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ABSTRACT

An experimental arrangement for the study of internal energy

partitioning in the reaction F + I, -+ IF + I (_ADo = 133 kJ mol—l) is

2
described. The reagents were formed in a molecular beam system and
vibrational levels of IF were detected by laser-induced fluorescence
using a nitrogen laser pumped dye laser in the region 450 - 500 nm.
The (6,0), (5,0), (8,1) and (8,2) bands were detected. The signal

was found to be of 1ow intensity (<ls-l) but broadly in agreement
with that predicted by.a feasibility calculation. Because of the

high noise rate, (laser induced afterpulsing in the photomultiplier)
the data was of poor quality. A substantial improvement in signal-
to—noise ratio is expected to arise mainly from improvements to the
dye laser beam quality and an increasé in the fluorine atom source
intensity. Rotational lines in the spectra were not resolved due to
the high laser linewidth (&22). A simulation procedure was developed
and used to extract the vibrational populations for v" = 0,1,2. This
showed an inversion with a linear.surprisal plot having A = =-5.3

(<f;> = 0.6). The rotational ﬁemperature was estimated by fitting
trial distributions to the observed band profile and found to be

200 + 100K (<f§>i= 0.02). This partitioning is not compatible with
<f%> determined from angular scattering measurements but shows some
similarity to that of F + IClL - IF + cl1. Such results suggest a

direct "early downhill" trajectory for this class of reactions.
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CHAPTER 1

INTRODUCTION




1.1 Reaction ‘Dynamics

The determination of state-to-state reaction cross-sections is
the main aims of reaction dynamics(l). Conventional gas-phase 'bulb'
experiments suffer from the defect that reactant energy states are
sampled from a Boltzmann distribution and that product energy
distributions are rapidly destroyed by energy transfer processes(Z).
The reaction rate constant is thus the result of folding the initial
distribution of states n at temperature T, p{(n;T) into the reactive

(3)

cross-section for product formation OR(n) in accordance with equ.:

1.1.

k(T) = Ip(n;T)fop(n)vP(v;T)dv , 1.1
i

where P(v;T) is the Boltzm%nn distribution of velocities at temperature
T. The rate constant thus offers no information on which states, if
any, have the éreatest efficacy at promoting reaction.

Similarly, the croés~section OR(n) is the result of summing the
state-to-state cross-sections oR(n;n') for product formation in the

accessible states n'

GR(n) = i' GR(n;n') ' 1.2

the details of which are rapidly lost by thermalisation. As a result
-the selectivity of energy consumption from the reagent state n and the
specificity of production of produc£ states n' is washed out in the
averaging in the canonical ensemble.

The behaviour of state-to-state cross-sections is of importance
in a variety of areas of chemical interest. In particular the

behaviour of elementary procésses in the upper atmosPhere(4) and the



continuing development of high power pulsed I.R. chemical lasers such

(5)

as the HF laser are highly dependent on such knowledge. The

possibility of obtaining pulsed laser action in the visible spectrum,

(&)

generated by purely chemical means is also of current interest, as

is that of producing an I.R. chemical laser based on an atomic

transition(6’7). In addition theoretical proposals leading to

different forms of o(n;n') have a bearing on the interpretation of

non-reactive interactions such as collisional quenching(S). Specific

. . . . . 9
excitation of product states has been applied to isotope separatlon( )

and state-selective synthetic methods are also forthcoming(lO).

The determination of the quantities o(n,n') has been approached
in two‘opposite directions; the production of selected reagent states
and the analysis of product states before collisional relaxation.
Historically, the latter proved more tractable(ll), but with the
development of pulsed IR gas lasers rapid aevelopment in the former
has occurred(4).

In the case of product state analysis it is convenient to

perform an average over the reagent states

GR(n‘) = IZlch(n,n')

to obtain the cross-section for product formation in the state n'. By

(12) the

using the technique of supersonic molecular beam formation
width of the reagent state distribution can be significantly reduced
and the effect of the averaging minimised. Even where p(n;T) is quite
wide, the GR(n') can still be significant.

In the remainder of this chapter some theoretical and experimental

techniqués relevant to the work in this thesis are described. A



(13)

recent review has given a comprehensive account of the systems
studied by these methods.

1.1.1 Theoretical methods and models

Theoretically the prediction of o(n;n') has been strongly
associated with the concept of potential enexgy hypersurfaces(l4). In
this approach the Born-Oppenheimer approximation is used to separate
the wavefunctions for nuclear and electronic motion to yield the
electronic eigenvalues U, as a function of the nuclear co-ordinates.
If the U; are well separated their interaction can be neglected and
the function Ui(rj) treated as the effective potential in which the
nuclei move. Special methods are required if this condition is not
met(lS).

Since complete ab initio calculations of the potential Ui have

been achieved only in the simplest systems (H + H, and isotopomeres),

2
for reactions of more chemical interest recourse has to be made to
semiempirical methods for the construction of the surface. A variety
of such prescriptions have been detailed of which the most successful,
for simple triatomic reactions, have been the diatomics in molecule
(DIM) surface, and its derivative the London-Eyring-Polanyi-Sato
(LEPS) surface. In this approach the necessary data are spectroscopic
parameters describing the asymptotic behaviour of the species and
adjustable parameters to vary the gross features of the surface, such
as wells and barriers.

The effect on the o(n;n') caused by variation of such parameters
is determined by the methéd of classical trajeqtory caléulations(IG).

For a given choice of initial conditions of the reactants (relative

kinetic energy, vibrational phase, etc.) the classical equations of



motion are integrated along the reaction path through the surface,
until product separation occurs. Random variation of the initial
conditions then allows the distribution of product states to be bgilt
up, and their dependence on the nature of the surface to be deter-
mined. This approach, pioneered by J.C. Polanyi and co-workers, has
led to the formulations of a set‘of correlation 'rules' for describing
energy partitioning in reaction products.as a function of the

(14,17).

surface

In a simple exothermic reaction of the type
A + BC -»> AB + C A,B,C; atoms

it is convenient to consider a cut through the hypersurface at constant
angle 0 (between LB and rBC) to give a fixed angle surface (FAS) which
is displayed as a contour diagram (Fig. 1l.1). Polanyi divided the
exothermicity ADo of the reaction into attractive energy release (Ay),

" which is evolved in the entrance valley on a path parallel to the rAB
axis, and repulsive energy release.(gﬁ, which is the remainder.

While this rectilinear method of classification is convenient
for deécribing the surface alone, when dynamic behaviour is considered
it is necessary to take into account the inertial properties of the
reacting system. Inertial coupling arises because of the relative
masses of the speciesn and is best considered in the skewed and scaled
co-ordinate system that results from the diagonalisation of the kinetic
energy(l4) (Fig. 1.2). 1In the absence of inertial coupling such a;
occurs in the limit of B being much more massive than A (Fig. 1l.2(a)),

the representative point follows the line of steepest descent over the

surface, which is initially along a line parallel to the Ql axis (the



Fig. 1.1 Classification of Energy release in the rectilinear scheme ¥

: S . o .
is the barrier maximum and Tap and rgc are the asymptotic .

equilibrium internuclear distances in AB and BC. The

attractive release is

T ¥ N 1
Al = Ulrpgs rp0) = Uy, rp0)

where rAB»is the point of minimum energy on the line

r =X

BC The repulsive release is

BC®

R =aAD -E - A
(o] a

1 1

where ADo is the exothermicity and Ea the barrier height.



Fig. 1.2.

@2

a) L + HL

b) H + LH

Qs

Lines of steepest descent showing the effect of inertial

coupling in the (Q;, Q,) co-ordinate system

a)

b)

If My >> My ,ML then B O and the line of maximum force
is determined only by the nature of the surface

If My << Mp,M. then 8 > 90° and there is a component of
force in the Q2 direction wbiCh tends to pull the path

away from the entry line. o = 1 in both cases.



entry line). As the coupling increases, the skew angle g, given by

L
m m
s e
sin = [ ———— , 1.3
PaAR™aC

increases and the path is pulled away from this line and bends
gradually into the exit channel (Fig. 1.2(b}). The actual trajectory
over the surface depends on the energy release. For early attractive
release the momentum of the system is too great to allow the
representative point to turn the corner and it tends to follow the
entry line. The high velocity in the entrance channel becomes
vibration of the AB bond. If the release is late then the line of
steepest descent can be followed smoothly into the exit channel, and
the energy release becomes relative translational energy of the
products. When the release occurs in the region of the corner then
the outcome depends on the relative masses in a second way (mixed

energy release). If the scale factor, o, given by

m m 12
=( ABC) , 1.4
PpcTa :

scales the entrance co-ordinate relative to the exit co-ordinate then

the force in the Q2 direction is increased relative to that in the Ql
direction, allowing the point to 'cut the corner' of the surface.

Since this mechanism allows the representative point to avoid
repulsive release, product vibration is favoured. The mass combination
L + HE (L = light; H = heavy) shows the opposite effect in that the
exit channel is stretched. The point thus tends to follow a more
rectilinear trajectory, and show mainly repulsive release on a

repulsive surface and mainly attractive release on an attractive one,



with little mixed.release. This behaviour is known as the light atom

(17) . . . . s
anomaly , and means that this mass combination is more sensitive
to the features of the surface than any other (Fig. 1.3).

Some degree of correlation between the gross features of the
surface, as deduced by comparison of experiment and trajectory
calculations, and molecular structure has been achieved using a naive

. (18) . .

molecular orbital theory . Figure 1.4 shows schematic represen-
tations of bonding in HYZ and XYZ intermediates, as in H + Cl, and
Cl + Br2, in a.near linear configuration. In fhe case of HYZ the
highest occupied orbital is 20*. This orbital is more YZ antibonding

. . (11) . ;
and HY bonding than vice versa r SO a strong ¥-Z repulsion is
induced is induced as the H-atom approaches. On the other hand
approach of an O-atom or another halogen gives the configuration

82521022021w42ﬂ43n*430*l/2.

Since the antibonding 30" orbital
cannot offset the net bonding effect of the 10, 20 orbitals, a bound
state results, which is representated by a well in the surface, showing
attractive release.

To bypass the computational excesses, associated with trajectory
calculations, a number of statistical/dynamical and purely statistical
theories have béen evolved. Within this framework a division has been
madé between reactions which are known a posteriori to occur either via
a complex or a direct.mechaﬁiém. In the former a bound State is
considered to be formed if the intermediate has a lifetime greater than
a few rotational periods, whereas in the latter the lifetime is very
much shorter.

(19,20)

Transition state theory has been used to determine

reaction rates, by calculating the rate of decomposition of the inter-



Fig. 1.3.

L + HH

A

Qs

Schematic of trajectory for M, << Mg M. in the (Ql’Q2)
system on a surface with AL/ADG = 1, B = O, but the -
reduced force in the Ql direction, and high velocity in
the entrance channel means that the representative point
cannot follow the line of steepest descent (dotted) and

enters the exit valley from the side.
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Fig. 1.4. Molecular orbital schemes
a) H + Y2

b) X + Y2

(11) (49)

after Herschbach and Grice See text for details
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mediate in some critical configuraﬁion, usually a saddle point on the
‘surface. To obtain product state distributions, dynamical information
about the surface between the transition state and the asymptotic
product limit is still required(2l) however. If there exists more
than one such critical region then a well must exist between them, and
the details of the surface in the exit channel become less important.

For 'loose' transition states in which the activation energy is
&zero the transition state is defined by the point at which the complex
passes over the centrifugal barrier. Since no distortion of the
complex structure occurs at such a point, the product energy distri-
.bution depends only on the density of states in each exit channel.
Angular momentum conservation may restrict the accessible areas of
phase space and this criterion was used in the phase space theory (PST)

(22-23)

of Light and co-workers 'Tight' transition states in which Ea

is non-zero and bond deformation occurs at the barrier, have also been

investigated by incorporating dynamical information, as in the

reactions of F + alkenes(26). A simple theory based on the RRKM

27)

theory of unimolecular reactions “has been used for both loose and
tight transition states. For loose states, equivalence with PST is
claimed, although there is some disagreement in cases where the two
have been applied(ze). Recently some progresé has been made towards
the unification of "complex" PST and "direct" transition state
theory(zg).

