including inversion
doubling it is necessary to detect both inversion lower and upper doublet states 7 8 For
this propose, according to the Β - X (or C' - X) transition spectroscopic selection
rules, probing both the even and odd numbers ( e g , v=0 and v=l) of inversion
vibrational motion (V2)78 is necessary
The electronic ground states of NH3 and ND3 have pyramidal geometry with the
electronic configuration (lai') 2 (2ai') 2 (le') 4 (la2") 2 , χ Ά ] ' Electronic promotion from
the highest occupied molecular orbital la2" to higher electronic state causes the
equilibrium geometry to change to planar Ό^ symmetry The Β Έ " state of ammonia
is electronically degenerate as the Rydberg electron occupies the degenerate 3pXy
orbitals in the plane of the molecule This has several important consequences for the
energy levels of this state Firstly, the state is subject to the Jahn-Teller effect, which
manifests itself in shifts in the vibrational energy levels211 of the order of 100 cm"1
The effect is relatively small for this state as the active orbital is a Rydberg orbital, so
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it should be considered as a dynamic, rather than a static Jahn-Teller effect The
distortion is sufficiently

small that the stale has significant electronic angular

momentum, which can be seen directly in the large Zeeman effect of the state
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and

also in the rotational Hamiltoman which contains two significant terms (the
parameters ζ and q) containing the electronic angular momentum These effects are
reasonably well understood in ammonia, but an interesting question that has not been
addressed is what happens to these effects following partial isotopie substitution The
electronic potential energy surfaces should be unchanged, but the vibrational and
rotational energy levels on these surfaces will necessarily change significantly The
degenerate symmetry is formally lost, and there are in principle two separate
electronic states, each with their own vibrational and rotational constants In practice
these electronic states will be nearly degenerate, and significant mixing between
electronic states is to be expected, arising out of terms involving the electronic
angular momentum, which is normally not considered for non-degenerate states
Perturbations or other anomalies are to be expected in the observed spectra
A detailed description of the experimental setup for ammonia REMPI studies
will be presented in a forthcoming publication In short, a crossed molecular beam
machine with velocity map imaging detection technique was used to investigate
rotational resolved 2+1 REMPI spectroscopy of the four ammonia isotopologues
through the Β -Χ

electronic transition The beam machine contains three molecular

beams for numerous experimental purposes including variable

reactive and

elastic/inelastic collisions and photodissociation processes A schematic drawing of
the setup is depicted in Figure A3 I of Appendix A3 These three different molecular
beams located in different geometries (with respected to ion lens) have different
functions and aims in the current ammonia REMPI experiments Firstly, the vertical
pulse valve (General valve) mounted underneath the ion lens generated an ammonia
beam propagating parallel to the TOF flight direction and perpendicular to ion optics
and 2D image detector (MCPs+Phophor) planes We mainly use this valve for our
ammonia REMPI spectroscopy For extra information on the spectroscopy experiment
including Stark and Doppler effect information, we also manipulated the other pulsed
valves which are mainly used for crossed beam experiments

