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"And hast thou slain the Jabberwock?
Come to my arms, my beamish boy!
0 frabjous day! Callooh! Callay!"

He chortled in his joy.
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Abstract

Molecular beam scattering methods and laser4bolometer.
spectroscopic techniques were used to investigate the dynamical behaviour
of a number of atom-molecule and molecule-molecule systems. Extensive
scattering calculations were carried out for both He-HF and Ar-HF in order
to assess the ability of available intermolecular potential functions to
predict the measured total scattering intensities. The coupled states
approximation was used to study the inelastic integral and differential
cross sections for these systems. Total differential cross sections for
He-HF scattering are adequately described using the spherical part of the
interaction potential. ' This is not the case for Ar-HF, for which the
anisotropies in the potential play a major role 1in determining the
scattering behaviour.

A colour centre laser was used in conjunction with molecular beam
techniques to measure the infrared spectra of smail clusters of acetylene,
methyl acetylene and ethylene. By recording spectra for a wide range of
molecular beam conditions it was possible to assess the contributions to
the observed spectra from the different cluster sizes present in the beams.
Infrared cluster dissociation spectra were studied wunder Dboth low
resolution (0.4 em™!) and high resolution (0.0001 em™1). Lifetimes of the
initially excited clusters determined from the homogeneous widths of the
individual rovibrational transitions range from 1 ps for ethylene to >80 ns
for acetylene.

A combination of spectroscopic and scattering techniques was used
to investigate the transfer of rotational energy between HF molecules in

the ground vibrational state. Resonant rotational energy transfer
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processes which are dipole allowed ﬁo first order were found to dominate
the observed scattering. A lower bound of 310 22 was obtained for the
Ji1=0,j2=1 > ji1=1,j2=0 cross section.

The work described in this thesis has Dbeen reported in several

publications:

Miller R.E., Vohralik P.F. and Watts R.O. (1984), "Sub-Doppler resolution
infrared spectroscopy of the acetylene dimer: A direct measurement of

the predissociation lifetime", J. Chem. Phys. 80, 5453.

Fischer G., Miller R.E., Vohralik P.F. and Watts R.0O. (1985), "Molecular
beam infrared spectra of dimers fqrmed from acetylene, methyl
acetylene, and ethene as a function of source pressure and

concentration", J. Chem. Phys. 83, 1471.

Vohralik P.F. and Miller R.E. (1985), "Resonant rotational energy transfer

in HF", J. Chem. Phys. 83, 1609.

Boughton C.V., Miller R.E., Vohralik P.F. and Watts R.O0. (1986), "The
helium—-hydrogen fluoride differential scattering cross section",

accepted for publication in Molecular Physics.

An aditional manuscript describing the work reported in Chapter 5 is

being preparedL
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Table 2.1 Operating point parameters for bolometer B corresponding to the
I-V characteristics (labelled A through H) shown in Figures 2.7 and 2.8.
The data labelled C through H were obtained under conditions similar to
those existing when the spectroscopic studies reported in this thesis were
carried out and the pressures P are typical 310 K helium beam stagnation
pressures corresponding to these data. (Ip,Vg) is the operating point and
Sp is the zero frequency responsivityf 13b
Table 2.2 Frequency response characteristics of some of the components of
the laser system. FSR = free spectral range and FWHM = full width at half
maximum of the response profile.

' 17b
Table 2.3 Parameters describing the geometry of the experimental

arrangement used to obtain the total differential scattering cross sections

(see Figure 2.18). 27b

Table 2.4 Parameters of the velocity distributions obtained from the
analysis of the measured time;of4flight spectra. Top is the nozzle
temperature; vg and v, are the stream velocity and Qidth parameter; vy, is
the most probable velocity of the v3 maxwellian distribution; Av is the
FWHM of this distribution; T' is the nozzle temperature corresponding to
the stream velocity if one assumes én ideal isentropic expansion (see Egs.

(2.13) and (2.14)); and E is the mean kinetic energy of the atoms/molecules

in the beam.
n the beam 320

Table 2.5 Mean collision energies for a number of beam-beam and beam -

(300 K Boltzmann gas) combinations. "~ The results in the upper part of the
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table are all for beams of pure gases. '(Boltz)' indicates that the
results are for a Boltzmann distribution of velocities. The velocity
distributions used for the beams are those given in Table 2.4. Apart from
the HF and He(80K) beams, the nozzles used to form the expansions were

maintained at 310 K. See the text for more details.
324
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Figure 2.1 A schematic diagram of the crossed molecular beam apparatus.
In the elevation view A and B denote the far and near cryostat positions, C
is the molecular beam chopper, F is the molecular beam flag, N is the
nozzle, S is the skimmer and A.T. is the alignment telescope. In the plan
view, B is the bolometer, PBC is the primary beam chamber and SBC is the
secondary beam chamber.
7a

Figure 2.2 Details of the nozzle and skimmer geometries. The outside
diameter of the nozzle is 1/4". Region A contains the gas of interest at
the stagnation pressure Py and temperature Tg . The supersonic expansion
takes place in region B, and region C is the main scattering chamber. a =
60° or 90°; the nozzle diameter d is usually in the range 30-80 um; the
skimmer diameter D is generally between 200 and 600 um; and B and Y are 26°

and 30° respectively.

7b
Figure 2.3 A schematic diagram of the bolometer cryostat assembly. 1la
Figure 2.4 The circuit used to operate the bolometer detector. 12a

Figure 2.5 The circuit used to measure the I-V characteristics (ie. load
curves) of the bolometer.

12b
Figure 2.6 I-V characteristic for bolometer A. (Ig,Vg) = (0.69 pwA , 5.33
V) is the operating point defined by the load line shown and V, = 3.15 V.
The load line is given by V(V) = 8.8 - 5xI(yuA).