Statistical calculations based on density of states descriptions
serve aé useful yardsticks against which either internal state or
velocity-angle distributions can be compared. A statistical theory of

angular correlation distributions has also been formulated(3o). Using
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ry(3l’32), truely dynamical effects in experimental

information theo
data or trajectory calculations can be summarised by a few parameters.
Compaction of the data is achieved by calculating the surprisal I(n')
of the state distribution p(n') which is given by

pin')
po(n')

I(n') = - 1n

Here, n is the independent variable of the distribution, such as

(33) (34)

vibrational or rotational energy , angular momentum ; macro-

. . . (35) O,y s A
scopic branching ratio etc., and p (n') is some reference
distribution. po(n') is often called the prior distribution and is
the distribution for which the information content is minimal, i.e. for
which the surprisal is zero and for which there are no dynamical
constraints on the behaviour of the system. This statistical limit

corresponds to(32)

PPE = |o@m]|7t 1.6

where p (E) is the density of product states. The most probable
distribuﬁion in the absence of constraints is the one in which all
states are equally populated. Other priors can be chosen if the area
of accessible phase space is restricted on kinematic grounds e.g. in
the case of restriction by conservation of angular momentum PST may be
a better prior. Recent work has helped to illustraté the differences

(36). The

in the surprisal resulting from various choices of po(n')
resulting surprisal I(n') is frequently found to be a linear function

of n' or some simple function of n'. By such a method the behaviour

of p(n') can be expressed by a few parameters.
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1.1.2 ‘'Experimental methods

The. determination of p(n*) under collision free condi-

tions has .relied heavily on the use of molecular beams(3'12), although

'bulk' techniques like flash photolysis(37) continue to provide useful
results. Compared to bulk techniques the signal from beam systems is
low, but considerable gains can be made in the control of reagent
properties and relaxation of products. Here results from the three
major techniqueé are outlined. These are
 a) The determination of angular I(8) and velocity p(E't)
distributions by particle counting (AVD)
b) The determination of vibration-rotation distributions
pv',J') (v' I O) by observation of IR chemiluminescence
(IRC)
c) The determination of p(v') and occasionally other distri-

butions by observation of laser-induced fluorescence (LIF)

Observation of visible and UV chemiluminescence has also given infor-

mation on energy partitioning in electronically excited products(G).
... . - TR @ 8°))
A. Angular and velocity distributions
Using mass spectrometric detection(38) a large number of

reactions have had their angular scattering pattern and time of flight
energy distribution analysed. The full angle veloéity distribution is
displayéd as a polar contour map, and these have been classified
according to various modes of limiting behaviour. Even in the absence
of energy measurements, angular distributions may still show these

- general features, but assumptions about the dynamics are then only
valid provided the total reactive cross-section does not change very

much over the range of reactant energy(39).
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The limiting behaviour patterns are as follows:
i) Symmetrical forwards and backwards peaking.

(40)

This has been interpreted in terms of complex formation

(41,42)

and observed in reactions like O + Iz/Brz/ICl , and alkali +

SnC14/SF6(43). In this model, if the complex survives for more than
one rotational period, then the probability of dissociation at angle
© is uniform. When this is weighted to account for all possible
planes of dissociation about the incident relative velocity vector a
(sin )"l distribution results. The singularities at 6 = O,7 are
washed out by the requirement that AB carry away some angulaf momentum
as rotation.
ii) Strong forward peaking.

This has been observed in reactions like K/Rb/Ba/Sr/Ca
+ Clz/Brz/ICl(44-46) o + C52(47) and in Cl + Br2(39) at high energies.
In the spectator stripping model proposed to account for this, long
range attraction with early energy release is assﬁmed to hold in the
entrance channel. The new bond forms when it is highly extended so
considerable internal excitation is favoured. The non-reacting atom
exerts very little effect on the departing molecule, so the incident
momentum of A carries the AB product forward in an unperturbed
trajectory. Various degrees of intermediate behaviour between

stripping and complex formation occur, which have been attributed to

the increasing lifetime of the intermediate, giving rise to a short-
(48) (49)

lived or osculating complex, as in O + Cl2 and Cs + T1X .
iii) Strong backwards peaking.
. . . , (50,51)
This has been observed in reactions like H/CH3 + Cl2 .

This distribution is presumed to arise from a rebound mechanism caused



by a late repulsive energy release, (as in.Sec. 1l.1l.1). This is

particularly so for H + Cl, which displays a strong light atom effect

2
and yields high pfoduct translation. Variants of rebound behaviour
occur if the preferred angle of attack changes from a linear to a bent
configuration as in the series H + C12; Br2’ 12, when the peaking moves
from backwards to sideways. The Walsh diagram, and simple molecular
orbital theory for HXY systems predict that a linear configuration is
preferred for H + C12,Vbut that as the electronegativity of the central
atom decreases, there is an enhancement of the p-character of its
orbitals, leading to an increased tendency to a bent intermediate as

is observed. Similar considerations also predict that reaction at the
least electronegative atom in a heteronuclear dihalogen is the
preferred channel even if the other product is energeticaliy more
favourablef In Fig. 1.2(a), if Y is less electronegative than Z, the
YZ antibonding orbitals are located mainly on Y, so the interaction is
most favourable at the Y end. Stability of XYZ typé intermediates is
also greatest when the least electronegative atom is central(s'll).

This behaviour is known as the electronegativity ordering rule.

B. ‘Infra-red chemiluminescence

Determination of ro-vibrational populations has been
achieved by the method of arrested relaxation(SZ). In this technique
two low pressure je;s of reagent are crossed in a wéll cryopumped
chamber, and IR fluorescence of the product is observed using a
spectrometer. With care vibrational relaxation is avoided and
rotational relaxation is small. At present the technique i§ restricted

to reactions in which the product molecule is HX (X = halogen, oxygen),

as for heavier molecules the small spacing of the levels makes inter-
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pretation of the spectra difficult. With light molecules however

fully resolved distributions p(v',J';T) can be obtained and hence

p(Et';T) by conservation of energy. Results for reactions H + X2(53)
give good general agreement with energy partitioning from AVD
measurements(l3), the variation of energy release between H + Cl, and

2

H + Br2 correctly reflecting changes in the qualitative features of

the surface. Reactions of the type X + HY - HX + ¥ show mixed release
. (54) . . . .

on a repulsive surface due to the influence of inertial coupling,

although long range attraction may be invoked to explain the large

cross-section. A similar mechanism, involving preferential attack at

the end leading to the most stable intermediate followed by migration,

has been used to explain the branching behaviour (both microscopic and

(55)

macroscopic) of H + XY reactions .

C. ‘Laser-induced fluorescence

LIF was pioneered by Zare and co—workers(?8'56), and has

been used extensively for the determination of rotation-vibrational
populations, mainly in reactions of group IIA atoms. Progress in this
field up to 1977 was reviewed by Kinsey(57). As this is the experi-
mental technigque used in this work, it will be examined in rather more
detail than the two previous methods.

In LIF, product formed in a crossed beam or beam/gas arrangement
is detected by excitation of a suitable electronic transition and
observation of the subsequent fluorescence. The excitation is supplied
by a tunable dye laser directed into the reaction zone. Pulsed

(58)

systems are normally used although lately CW lasers, for .which a

nigﬁér signal to.noiééw}égiéhis claimed,(sl)‘have béégﬁuged(59—6¥).
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Pulsed sources of 1GHz bandwidth..(,';:lon2 2 in the visible) are capable
of resolving individual (v,J) lines and by tuning the wavelength
through the absorbtion bands these states can be picked out. Tﬁe
population in the absorbing s£ate is related via an absorbtion
strength factor to the observed fluorescence (See Chap. 2).

Like IRC, LIF has the advantage over AVD measurements of yielding
total energy partitioning, (EV', ER', Et'), parameters which are more
directiy related to features of the potential energy surface than
angle velocity contour maps. The information supplied by these two
distributions is complementary, but the information content is higher
in the former(62). In comparison with IRC it also has the advantage
of yielding -data on the v = O state, which can be important in
statistical and near statistical distributions when this stafe is
highly populated. It is also less restricted in the examinable product
species. Detectively it is highly specific as each (v",J") is
characterised by a set of exclusive excitation frequencies. This is
a further advantage over mass spectrometric detection, where inter-
fering reactions can yield products that crack to give the same species
as the products of the main reaction(63’64). The highly directional
nature of the laser eﬁsures detection is also spatially specific. With
a good arrangement of collection optics signal recovery can be high
(50%)(65); it is thus very sensitive.

The major restrictions are that the product must have an
absorbtion system susceptible to excitation by a tunable laser, and
that,sufficient spectroscopic data must be available for an unambiguous

assignment of bands. The availability of Franck-Condon' factors for the

intensity factors can also be quite restrictive. It is often necessary
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(66) (57)

to calculate or even guess these before proceeding.

The intensity of fluorescence yields populations of the . (v;J)

7
states. To determine relative rate constants(5 ), the LAB frame

velocity is required. For accurate conversion the angle-velocity map

must be used to determine the distribution of LAB velocities, zfrel'

If this is unavailable, the angular distribution can be treated as a
variable from which a range of rate constants can be calculated. In

many cases the resulting uncertainty may turn out to be quite small

(66)

for reasonable assumptions about the angular distribution .

Results from LIF experiments have been interpreted in terms of

type of energy release. The series Ba + HX(Se) proceeds on a highly

repulsiﬁe surface yielding a low fraction of energy in vibration <fV’>.

Examples of complex formation have also been found as in the reactions

(55) (66)

Ba + 02/C02 , Sc/Y + NO/SO2 , and good agreement with the

predictions of PST obtained.

A few reactions of non-metals have been considered. Notably

H + N02/C102/O3 (67'68), F + IC1(6O) , F + CH3I/CF3I (59). H + No2 was

found to occur on a highly attractive surface, in agreement with IRC
experiﬁents. High <fv'> was found although there is some disagreement
over the partitioning of energy between OH vibration and internal
modes of NO. High <fR'> was also observed suggesting H atom migration

as in H + BrCl/ICl(54). All reactions of the type H + 20, show

!

complex behaviour in AVD measurements. This has led to the suggestion
that the lifetime for complex formation as described by angle-velocity

maps is shorter than that required for a statistical distribution of

internal energy. This has also been suggested elsewhere(26'55’6o'7o),

: 9 . —
The reactions F + C‘H3‘I/C‘E‘31(5 ) have been found to give a statistical
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distribution. F + ICl is considered.in.the next section.

In addition to internal state distributions, LIF has been used

(69—71)' and to

(65,72)

to detect angular and angle-vibrational distributions
study the effects of reagent vibration on product distributions

Even more informative data may be available using the technique of

Fourier-transform doppler spectroscopy-LIF(73) which in principle is

capable of yielding p(v',J',E_',6). A prescription for determining

(74)

t
angular correlations using polarised LIF has also been described

As yet, only the former of these two techniques has been implemented(l7l)

although some work has been done on the determination of rotational
(75)

orientations from the polarisation of fluorescence

1.2 Reactions of Interhalogens

Reactions involving halogen atoms have provided a useful means

of observing systematic trends in the dynamics of series like

Ba + HX(GS), H + X (50'52), X + HY(54), but data on interhalogen

2
reactions of the type X + YZ (X,Y,Z all halogens) is scarce(l3). A

considerable volume of work from discharge flow kinetics is available

on production and handling of the species, as well as giving mate constants

for the reactions(76). Highly detailed spectroscopic studies of the

diatomic halogens and interhalogens are also available(77'85), which

should assist interpretation of LIF experiments, and the construction
!

of LEPS surfaces for trajectory calculations.