Four ammonia

isotopologues gases were prepared by mixing NHi and NDi in the 1 1 ratio in the
steel bottle The partial deuterated ammonia molecules were generated by H and D
exchanges in the bottle The mixture of ammonia gas was rotationally cooled by
supersonic expansion through the vertical valve and colhmated by a skimmer (1 mm
diameter) Afterwards, the molecular beam was collimaled again by a small hole in
the center of the repeller plate and ioni/ed by a laser beam using 2+1 REMPI a the
center position between the repeller and extractor plates of ion optics The ammonia
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ions were extracted by the ion optics and fly through the TOF flight tube. The ion
image is crushed on the 2D image detector (MCPs+Phophor).
Beam two, a molecular beam from the fixed primary pulsed valve (Jordan type),
after passing through a skimmer (2mm diameter) will suffer an inhomogeneous
electric field from the hexapole, which is used for selecting the specific quantum state,
e.g. the inversion doublet state for ammonia molecules. The current size (3mm rod
diameter) and length (L~300 mm) of the hexapole was designed for ammonia
molecules beam with the typically beam velocity seeded in Ar gas (-600 m/s). The
well-known state selection rules for the symmetrical isotopologues of ammonia can be
used to assist in the spectroscopy assignment (see Appendix A3). The Stark effect for
partial deuterium substituted ammonia was checked for the first time in this same
manner.
Beam three, a rotatable pulsed valve was mainly designed for changing the
relative crossing angle with respect to the fixed valve (beam 2) for collision/reaction
experiments.
In the current experiment, we used different concentrations/backing pressures of
the ammonia gas used in beam three for three aims: (1) helping the laser beam
alignment; (2) Checking the Doppler Effect due to the relevant propagation geometry
of molecular beams and laser beam; (3) measuring different rotational cooling spectra
at the same time by manipulating three valves with different backing pressure,
ammonia concentration, and time delay between valves and laser beam. Two different
laser radiations were used for the same REMPI studies for their different advantages.
Firstly, laser pulse energies of 1-6 mJ/pulse at repetition rate of 10 Hz were generated
by doubling the output light of a dye laser operating with DCM dye, pumped by a
frequency doubled 532 nm Nd:YAG laser using a home made tracker. Secondly, laser
radiation was generated by a dye laser using PTP dye which was pumped by a pulsed
XeCl excimer.78 A photodiode was used to monitor laser power during measurement.
The laser wavelength and linewidth (<0.1 cm') were calibrated by a wavemeter (High
Finesse, WS-7). The laser polarization was usually directed parallel to the imaging
detector face.
A preliminary report of rotationally resolved 2+1 REMPI spectroscopy of the
four ammonia isotopologues NH3, NH2D, NHD2, and ND3 via the Β 'E"(inversion
mode, V2' =0,1) - Χ Χ Ά ι ' (inversion mode, V2=0,l) transition is presented here.
REMPI studies of NH3 and ND3 have been investigated in the past. For partially
deuterated ammonia NH2D and NHD2, the spectroscopic parameters for the zero point
and V2=l vibrational inversion states of the electronic Β state are determined for the
first time. Figure A2.1 and A2.2 present the experimentally measured 2+1 REMPI
spectra and simulations for NH2D and NHD2 using Pgopher'23 program. Details of the
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analysis and extracted parameters will be presented in a forthcoming publication. In
addition, 1+1 ' REMPI of ammonia via the Β (v2>10) - X(v2=0, I) transition, which is
located in the vacuum ultraviolet window around 146 nm for third harmonic
generation using Xe gas have been investigated. Figure A2.3 presents preliminary
results for the 1+Γ REMPI spectrum of ND3 via the Β (v2=12) - X(v2=l) transition.
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X(v2=\) transition.
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Rotatìonally state-to-state inelastic collisions of state-selected
NDjbyHeorAr

Over the past decade, gas-phase inelastic scattering experiments have reached a
high level of perfection

97 02 05107

' '

" 3 " 5 1 8 1 These expenments provide state-to-state

collision cross sections from which information about the potential energy surface and
the dynamics of the intermolecular interactions can be extracted In addition to water
collisions, as mentioned in previous chapters, another important example is the
inelastic collision of NH3 with H2 or He, which is relevant m astrophysics

We

provide data for the collision model, which has been used to successfully explain the
anomalous non-thermal (maser) emission of NHi microwave radiation210 Ammonia
masing has been observed in the interstellar medium, 1 e , emitting molecules are
excited by inelastic collisions with very abundant surrounding interstellar molecules
such as H2 or He, followed by spontaneous or stimulated emission In laboratory
expenments translationally cold molecule ND^ has been produced via inelastic
collisions with Ne, as reported by Kay et al " 6 " 7
Preliminary studies of rotatìonally state resolved differential and relative integral
cross sections of ND3 inelastic collisions with He or Ar at numerous collision energies,
-200-700 cm ' for NDs-He and -100-800 cm ' for NDs-Ar, are reported here A new
crossed-beam velocity map imaging apparatus with a variable crossing angle is used
Figure A3 1 illustrates the experimental setup Experimental details will be presented
elsewhere In short, two molecular beams, ammonia and the collision partner (He and
Ar), are produced with supersonic jets and were crossed at the center of a collision
chamber with a variable collision angle Due to nuclear spin statistics from H or D,
ortho and para manifolds of ammonia are separated into different J manifolds For
ortho-NDi, after supersonic expansion the most populated state is the JK=1I level In
order to separate the inversion doubling in the rotational states, as mentioned in
Appendix A2, we use a hexapole to select the upper level of the inversion doublet
Figure A3 2 presents the energy level diagram of ND^ in its estate After collision,
products in different rotational states including inversion doublet with information of
three-dimensional recoil velocity vectors are ionized via 2+1 Resonance Enhanced
Multi-Photon Ionization (REMPI) process via the Β Έ "(inversion mode, V2' =0,1) Χ Χ Ά ι ' (inversion mode, V2=0,l) transition and then velocity mapped onto a
2-dimensional detector Collision induced ortho-to-para transitions in ammonia are
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forbidden, as is the case for water collisions in previous chapters. Raw images
containing center-of-mass frame density data are transferred to flux information using
the density-to-flux transformation procedure mentioned in Chapter 2.
Figure A3.3 and A3.4 show selected raw images and the corresponding Newton
diagrams for inelastic scattering of ND3 with He and Ar, with respect to transitions
from the initial level (1|, inversion up) to six final rotational states. Figure A3.5
presents relative integral cross sections of ND3 (inversion up) collision with Ar. The
propensity rule of the integral cross sections with respect to different J or Κ values
will be discussed in the future. In addition, comparisons of two symmetric crossing
angles, e.g. 90° and -90 as presented in Figure A3.6 can be used to test geometric
effect in the density-to-flux transformation as mentioned in Chapter 2. Furthermore,
studies of inelastic collision dynamics at different collision energies as presented in
Figure A3.7 will be described in the future.
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Figure A3.1: Schematic drawing of experimental setup.
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Figure A3.3: Inelastic scattering of ND3 by He. (a) Newton diagram, (b) Selective
raw images with respect to transitions from initial level (li, inversion up) to six final
rotational states.
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Figure A3.4: Inelastic scattering of ND3 by Ar. (a) Newton diagram, (b) Selective raw
images with respect to transitions from initial level (1|, inversion up) to six final
rotational states.
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Figure A3.5: Relative integral cross sections of ND3 (inversion up) collision with Ar.
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(b) 090°