12¢

Figure 2.7 I-V characteristic for bolometer B as supplied by Infrared
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Laboratories. The operating point defined by the load line shown [ v(v) =
8.8 - 5xI(uA) ] is (1.58 wA , 0.90 V) and the V-intercept of the tangent to
the load curve at the operating point is V5 = 0.755 V. 12d
Figure é.8 I-V characteristics for bolometer B as a function of the heat
flux reaching the bolometer. Curves B and C were measured in the absence
of direct moleculaf beam flux reaching the detector (although the
background radiation and molecular fluxes were almost certainly not the
same). Characteristics D through H show the changes resulting from
increasing the flux of the helium beam used to heat the detector. Also
shown are the zero frequency responsivities (in V/mW) at the operating
points determined by the load line [ v(v) = 8.8 - 5xI(pA) ].  The operating
points are given in Table (2.1).
. 13a
Figure 2.9 Changes in the output of the bolometer B - LIA detection system
(for a small, chopped IR signal of unvarying amplitude) as a function of
the helium beam gas load reaching the bolometer. ™
Figure 2.10 A comparison between the measured response of the bolometer B
-LIA detection system and the predicted responsivity of bolometer B
obtained from the I-V characteristics as a function of the voltage at the
operating point. The shapes of the response profiles are similar,
indicating that, as expected, the overall response of the bolometer-LIA

system is determined by the response of the bolometer. L4b

Figure 2.11 A simplified energy level diagram of an Fp(II) colour centre
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(adapted from Mollenauer (1985)). L5
a

Figure 2.12 A schematic diagram of the FCL cavity. 16
E— a
Figure 2.13 An illustration of the frequency response profiles of the FCL
cavity, the intracavity etalon and the cavity grating. The response
profiles are not drawn to the same scale. 17
a

Figure 2.14 The experimental setup used to obtain high resolution IR -
molecular beam spectra with the FCL. D1 and D2 are IR detector/amplifier
units and LIA1 and LIA2 are lock-in amplifiers. I8

. a
Figure 2.15 Experimental arrangement used to obtain feedback stabilised
single frequency operation with the FCL. D1 and D2 are IR detector
/amplifier units and LIA1 and LIA2 are lock-in amplifiers.

20a

Figure 2.16 Gas cell absorption profiles as observed on CRO2. 21a

Figure 2.17 Curves A and B are the frequency response profiles of the 150
MHz etalon transmission signal at the extremities of the 600 Hz oscillation
applied to it. The lower curve is the output of the LIA which is used as
the feedback signal.
22a

Figure 2.18 A schematic diagram of the experimental arrangement used to
measure total differential scattering cross sections. Nt and N2 are the
nozzles; S1, S1' and S2 are the skimmers; C is the rotating secondary beam

chopper; F is the primary beam flag; SC is the scattering centre; B is the
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bolometer; and A1 and A2 are the apertures in the bolometer cryostat
shields. Values of the parameters describing the geometry appear in
Table 2.3. 27a
Figure 2.19 A schematic diagram of the experimental setup used to obtain
the time-of-flight distributions of the molecules in the beams. E is the
electron ionization region; A represents the field used to inject the
positive ions into the quadrupole region Q; and D is the multi-dynode ion
detector. 292
Figure 2.20 Corrected experimental TOF distributions (dots) for the gases
studied. The solid cur?es are the fitted TOF distributions discussed in
the text.

32a

Figure 2.21 v3 maxwellian distributions corresponding to the TOF

distributions given in Figure 2.20. They have been normalized to have the

Same area. 39b
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Table 3.1 The equations required to effect the angle transformation from

the centre of mass reference frame to the laboratory reference frame.

62a
Figure 3.1 An 1illustration of the coordinates used to describe the
atom-diatom collision problem;

4la
Figure 3.2 Newton diagram for in-plane scattering. 6la
Figure 3.3 Variables used tb account for the detector geometry. 64a

Figure 3.4 An illustration of the technique used to account for the
divergence of the primary beam.
66a



(xviii)

Table 4.1 Measured scattering intensities for the He-HF system as a
function of the laboratory scattering angle (in degrees). Results are
shown for two mean collision energies corresponding to different primary
(helium) beam conditions. The numbers in parentheses represent two
standard deviations in the scatter of values obtained at the corresponding
angles. "(-)" indicates that only two measurements were made at the
corresponding anglef 77a
Table 4.2 Experimental conditions used to obtain the differential
scattering intensities reported in this chapter. The velocity fitting
parameters vg, Vy and vp, have estimated uncertainties of + 0.5 %. These
velocity parameters, which were reported in Chapter 2, are duplicated here
for convenience. 77b

Table 4.3 Energies (Ej) and asymptotic wavevectors (kj) and wavelengths
.(Aj) for the basis set used in the CS calculations at a total energy of
313 Kf 82a

Table 4.4 Centre of mass frame integral cross sections for He-HF at a
total energy of 313 K obtained using the rigid rotor and vibration
dependent HFD1 potentials. The close coupled results are those of
Battaglia et al. (1984b). Details of the CS calculations are given in the

text. The cross sections are in squarevﬁngstroms. 82a

Table 4.5 Total integral cross sections obtained using the CS, IOS,

spherical potential (quantum) and spherical potential (WKB) approximations.
87b
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Table 4.6 Energies (Ej) and asymptotic wavectors (kj) and wavelengths (Aj)
for the basis sets used in the CS calculations at a collision energy of 1480

K. 88c

Table 4.7 Energies (Ej) and asymptotic wavevectors (kj) and wavelengths
(Aj) for the basis sets used in the CS calculations at a collision energy
of 0 K.

% 88d
Table 4.8 (a) Centre of mass frame integral cross sections for He-HF
scattering obtained using the vibration dependent HFD1 potential and the CS
approximation for a collision energy of 480 K. The cross sections are in
square Rngstroms.

(b) The results in this table were obtained by multiplying the
cross sections shown in Table 4.8a by the populations of their initial J
states in the HF beam. They are expressed as percentages of the total
population weighted cross section. 89a
Table 4.9 (a) and (b) As for Table 4.8a, except these results are for a
collisi n f .
ision energy of 950 K 89b
Table 4.10 Contributions to the total differential cross section from both
the sum of all inelastic processes and selected individual inelastic
transitions at a collision energy of 950 K. In the second, third and
fourth columns are given the percentage contributions at the first three
minima of the total differential cross section. The last column gives
these percentage contributions at a laboratory scattering angle of 32

degrees. All the cross sections have been weighted by the relevant HF
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rotational state poopulations. 90a

Table 4,11 Properties of the spherical terms of the potential surfaces
used to analyse the experimental He-HF scattering data.. ¢ is the value of
r for which V(r)=0, rp is the position of the minimum in the potential, €
is the well depth and Ar% is the width of the attractive part of the
potential at half its maximum depth. S(516) and S(990) are the fitting.
parameters, defined by Eq. (3.72) at the two experimental collision

energies. The smaller the value of S, the better the fit.