1.2.1 'Dynamics of interhalogen reactions

Apart from Fy for which the dissociation energy, Do", is

ancmalously low, Do" for homonuclear interhalogens increases with
decreasing molecular weight(ss). That of.the heteronuclear inter-

halogens, XY, varies in the same fashion; for a given X’Do" increases
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as the atomic weight of Y decreases. Fluorine also fits this
behaviour, and this data is summarised in Table 1.1.

Combining this data shows that there are in principle 16 inter-
halogen reactions of the type X + ¥YZ + XY + Z for which the exoer-

gicity, ADg‘ is negative, and these are listed in Table 1.2. Of

(13

these 9 have been studied so far at varying levels of detail by

mass spectrometric angular distribution measurements, a few of which
have incorporated velocity analysis. 1In addition F + IC1l has been
studied by LIF.

Early angular distribution measurements were made with effusive

(49,87-91)

beams , but experiments using velocity selection on the

N (3% . .
reaction C1l + Br2(3 ) have shown that the reactive cross-section OR’

does not vary much with energy. On the basis of this observation,
and the similarity of angular distributions found for the reactions
with X = Cl, Br the results of the earlier experiments appear to be
correct. A caveat must be added on reactions where X = F, however,
and such cases will be examined later.

For Cl + Iz/Brz, Br + I, strong forward and weak backward

2

peaking suggests behaviour lying between short-lived complex and
stripping mechanisms, with Cl + Br2 being more direct than Cl + 12.

For Cl + IBr", similar behaviour to Cl + I, is found although

long lived complex formation has also been cbserved(gl). For Cl + BxI

2

more forward scattering suggests a direct mechanism.

*
- The notation X + YZ is used when the product is XY and X + ZY when

it is XZ.
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,Dg/cmf;.< 1. | B . c..|. . F
| 2233383 | 206007 211117 | 12017
| (20633)
31 | 17366 19®)| 18035* | 19996
Blgr | 14659 | 1589
t | 12440

Table 1.1. Dissociation energies of the ground state dihalogens.
All data is from Coxon and sources therein(86) except

where otherwise stated.

Notes : * Upper limit. A value of "18010 cm-l is favoured.

t+ Dissociation products not unambiguously assigned.

Upper figure corresponds to dissociation to Cl(2P3/ ) +
2
2 2 2
+ .
F( P%), lower to Cl( P3/2) F( P3/2)
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. " -1 -1 -3
Reaction ADO /cm k298/molec cm S
_14(102)
A Cl + F2 -+ ClF + F <8194 <10
B Br+F2—>BrF+F 7683
C I + F2 > IF + F 9416
‘ ' -10
D F + Cl2 -+ C1F + C1 <1115 1.6 x 10
E F +Br,» BrF + Br 4704 3.1 x 10°%°
=10
FF+12->IF+I 9893 4.3 x 10
G P + BrCl » BrF + Cl >2565
-+ C1F + Br:T >3076
~10
H F + ICl »~ IF + C1l 4976 3.8 x 10
: -10
>ClF + 1 T <3745 1.2 x 10
I F + IBr » IF + Br 7674
- BrF + I 5941
_10(104)
J Cl + Br2 -+ BrCl + Br <2139 1.2 x 10
K Cl + I2 -+ ICl + Br . 4966
L Cl + IBr - ICl + Br 2707
+ BrCl + I 2376
M Br + 12 > IBr + 1 2219
..N. Br + IClL » BxCl + I ... <769
Table 1.2. Exothermicities and bimolecular rate constants for the

exothermic halogen + dihalogen reactions. AD " from
Table 1.l1. Rate constants from Appelmann and Clyne(103),

except where otherwise stated -

t = minor channel from electronegatively ordering rule

lvcm—l. = 0.012. kJ mol-l.



- 23 -

For Br + ClI, a smaller cross-section with backward peaking was
found suggesting a more repulsive interaction.

Such behaviour is in good agreement with that predicted by the
electronegativity ordering rule. Decreasing stability of the inter-

mediate is expected along the series

Cl + IBr, Cl + 12’ Br + I Cl + Br Cl + BrI, Br + ClI,

27 27

which is precisely what is observed. In Br + ClI the intermediate is

significantly destabilised, with an energy barrier(ls) and this is

also in accord with observation. In all cases GR is less than the

hardsphere value suggesting that although the initial interaction is
(39)

repulsive it is also quite short range . Alternately it may be

attributable to a steric factor which only favours reaction within a

(92)

restricted angle of approach. Trajectory calculations made on a
surface favouring colinear approach coulq no£ however be made to re-
-produce the observed behaviour by any sensible variation of surface para-
meters. It was also shown that although the surface did possess a
well, its nature did not affect the results to any great extent.

There is some evidence to suggest that 21 electron species like

XYZ may prefer a bent geometry although it is far from conclusive.

Matrix isolated ClF2 has been detected using raman spectroscopy(98)

and a bond angle of 136° found. Ab initio calculations(94) have given

145° for ClF2 and 159° for C13, but an IR spectrum of Cl3(95) was

interpreted in terms of C°°v symmetry. Angular measurements on F2 + 12/

9 .
ICl/HI( 6,97) also favour a bent geometry for FIX. The angle is

expected to increase as the electronegativity of Y decreases as in

11)
H + c12/Br2/I2 .
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When the attacking atom X, is fluorine additional effects have
been predicted on the grounds of its extreme electronegativity and

light mass. Greater repulsive release has been suggested on molecular

98)

orbital grounds( due to the increased YZ antibonding character of

the 30™ orbital (See Fig. 1.2), as in CH3, H + X,. Charge transfer

2
(99) .
effects have also been postulated, and would have the opposite

effect of stabilising the intermediate and enhancing attractive energy

release. Stable species of the form XIF (X = I,Cl,H,CH3) have been

detected mass spectrometrically(96'97), and the stability of 12F and

ClIF with respect to X + IF estimated as V12kJ rnol_l and 63 kJ mol_l

respectively.

2(98.99) and one of F + 1c1(98) have been

(13)

Two studies of F + 1
made using angular scattering. (Unpublished data on F + IBr/Br2
has also been obtained). Grice and co-workers found broad sideways to
backwards scattering at 3.5 kJ mol—l, whilst Wong andlLee found almost
symmetrical forward backward peaking at ¢8 kJ molfl. The reliability

(100)

of the former is suspect however as the F-atom source was not well

~

characterised and reactions like F2 +‘I2 - 12F + F followed by
fragmentation of IZF in the detector may have interfered. A similar
situation may presumably also hold for the latter. There appears
therefore to be no completely reliable AVD measurements-for these
reactions. |

1.2.2 LIF of irniterhalogen reaction products

Recent LIF work on the reaction F + ICl(GO'Gl)

has shown -
a significant vibrational inversion with,<fV'> % 0.55, and <fR'> = 0.14.
The possibility of obtaining IR laser action in the ground electronic

state of product IF is most interesting. The partitioning strongly
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suggests‘direct dynamics, in which the existence of a significant
well of 63 kJ mol-l has little effect. Interference from fluorescence

in the ICl1(A + X), IC1L(B =+ X) and I, (B - X) systems made modulation

2
of the F-atom beam necessary in this experiment, but good band spectra
were observed despite substantial fluorescence from reagents.
Information available on the spectroscopy of the interhalogens
suggests there may be several other reactions examinable by LIF. Data
on lifetimes and relative intensities of the B + X systems are
summarised in Tables l.3a), b). The main requirement in selecting
feasible studies would be that the product molecule should not be much
less efficient in fluorescence than the reactant in the spectral region
of interest. Wavelength ranges of maximum fluorescence have been
given by Clyne and McDermid(BZ) and these are summarised in Table 1l.3c).
Under normal crossed-beam conditions, where.the dimensions of the
reaction zone are é few mm, the residence time ié sufficiently short

to discriminate against fluorescence from the long-lived A-states(lll’

112)
Based on these observations reactions E,F,G,H,I and L appear
feasible. B and C may also be possible depending on the value of ¢

appears to proceed via a rebound mechanism(l3) and so is likely

R
I f F2
to have a small cross-section as in Br + ClI, and in agreement with
the small rate constant for Cl + F2._ Thus Op may be too small for
reactions B and C. Reaction D may also be possible depending on thg
absorbtion strength of CIF.

An alternative method for the suppression of reagent fluorescence

which can be used with pulsed laser sources is that of lifetime

discrimination. This has been used to separate product species in the



- 26 -

ca ot Bee [Pa | F| w1 % [P |
F | 78345105 _ - F | 5x103 10° |wEak” | -
3Bcr | 14790 ]35(106)] o5(84) 3¢y 3 0.5 1
81 (107, 81 x
?
Br |<1(2) 11274, B WEAK | 20
I Wl‘lOQ) I l04
c) I slBr 35Cl_ F
e 440 483 _ _
(510) (573)
135, | 600 550 501
(620) ? (543)
81, | _ (514)
{603)
499
T |(630)
. \ , . ... (87)
Table 1.3. a) Lifetimes (uys) and b) relative intensities . of the

B » X transitions of the dihalogens

* transition could not be detected via LIF under
conditions where other species gave a significant

/ signal(84’llo)

c) Observed ranges of excitation which produce fluorescence(87)
(nm) . Upper figure is approximate predissociation limit
and lower figure is the longest wavelength observed in a
thermal distribution. If the upper figure is
bracketed then predissociation has not been observed
via LIF and corresponds to the observed range of
significant intensity. For IBr there are expected to be

no strong bands below the dissociation limit(78?
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reactions Ca/Sr/Ba + BrCN(ll3) and is an advantage of pulsed over

CW lasers. This could possibly be employed in F + I, for example.

2
As a contribution to the above scheme the reaction F + I2, which
is the subject of this thesis is considéred to offer several specific
advantages. The reaction is known to be fast and has a large exo-
thermicity. IF has the next highest absorbtion co-efficient to 12 of
all the interhalogens and fhe B state is‘predissociated only above
v' = 9. The lifetime (&7us) is suitable for detection with a gated
system and is well coupled to the residence time in the reaction zone.
Initially it is proposed to examine only the three lowest vibrational

levels whose absorbtions lie above the onset of I, predissociation at

2
499 nm.

1.2.3 Spectroscopy and properties of IF

Historically IF was the last diatomic interhalogen to be

discovered(ll4). It has been observed in flames and flow tubes via

(112,114) (80,83)

chemiluminescence and by laser induced fluorescence

following the reaction of F2 or F with 12. The former is believed to

proceed via the formation of the stable I2F iﬁtermediate(so) as
follows
I,+F, > IF +F AU = +17 kJ mol ™t
P+ I2F -+ IF(A) + IF(X)
+ IF(B) + IF (X)
> IF(X) + IF(X) AU = -257 kJ mol }

with emission occurring from the A and B states. Its transient nature

is thought to be due to its kinetic instability in such systems to

. 103 . .
heterogeneous reaction on the vessel walls( ), either with an excess
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of F-atoms or via disproportionation to yield Iodine polyfluorides. A

value of kw = 200-500 s_l was estimated. Only.one synthetic prep-
(115)

aration has been reported via the reaction

12 + IF3 -+ 3IF

in pyridine solution at -35%%. Disproportionation to IF5 + 12 occurred

above 0°C, for which AG = -164 kJ mol .

As in all heavy dihalogens the coupling of angular momenta

approximates to Hund's case (c)(llG). The manifcld of molecular states

atomic states has been given

(112,

resulting from the combination of two 2P

by Coxon(ll7). The ordering of these states has been much discussed

114,118)

J

but is now fairly well established following the work of

Clyne and McDermid(83). This is shown schematically in Fig. 1l.4.