(a) 90°

<aser

Figure A3.6: Comparisons of raw images and Newton diagrams of NDj+He at
crossing angle (a) 90° and (b) -90° with I|^-44 (inversion up) transition.

This data

will provide a sensitive test of the quality of the density-to-flux transformation.
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Figure A3.7: Newton diagrams and raw images of NDi+He at six different crossing
angles with 11^·44 (inversion up) transition.
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Translationally cold water by kinematic cooling
Recently, the production of translationally cold molecules using kinematic
cooling has been reported for NO-Ar and NDrNe collisions by Elioff et al
6

Kay et al" "

7

and

In this method the selection of mass and velocity of the two collision

particles is crucial Here assuming the state-to-state differential cross section from
inelastic collision is not completely zero especially at sideway scattering angles, we
add another experimental parameter, available in our rotatable crossed beam machine,
which can vary the crossing angle easily and continuously, to extend the possibility of
the kinematics cooling method
Table Bl 1 summarizes the possible inelastic transitions described in previous
chapters in this thesis that can result in translationally cold H2O and D2O The values
of the slowest velocity in the lab frame and corresponding translational temperature in
Table Β1 1 are estimated from our experimental parameters, including collision angle
and beam velocities as presented in Table 2 1 1 and 2 1 2 Figure Bl 1 illustrates the
high detection probability in raw images due to slow lab-frame velocity water from
D20-Ne and H20-Ne inelastic collisions

Obviously, we could not easily make

translationally cold H2O and D2O in any rotational stale unless the design of
experimental beam velocity or collision angles can be adjusted in very small steps
However, the beam velocity is determined by the carrier gas (normally they are rare
gases) and limited to several values In our rotatable crossed beam machine, we can
easily adjust the crossing angle to make suitable kinematics conditions for most
rotational states The imaging technique helps us easily determine and adjust the most
favorable crossing angle In Table Bl 2 and Figure Bl 2, we simulate the suitable
crossing angles for producing cold H2O in the 221 state for different collision systems
This method in principle can make cold molecules in any rotational state by assuming
the state-to-state differential cross section from inelastic collision is not completely
zero especially at sideway scattering angles The largest uncertainties in the final
translational temperature of the cold molecule in this method are the angular and
velocity spreads of the two molecular beams (see Chapter 2)
confirmation is underway
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Table Bl.l Summary of the possible transitions that can result in translationally cold
H2O and D2O, as described in previous chapters of this thesis The values of the
slowest velocity in the lab frame and the corresponding translational temperature
given in the table are estimated from our experimental parameters, including collision
angle and beam velocities as presented in Table 2 1 1 and 2 1 2 The spread of the
slow recoil lab-frame velocity (~ ±55 m/s) comes from the lower energy resolution
caused by angular spread of two molecular beams (-6°, see Fig 2 3 8 (d)) The
negative velocities denoted the propagation direction of velocity (lab-frame) is along
the propagation direction of center of mass velocity of collision systems while
positive velocities propagate in the reverse direction of center of mass velocity of
collision systems
ft if

1

Translationally cold

1

Molecule
(final rotational
state)

Collision

Slowest

Temperature

system

velocity

(Euans/k)

in lab frame

HJOOH,)

H20+Ne

8 m/s

70 mk

H20(2,2)

H20+Ne

-19ni/s

390 mk

H20(3I2)

HzO+Ar

11 m/s

130 mk

Η2θ(321)

H20+Ar

-27 m/s

790 mk

HzOd,,)

HjO+Ne

-6ni/s

40 mk

H20(3n)

H20+Ar

18 m/s

350 mk

020(1,,,)