BFW is the Barker potential discussed in the text.
HFD2-A is the HFD2 model with the spherical Cg term increased by 24 %.
HFD2-B is the HFD2 model with the spherical Cg term increased by 18 % and
all other dispersion coefficients recalculated using the method
discussed by Rodwell et al. (1982).
HFD1-A is the HFD1 model with the spherical Cg term increased by 18 %.
HFD-p is the HFD1 model with the value of p (see Eq. (4.4)) increased
by 11 %.
) 9%a
Table 4.12 Parameters of the Barker potential (BFW) used to represent the

spherical part of the He~HF interaction. 96
a
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Figure 4.1 He-Ar total differential scattering cross section.
Experimental points are represented as diamonds and the solid curve is
calculated using the potential of Aziz et gl; (1979). The value of the
fitting parameter S given by Eq. (3.72) is 2.8x1073. 78a
Figure 4.2 Cross sections through the HFD1 potential reported by Rodwell
et al. (1982) for different values of the potential angle. These cross
sections are for the full potential, which depends upon the HF separation.
The HF bond length was fixed at its equilibrium value. 80a
Figure 4.3 A comparison between the close coupled results of Battaglia et
al. (1984b) and the present CS results for He-HF scattering at a total

energy of 313 K. The CC results (- - - - =) are for the rigid rotor HFD1

potential. The CS cross sections ( ) for the -same potential
appear on the left half of the figure and those for the vibration dependént

HFD1 potential are Shown on the right.

82b
Figure 4.4 Total differential scattering cross sections for He~HF
predicted by the HFD1 potential using the CS method ( ), the IO0S

computation with the same spherical potential (— — — —). 86a
Figure 4.5 An enlargment of part of Figure 4.4, In this figure the

spherical potential semiclassical results have been omitted. 87a
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Figure 4,6 The Newton diagram for the collision geometry used in the CS

calculations at a kinetic energy of 480 K. See the text for details. 88a

Figure 4.7 The Newton diagram for the collision geometry used in the CS

calculations at a kinetic energy of 950 K. See the text for details. 88b'

Figure 4.8 Population weighted differential scattering cross sections
calculated from the full HFD1 potential using the CS method at collision
eneﬁgies corresponding - to the mean experimental energies. Notice that
whereas Figure 4.3 shows cross .sections calculated at the same total
energy, in this figure the collision energies are fixed. No averaging over
experimental parameters has been done. See the text for details. 89¢c
Figure 4.9 A comparison between the experimental total differential cross
sections (diamonds) and those obtained from a numbgr of different potential
surfaces using spherical potential approximation and semiclassical
techniques.

93a

Figure 4.10 The spherical potential functions wused to obtain the

theoretical cross sections shown‘in Figure 14.9. 96b
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Table 5.1 Measured scattering intensities for the Ar-HF system as a
function of the laboratory scattering angle (in degrees). Estimates of the
uncertainties associated with the reported intensities are given for a few
of the scattering angles. See the text for a discussion of these

estimates. The experimental conditions are summarised in Table 5.2.

109a
Table 5.2 Experimental conditions wused to obtain the differential
scattering intensities reported in Table 5.1. The velocity fitting

parameters vg, Vv, and Vmp have estimated uncertainties of + 0.5 %. These
velocity parameters, which were réported in Chapter‘2, are duplicated here

for convenience. 109b
Table 5.3 Equations and parameters defining the M5 potential. 112a

Table 5.4 Energies (Ej) and asymptotic wavevectors (kj) and wavelengths

(A3) for the basis set used in the coupled states calculations. 116a

Table 5.5 Total integral cross sections computed using the spherical
potential, infinite order sudden and coupled states approximations. The
coupled states results were optained summing the population weighted
state-to-state cross sections. Upper figures were obtained by summing
values of 1 from O to 220. The lower values were determined by summing
values of 1 from O to 300. 117e
Table 5.6 Integral cross sections calculated wusing the spherical
potentials obtained by fixing the potential angle Y for the three

potentials. By multiplying the cross sections by the weights given in the
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table and summing these weighted values one obtains the corresponding IOS

integral cross sections. 119a

Table 5.7 Coupled states integral cross sections for the three potentials
considered in this study. The summed cross sections for scattering from

the given initial HF rotational states are also given. 128a
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Figure 5.1 Typical classical trajectories in the centre-of-mass frame for
the scattering resulting from an interaction with a strong attractive part.
The circle gives an indication of the size of the repulsive core of the
potentlalt 10la
Figure 5.2 Sections of the ArHF-HFD1 potential for fixed values of the
‘potential angle. Note that the vertical scale is logarithmic for energies
greater than 50 K. The dashed curve is the spherical average of the
interaction potential.

112b

Figure 5.3 The same as Figure 5.2, except for the ArHF-HFD2 potential.
. 112c

Figure 5.4 The same as Figure 5.2, except for the M5 potential. 1124
Figure 5.5 The Newton diagram for the collision geometry used in the

coupled states and some of the other calculations. The final velocity

vectors for the 0»1 and 1+0 transitions terminate on the labelled corves.

117a
Figure 5.6 A comparison between the total differential scattering
intensities calculated using the spherical potential (— — -—), infinite
order sudden (— — =) and coupled states (—) approximations. These

results were obtained from Eq. (3.59) (in A2 per steradian), and have been
multiplied by sing.o4/3, They Have also been smoothed out using a 2 degree
angular window to damp the diffraction oscillations. The coupled states
state-to-state cross sections were weighted by the populations of the
initial rotational states and added to give the results shown in the

figuref 117b
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Figure 5.7 As for Figure 5.6, except for the ArHF-HFD2 potential. j1i7e
Figure 5.8 The same as Figure 5.6, except for the M5 potential. 1174