The ground XlZ(O+) state correlates with two 2P3/2 atoms. This

combination also correlates with the first excited A3H(l) state and a

31'[(0+) state correlates

diabatically with IzP;2 + F2P3/2 and adiabatically with 12P3/2 + F2P3/2

repulsive YBH(O+) state. The second excited B

via a strong interaction with the Y state. A weakly bound C3H(O+)
state correlates with I"2P3/2 + FZP%, and intersects the B state below
the crossing point with the Y state, at an energy between J' = 6 and
J'* = 7 in the v' = 9 level of the B state. Indirect predissociation
is possible from these and higher levels via a second crossing of the
C and Y states at large r. A stronger predissociation sets in above
v' = 10 via the B-Y crossing. The first onset of predissociation
occurs at ¥448 nm in the excitation spectrum. From the observation of
the breaking off in the v' = 8 and v' = 9 levels the dissociation

energy for the X state was determined as 22333.2 + 2.0 cm-l.(83)
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1(2 lez) «F (2P3/2)

I(#Py,)+ F(2Py,)

IER,) +FPy,)
BSTI(0Y)

Fig. 1l.4.

Y

Schematic diagram of the low-lying states of IF after
Clyne and McDermid(83) and Birks et al.(lla). The weak
interactions leading to the observed dissociation of

B3H(O+) (v = 9) are shown by O.
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(&266.2 kJ molfl). This is the largest dissociation energy of the
diatomic interhalogens.

1.3 Outline of Chapters 2 = 4

ChaptersA2 - 4 of this thesis describe work done on a crossed
molecular beam - LIF experiment, set up jointly by the Departments of
Physics and Chemistry at the University of Edinburgh. The chosen
system is the reaction F + 12 + IF + I. The experiment builds on the

X . (119) .
work described by Fernie , for the study of the reaction O + 12

using the same method. Preliminary work, not described here, suggests

that under the same conditions as those discussed here, this system

(42)

is not feasible for such a study. This may be due to the low or

(119)

compared with F + I Since the original report considerable

2"
changes have been made to the experimental arrangements and these are
given in detail in Chapter 3.

'The resulting set-up does not represent an optimum match of
apparatus however. The two main constituents, the scattering
chamber/&acuum system and laser system, were inherited from previous
projects, and as will be shown there are serious restrictions arising
from their deployment, paiticularly in the latter case. This thesis
proposes only to establish the feasibility of using the apparatus for
LIF work, and some calculations in support of this are also given in
Chapter 37

A comprehensive system of on-line control was developed and
software has been written for this. Some justification for this and

the details of its implementation are also given in Chapter 3.

"The v" = 0,1,2 states of IF have been observed, although the data



is very noisy. A comparison of the predicted.and actual performance
of the apparatus is made in Chapter 3. It would appear that before
any significant improvements in the data quality (i.e. signal to noise
ratio) can be made, farther modifications of the apparatus will be
required. Some suggestions in this area are made, in the light of
experience which has been gained. Some of these are currently being
implemented. Despite the low quality data some analysis is possible
using simulated spectra. A computer program was written for this
purpose. A detailed derivation of the simulation formula, and its
limitations is presented in Chapter 2. Some simulations are shown and
compared with work done elsewhere. By this means the accuracy of the
program is assessed. The prdblems of using simulations to inte;pret
low quality data are considered in Chapter 4. Lack of time prevented.
developmeﬁt of a rigorous fitting procedure, but qualitative
considerations are shown to allow the extraction of population numbers.
These are then analysed using the information theoretic approach.

Some general conclusions are drawn in comparison with other ostensibly
similar reactions, and a naive model is offered to interpret the

observed differences in the dynamical behaviour.
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Note ‘added in proof (g.v. Table 1.3)

Recent work on the excitation spectrum of IBr has shown that
the strongest.absorbtions which are from v" = 2,3 (630 - 642 nm) have
upper states which are strongly predissociated, with lifetimes of

10—7 _ 10-85(172)'



"CHAPTER 2

SIMULATION OF LIF SPECTRA




2.1 Theory of LIF

The intensity of fluorescence resulting from excitation from a
rovibronic state i to an intermediate state j followed by spontaneous
emission to state k has been derived in outline from the Breit

. (57) ' . .
formula by Kinsey . In the absence of any polarisation dependence
in the response function of the detector, and assuming equal

population of all magnetic sub-levels, this is given (in slightly

altered notation™) by

I(vij,vjk) = R(vjk)p(vij)BijNi<Djk 2.1

Ny is the population of level i, Bij is the Einstein co-efficient for
the absorbtion j <« i, p(vij) is the energy density per unit bandwidth

of the laser (SI units Jm “Hz ') and 6.

3k is the fluorescence yield of

the emission j ~ k. R(vjk) is the sensitivity of the detector at the
frequency of this emission. I(vij,vjk) thus refers to the number of
photons observed éer second at frequency ij. Equation 2.1 refers to
steady state conditions, whilst here and elsewhere puléed sources

are used. (In both cases the transition j « i is assumed not to be
saturated). If the duration of the laser pulse AtL is considerably

shorter than the mean lifetime of the state j, it is convenient to

*Kinsey puts Ajk (the Einstein co-efficient) rather than @.k. Since
the dimensions of A and pNB are s ! ana R is a pure number, his

equation (6) is dimensionally incorrect. I must have the units

photons s-l.(or photons m-35—1 if pNB is expressed as a density).
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effect a separation into the absorbtion and emission processes.
Thus p(\)ij)NiBij is a rate of excitation and its integral over the
pulse duration gives the total number of absorbtions. This can be

accounted for by putting

p(vij) = fAtLp(vij)dt 2.2

f is now the integrated energy density (in the time sense).
Now the fluorescence signal is not resolved (in the frequency

sense), so the emission part must be summed over all final states k.

Since
A
jk
® = —= 2.3
ik IA,
J ]
where Ajk is the Einstein A co-efficient, this yields.
= I
-I(Vij) ﬁ (Vij’vjk)
Ajk
= N:;p(v,.)B,.. ZR(v,,) ( - ) 2.4
1 i i k LA,
J J x J 9k

The states i,j,k are now identified with rovibronic states
having quantum numbers n,v,J with two, one and no primes respectively.
It is convenient therefore to separate the three contributions to the
~intensity factors, by making the following assumptions. The electronic
part of the transition moment, Rér does not vary significantly in the
transitions of i_*-g_ahd the centrifugal coupling of the rotational
and vibrational parts is negligible. Thus the vibrational
contribution is given by the rotationless Franck-Condon factor

IZ

Gyrgn = [<vtfors
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and the rotational part by the Honl-London factor

SJIJII

23"+1

where SJ,J" is the rotational line strength. Farther, if emission
occurs to only one electronic state n, then the electronic part of

the transition moment cancels in the summation over k in equ. 2.4.

Substituting for A & B in equ. 2.4 then yields

I(\)(VIJI;VIIJ")) = kN . "6 (\)(V'J';V"'J")) - . JIJII

X Z*{R(v(v'J';vJ)) X

v
- S
J'J
[v(v'g';vJ)J3qV'V r
2J'+1 2.5
z [v(v'J';vJ)]3qv'v S3'g
vJ 2T'+1

with k a constant.

(66)

This is the equation from which most analyses have proceeded '

but it is only as good as the approximations on which it is based.
Only examination of the spectroscopic data caﬁ provide information as
to its accuracy.

In principle therefore given the intensity of fluorescence and
necessary data on frequencies and strengths of transitions equ. 2.5
can be solved to obtain the N wgne In practice available data is not
usually so detailed. Also the bandwidth of the laser is normally not

sufficiently low to excite a single (v,J) transition, so that the

observed intensity is the result of a convolution of the spectral
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lineshape with the laser lineshape. As a result other methods of

extracting N have been developed, depending on the detail of the

Vll J"
cbserved spectrum.
. (67) . \

For highly resolved spectra observed intensities of
individual rotational lines can be fitted to a laser frequency profile
and NV"J" populations obtained directly. In the opposite limit of
very poorly resolved structure, simple integration of the area under
a band has been used(65) to obtain Nv" populations.

In the intermediate range where only lines at high J are

resolved, it is not possible to obtain N over a wide enough range

V!I J "

of J" by the former method for a useful comparison with theory. It

is then necessary to assume a functional form for the rotational

distribution characterised by one or two parameters(66). Alternately
a numerical distribution can be obtained by allowing NV"J“ to vary
freely at several J"(67). In both these latter cases, due to the

number of variable parameters the simulated spectrum must be fitted
to the observed one in a least squares fashion. to obtain the best
agreement. This is particularly true when band overlap occurs, for
example due to highly rotationally excited products or closely spaced
band origins. Even if a rigorous fitting procedure is not employed,
simulated spectra can be used to obtain a qualitative description of
the rotational envelope by direct comparison on a trial and error
basis. In addition they are of use in a predictive sensé using
postulated distributions. For these reasons simulation calculations

have also been employed in work on visible chemiluminescence‘lzo)

(121)

and

energy transfer mechanisms
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2.1.1 Simplification of the fluorescence intensity

The principles of simulations of LIF spectra have been
. .. (69) . (66)
outlined by Dagdigian and Zare and by Lieu and Parsons .
Simplifying approximations are applied to equ. 2.5 until it is
reduced to a function of a few tractable variables which are

appropriate to the experiment.

While still considering a single rovibronic excitation, put
v(v'JI';vd) = vo(v',V)
where Vo is the relevant band origin, and after summing over each J
term in both sums, the rotational intensity drops out to give

S

1 1, 11 1 p— ~ 1T, " " ' N g'J"
I(v(v'J';v"I")) = kNv"J"p(v(v J';v"J ))qv'v" STl
[ 1 3 ‘—3 -1
x ER(\)O(V w0 v (v | Ty (Vo) 2.6
3 v 13
where Vo = Elvo(v v) | Iy

Since the laser may excite several lines (possibly in different
bands) simultaneously equ. 2.6 must be summed over a range of J"

values, and possibly a range of v" values, to obtain

I(v_;Av.) = L L T(v{v'J';v"d"))
L L Vll JII(VII) .

. S
8 VTV .t TY _g_'_J;’
= k E" gu(v“)<;Nv"J"p(v(v J';v"Jd ))qv'v" CRIPS)

= Z R(v_(v'v)) \:(')3 2.7
) v oV VgtV .
V!

where the sums over v" and J" are understood to be restricted by the



width of the laser 1line AvL and its centre frequency v

function of v_ given Nv"

L
Equation 2.7 must now be evaluated to yield I(vL;AvL) as a

L gut In addition, it is usually possible to

separate the v" and J" dependences of the population numbers by

assuming

Nowge = NP (VP [v") 2.8

where PV(V") is the vibrational distribution and PR(J"[V“) is the

conditional rotational distribution given v", and NO is a normalising

constant.

2.2

Simulation Program Structure

The evaluation of equ. 2.7 for any VL breaks down into six

component steps as follows;

a)
b)

c)

d)

e)

Given vL and AvL determine (v',v") values and for each v", the
range of J" values to be included in the sum.

Determine the "fluorescence factor" F(v') which is the last
line of equ. 2.7 for the values of v' found in a).

Using either values of the molecular parameters (we, Be' etc.)
to determine the line frequencies, or else data on the
frequencies themselves, plus a functional description of §(v),
determine the value of f(v(v'JT';v"IT")) for each of the
transitions identified in a).

Given either functional forms or trial data on the v" and J"
distributions calculate Nngne
Multiply the results of steps b) ~ d) together with relevant

Franck-Condon and Honl-London factors to form the term in braces

in equ. 2.7, for each transition.
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£) Sum the results of e) over the transitions determined in a).

Implementation of these steps will now be described in more
detail, in the context of restrictions imposed by the availability of
data for molecﬁlar species in general and efficiency in programming.
It is intended that the program should eventually be useful for
species other than the system studied in this thesis. There are
however major restrictions in operation at present. All bands must
be red-degraded, have simple P and R branches only, and show no
perturbations. Since these conditions hold well for IF it is highly
suitable for initial development.