D20+Ne

-7 m/s

60 mk

D 2 0 (2,2)

D20+Ne

-19 m/s

430 mk

D20(1„)

DjO+Ne

-13in/s

200 mk

D 2 0 (2„2)

D20+Ne

-23 m/s

640 mk

D2O (3™)

D20+Ar

15 m/s

270 mk

D 2 0(33,)

D20+Ar

5 m/s

30 mk

D 2 0 (423)

DzO+Ar

14 m/s

240 mk
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Table B1.2: Simulations of the most favorable crossing angles using the same
conditions for beam velocities to produce cold HiO in the 221 state for different
collision systems. The largest uncertainties in the final translational temperature of the
cold molecule in this method are the angular and velocity spreads of the two
molecular beams (see Fig 2.3.8).

Molecule

Collision

(rotational state)

system

H2O (22,)

collision
angle
(degree)

Translationally cold
VH20

Vsec.

Slowest

temperature

(m/s)

(m/s)

velocity

(E^Jk)

in lab frame

H20+He

90

625

1660

316 m/s

108090 mk

H20+He

137

625

1660

I m/s

Imk

H20+Ne

90

625

724

64 m/s

4430 mk

H 2 0+Ne

97

625

724

I m/s

Imk

Η2Ο+ΑΓ

90

625

625

46 m/s

2290 mk

H20+Ar

85

625

625

1 m/s

1 mk

HjO+Xe

90

625

376

190 m/s

39080 mk

H20+Xe

66

625

376

3 m/s

lOmk

(a)

(b)

Figure Bl.l: Illustration of the high detection probability in raw images (indicated by
white arrows) and the corresponding Newton diagrams due to slow lab-frame velocity
for (a) D20-Ne and (b) PLO-Ne inelastic collisions.
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(a)

(b)

H2O

(c)

H2O

H2O

Figure B1.2: Simulations of Newton diagrams for the most favorable crossing angles
to make cold H2O in the 221 state for different collision systems: (a) H20-He, crossing
angle =137°; (b) F^O-Ne, crossing angle =97°; (c) F^O-Ar, crossing angle =85°; (d)
H20-Xe, crossing angle =66°. See Table Β 1.2.
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Here, we summarize the possible mechanisms for water C'Bi Rydberg state
1

interactions. Figure C.l illustrates (a) 2-photon resonance excitation (-80645 cm"

2-photon energy) which is followed by compelition between (b) interactions of the C
'Bi electronic state with other states, in which the couplings lead to the numerous
dissociation channels ( d ) - ®

listed in the figure).

l33n6 142 144147

·

·

One-photon

ionization is illustrated in part (c). Competition between the numerous coupling
pathways ultimately decides the (heterogeneous or homogeneous) predissociation
mechanisms and the consequent properties of the REMPI lines, e.g., the line widths
and intensities. All important pathways which mainly influence line widths are
discussed in detail in chapter 4.
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Figure C.l: Processes of 2+1 REMPI of water molecule through C Ή, (V=0)

-XlA\

(\-0) transition and possible mechanisms of state couplings and predissociations. (a)
two-photon resonant pumping from ground Χ Ά ^ ν ^ ) state to C 'Bi (V=0) Rydberg
state; (b) possible mechanisms from C state to numerous dissociation products via
differing couplings; (c) one-photon ionization.
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Table D.l: Summary of reported circumstellar and interstellar molecules (updated
October 2010).