Figure 5.9 In this figure we show the total population weighted
differential cross section for the ArHF-HFD2 potential obtained using the
coupled states approximation. The results in the upper half of the figure
have been multiplied by sine.e"/3, and those in the lower half have not.
Neither of the cross sections were angle averaged in order to smooth out
the diffraction oscillations. -
. 118a
Figure 5.10 The partial IOS cross sections are shown, as a function of‘the
potential angle Y, for the three potentials considered in this study.
These integral cross sections were obtained from JWKB and Born phase shifts
for the (spherical) potentials determined from the full potentials by

fixing the potential'angle. 119b

Figure 5.11. A comparison between the velocity averaged IOS cross section
(for the case of right angle collisions) and the single energy IOS cross
seétion for the ArHF-HFD2 potential. These cross sections are shown as
solid curves. The diffraction oscillations of the averaged cross section
are almost completely damped out, whereas the shape of the rainbow
oscillation have not been affected. All of the cross sections shown in
this figure have been smoothed out using a two degree angular window. The
solid curves were obtained using the velocity distributions given.in Table
5.2. The dashed curve shows a single energy IOS cross section (for the

same potential) obtained for the velocities used in the coupled states
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calculations, which differ slightly from the most probable experimentally

determined velocities. 122a

Figure 5.12 A comparison between the population weighted coupled states
cross sections for the ArHF-HFD1 (— — —), ArHF-HFD2 (— — =) and
M5 (————) potentials and the experimentally determined scattering
intensities (diamonds). The uncertainties associated with experimental
points for angles less than 10 degrees are smaller than the diamonds.
Error bars corresponding to the estimated uncertainties (given in Table 5.1
and discussed in the text) are sﬁown to scale in the lower part of the
diagram at a number of angles. 123a
Figure 5.13 As for Figure 5.12, except this time the factor sin6.64/3 was

not used to weight the scattered intensities. 123b

Figure 5.14 Inelastic state-to-state differential scattering cross

sections for the ArHF-HFD1 potential calculated using the coupled states
approximation. They have been weighted by the measured HF rotational
populations, multiplied by sine.e”/3, and angle averaged using a two degree
window. The three solid curves (from top to bottom) are the total cross
section, the sum of the elastic cross sections, and the sum of the
inelastic cross sections. The dashed curves, in order of increasing dash
length, correspond to the 0-»1, 10, 12, 02 and 2»3 transitions.

125a

Figure 5.15 As for Figure 5.14, except for the ArHF-HFD2 potential. 125b

Figure 5.16 The same as Figure 5.14, but this time for the M5 potential.
- ' 125¢
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Figure 5.17 This is Figure 5.16 without the sin6.e4/3 weighting. 1254

Figure 5.18 Total scattering cross sections for initial HF rotational

states j=0,1,2 and 3 calculated using the coupled states approximation for
the ArHF-HFD1 potential. The four pairs of solid curves (from top td
bottom) are the total j+Zj' and elastic j»j cross sections for j=0,1,2 and
3 respectively. Results have been population weighted, averaged using a 2
degree window and multiplied by sine.e"/3. The 0-0 and10+2j' curves have
been moved up half a decade for clarity. The un-shifted O+Zj' cross
section is also shown (the dashéd curve) so that its magnitude can be

compared with the other population weighted results. 126a

Figure 5.19 The same as Figure 5.18, except this time for the ArHF-HFD2

potential., ' 126b
Figure 5.20 As for Figure 5.18, except for the M5 potential. 126¢

Figure 5.21 Opacity functions for the 0-+j (upper half of figure) and 1-2j
(lower half of figure) state-to-state cross sections calculated using the
coupled states approximation for ArHF-HFD1 potential, The elastic
opacities are the largest curves in both cases. The double peaked curves
which attain their maxima near 1=100 are the 0-»1 and 1-»0 opacity functions.
Opacity functions for the j»2, j»3 and j»4 transitions define areas of
decreasing magnitude above the 1l-axis. These results have not been
weighted by the measured rotational populations. The areas under these

130a
curves give the corresponding integral cross sections.



Figure 5.22 As for Figure 5.21, except for the ArHF-HFD2 potential.
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" 130b

Figure 5.23 The same as Figure 5;21, but this time for the M5 potential.

130¢

Figure 5.2l In the lower half of this figure are shown the opacities

calculated using the spherical potential approximation for the ArHF-HFD2
potential. The collision speeds used are those which were used for the
coupled states calculations. Differential cross sections obtained by
summing values of 1 from O to 85, 110 and 300 appear in the upper half of

the figure. See the text for more details. 132a

Figure 5.25 Opacity functions for the ArHF-HFD2 integral cross sections

given in Table 5.6. Curves labelled (a) through (h) correspond to

potential angles of 84.5, 73.6, 63.3, 51.8, 41.0, 30.0, 19.1 and 8.5

degrees respectively. 133a
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Table 6.1 Monomer transitions for acetylene, methyl acetylene and ethylene
in the range 3000 to 3300 cm;1. The centre frequencies of the cluster
absorptions for ethylene are taken from Fischer et al. (1983). Those for
methyl acetylene are from Figures 6.18 and 6.19 of this thesis. The
frequencies of the acetylene cluster bands are given in Table 6.2.
"inactive" denotes that the band is infrared inactive in the monomer. The
monomer data are taken from the paper by Fischer et al. (1983) and the
tables of Shimanouchi (1972). 148a
Table 6.2 A summary of the full widths at half maximum of the homogeneous
components of the individual rovibrational transitions observed in each of
the six cluster dissociation bands of acetylene. The results were obtained
by convoluting the monomer iineshapes with Lorentzians to fit the cluster
absorption profiles. 165b
Table 6.3 The slopes of the log(signal) vs log(source pressure) plots for
the intensities of the infrared signals observed for the low resolution
acetylene cluster spectra shown in Figure 6.13. Cluster sizes suggested by

these slopes are also given. 169¢
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Figure 6.1 A schematic of the beam apparatus showing the position of the
multipass mirrors and the bolometer as used to measure the infrared spectra
reported in this chapter{ See the caption to Figure 2.1, 151a
Figure 6.2 A series of low resolution predissociation spectra obtained for
an 11% mixture of acetylene in helium measured using bolometer A. Spectra
are plotted in arbitrary units with a positive signal representing a
decrease in the energy of the molecular beam. The source pressures used
(in kPa) were: A 480, B 685, C 80Q, D 915, E 1100, F 1240, G 1490, H 1680,
and I 1890. The arrows labelled A and B are the positions of the Fermi
shifted monomer absorptions for the v2+vu?+v51 and v3 bands of acetylene
respectively. The arrow marked SOLIDAindicates the absorption frequency of