The spectrum is defined by a start and end frequency (vl,vz) or
their equivalent wavelength‘(kl,lz) together with a step interval
Avs. Within this range several bands may be excited. To determine
these an estimate.of their frequency range is made. The high
frequency end is defined by the band head. For the low frequency end
an estimate of the highest J" state available must be made. In a
dynamic situation this limit, J;ax is constrained by the reaction
exo—-ergicity, although in practice the limit is smeared out slightly
by the thermal distribution of reactant energies. If however P(j")
can be characterised by a Maxwell-Boltzmann distribution, then the
limit is determined only by the point where the J" dependent parts
become small enough to make a negligible contribution to the total
intensity. This can be determined by finding the maximum value of

P(J")SJ / (23"+1) and then the J" value at which this function

1 Jll
becomes less than a certain fraction of this maximum value. Since the

peaks in the spectra occur at or near the bandheads, which result

from summing several terms, the true cut off fraction can be much less
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than that determined this way. A value of '\alo.2 was found to give
minimal discrepancies without causing an unreasonable run time. The
corresponding J" is less than that resulting from ergicity restrictions
for rotational temperatures up to &IOOOK, and all but the highest
vibrational states in the F + 12 system. Once all the transitions in
the spectrum have been identified the limit can be revised to take
into account the v-dependent factors.

For each band the program calculates the factor F(v'). The
curve R()) is approximated as a series of straight line segments over
various wavelength intervals. For each v', there is a set of v levels,
which make a significant contribution to the observed intensity. These
are restricted in the summation by the curve R(A) having a non-zero.
value. In addition there are restrictions imposed by the availability

of Franck-Condon factors, and this also affects the calcuiation of

vi,. In practice small additional terms do not make more than a few
percent difference to both summations and so this is not too serious
a problem.

Having determined the included bands, the program steps through
(v2,vl) at intervals of Avs. To avoid having to recalculate or store
and recall large numbers of line positions in each band it is easier
to step through different sub-intervals of (vz,vl) for the range of
each band. Intensity at each point is accumulatéd in an array of
(v2~— vl)/Avs elements, which is accessed sequentially with a
resultant saving in time.

For each band the frequencies of lines from J"'= O to J"max for

each branch are calculated and inspected to determine those falling

under the laser profile. A triangular lineshape is assumed. This
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corresponds quite closely to that determined experimentally, and has
the computational advantage of well-defined cut-off points. Under

experimental conditions Av. is much greater than the width of the

L
absorbtion lines due to doppler broadening, so the latter may be
taken as having delta function profiles.

The distribution P(v") is input as numerical data. This avoids
complicated programming for the selection of different functions

according to different dynamical models. The possible distributions

of J" appear to be rather more restricted however, and either a one

parameter, thermal distribution characterised by Trot or a two-
parameter function of the form
‘ J" nym
P(I") = (23" + 1){1 +(-J—.T , 2.9
» m :

can be selected. Jm is the true exo-ergicity limit, and either Trot

or n and m can vary with v", and are input with P(v"). In the two
parameter case Jp can be réduced in the manner described above, if n
and m cause it to become sufficiently small at high J".

Rotational line strengths are taken from Hund's case (a)

coupling conditions for intramultiplet transitions and are from

Schlapp(lzz).
3
A
P - branch "
R - branch " + 1

The operation of the program is summarised in the flow charts shown
in Pig. 2.1 and 2.2, and a listing of the. final version of the program

appears in appendix 3.
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Fig. 2.1. Flow diagram for simulation program.
The subroutine marked '*' is shown in detail in

Fig. 2.2.

Fig. 2.2. Flow diagram for the determination of the intensity

distribution within each band.
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2.3 Simulated Spectra

The program has been tested against previously published spectra
for the molecule IF, and found to give good agreement. Additional
tests against other systems satisfying the restrictions given earlier
have not been possible due to lack of time. Provided the conditions
are satisfied however there is no reason why the results should not
be satisfactory.

The parameter which is most critical to successful execution is
the laser linewidth AvL, which determines the number of lines summed

over at frequency v This may involve up to three sequences of J"

L
values depending on the position of the laser line with respect to
the bandhead and tail, and the relative size of AvL and the rotational
spacing.  In practice all the conditions can be tested for by
allowingiAAL to vary over the range O.1 % 28, which covers the usual

range of Av_ in. LIF experiments of this type. Below 0.18 the delta

L
function approximation of the absorption line begins to break down,
while above 28 no new conditions arise.

The step size A\  can be varied widely depending on how smooth
the simulated spectrum is required to be. Continuous, as opposed to
point by point, scans are well simulated by putting AAS equal to NXT,
where A is the scan rate and T the intensity integration time. If
AAS > ir, the spectrum acquires an irregular appearance.

The program was tested in two hodes. Under high resolution
_AXL ~ 0.2 - 0.58, spectra of rotationally resolved bands could be
created with Axs N~ 0.05 - 0,22. These were compared with high

resolution spectra from a LIF experiment on the reaction

+ +
F CF3I - IF CF3
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obtained by Stein et. al.(GO)

Under low resolution, AAL v 1—43
AAS n 0.5 - 28 several bands could be generated in a spectral region
of typically 100 - 2008. The peak heights and shapes could then be

compared with observed spectra from the same source.

2.3.1 High resolution behaviour

An observed spectra of the (0,3) band against which the
simulations will be compared is shown in Fig. 2.3. Figures 2.4,5 show
high resolﬁtion simulations of this band with A, = 0.4 and AAS = 0.2
and 0.18 respectively. It can be seen that the smaller step size
gives rise to a smoother rotational envelope. Figure 2.6 shows a
simulation of this band using AAg and AAL chosen to match those of
Stein et. al.(60) Figurev2.7 shows a similar simulation for the
(0,6) band. In the experiment the rotational distribution was
characterised by a temperature, but the.product was shown to bg
partially relaxed, such that the intensities of lines with J" <30
conﬁained a contribution from a distribution at 300K as well. This
results in a shift of the most probable J" value and distorts the
shape of the high frequency end of the band, so that simulation and
experiment are not directly comparable. For J" >30 the contribution
to the intensity from the relaxed distribution is negligible ‘and so
allows a limited comparison. For J" <30 given that the-extent of
relaxation was estimated as ~20%, the general shape and behaviour of
the simulation is good. The main defect is that the height of
resolvable lines at high J" are disproportionately higher with respect
to the bandhead due to the relaxed contribution.

To test this a program was modified to incorporate a partially
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v,v"” 1.4

Experimental LIF spectra of the (0,3) band of IF,

reproduced from Stein et a1(6o)

(page following) Simulation of the (0,3) band with
AA, = 0.48 and Axg = 0.28

(page following) Simulation of the (0,3) band with
Ax; = 0.4 and Axg = 0.1R.

(2nd page following) Simulation of the (0,3) band to
match fig. 2.3. ‘

(2nd page following) Simulation of the (0,6) band.
See text for details.
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relaxed distribution of rotational states, which was assumed to be at
300K. The resulting spectra for two values of the fractional
relaxation are shown for the (0,3) band in Figs. 2.8,9. These should
be compared with the non-relaxed and totally relaxed simulations in
Figs. 2.6 and 2.5 respectively. When the resulting simulations are
normalised to the intensity at the banahead, the result is the expected
reduction of intensity at higher J" as the fractiona; relaxation
increases.

Table 2.1 shows the intensity of various lines expressed as a
fraction of the intensity of the bandhead and the P(15) line.for the
(0,3) band. It can be seen that best agreement is obtained for a
fractional relaxation of ~0.5. Within the limiting assumption that
P(J") can be described as the sum of two thermal distributions, it is
concluded that the pfogram can reproduce such data to a good degree.

It should be noted however that the improved agreement resulting
from the incorporation of a relaxed component in P (J") 6nly demonstrates
the possibility of the existence of such an effect! Other effects
caused by the limitations of equ. 2.7 may be capable of reproducing
the same discrepancy. In particular the use of rotationless Franck-
Condon factors can be important in some cases(64) especially where high
excitation (both rotational and vibrational) is involved. Several
methods have been outlined for the estimation of the effect of
centrifugal distértion on the intensity factors(123’124), but this
has not been investigated further. It is clear however that such
effects can only be estimated unambiguously when their behaviour is
deduced from spectroscopic data or the form of P(J") is known to be

well characterised, a situation not normally prevailing in crossed
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Fig. 2.8. Simulation of (0,3) band.
Relaxation = 20%.

. N\W\N\W\I\MM

Fig. 2.9. Simulation of (O,3) band.
Relaxation = 50%.
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Intensity as a Fraction of the Bandhead

Line
. .Stein (60) [ Relaxn.=0 | Relaxn.=0.2 | Relaxn.=0.5

P55 0.06 0.14 0.11 0.07
P40 0.15 0.24 0.22 0.15
P25 0.35 0.47 0.43 0.34
P15 0.44 0.54 0.50 0.44

Intensity as a Fraction of the P15 Line
P55 0.14 0.25 0.22 0.16
P40 0.33 0.46 0.45 0.31
P25 0.79 - 0.85 0.86 0.78

Table 2.1. Relative intensities of wvarious lines as a function
of fractional relaxation in the (0,3) band as compared
(60)

with Stein et al . Average uncertainty in ratio

= 0.2.
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beam LIF experiments.

2.3.2 Low resolution behaviour

Direct comparison with low resolution observations is
less straightforward than at high resolution. Due to the larger
frequency ranges covered, information on the laser gain curve and
detector response curve are required for consistent comparisons. A
typical low resolution scan obtained by Stein et. al.(6o) is shown in
Fig. 2.10. Figures 2.11 - 13 show tﬁree regions of this system
obtained from the P(v") and P(J") data of this work, with appropriate
values for AAL etc. Rotational relaxation %as not incorporated into
the P(J") distribution as this would have been too difficult compu-
tationally. .An approximate R(A) wvariation typical of an S20 photo-
cathode and a constant laser intensity within each section was used;
detailed information én these functions was not available.

The main features for comparison are the relative heights and
widths of the bands. As regards the latter it can be seen that the
general shape of each band is in good agreement with the data. If
anything the simulated bands appear rather too broad, especially for
higher v", and this may be attributable to lack of rotational
" relaxation. Since this has been shown to.be reproducible at high
resolution, and no new algorithm is invoked which uses P (J") here,. it
is reasonable to conclude that the simulation can reproduce the -
observed profiles at low resolution also.

As regards the felative heights, Fig. 2.14 shows a complete
s;mulation from 5200 - 58008. It is clear that there are severe

differences between this and the observed data of Fig. 2.10. The

effects of the varying dye gain curves can be at least partly removed
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(1.1)
(2,2)

(0.1)

I~

Fig. 2.11. Simulation of 530 - 550 nm -

(1,2)

Fig. 2.12. Simulation of 550 - 575 nm
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Fig. 2.13. Simulation of 580 - 600 nm
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Fig. 2.14.

Complete Simulation of 520 - 580 mm
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by comparing adjacent bands in thé regioné where the gain curve can be
assumed flat. Thus in Fig. 2.11 the (1,1) and (0,1l) bands appear
diminished with respect to the (2,2) band. Similarly in Fig. 2.12 the
(0,2) band is diminished with respect to the (1,2) band. This is
consistent with the simulated detector response curve being insuff-
iciently sensitive to the red, as generally sensitivity increases with
v'. Without more detailed information it is impossible to be more
specific however.
2.3.3 Conclusions

Despite the reservations expressed in matching of low
resolution simulations without adequate data on sensitivity and gain,
the good agreement obtainable at high resolution leads to the conclusion
that the simulation is capable of reproducing experiment sufficiently

well for the extraction of meaningful data.
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......

Simulations of LIF spectra in product CS from the reaction

o + CS2 have highlighted the limitations discussed in Sec. 2.3.1(173).