21

The deuterated species

(except for

water molecule) and

isotopologues are not distinguished in the table.
Triatomic

Diatomic

Four

Five

Sir

Seven

Atoms

Atoms

Atoms

Atoms

H 2 ,AlF,Aia,

d , C 2 H, C 2 0 ,

c-CH, 1-C,H,

C 5 , C,H, S1C4,

C;H, l-H2C4,

C 6 H,

C 2 , CH, CH\

C 2 S, CH 2 ,

C,N, C,0,

l-C,H 2 ,

C2H4, CHjCN,

CH2CHCN,

C Ì S , C2H2,

c- C,H 2 , CH2CN,

CH3NC,

CH,C 2 H,

CH 2 D\

CH4, HNCCC,

CH^H,

HC5N,

+

CN, CO, CO .
CP, SiC, HCl,
KCl, NH, NO,

HCN, HCO,
+

+

HCO , HCS ,
UOC\H20

HCCN,

HC 2 NC,

CHiSH,

CH,CHO,

NS, NaCl,

(HDO, D2OX

HCNH+,

HCOOH,

HC2CHO,

CHjNH,,

OH, PN, SO,

H 2 S, HNC,

HNCO,

H 2 CNH, H 2 C 2 0,

NH 2 CHO, C5N,

c-C2H40,

SO , SiN,

HNO, MgCN,

HNCS,

H 2 NCN, HC3N,

HC4N,

CH2CHOH,

SiO, SiS, CS,

MgNC, N,H + ,

HOCO*,

S1H4, H 2 COH ,

c-H 2 C,0,

C6H

HF, SH, FeO,

N 2 0, NaCN,

H2CO, H2CN,

QH.CNCHO

CH 2 CNH,

LiH, N 2 ,

OCS, S0 2 ,

H2CS,

C F \ O2, PO,

c-SiC2, C 0 2 ,

Η,Ο*, NH,,

+

AIO, CN,
+

OH ,

+

+

C 5 N,

NH 2 , H3 ,

SiC,, C4, CH,,

SiCN, AINC,

C,N, PH,,

SiNC,

HCNO,

OCN, HCP,

HOCN,

CCP, AlOH,

HSCN,

Eight

Nine

Ten

Eleven

Twelve

Thirteen

Atoms

Atoms

Atoms

Atoms

Atoms

Atoms

ΟΗ^,Ν,

CH,QH,

CH,C 5 N,

HCN,

HCOOCH,,

CH3CH2CN,

CH,COOH,

CHjOCH,,

C7H, H2C(„

CHJCHÎOH,

CH,CH 2 CHO,

CH 2 OHCHO,

HC7N, C8H,

HOCH 2 CH 2 OH

CH 2 CHCHO,

C 8 H,

C6H2,

(CH,) 2 CO,
NH^H^COOH' ',

CH^CjHs,

CH,C 6 H,

CdHt,

C 2 H,OCHO,

CO(CH 2 OH) 2 *,

HCN,

C,H7CN,

CH 3 CONH 2 ,

CH2CHCH,,

Others

CH 2 CCHCN,

CM,

NH 2 CH 2 CN
* This detection has been disputed
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Samenvatting
Het belangrijkste doel van dit proefschrift is om de rotatieopgeloste state-to-state
dynamiek van waterbotsingen met waterstofmoleculen en edelgassen te onderzoeken
De gegevens uit dit onderzoek zijn gebruikt om de kwaliteit te testen van de potentiële
energieoppervlakken voor de water-waterstof en water-helium systemen, die
essentieel zijn voor de berekening van botsingsreactiesnelheden om
telescoopwaamemingen in tal van astrofysische missies te modelleren Bovendien is
onderzoek naar de invloeden van de vorm en het dipoolmoment van water en de
polanseerbaarheid van de verschillende edelgassen een goed voorbeeld voor de
bespreking van intermoleculaire interacties
Rotationeel opgeloste differentiële en relatieve integrale doorsneden voor
botsingen van H2O in de vibrationele grondtoestand met verschillende
verstroonngsparlners zijn gemeten in dit proefschrift met behulp van een gepulste
gekruiste bundelmachine samen met velocity map imaging (VMI) detectie Preparatie
van een enkele initiële rotatietoestand van ortho (ka-kc=oneven) en para (ka-kc=e\en)
H2O werd verkregen door rotationele koeling in een supersonische expansie in
vacuum van een mengsel van -2,5% H2O gemengd in -1 bar Ar Hierdoor zijn de
meest bevolkte niveaus in de H2O bundel vóór de botsing, loi and Ow, de laagste
rotationele toestanden van respectievelijk ortho- en para H2O De botsingspartner, dat
wil zeggen, een bundel van moleculaire waterstof of edelgas atomen, werd
geproduceerd met een andere supersonische gepulste bron op -1 bar stagnatiedruk
De conditie voor enkelvoudige botsingen werd verzekerd door de depletie van de
initiële H2O toestanden te beperken Daarnaast werd de H2 moleculaire bundel
bereid met verscheidene samenstellingen van de (J = 0, 1, 2) rotationele toestanden
van waterstof Dit werd bereikt door het omzetten van normaal-H2 (J =oneven) naar
para-H2 (J =even) bij ~20K en het gebruik van een gekoelde supersonische bron De
populaties van rotationele toestanden van H2 werden gemomtord met verschillende
REMPI processen De twee moleculaire bundels werden gekruist onder een hoek van
90° in het midden van een botsingskamer De center-of-mass botsingsenergieën
werden geschat op 429 en 575 cm ' voor respectievelijk HiO+He en H2O+H2
Deze botsingsenergieën zijn relevant voor die in het interstellaire medium Onder
onze experimentele omstandigheden wordt geen conversie van ortho naar para door
botsingen verwacht De rotationele toestanden van het watermolecuul vóór en na de
botsing werden gekarakteriseerd met behulp van de VMI-techniek in combinatie met
2+1 Resonant versterkte multi-foton lonisatie (REMPI) spectroscopie via de C-X
elektronische overgang VMI levert een massa- en toestands-geselecteerd
botsingsproduct-signaal gecombineerd
met informatie over de uitgaande
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snelheidsvector, die wordt bepaald door totale energie- en impulsbehoud Volgend op
lomsatie door REMPI worden de ontstane H20+-ionen met behulp van ionen-optiek
door een time-of-flight buis naar een positiegevoelige 2-dimensionale detector
gestuurd De experimentele 2-D ruwe beelden werden geconverteerd naar differentiële
en relatieve integrale dwarsdoorsneden via een zogenaamde dchtheid-naar-flux
transformatie
De
verkregen
doorsneden
werden
vergeleken
met
kwantumberekeningen op basis van ab initio potentiële energieoppervlakken
(potential energy surface, PES) Goede overeenkomst in de vergelijkingen tussen
theone en experimenten bevestigden de nauwkeurigheid van deze oppervlakken
Bovendien werd voor een meer intuïtief oogpunt een 2-D harde ellipsoïde model