solid acetylene (Bottger and-Eggers (1964)). 154a

Figure 6.3 Log(signal) vs log(source pressure) plots of the mass signals
seen near the acetylene monomer, dimer and trimer masses for beams formed
from a mixture of 11% acetylene in helium. The symbols represent the
experimental points. Lines of best fit are also shown. Slopes of the
lines of best fit are 0.5, 2.4 and 6.0 respectively. See the text for more

v

details. : 155a

Figure 6.4 Log(signal) vs log(pressure) plots for the three mass peaks
seen near the dimer mass for the 11% acetylene in helium mixture. Slopes
of the lines of best fit are 1.5, 1.7 and 4.2 for the mass peaks observed

at 49, 50 and 51 amu respectively. 156a
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Figure 6.5 The concentration and source pressure dependence of the low
resolution spectrum of acetylene clusters. The upper spectra were measured
using bolometer A. Bolometer B was used to record the lowest scan. Note
that the top scan is that spectrum labelled A in Figure 6.2. Under the
conditions used to obtain these spectra the dimer, and possibly trimer,
were the only clusters present. 156b

Figure 6.6 The concentration and source pressure dependence of the low
resolution spectrum of acetylene clusters measured using bolometer B. See

the text for more details. ' 157a

Figure 6.7 A low resolution spectrum of a 1% acetylene in helium mixture
at a source pressure of 1160 kPa. High resolution (single mode) scans from
each band are shown as inserts with the frequency scales expanded by a
factor of 155. A series of etalon transmission peaks separated by 150 MHz
and a monomer absorption, plotted using the same frequency scale as the
other inserts, are shown in insert G. All the high resolution scans were
obtained using multiple near orthogonal laser - molecular beam crossings.
The spectra are plotted so that a laser induced decrease in the molecular
beam energy is seen as an upward 'going transitionf 158a
Figure 6.8 A composite high resolution scan of about 0.4 cm™! from
acetylene cluster band D. The downward going spikes are attributed to
monomer absorptions. Eleven single high resolution scans were required to
piece together this portion of the spectrum of band D. The upper trace
shows frequency markers separated by 150 MHz. Wavelength increases from

left to right. 160a
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Figure 6.9 An example of the convolution technique used to obtain the
homogeneous broadening component of the cluster absorption lineshapes. Two
Gaussians were used to fit the Doppler broadened monomer lineshape shown.
The fitted monomer profile was then convoluted with a Lorentzian to obtain
the fit to the cluster absorption, shown as the upper trace. Solid curves
represent the experimental data and Dbroken curves are the fitted
lineshapes. The results were obtained using multiple near orthogonal laser
- molecular beam cross1ngst 165a
Figure 6.10 Monomer and dimer spectra obtained using a single orthogonal
laser - molecular beam crossing. The full width at half maximum of the
monomer transition is 4 MHzt 166a
Figure 6.11 A mass spectrum of the 1% acetylene in helium mixture obtained
at a source pressure of 1100 kPa. The energy of the ionizing electrons was
set at 30 eV. The mass scale shown corresponds to the mass readout of the

mass spectrometer. 167a

Figure 6.12 Source pressure dependence of the mass peaks shown in Figure
6.11. The slopes of these curves at the Low pressure limit are 0.83, 2.8,
2.8 and 4.35 for the mass 25, 49, 50 and 51 signals respectively. 167b
Figure 6.13 Source pressure dependence of the low resolution spectrum of
the 1% acetylene in helium mixture. The vertical scales for the individual

spectra have been adjusted for clarity. 168a
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Figure 6.14 Log(signal) vs log(pressure) data for the intensities of the
cluster absorption bands shown in Figure 6.13. In this figure the
experimental data have been joined by straight line segments. 169a
Figure 6.15 As for Figure 6.14, except this figure gives the best least
squares linear fits to the data. For bands A and B the lowest pressure

datum was not used in the fit. 169b

Figure 6.16 Low resolution spectra for a 2.5% methyl acetylene in helium
mixture at various source pressurest 173a
Figure 6.17 Low resolution spectra for a 1% methyl acetylene in helium
mixture at various source ﬁressures. Note the change in the frequency
scale from Figure 6.16. At the lowest pressure the dimer, and possibly

trimer, would have been the only clusters present. - 173b
Figure 6.18 A low resolution infrared spectrum of small methyl acetylene

clusters near 3300 cm’?. Note the change in the frequency scale from
Figure 6.17. 174a

Figure 6.19 A single mode scan of a portion of band A, of the methyl
acetylene spectrum. The frequency scale was calibrated using a 150 MHz
free specﬁral range confocal etalon. The experimental points are shown as
dots. The solid curve is a best least squares fit to the data using three

independent Lorentzians. 174b
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Figure 6.20 The concentration and source pressure dependence of the low
resolution spectrum of ethylene clusters. The upper spectrum was obtained
using bolometer A, and the lower ones were measured with bolometer B.

Vertical scales for the spectra are not the same. 176a
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Table 7.1 Parameters describing various beam-beam and beam-gas collisions.
HF(beam) refers to a pure HF secondary beam supersonic expansion at a
nozzle temperature of about 500 K. HF(boltz) denotes a gaseous sample of
HF at a temperature of 300 K. He, HF/He, and HF/Ar refer to supersonic
expansions of pure He, 1% HF in He and 2% HF in Ar at nozzle temperatureé
of 310 K. The characteristics of the supersonic expansions have been given
in Chapter 2. In this table p is the reduced méss, f is the mean collision

speed, Vppg is the root mean square speed and E is the mean collision
energy. 192a

Table 7.2 Rotational state distributions are given for a Boltzmann
distribution of HF at 300 K, fof the secondary beam supersonic expansion of
pure HF, and for the various primary beam supersonic expansions of 1% HF in
heliumf All populations are expressed as percentages. The upper figures
for the primary beam data were obtained with the secondary beam operating
at the 1largest nézzle4skimmer separation. The 1lower numbers, in
parentheses, were determined by extrapolating the attenuation data to zero
attenuation, and are therefore estimates of the primary beam populations in
the absence of scatterers. A room temperature pyroelectric detector was
used to obtain the secondary beam populationsf 194a
Table 7.3 Cross sections fitted to each of the four sets of data
corresponding to different primary beam source pressures. In this case the
ratios of the first order cross sections were determined by Eq. (7.9) and
the second order ones were assumed to be equal. The labels A,B,C and D

refer to primary beam pressures of 2170,1480,655 and 310 kPa respectively.
205a
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Table 7.4 The same as Table 7.3, except this time the second order cross

sections were also scaled according to Eq. (7.9). 205a

Table 7.5 Best fit cross sections determined by simultaneously fitting to
all four sets of data. The two sets of results correspond to choosing the
second order cross sections to be equal or scaling them according to Eq.
(7.9). In both cases the ratios of first order cross sections were
determined by Eq. (7.9). z is the sum of square relative deviations, which
can be compared with the )'s in Table T.6. 205b
Table 7.6 Best fit cross sections obtained by fixing the size of the
second order cross sections and allowing the first order ones to vary
independently. In each case, the second order c¢ross sections were chosen
to be equal and the 34-»43 cross section was made equal to the 23+32 cross
section. The fitting was performed simultaneously to all four sets of

data. z is the sum of square relative deviations for the best fit in each

case. 207b



(xxxviii)