Although the rotational distribution was thought to be relaxed at low
J", the significance of possible departures from a thermal distribution

at high J" could not be assessed because of uncertainty in the

behaviour of SJ,J" due to perturbations.
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3.1 Experimental Details

3.1.1 Vacuum and beam systems

A: Scattering Chamber

The scattering chamber consists of a cylindrical
stainless steel tank, shown in Fig. 3.1, of 1m diameter and 0.45m
depth, with 1 cm walls. The scattering and detection zones are located
at the geometric centre. A differentially pumped chamber (DPC) of
volume "161.1is located above the reaction zone, and is supported on
legs mounted on an optical table which lies below the centre. The
D.P.C. contains the body of the molecular cross-beam oven, and the
atom nozzle beam assembly. Both these parts are mounted on a circular
flat which is located in thé base of the D.P.C. on the tank's axis.

It is supported independently of the D.P.C. on three pins which
screw into the optical table. This arrangement allows a considerably
finer alignment of the beam assembly with the laser axis and fluor-
escence collection optics than is possible by moving the D.P.C. aloﬂe.
The atomic reagent is generated in a microwave discharge through
a quartz pipe, outside the tank and passes through ports in the main
chamber and D.P.C. to the beam assembly via pyrex tubing coated
internally with PTFE. The nozzle is located in a cross piece which
can be moved vertically on linear bearings, to vary the nozzle-skimmer
distance, as shown in Fig. 3.2. The final copnection of the gas tube
is pushed directly into the nozzle and sealed inside by two 'O'-rings,
whic¢h allows motion of the nozzle with respect to the fi#ed glassware.
The skimmer is of stainless steel, and is fixed in the D.P.C. baseplate .
on the tank axis. With this arrangement the nozzle-skimmer distance

can be varied to optimise the beam conditions.
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The cross-beam oven is supported on three pins screwed into the
baseplate, on one side of the skimmer. The oven has a stem which
passes through an 'O'-ring sealed hole in the baseplate and terminates
22 mm from the reaction zone. A microcapilliary array with a total
orifice diameter of 1 mm in the side of this stem forms the source of
molecular reagent.

From the skimmer of the atom beam to the reaction zone is 20 mm.
Below the zone a beam dump consisting of a hollow stainless steel cone
with an aperture of 10 mm is mounted on the optical table. This is .
separately pumped through a port in the table.

Around the side of the tank are afranged eight ports at the level
of the reaction zone. Two ;f these allow the passage of the laser beam
through the tank, and one at right angles to this suppérts the fluor-
escence detection photomultiplier and optics.

The main chamber is pumped directly by two Edwards EO6 oil
diffusion pumps (1400 ls—l). Each pump is separated from the main
chamber by two sets of coéled chevron baffles. The upper set is
cooled by methanol circulating in a methanol/dry ice slush at —98°C,
and the lower set by water. The main chamber is extensively cold-
trapped by ligquid nitrogen traps which are replenished automatically.
The D.P.C. is pumped by a third EO6, and the beam dump by a LeYbald"

1

501 oil diffusion pump (600 1s" 7). The two pumps on the main chamber

are backed through two liquid N2 traps by two Edwards rotary pumps

(500 1 min ). An Edwards EDM12 rotary pump (250 1 min ') backs both

the D.P.C. and dump through a third cold trap.

With this arrangement of pumps and traps, pressures of 2 x 10-5

torr in the main chamber and 2 x lO—3 - 10_2 torr in the D.P.C., were
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attained with.both beams running under typical conditions. The
pressure in the main chamber was measured with Edwards IG3M and IGSK
ionisation gaugeheads.
B: Iodine beam
The iodine cross-beam is formed from a glass micro-

capillary array (1Opm or 25um pore diameter x 1 mm thickness, 75%
transparency). The stem and oven are provided with independently
variable heaters, with the stem normally kept 5 - 10 K hotter than
the oven to prevent condensation and blocking of the capillary array.
The corrosive nature of the iodine easily degraded the seal between
the stem and the array, during‘a run of several days operation. The
capillary was not usually reclaimable following this.

Undér normal experimental conditions the oven was maintained at
60 - 70°¢ corresponding to a vapour pressure of 5 - 10 torr. There was
no direct means of monitoring the intensity of the beam experimentally.
However, the background pressure in the tank was found to be stable
once the oven temperature had stabilised, suggesting tﬁat any
fluctuations in the beam intensity were small.

C: Fluorine atom beam

Discharge reagent is made up in a gas line before each
experiment. A high pressure (760 torr) reservoir has a capacity of
201., and gas is dispensed through a needle value to the microwave
cavity. Typical operating pressures were 5 - 10 torr, as measured by
a pirani gauge (Edwards PRCT 10, and Monitorr 162), and additional
precisioﬁ was available by using a digital readout. By adjusting the

needle value to compensate for the slow decrease in the high pressure,
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the low pressure could be kept constant to within a few percent.

Atomic fluorine reagent was obtained by discharging CF4 diluted

to v10% in He. CF, has the advantage over F

4 in being easily handled

2

and non-toxic. An EMS type 214L caviﬁy at a net power of V70W was

used to discharge the mixture. This was external to the tank and the

discharged mixture flowed a distance of 60 cm to the nozzle. Under

these conditions the beam should consist mainly of-He, CF
(125)

and F , of which only atomic fluorine reacts directly with 12 to

4' CoFgr For

give IF product. The nozzle is constructed of 'Teflon' and mounted as
in Pig. 3.2. It has a diameter of 0.4 mm. The skimmer has a diameter
of 1 mm with internal angle 25° and external angle 35°. The nozzle
skimmer distance can be varied up fo'NlS mm.

3.1.2 Laser system

The laser system used is essentially that described by
. (119) . . . ,
Fernie so only a brief summary will be given. The nitrogen pump
laser was built at Edinburgh and is of the parallel palte 'Blumlein’
configuration. The discharge cavity is of V1 m length x 30 mm gap
width x 3 mm electrode height, and operates at a gas pressure 30 - 50
torr. A hydrogen thyratron is used to discharge the.capacitance across
the gap at a repetition rate of 50 - 100 Hz, and yields a pulse width
\ (119)

of V12 ns and a peak power output of V50 kW .

The output of the N_-laser at 337.1 nm is focussed by a quartz

2
lens onto the dye laser cell. This consists of a stainless-steel cell
with guartz windows, through which the dye solution flows. The dye

laser cavity is formed by a 50% reflecting concave output coupling

mirror, a x10 beam expanding telescope and reflection grating (1200
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linés nmfl). This is mounted on a stepping motor (Unislide 4757)
incorporating a divide by 20 gearing ratio to give a step lengﬁh of
0,11 nm near the blaze wavelength of 450 nm.

The beam gquality was found to be rather poor with this
arrangement, having a non circular shape and irregular decrease in
intensity. A 400um diameter pinhole was positioned just in front of
the output céupler to select only the core portion of the laser action.
This resulted in better spatial definition of the beam, but also
caused a drop in total power from 300 to 1l50uW. A circular diffraction
pattern vwas also formed. The beam was allowed to expand from the
output coupler, as shown in Fig. 3.3, to a diameter of 1-2 mm, and
then collimated by a lens.of 30 cm focal length. This rgsulted in a
beam of low divergence (<1 mrad), and a uniform diameter of ~2 mm in
the reaction zone. The collimatéd beam was steared into the tank
through a glass port. The various surfaces between output coupler and
reaction zone result in a farther attenuation to 1OOuW power.

Along the laser path within the tank care must be taken to
ensure that spurious pulées from the laser light are not accidentally
counted. The use of a gated counting system prevents any photons
scattered directly from the laser pulse being accepted, but exposure
to such a (relatively) high intensity pulse of scattered laser light
can cause secondary “afterpulse" effects in the photomultiplier(126).
These are caused by ionisation of the residual gas atoms in the
cathode-first dynode space, by the initial photo-electron pulse. Ion
bombardment of the cathode may liberate up to 20 secondary electrons,

which appears as an afterpulse of varying size. The delay between the
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initial multiphoton pulse and the secondary ion pulse is détermined by
the relatively low mobility of the ion, and is ~lus. This is also the
timescale of the fluorescence signal. 1In the event of low signal
rates it is important that this source of time-correlated noise is
minimised.

Scattered light from the laser arises mainly from the entrance
and exit windows. In addition there is éhe problem of diffraction
rings caused by the intracavity pinhole. ‘(The scattered light from
this source was much less than that arising from the untrimmed beaﬁ)..
The beam passes through a series of 1 cm diameter apertures equispaced
along the baffle arm, as shown in Fig. 3.4a). These serve to remove
light scattered to wide angles at thé windows, and higher order
diffraction rings. Final shielding is performed by the primary baffles
- which are located in a demountable sleeve on the end of the baffle arm
(Fig. 3.3). A variety of sizes and shapes of baffle and spacer were
made and the optimum configuration determined over a period of
several months. This is shown in Fig. 3.4b).

The use of baffles to reduce scattéred light in this type of
experiment has become a'standardltechnique(79), and all such systems
have relied on the fact that the beam is well defined spatially, and
so is not spoiled on the baffles. 1In this experiment the diffraction
rings were sufficiently intense to give rise to non-negligible
scattering of the edges of the baffles however, and it was this that
ultimately limited the reduction of the scattered light. The number
- of photons reaching the detector from the scattered light was
estimated by viewing the resulting pulse on a fast oscilloscope. At

a mean power of 100uW, this was between 1 and 10 photoelectrons
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depending on the precision of alignment.

The bandwidth, gain, and time duration of the dye laser
pulse were all found to depend quite sensitively on the construction
of the dye cell. There appeared to be no dominating cause i.e. one
that could be correlated strongly with the observed variation in the
above properties. Due to the limited lifetime of the dye cells, the
following measurements are‘therefore approximate. Except where
indicated however the numbers quoted are those relevant to the
experiments in which conclusive data was obtained and as such are also
used in the feasibility calculation.

A: Peak power and time duration

The time variation of the intensity was observed using a fast
high wvoltage photodiode (I.T.L. Ltd.) and fast oscilloscope
(Tektronix 7904 mainframe with 7B92 timebase and 7A21N direct access
vertical deflection modules). The direct access unit was calibrated
with a pulsé generator (Lyons PG73N) and an internally calibrated
- oscilloscope (Hewlett Packard 142A). The sensitivity of the photo-
diode is a known function of wavelength. The peak power was
determined as @320W, aﬁd the FWHM as &Sns. This corresponds to a

12

pulse energy of V1.6uJ and a mean power of 80uW, or 3 x 10 photons

per pulse.
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B:  'Bandwidth'

A scanning Fabry-Perot interferometer with a small plate
separation was used to give a free spectral range of 58 (25 cm-l). By
analysis of the hyperfine structure of the 546.1 nm Hg line, the
finesse of the interferometer was found to be ~50. To measure the
laser bandwidth the output from an EMI 9824B photomultiplier was
integrated with a time constant of 1s, and its output displayed as the
Y co-ordinate of an X-Y plotter, the X-drive being obtained from the
piezo-electric scan of the interferometer. The bandwidth of the
associated electronics was determined from measurements on the Na D-
lines to be "2 cm—l.

Figure 3.5 shows laser line profiles obtained under various
operating conditions, with two different dye cells. These results were
reproducible for a given cell, and illustrate the effect of changing
the cell, all other things being equal. Unfortunately, it did not
prove possible to determine the bandwidth of all the cells used, due
to the time involved in setting ué the interferometer, but the .results
éuggest that for pump laser operating voltages above ﬂlO kv, the
profile is approximately symmetrical and single peaked with a band-
width of 3.2 + 0.22. There is some evidence to suggest that the

bandwidth decreases at higher pump powers. The use of much higher

L] .
i am grateful to Ian Hutchison working under the supervision of

Dr. A.G.A. Rae, for his measurements of the laser line profile, as

part of a Carnegie Trust vacation scholarship.
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Fig. 3.5. Variation of dye laser bandshape with pump
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pump powers proved to be inexpedient however, as this significantly
shortened the operating life of the nitrogen laser dielectric. The
bandwidth was thus assumed to be ~3R.