gebruikt om, voor H20-He inelastische botsingen, een fundamenteel kenmerk van
product hoekverdelmgen uit te leggen
rotationele regenbogen
De
ellipsoïde-parameters in dit model werden bepaald met behulp van informatie over de
anisotropie van het H20-He potentiaaloppervlak
In Hoofdstuk 1 wordt het belang van het watermolecuul in de astro- en
aerofysica geïntroduceerd en wordt een eenvoudig historisch overzicht van elastische
en inelastische botsingen met water gepresenteerd Bovendien worden eerdere
toepassingen van velocity map imaging detectie in combinatie met gekruiste
bundelmachines in botsingsstudies besproken Tot slot wordt een opmerking gemaakt
over predissociatie in de C 'Bi (V=0) elektronische toestand van water, die de selectie
van geschikte REMPI-hjnen voor detectie van water in een bepaalde rotationele
toestand beïnvloedt
Hoofdstuk 2 beschrijft de gekruiste bundelmachine, VMI detectie, onze
werkwijze voor het fitten van 2+1 REMPI spectra met behulp van het Pgopher
simulatieprogramma samen met informatie over de notatie van de kwantumtoestanden
van water, die gebruikt is in dit proefschnfl Het grootste deel van dit hoofdstuk is een
bespreking van de dichtheid-naar-flux transformatie voor de bepaling van de
state-to-state differentiële doorsneden (differential cross section, DCS) op basis van
ruwe data We gebruikten de Imsim en Palfit programma's en simuleerden de invloed
van de experimentele configuratie op de ruwe beelden Uit de simulaties vinden we
dat de positie van het laserfocus voornamelijk de relatieve intensiteiten bij
verschillende verstrooiingshoeken in de beelden beïnvloedt, terwijl de andere effecten
genng zijn, in overeenstemming met de conclusies in eerdere publicaties
In Hoofdstuk 3 wordt een 2-D klassieke harde ellipsoïde model ingevoerd om
rotationele regenboogmaxima, basiselementen in product hoekverdelmgen, te
verklaren Allereerst wordt een eenvoudig overzicht gepresenteerd van de formules
die worden toegepast voor het voorspellen van de rotationele regenbooghoeken,
gebaseerd op geometrische overwegingen en het totale energie- en impulsbehoud
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Anisotropieen van de harde-schil ellipsoïde worden bepaald door het verschil van de
twee halve assen van de ellips en de verschuiving van het massamiddelpunt weg van
het geometrische middelpunt van de ellipsoïde Voor botsingen van homonucleaire
diatomaire moleculen met atomen voorspelt het model één maximale waarde voor
de effectieve impactparameter (bn) hetgeen het rotationele regenboogeffect
veroorzaakt Voor botsingen van heteronucleaire diatomaire moleculen met atomen
voorspelt het model twee maximale waarden voor bn, hetgeen twee rotationele
regenbooghoeken oplevert Ten tweede zijn de toepassing van de afgeleide formules
gegeven voor twee eerder gepubliceerde botsingssystemen met heteronucleaire
diatomaire moleculen, CO+Ne en NO+He, gebruikmakend van hun
amsotropieparameters om onze berekening te testen Ten slotte is de toepassing van
dit model uitgebreid naar H2O, een asymmetrische top polyatomair molecuul, in
botsingen met He Om het 2-D model op het watermolecuul toe te passen, wordt het
intermoleculaire potentiële energieoppervlak doorgesneden door dne orthogonale
vlakken die de drie hoofdassen van H2O bevatten (dat wil zeggen de a-, b-, en c- as)
op verschillende posities met gelijke potentiële energie De anisotropieen bepaald uit
de potentiaaldoorsneden geven grotere rotationele regenbooghoeken aan voor de a- en
ò-as, en kleinere hoeken voor de c-as
In Hoofdstuk 4 worden de REMPI spectroscopie en predissociatiedynamica van
de water isotopologen H2O, HOD en D2O gepresenteerd Dit werk vormt de basis
voor het kiezen van geschikte REMPI-lijnen voor de studie naar rotationele
energieoverdracht in water met behulp van de velocity map imaging techniek Nieuwe
rotatieparameters voor gedeeltelijk gedeutereerd water (dat wil zeggen, HOD) via de
C ' B I (V=0) Rydbergtoestand zijn verkregen en predissociatiesnelheden van de C
toestand van de drie isotopologen zijn onderzocht Het simuleren en fitten van water
spectra is gedaan met behulp van het Pgopher programma Analyse van de
lijnbreedtes in het huidige werk, gecombineerd met de resultaten van eerder werk van
tal van groepen, suggereert dat hoewel een eenvoudig <ya'2>-afhankelijk model voor
heterogene predissociatie van de C'Bi Rydbergtoestand
een groot deel van de
kwantumtoeslandsafhankehjkheid verklaart, dit met voldoende is voor de beschrijving
van de predissociatie in elk van de dne isotopologen De component van de
hjnbreedte akomstig van homogene predissociatie (toegeschreven aan predissociatie
van de C'Bi door de ^ ' B I toestand) blijkt aanzienlijk kleiner te zijn dan in eerder
werk, wat duidt op een langere levensduur van de C Rydbergtoestand Daarnaast
werden, met het oog op een consistente set van constanten voor de grondtoestand voor
algemeen gebruik bij het bepalen van populaties uit elektronische spectra van de C - X
overgang, de experimentele data voor de vibrationele grondtoestand in de JPL
spectraallijnencatalogus opnieuw gefit
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In Hoofdstuk 5 worden voorlopige resultaten gepresenteerd van rotationeel
opgeloste differentiële dwarsdoorsneden van water met waterstof en He We