Figure 7.1 A schematic diagram of the experimental arrangementt 189a
Figure 7.2 Secondary beam angular profiles for various nozzle-skimmer
separations as recorded iwith the mass spectrometer. A pure argon
supersonic expansion at a source pressure of about 175 kPa and a nozzle
temperature of 310 K was used. The nozzle diameter was 70 um. Curves 1
through 5 are in order of decreasing nozzle-skimmer separation. At the
nozzle-skimmer separation corresponding to curve 5, the attenuation of the
primary beam HF was about 15% (relative to the secondary beam not
operating) for the case of an HF (rather than argon) secondary beam. 191a
Figure 7.3 Plots of ln[(2j+1)Po/Pj] vs j(j+1) for the secondary HF beam
and the four primary beams. The primaﬁy beam populations extrapolated to
zero attenuation were used. SB labels the secondary beam data and A,B,C
and D are the four sets of primary beams data, labelled as in Table 7.2.
194b
Figure 7.4 Attenuation curves for the j=0,1,2 and 3 states obtained at the
primary beam source pressures shown in Table 7.2. The sets of curves
labelled A through D correspond to source pressures of 2170,1&80,655 and
310 kPa respectively. The experimgntal points are shown as diamonds. The
solid lines represent the fit to the experimental data obtained using the
best fit cross sections given in Table 7.5 for the case in which the second
order cross sections were scaled according to Eq. (7.9). The straight
lines drawn for j=0 and 1 show the behaviour expected when all of the
rotational transfer cross sections are gzero. Populations are expressed as
percentages of the total primary beam HF population at zero attenuation

(a=0),. 196a
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Figure 7.5 Plots of the summed rotational state populations, ZPj(a), as a
function of a for the four primary beam pressures. 197a
Figure 7.6 Results obtained for j=0,1 and 2 when an argon secondary beam
was used. The primary beam source pressure was 930 kPa. 1976
Figure 7.7 A comparison between fits to the j=3 population curve at a
primary beam pressure of 1480 kPa obtained using different magnitudes of
the second order resonant cross sections. The curves labelled 1,2,4,6 and
7 correspond to the similarly labelled cross sections listed in Table 7.6

207a



Chapter One

Introduction

The use of supersonic expansions to form intense beams of neutrai
atoms and/or molecules was first reported by Kantrowitz and Grey (1951) and
Kistiakowsky and Slichter (1951). High intensities in the forward
direction and narrow velocity distributions result from the‘hydrodynamic
flow of gas through a suitable opening into a sufficiently high vaccuum.
To achieve hydrodynamic flow, the mean free path of the gas on the upstream
side of the opening must be smaller than the size of the opening. The
properties of beams formed from supersonic expansions are well understood.
See, for example, the investigations by Anderson and Fenn (1965), Toennies
and Winkelmann (1977), Beijerinck and Verster (1981) and Engelhardt et al.
(1985).

By varying both the conditions under which the molecular beam is
formed and the composition of the gas mixture used to form it, one can
control (to a wuseful degree) (1) ¢the most probable speed of the
atoms/molecules in the beam, (2) the effective temperature of the molecules
in the beam, and (3) the degree of clustering resulting from the expansion
(Fluendy and Lawley (1973), Bernstein (1982)). The majority of
investigations carried out wusing molecular beam techniques <can be
classified either as scattering experiments or spectroscopic studies, or a
combination of the twof The results of beam-beam collision experiments in
which one measures the angular distribution of the atoms or molecules in
one beam which have been scattered from those in the other often yield

detailed information about the relevant interaction potential (Buck (1971),



Buck and Pauly (1971), Pack et al. (1982a,1982b)). . In many cases the
dependence of the scattering upon the initial and/or final states of the
collision partners can be resolved. If one uses small amounts of the
molecules of interest seeded in a 1light carrier gas, say helium or
hydrogen, one can obtain supersonic beams in which the molecules of
interest have very low effective temperatures (less than 10 K). Such beams
are ideal for carrying out spectroscopic investigations of the molecules,
or clusters of molecules (van der Waals clusters), present in the beam
(Travis et al. (1977), Gough et al. (1977), Levy (1981), Janda (1985)).
The combination of continuously tunable narrow bandwidth lasers and highly
sensitive molecular beam techniques allow the measurement of high
resolution spectra freev from the effects of Doppler broadening (Gough
et al. (1977), Bernstein (1982)). From spectra of this kind one can often
obtain information about the dynamical processes occuring in the systems
being studied.

The simplest scattering experiments use a crossed molecular beam
configuration and a suitable detector to measure the total scattered
intensity as a function of the scattering angle. Early experiments of this
kind were carried out using surface ionisation detectors to detect alkali
atoms (Morse and Bernstein (1962), Pauly and Toennies (1968)). Other
techniques for detecting scattered particles include (1) bolometric
detection, in which one measures the total energies (internal + kinetic) of
the detected particles (Cavallini et al. (1967,1971a,1971b), Boughton
et al. (1985)), (2) mass spectrometry, with the possibility of using
time-of-flight techniques to resolve inelastic scattering events (Andres
et al. (1982), Buck et al. (1983b), Hoffbauer et al. (1983a)), and