C: Wavelength stability and control

The wavelength of the laser could be determined using a Hilger
Watts 30 cm spectrometer. This was calibrated over the range 450 -
590 nm using lines from Cd and Na discharge lamps, and found to be
linear to within 18, Wavelength stability was tested by running the
laser continuously for 4 hours. A mean drift of 18 hr-l was found.
The consistency of the stepper motor was checked using the spectro-
meter. Some sticking and backlasﬁ was observed, which on small
movements (<208) was found to be correctable with a high degree of
reliability. Over long drives deviations from, the predicted posi;}pn
of a few 2 were typical, but less consistent. Normally the grating
was operated under computer control, so after long drives the wave-
length wa§ checked and a correction applied as necessary.

D: Gain curve

The extent and shape of the gain curve was found to be highly
dependent on the dye cell. As only coumariﬁ 102 was used in the final
sequences of the experiment, only the gain curve for this dye was
analysed. This is shown in Fig. 3.6 for two differént cells. Detailed
knowledge of the gain curve is not required for interpretation of the
data as the laser monitor provides information on the power levels
during the course of the experiment. Variations in laser intensity

occur dur to degradation of the dye and changes in the laser cavity as

well as due to the gain curve.
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3.1.4 Data Acquisition system

A: Fluorescerice counting system

Fluorescence is viewed at right angles to the direction of the
laser beam, as shown in Fig. 3.7. The photomultiplier (EMI 9824B) is
mounted in a stainless steel tube which is attached via a flexible
coupling to the external flange of the tank in a similar fashion to
the laser baffle arms (Fig. 3.3). The photocathode is sealed against
an 'O'-ring to the vacuum, as in Fig. 3.8. The fluorescence is
collected by means of a simple lens system described by Clyne and
McDermid(83). The detection zone is located in the focal plane of an
aspheric lens.(dia. 30 mm, focal 1length 25 mm). A second such lens
focuses the light through an aperture on to the photocathode. This
focusing action as;ists rejection of spurious light which is not
divergent from the reaction zone. This lens assembly is.mountedhin a
brass cylinder which is bolted on to two of the DPC baseplate support
legs. As the photomultiplier arm is not fixed with respect to the
detection zone, the second lens is mounted on a screw coupling. This
allows the focusing of the fluorescence. through the pinhole to be
optimised.

Pulses .from the photomultiplier were amplified in two stages

(Keithley 111A fast pre-amplifier and Hewlett-Packard 462A fast pulse

amplifier) to give pulses of several hundred millivolts.. -These-are -.-..

accepted as input by a discriminator and passed to the gating system
as standard 50 high level logic pulses. These three stages of
processing were located as close to the photomultiplier as was possible.

Substantial RF pickup at V12 MHz from the N_ -laser was observed on all

2
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low level signal lines, and without shielding this was capable of
masking the signal. Wrapping all the. stages before the amplifier in
in aluminium foil reduced this to <10 mV.

A schemétic of the complete data collection system is given in
Fig. 3.9.

Since a pulsed laser was used it was convenient to have a gated
counting system. This has the advantage of enhancing the signal to
noise ratio by a factor equal to the duty cycle if the main source of
noise is uncorrelated in time with the signal. The gating pulse
which defines the window during which pulses are couﬁted is derived
from part of the N2-laser pulse illuminating a fast photodiode
(I.T.L. Ltd.). The outpu; from this is shaped, delayed and expanded
to form the.gating pulse. Discriminated pulses from the detector
which‘arrive during theAextent of the gate are amplified and counted
in the scaler over a preset period of either, i, 10, or 100 s. The
pulse shaping and gating was performed using AIM units.

The timing and data logging were performed by a control unit
.specially built to interface the scaler to the departmental PDP11/45
minicomputer. This unit also performed various control operations and
is described in section 3.2.

B: Laser monitor

The dye laser intensity was monitored during the course of an
experiment by a second EMI 9824B photomultiplier, this time operating
in the DC mode. At a repetition rate of 50 Hz the output of the
photomultiplier could easily follow the pulséd input. The charge under
each pulse was integrated on a sample and hold circuit with a time

constant of 0.1 s, and the output displayed on an electrometer
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(Keithley 602). The O - 1V output of this was connected to an
analogue to digital converter which could be sampled under computer
control at rates of up to lO3 Hz.

The linearity of the monitor with respect to the incident
intensity was chécked using the fast photodiode and oscilloscope used
for measuring peak power. The incident beam was attenuated using
neutral density filters and the monitor signal and peak height measured.
Correlation of these two measurements showed linear behaviour with a
co~efficient of correlation of 0.98.

The use of two photomultipliers having the same response function
allows for a possible simplification in normalising signal with respect
to laser intensity provided certain conditions are sati;fied. In
general the intensity signal for a detector with response function

R(A) is given by

s = [T ROOIOVA | 3.1

where I()\) is the distribution of incident intensity. For laser radiation
of intensity I, if R(A) is a slowly varying function of A near the

laser wavelength AL,oner the laser bandwidth 4A,, then

S, = é RAI S(A-A )@ = RQAIL 3.2

For a fluorescence signal I(A) is determined by the Einstein A co-
efficients as in equ. 2.4 and S has the form
- A
jk
S ol R(A,) { = } I 3.3
. k .
3k 3 ZAjk L

with j,k referring to all possible (v,J) transitions. If R(A) does

not vary much over the width of one band then this can be written as
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Only in two cases does this approach R’_(AL)IL as in equ. 3.2,
and thus allow cancellation of the sensitivites in the normalisation

with respect to I These are:

L
. a) if the fluorescence intensity is concentrated mainly in

the band which is excited i.e.

u
'—l
<—
fl
<

n
(@)
<-
AN
<

wherg v' o« vg is excited at A

b) If R(A) is approximately constant and =R(AL) in the

range of significant fluorescence intensity.

For the B > X system of IF neither of these conditions holds
particularly well. For absorbtion in the blue, fluorescence is
distributed with significant intensity at wavelengths where R(}) is
significantly different from R(AL). Thus it is generally necessary to
incorporate the response function into a simulation calculation as
described in chapter 2. The correction to the monitor signal is
applied to determine the true laser power before tﬁe intensity is

incorporated into the simulation.

C: The effect of laser induced noise

The existence of time correlated laser induced afterpulsing was
reférred to in sec. 3.1.2. The strength of this effect is usually
measured by the co~-efficient 8, which is the probability of afterpulse

occurrence per photo-electron pulse. B is a function of the operating
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voltage in the cathode - first dynode space and may be typically in
the range'lo--4 to 5 x4lO_2. Hence for scattered laser light of &5

photoelectrons per pulse, a noise rate of up to ﬁlZ s-l may result

from this source.

The requirement of high cathode sensitivity in the single
photon cbunting mode directly opposes that of low afterpulsing. While
the 9824 is not ; particularly high gain device, it has a low dark
count and a cqmpact size, which enables a close proximity to the
detection zone without the need for complex optics. Gains of up to
lO7 are achievable however. Several tubes of this type were tested
for their afterpulsing properties. This was done by allowing a low
level chaotic light source to be detectéd and using a time to
amplitude converter and multichannel analyser to measure the
vdistribution of pulse separation intervals over a 20ﬁs range. This
is shown schematically in Fig. 3.10. The delay shown is very short
(& few ns) and merely serves to prevent the same pulse starting and
stopping the converter. If a second pulse does not arrive within the
20us range of the converter, it will not register a 'stop', but
following the delay this same pulse will cause a new 'start'.

To prevent pulse pile-up distorting the time distribution, the
probability 6f the occurrence of a second ‘stop' pulse (i.e. of two
pulses separated by <20ps) must be small. This is usually taken as

meaning less than ®5 X lO-2 (127 which gives a net loss of pulse pairs--

of V0.2% due to pile up(128). At a count rate of 1000 s_l, assuming

Poisson statistics, the probability of one count arriving in a 20us

interval is Pi =2 X 10-2, so the above condition is satisfied at this

rate.
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The tubes were tested at a gain of 5 x 106, and the results are
shown in Fig. 3.11(a). A rough estimate of B can be obtained by
comparing the integrated area under the afterpulse peak with that
under the random background level. This background represents the

4

probability of two random pulses arriving within 20us i.e. P2 =2 x 10 .

The ratio of the respective areas is ~v1:1, so the total afterpulse
probability is 2 x 10-4, and hence B = 10_2. Figure 3.11(b) shows a
similar plot for a tube which was specially selected by EMI for its
good afterpulse characteristics and no afterpulsing was observed. In
practice it proved necessary to work at a gain of V2 x 107, which is
near the limit of this tube type, and at this gain some afterpulsing
was unavoidable. Typical behaviour under illumination by scattered
laser light is shown in Fig. 3.12.

The time distribution of correlated noise can be used to
determine best values for the delay and gatewidth. Figure 3.12 shows
that although most of the afterpulsing is over &Zus after the laser
flash, there is a tail which extends well into the region whefe
fluorescence is expected. With a delay of 2us and a gate of 1Ous, the
residual afterpulsing had an intensity of 0.2 - 0.5 s--l or 0.4 -

1 x 10_2 per laser pulse. This noise source was found to behave
approximately in a random manner with a standard deviation of

approximately VN, where N is the rate per unit time.

D: Other sources of noise

With care all other sources of noise could be reduced effectively

to zero. There was no evidence of any stray light from external

sources. Stray light from the discharge could be reduced to <0.1 st
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using woods horns on the gas pipe and by black painting the external
surface with 'Nextel' (3M Corp.).

3.2 On-=line Control System

3.2.1 Requirements

In experiments wﬁere long running times and the handling
of large amounts of data are involved the use of on-line computer
control is highly advantageous. In the experiment raw data is
collected as pairs of pulse counts taken with the discharge alternately
on and dff over 1, 10 or 100 s. These pairs are collected in sets,
each set corresponding to a given wavelength. In addition it is
necessary ;o measure and store laser intensities and variations during
collection, for normalisation purposes. This must be manipulated to
yield preliminary values of true fluorescence signals and their errors
as a function of wavelength so thaf the progress of the experiment can
be monitored.

It is helpful\also if the computer can perform simple routine
control tasks, such as activating switches,monitoring pressures and
giving warnings. This frees the experimenter from routine tasks and
allows him to attend to moreA'complex' checks such as laser wavelength,
and gives him more time to make experimental decisions, and attend to
'emergencies’'.

These considerations mean that software must satisfy certain
requirements. It must be reliable (computer control is only worthwhile
if it reduces problems), and allow for all possible assignments and
combinations of conditions. It must not lead to any undefined states;
all possible.arithmetic errors must be rigorously trapped in any data

analysis, and the results of hardware failure must be considered and
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trapped. In all these situations the program must fail safe, so that
the superviéing subsystem- cannot terminate execution and lead firstly
to loss of data which may be core resident and secondly to the
requirements of restarting the software with loss of time. In this
connection it must be ensured that collected data is made permanent on
disc space so that it will be preserved in the event of a subsystem
crash. The frequency with which this is done must be decided in the
context of how long a transfer takes and how often it is desirable to
interrupt data collection.

It must also be flexible; data collection must not be interrupted
for trivial reasons. This means that hardware faults which can be
diagnosed by the software should have checking procedures and remedial
action incorporated into the code if possible. Conversely care must
be taken that such processes can terminate if morevtime is being spent
attending to hardware faults than collecting data, so that the
experimenter can intervene. None of the fault-attending code must
interfere with the state of the collection code so that the same
procedure can be resumed once the fault is fixed.

Software should be efficient. Since the main purpose is the
accumulation of data, as little time as possible should be devoted to
other tasks when this is not occurring. 1In practice the size of these
intervals was determined by how long the experimenter took to decide
on what to do next, based on feedback from the computer. The time
during the collection»periods can be used to monitor beam intensities,
pressures etc., while the software would otherwise be idle. Other
tasks like writing to the disc and moving waveiength were found to

take negligible times in comparison, and so could be inserted where
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convenient.