vergelijken expenmentele differentiële doorsneden met theoretische berekeningen met
behulp van kwantum verstrooiingstheorie gebaseerd op state-of-the-art potentiële
energieoppervlakken Voor het grootste deel komen de gemeten en berekende DCSs
redelijk goed overeen, hetgeen vertrouwen geeft in de kwaliteit van de
potentiaalcurven voor de beschrijving van de H2O-H2 en H20-He interacties Hoogst
opmerkelijk hebben we gevonden dat H2O-H2 verstrooiing nogal gevoelig is voor het
eerste rotatieniveau van H2, hoewel de meeste botsingen niet leiden tot een
verandering in de rotationele toestand Het negeren van deze afhankelijkheid en het
behandelen van alle H2 moleculen als J=0 moleculen of als atomen kan significante
fouten opleveren De gebruikelijke procedure voor de schatting van reactiesnelheden
van para-H2 botsingen uit die van eenvoudigere He berekeningen moet dus met de
nodige voorzichtigheid worden behandeld Hoewel de hier geteste center-of-mass
botsingsenergie iets hoger is dan de gebruikelijke energieën gevonden in de
interstellaire medium, zijn de vormen van de potentiaaloppervlakken grondig getest,
wat een groot vertrouwen in de kwaliteit van de oppervlakken geeft
In Hoofdstuk 6 presenteren we de volledige reeks van resultaten voor de
state-to-state differentiële doorsneden voor rotationeel inelastische verstrooiing van
H2O met He Sommige van de experimenteel verkregen DCSs tonen duidelijke
regenboogmaxima in de zijwaartse of achterwaartse richting We leveren een
kwalitatieve, klassieke verklaring voor deze regenboogmaxima, gebaseerd op de
anisotropie van het afstotende deel van de PES, zoals beschreven in Hoofdstuk 3 Het
is aangetoond dat deze geometrische benadering de verschuiving in de rotationele
regenboogpositie kan verklaren als de excitatie gaat van de a- naar de b-, en dan naar
de c-as van H2O Het kan eenvoudig worden geformuleerd dat een sterkere
impulsoverdracht noodzakelijk is als de traagheid van de aangeslagen rotationele
toestand toeneemt, wat resulteert in meer flux overgedragen in de achterwaartse
verstrooiingsnchting Er is aangetoond dat zowel expenmentele metingen als
volledige kwantumberekemngen deze trends volgen Onze expenmentele resultaten
zijn vergeleken met theoretische kwantummechanische berekeningen op basis van de
PES van Hodges et al De overeenkomst voor sterkere signaalmveaus is uitstekend en
zelfs de discrepanties voor zwakkere signalen zijn plausibel verklaard door
verontreiniging van de oorspronkelijke toestand door de eerstvolgende hogere
rotationele toestand van het inkomende waterprojectiel
In Hoofdstuk 7 worden de volledige gegevens voor de state-to-state DCSs en
relatieve integrale dwarsdoorsneden voor inelastische verstrooiing van HiO-waterstof
gepresenteerd De expenmentele dwarsdoorsneden van H2O-H2 komen heel goed
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overeen met kwantumberekeningen op basis van de meest complete PES van Valiron
et al. Voor de DCS-resultaten van H2O-H2 en H2O-D2 vinden we een voorkeur voor
een voorwaarts gepiekte hoekverdeling voor alle meetbare rotationele eindtoestanden
onder verschillende experimentele condities met verschillende H2 rotatietoestand
populaties (7=0, 1, 2). Deze voorwaartse verstrooingsvoorkeur wordt toegeschreven
aan een dominante bijdrage van H2 7>0 met J= J" (J toestand behouden), door de
theoretische voorspelling. Zijwaartse tot achterwaartse bijdragen aan de DCSs zijn
alleen afkomstig van H2O-H2 (J=J"=0), hetgeen is bevestigd door vergelijking van
H20+normaal-H2 met H20+para-H2, die verschillende verhoudingen van de initiële
H2 ./-toestanden bevatten. Voor de rotationeel opgeloste relatieve integrale doorsneden
hebben we opgemerkt dat de doorsneden een exponentieel verval vertonen als functie
van energieoverdracht. Dit effect is in het verleden waargenomen voor FhO-Ar
inelastische botsingen en wordt toegeschreven aan de energiekloof regel. De gemeten
en berekende relatieve integrale doorsneden zijn in zeer goede overeenkomst met
elkaar. Beide resultaten duiden op intramoleculaire alignmenteffecten voor rotaties
van het FhO-molecuul tijdens botsingen. Rotatie van H2O rond de è-as (dat wil
zeggen, de C2 as van het H2O molecuul) resulteert in lagere doorsneden door de
afscherming van het O-atoom van H2O tijdens de botsing, zoals is vermeld in eerdere
publicaties over F^O-Ar botsingen met behulp van een klassiek model. Met andere
woorden, botsingen die resulteren in rotationele eindtoestanden van H2O met
Ka"-Kc" komen overeen met rotaties rond de fc-as van H2O en hebben bijgevolg
kleinere doorsneden.
De belangrijkste richtingen van toekomstige plannen voor het botsingsdynamica
onderzoek zijn:
( 1 ) Hoek- en detectie resoluties van de beelden moeten verbeterd worden om de fijne
structuur van oscillaties van de DCS te kunnen waarnemen, met name voor producten
met kleine productsnelheden. De snelheid- en hoekspreidingen van de moleculaire
bundels zullen verlaagd moeten worden, omdat zij invloed uitoefenen op de
onzekerheid in botsingsenergie en de botsingskinematica en dientengevolge smeren
deze de fijne details in de images uit.
(2) Een hogere bevolking van H2 en D2 7=0 in de waterstofbundel is noodzakelijk
voor verstrooiingsexperimenten