(3) laser-induced fluorescence detection, which can also be used to obtain



information about inelastic scattering via time-of-flight techniques (Serri
et gl; (1980), Bergmann et al. (1980)). These methods can also be used to
record detailed spectroscopic information about the species present in a
given molecular beam. By intersecting the molecular beam with a suitable
source of 1laser radiation prior to bolometric detection one is able té
measure the laser-induced change in the molecular beam energy as a function
of the laser frequency (Gough et al. (1977,1983), Boughton et al. (1982)).
The high sensitivity of bolometer detectors makes them ideal for measuring
the spectra of the molecules and van der Waals clusters present in a given
molecular beam (Miller (1980)). Mass spectrometry and laser-induced
fluorescence detection have also been used to monitor molecular beams which
have been excited by suitable laser radiation (Brinza et al. (1983,1984),
Vernon et al. (1982b), Liu et al. (1984), Page et al. (1984), Hoffbauer
et al. (1983b,1983c), Haynam et al. (1983), Smalley et al. (1978)). By
combining state-selective methods (such as laser excitation, electrostatic
quadrupole state selection, or the time-of-flight methods noted above) with
molecular beam scattering techniques, it 1is possible to investigate both
integral and differential scattering cross sections as functions of the
initial and/or final states of the collision partners (Barnes et al.
(1982), Borkenhagen et al . (1979), Bergmann et al. (1980), Andres et al.
(1980), Buck et al. (1984), Wilcomb and Dagdigian (1977), Dagdigian et al.
(1979)).

Results of experimental scattering and spectroscopic studies can
be used either to develop or refine interaction potentials for the systems
under study, or to test the accuracy of available potential surfaces
(Hutson and Howard (1981,1982a), Pack et al. (1982a,1982b,1984), Buck and

Pauly (1971), Buck and Schleusener (1981), Boughton et al. (1985)). The



aims of such investigations are (1) to characterise the interaction
potentials as accurately as possible, and (2) to understand the dynaﬁioal
processes involved. Both the complexity of the molecules and the nature of
the dynamical processes being investigated will determine the amount of
information which can be obtained from studies of this kind.

Detailed experimental and coﬁputational studies of the dynamical
behaviour of a number of small atom-molecule and molecule-molecule systems
are reported in this thesis. Both molecular beam scattering methods and
infrared laser spectroscopic techniques were used in combination with
bolometric detection during the course of these investigations. The
experimental techniques are described in Chapter 2. . In Chapter 3 are
described both the approximations used to calculate the cross sections
reported in this thesis and the method used to compare these cross sections
with the measured differential scattering intensities. The results of the
research are described and discussed in Chapters U4, 5, 6 and 7. Each of
these chapters includes an introduction to the topics discussed therein.
An outline of the work reported in these chapters is given below.

The results of a computational study of the scattering of helium
from hydrogen fluoride are discussed in Chapter 4. Total differential
cross sections predicted using ?he single channel, infinite order sudden
and coupled states approximations are compared with each other and with the
available experimental data (Boughton (1986)) for a number of model
potentials. An analytiec, spherically symmetric potential function is
determined by fitting to the measured intensities. Coupled states
calculations of the inelastic cross sections are reported for the ab initio
potential developed by Rodwell et al. (1981).

An experimental and computationai study of the scattering of argon



from hydrogen fluoride is reported in Chapter 5. Detailed scattering
calculations were carried out using the single channel, infinite order
sudden and coupled staﬁes approximations for the Ar-HF interaction
poteﬁtials developed by Hutson and Howard (1982b) and Douketis et al.
(1984). The calculated cross sections are compared with the measured
differential scattering intensities and with previously reported integral
cross sections (Barnes et al. (1982)).

The results of an infrared laser - molecular beam spéctroscopio
investigation of small clusters of acetylene, ethylene and methyl acetylene
are presented in Chapter 6. A continuously tunable colour centre laser was
used to meésure cluster dissociation spectra under both high (0.4 cm;j) and
low (0.0001 cm‘?) resolution in the'vicinity of 3000 cm;?. A discussion of
the possible structural and dynamical implications of the measured spectra
is given.

An experimental study of the resonant transfer of rotational
energy between HF molecules 1is reported in Chapter 7. By combining
molecular beam scattering methods and infrared = laser spectroscopic
techniques it was possible to estimate the magnitudes of the resonant
transfer cross sections. These cross sections correspond to processes in
which the colliding HF molecules '‘exchange their rotational quantum numbers,
and are determined primarily by the long range dipole~dipole interaction.

Finally, a summary of the results reported in this thesis and the

conclusions drawn from these results is given in Chapter 8.



Chapter Two

Experimental Techniques

In this chapter we describe the equipment and techniques used to
obtain the experimental results presented in this thesis. The following
topics are discussed : the beam chamber, phase sensitive detection, the
quadrupole mass spectrometer, the bolometer detection system, the colour
centre infrared 1laser and associated spectroscopic techniques, the
measurement of a total differential scattering cross section and the

time-of-flight determination of the velocity distribution of the molecules

in a given beam.



2.1 The Beam Chamber

The molecular beam system used in the present investigations has
been described by Boughton et al. (1982) and Miller et al. (19811a). A
schematic diagram of the apparatus is shown in Figure 2.1. It consists of
a stainless steel chamber and a rotatable base flange between which a
conventional O-ring seal is located. Mounted on the base flange are the
primary and secondary supersonic molecular beam source chambers which are
pumped by an unbaffled 5300 1/s and an unbaffled 2400 1/s oil diffusion
pump respectively. Monel nozzles mounted on xyz translation stages are
used to form supersonic expansions of the gas mixtures of interest which
are then sampled by conical brass skimmers, as shown schematically in
Figure 2.2. Typical operating pressures in the primary and secondary
chambers lie in the range 1073 to 1074 torr. After passing through the
skimmers the beams enter the scattering chamber, which is pumped by two
1600 1/s o0il diffusion pumps to maintain an operating pressure of about
1070 torr. The four diffusion pumps are backed by a common 50 1/s rotary
pump.

An alignment telescope is used to locate the skimmers so that, by
suitably adjusting the nozzle positions; it is possible to obtain beams
which lie in a plane with the detectors and meet at 90° on the axis of
rotation of the base flange; By using heating tape or a liquid nitrogen
cooled copper sleeve it is possible to vary the nozzle temperature from
80 K to 550 K. The beams can be modulated by rotating mechanical choppers
which are placed either before or after the skimmers. It is also possible

to block the primary beam altogether using a flag located outside the

primary beam chamber.
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The beams are formed either from pure gases or from mixtures of
the gas of interest in helium or argon. The rated purities of the gases
used were : helium 99.99 % ; argon 99.99 % ; hydrogen 99.98 %; hydrogen
fluoride 99.9 % ; and acetone free acetylene (CoHp) in helium mixtures of a
high but unspecified purity. The helium was used both in the pure form and
to make low dilutions of hydrogen fluoride and acetylene in helium.
Although no further purification of the gases was performed, they were
passed through 7 micron sintered stainless steel filters before they
reached the nozzles. The gas handling system was constructed from 1/4 inch
0.D. stainless steel tubing and both stainless steel and monel bellows
valves. Mattheison regulators were used to control the pressures of the
gas mixtures which reached the nozzles. These stagnation pressures ranged

from about 0.5 to 30 atm (50 to 3000 kPa).



2.2 Phase Sensitive Detection

Phase sensitive detection was used to detect the small signals
typical of many molecular beam scattering or spectroscopic studies. The
technique involves modulating the process of interest and using a lock—-in
amplifier (LIA) to determine an average value of the change in the signal
resulting from the modulation. Princeton Applied Research model 124-A and
128-A lock-in amplifiers were used in the studies reported in this thesis.

In the beam-beam total differential scattering experiments the
secondary beam was modulated and the corresponding change in the number of
primary beam particles detected at the desired scattering angle was
measured. For the spectfoscopic studies the laser beam was chopped and the
change in the energy of the molecular beam caused by laser excitation was
observed. In both cases rotating mechanical choppers with duty cycles of
50% were used. Typical modulation frequencies ranged from 30 Hz to 80 Hz,
depending upon the frequency response characteristics of the detector and
the prevailing noise spectrum.

By using phase sensitive detection with a liquid helium cooled
bolometer detector it is possible to measure very small changes in an
otherwise large signal. For example, we have recorded infrared spectra
with peak signals as small as a few hundred nV in a total molecular beam

signal of about 0.3 V.
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2.3 The Quadrupole Mass Spectrometer

A commercially available electron impact ionization quadrupole
mass spectrometer (UTI 100c), housed in an ultra-high differentially pumped
enclosure, was used to mass resolve the molecﬁles in a given beanm. A
buffer chamber, pumped by a 125 1/s turbo-molecular pump, separates the
scattering chamber from the mass spectrometer chamber, which is pumped by a
175 1/s turbo-molecular pump. Two 5 mm circular apertures allow the
molecular beam to pass through the buffer chamber. Typical operating
pressures in the final chamber lie in the range 1078 to 1079 torr. By
chopping the molecular beam and using phase-sensitive detection the effects
of background gas in the system are minimised.

The energy of the ionizing electrons can be varied from 30 eV to
70 eV. When studying beams which contain weakly bound van der Waals
molecules a low electron energy is used to minimise problems associated
with cluster fragmentation resulting from electron impact.

By scanning the mass spectrometer from 0 to its maximum of 300 amu
it is possible to determine both the chemical composition of the beam and
the degree of clustering occuring in the supersonic expansion. One can
also monitor the change in a particular mass signal as a function of, for
example, the secondary beam intensity or the primary beam gas pressure.
Time-of-flight measurements used to obtain the velocity distributions of

the mass components of a given beam are discussed in a later section.
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2.4 Bolometric Detection

A bolometer is a detector constructed from a material with a large
temperature coefficient of resistivity. It is possible to detect very
small changes in the incident energy flux by monitoring the resistance of
the device. A liquid helium cooled bolometric detection system was used to
obtain the total differential scattering cross sections and to perform the
infrared spectroscopic measurements reported in this thesis. One of the
earliest applications of bolometric detection to the measurement of total
differential cross sections was reported by Cavallini et al. (1967,1971a,
1971b). Miller (1980), Gough et al. (1977,1983) and Boughton et al. (1982)
discuss the use of bolometers in conjunction with laser - molecular beam
spectroscopic techniques.

The cryostat assembly housing the detector is shown schematically
in Figure 2.3. The bolometer is mounted onto a copper block which is in
good thermal contact with the inner liquid helium dewar. By pumping on the
dewar it is possible to attain an operating temperature of 1.8 K. A copper
shield in contact with the inner cryostat and an outer shield attached to
the 1liquid nitrogen cryostat are used to prevent stray radiation or
molecules from reaching the bolometer. Two apertures allow the molecules
of interest to pass through the shields to the detector. The aperture in
the outer shield is a 3x6 mm rectangular slot, with its long axis vertical,
and the inner shield has a circular aperture 6 mm in diameter. Metallic
baffles in the neck of the helium dewar prevent stray radiation from
reaching the liquid helium during operapion. A single transfer enables up
to 15 hours of continuous operation. The bolometer cryostat assembly can

be mounted either in the near position (shown dashed in Figure 2.1) or in
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the far position (shown in solid lines).

The bolometer is operated in series with a mercury cell of ~ 8.8 V
and a load resistor of ~ 5-MQ, as shown in Figure 2.4. In this way the
changes in bolometer resistance are observed as voltage changes across the
bolometer. The response of the bolometer to a change in the incident
energy flux can be determined from the load curve, or I-V characteristic,
of the device. Figure 2.5 shows the circuit used to obtain the load curve.
By fixing Vg and measuring I one obtains the corresponding bolometer
voltage from Vy, = Vg - IRg, where Rg 1s the series resistance of the
electrometer.

Two different bolometers were used to obtain the experimental
results reported 1in this thesis. The first, bolometer A, 1is an
antimony-doped silicon chip (1.97 x 4.27 x ~0.5 mm) onto which are spot
welded two 0.13 mm diameter gold wires. These are indium soldered to
copper wires which are in good thermal contact with, but electrically
isolated from, the copper block attached to the heiium dewar.

Bolometer B, which was obtained from Infrared Laboratories Inc.,
consists of a very small gallium doped germanium element thermally bonded
onto a 2x5 mm blackened diamond absorber which is in thermal contact with
the cold copper block. Load curves for the two bolometers are shown in
Figures 2.6 and 2.7. The dat; in Figure 2.7 are the calibration data
supplied by Infrared Laboratories. These curves were obtained in the
absence of molecular beam or laser related energy impinging upon the
detectors, although there was almost certainly some residual background
radiation or molecular flux reaching the bolometer. The zero frequency

responsivity Sy is obtained from (see Jones (1953