om de experimentele vergelijking

met de

FhO-waterstof (J=0) en H^O-He systemen te verbeteren.
(3) Naast de bovengenoemde voorlopige gegevens over H2O verstrooiing met
edelgassen, zullen botsingsstudies van gedeutereerd water (HOD en D2O)
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waterstof en edelgassen een belangrijke aanvulling leveren op ons huidige onderzoek
(4) Op basis van onze inspanningen bij water botsingsexperimenten zullen
verschillende botsingssystemen, met name voor astrofysisch interessante of
organische moleculen, worden bestudeerd Een belangrijk voorbeeld hiervan is
ammoniak We hebben NDa+edelgas botsingen met variabele botsingsenergie
uitgevoerd Verdere experimenten met gedeeltelijk gedeutereerd ammoniak (dat wil
zeggen NH2D en ND2H) en andere mterstellair overvloedige moleculen zullen worden
uitgevoerd
(5) De botsingsenergie stuurt de botsingsdynamiek Met behulp van onze gekruiste
bundelmachine ontworpen voor een variabele kruisingshoek, kunnen we
botsingsdynamiek in de lagere (minder dan 200 cm ') en hogere (tot duizend cm ')
regionen van de center-of-mass botsingsenergie onderzoeken Bovendien biedt onze
continu aanpasbare botsingsenergie een goede kans om eigenschappen van
botsingsdynamica als functie van de botsingsenergie te bestuderen Met name voor
lage botsingsenergieën zullen kenmerken tengevolge van resonantie-effecten worden
onthuld Bovendien kan bij hoge botsingsenergieën de overdracht van translationele
naar vibrationele energie worden bestudeerd voor een aantal systemen met
kleinere vibrationele toestandsspreiding
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