Finally it should be simple to operate, which means that operator
input should be minimal. A series of one letter instructions from the
teletype suffices. An interrupt facility, either through the hardware
.or from the terminal is also useful to abort the current operations
and return to command level.

3.2.2 ‘Structure‘and'ogg;ation*

The data collection is organised round counting intervals
of 1, 10 or 100 s during which the scaler accepts gated pulses from
the detector electronics. The scaler is started by a signal from the
computer after which control of the timing passes entirely to the
interface hardware. The software must then wait until the timer
clocks out. During this time the laser monitor signal is read a pre-
set number of times and the mean and standard deviation calculated.

The software thgn waits for the end of the counting period, after
which it reads the data. The data code is organised by the interface
into twelve "bytes" of five bits each. The bytes are gated
sequentially onto five parallel lines on receiving a sync pulse from
the computer. In the computer the five bit code is read as an
integer number into an array element. The first byte corresponds to
an unambiguous bit pattern which is hard-wired into the scaler, and
the software checks that this is £he first element in the array. If

this is not the case, then the array is cycled until it is. The

*
For the detailed design and construction of the interface hardware,

I am indebted to Mr. Douglas Munroe.
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second byte is used to signal an interrupt request from the local
hardware if necessary. The remaining ten elements contain the signal
count code (up to~lO4 counts per interval). The software then decodes
these elements. If they cannot be decoded due to a fault in the
readout or encoding operations, an error message together with
appropriate diagnostics is printed on the terminal. The software will
then attempt to read the data a further ten times. If it is still
unsuccessful, the counting and readout operation is repeated.
Successive failures which result in repeated collections outnumbering
successful collection within one wavelength set are deemed to warrant
operator inﬁervention and data collection is temporarily halted.

Every second counting period the microwave discharge is switched
on by a relay'in the interface and 5s allowed for it to stabilise
before collection begins. One complete "round" of data thus consists
of counts, mean monitor signal and deviation, for the discharge off
and on. This process is repeated a number of times which the experimenter
can set at will. At the end of a maximum of sixteen rounds all this
data, together with variables describing the experimental details,
time and wavelength, are organised into a binary block and written to
the disc.

Occasionally it is necessary to collect a block of background
data; that is with the laser blocked off, but otherwise identical to
that above. In this mode true dark noise plus photon background is
collected with the discharge off and stray light from the discharge
with it on. Any offset due to ambient lighting is measured by the

monitor. This data can then be used to correct the observed signal and
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laser intensity. At the end of each block, the mean and error of the
corrected, normalised signal, and noise are printed. Cumulative
values of the signal and error are stored as a function of wavelength
in arrays and the relevant entries are updated at the end of each
block. 1In this way a preliminary profile of the spectrum is built up
which the experimenter can interrogate between data collection
sessions.

Another facility at this level is wavelength selection. The
‘experimenter inputs the necessary increment in "stepper units" (&lg).
The software then corrects for sticking or backlash, drives the motor,
and updates the wavelength code. Variables are provided for records
of experimental conditions such as beam pressures, oven temperatures
etc., which are not under computer control, and these may be explicitly
updated by the experimenter. The commands also include a copying
or élearing of the accumulated spectrum, and suspending or halting
data collection. A block diagram for the global structure is given -in
Fig. 3.13. A listing of the program appears in appendix 4.

The structure of thislprogra@ was built up over the period in
which the experiment developed. .In this way each stage could be
tested and debugged at the corréct level of experimental complexity.
In addition many smaller programs were written to test individual
routines, so that the limitations of the hardware could be assessed.
Experience has shown that the final system has lived up to the
requirements set~out earlier. No data has ever been lost by software
failure. Occasional individual data units have been lost through

hardware failures over which the computer has no control, such as
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failure of the discharge to ignite. Monitoring of microwave power
levels and pressures are areas where farther work will be necessary to
ensure totally failsafe operation.

3.3 Feasibility Calculation

A detailed calculation to illustrate the feasibility of the
proposed éxperiment will now be given. The calculation was made
taking the experimental set-up described earlier as given, and
numerical values are taken directly from the work described in the
previous sections. In cases where values are not known a 'most »
pessimistic' choice was made. This ensures that the final estimate of

the signal is a lower bound.

3.3.1 ‘MoleCulér Iodine beam

This is formed from a microcapillary array. The flow
rate N (in molecules s—l) through a single tube of radius a and length

L has been predicted by Giordmaine and Wang(lzg). The large gas

kinetic cross section of 12 as derived from viscosity measurementé(l3o),
means that true Knudsen flow, where A >> a (A is the mean free path)
will occur along the entire length of the tube only at the pressures
below 1 torr given typical values of a (¢5pm). This would result in
low flow rates. Useful collimation can still be achieved when the
Knudsen flow condition holds oniy over a certain length, Lo’ from the
low pressure end of the tube, as long as L, >> a. N and I(0), the
differential angular intensity along the beam axis, cease to be
proportional to source pressure Por according to the strict theory,

however. In practice(lBl)

it has been shown that with beams of He a
" linear variation of N with P, still obtains in the regime where a <vAo’

where')\0 is the mean free path in the source.
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The flow rate is then given by
3.5

2m -Ia3§no

N = 3 =

where V¥ is the mean molecular velocity, and n_ the source density.

Experimentally flow rates are found to be less than this by a factor

of ~2/3.
The forward intensity and angular half width at half maximum are

then found respectively from(lzg)
10 = = ( 3 )5 i (Fa) ? 3.6
T8 V2r s o ! :
2%37 ( N )_"
= —=z - - 3.7
=% a

¢ is the collision diameter.

1.
values of Ae12 are found to be a factor of &2

R

provided cos AG%

The measured
greater. This has been interpreted as an end correction, but may

include a contribution from scattering between molecules from different
(131)

tubes, when an array is considered
The highest efficiency of collimation is obtained by minimising

Ae%, but higher intensities at lower efficiency are obtainable by

increasing n, and/or a, subject to constraints on the pumping capacity.
Taking a driving pressure P, of V5 torr and a = 5Sum, from equs.

3.1 - 3.3 it is found after applying the empirical corrections that

1.2 x 10l3 sr-ls_l

I~

I(0)

88, = 16° FWEM

a collision diameter of 6.58 was assumed. The total forward intensity
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is found by multiplying I(0) by the number of tubes M, contained in

the orifice area, A, which is given by

where € is the transparency of the array, (Vv75%). For an orifice of

1l mm diameter M & 7.5 x lO3 so

I(0) = 9 x lO16 sr_]‘s—l

The total flow rate is MN and is ~3.4 x 10%%s™1.  Tmis is well within

the pumping capacity of the chamber, given the increased capacity due
to cryotrapping, and allows some margin for increasing Py if necessary.
At the reaction zone, which is V20 mm from the orifice, the

density of reagent is

1.3 x lO12 cm—3

4

3.3.2 Fluorine atom beam

Given the high reactivity of F atoms on glass a capillary
array is not suitable as a source so a nozzle beam was chosen. Design
. . . . (132,133)
criteria for nozzle sources have been discussed extensively ’

but the predictive capability of the theory is still limited.
Accordingly, in discussing the operating conditions of this source,
extensive approximations will be necessary.

The choice of operating conditions is determined initially by

the amount of differential pumping available. The arrangement
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described earlier has a maximum capacity of 6 x 1019 molecules s—l at

a load pressure of 5 x lO_3 - lO_2 torr. This determines the upper

limit of the total flow rate through the nozzle, N. If N exceeds
this value the pumping capacity begins to drop and the DPC pressure

rises. Operating source density ng and nozzle diameter Do are then

.determined from

N = lmoozx'z 3.9
[o BN o]

where 30 is the mean molecular velocity in the source. Normal
practice then dictates that the largest Mach numbers are obtained with
the highest pressures across the nozzle, and thus with the smallest
nozzle diameters compatible with equ. 3.9. A lower bound for Do is
however fixed by the mechanical construction of the nozzle. It was
decided that the nozzle should be made of PTFE, due to its chemical
inertness, and by trial and error the smallest diameter attainable was
V0,02 cm. From equ. 3.9, the maximum source pressure is thus &200
torr.

As will be shown later, there are other requirements to do with
the attenuation of F-~atom concentration between digcharge and nozzle,
which favour a larger Do‘ At this stage it is sﬁfficient to say that
a suitable compromise is a diameter of @O.l cm, and pressure of 8 - 10
torr. A velocity of loS cms_l, which is appropriate for a beam seeded
in He at room temperature, has been assumed. For an unseeded beam
increased source pressures are possib}e.

Although stagnation pressures of &10 torr are low in comparison

to those used in typical supersonic nozzle sources, it has been shown
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that the resulting beam can still be well characterised in terms of a

. . 34
Mach number which gives a good description of its pzr:opert:Les.(l )

The final state of the beam far from its source and skimmer is

characterised by a terminal mach number MT’ which is given by

M, = 2(%)0'4 - 3.10

)

where K is the Knudsen number of the source . (= AO/DO) and € is a
collisional efficiency which describes the rate of decrease of thermal
translational energy per molecule (O € € £ 1), and which must generally
be determined experimental;y. Putting € = 1, gives an upper limit to
MT which for Py = 10 torr and Do = 0.1 ¢cm is ®12.6. A mean free path
of I!.O-3 cm in the source has been assumed. This is based on that of He,
but rounded down by ~V20% to allow for a 10% concentration of other
species, for which gas kinetic data are unavailable.

At some point downstream of the nozzle a transition from
continuum to free molecular flow occurs. This distance L* is given

by(134)'

L t
T = 0.24 (K_n) 3.11

Beyond this point flow continues with the density for a monatomic gas,

at distance L given by

L2

L L
n = 0.16 no(D—) /Do> 4 3.12
o

Equation 3.11 predicts L" = 2.2 D_. Equation 3.12 will be used for

. %*
the determination of n beyond L , even though the condition for its

validity does not hold until some distance farther. The justification
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for this is that a more sophisticated estimate of n beyond L* is
unwarranted here, and that L*/D is not very much less than that
required for Equ. 3.12 to hold, so n is not expected to be too
inaccurate. In addition, Anderson and Fenn(l34) have found that this
procedure leads to good agreement with measured terminal Mach numbers,
even for low density sources. (po = 5 torr, Do = 0.8 mm).

It is clear then, that the source should func;ion as a true
nozzle, and that the surface of transition lies at 1-3 nozzle diameters
from the source. Typically the skimmer is located at 'QSDO from the-
source, and hence at the reaction zone, the source appears to be a
distributed effusive source, whose molecules have a stream velocity
determined by MT superimposed on which- is a thermal distribution. As

(133,134) provided skimmer interaction is negligible

has been indicated
the intensity at a given point downstream of the skimmer becomes
independent of nozzle-skimmer distance. Such interactionms, which
serve to reduce the observed intensity from that predicted theor-
etically have been attributed, in this low pressure :egime,té a
scattering of molecules from the walls of the skimmer. It has been
shown that a good predictive parameter for the ratio of observed to
predicted intensity is KS/MS, the ratio of Knudsen number to Mach
number at the skimmer entrance. This has been verified over a wide
range of Po and DS, for values of KS/MS < 2, although the exact range
for the latter varies weakly with Py and Dy, being greater for lower
po and Ds. This breakdown has been attributed to scattering of beam

reagent by background in the first differentially pumped chamber.

The effect of skimmer disturbance can be estimated as follows.
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From equ. 3.12, the free stream density at the skimmer entrance is

15 -3 . . '
v2 x 100 cm T, and the mean free path there is thus 0.2 cm.
Assuming D, = O.1 cm, then K, = 2. M_ is more difficult to estimate,
but given the maximum value of MT is ~12, and assuming € = 0.25, gives
the predicted attenuation, KS/MS = 0.5. Reference to accumulated

data(l36)

shows that this prediction is expected to be valid for this Py
and Ds. Skimmer interference is the major loss for the source. The
density at the scattering zone is then calculated from equ. 3.12, and

corrected by KS/MS. At 2.5 cm from the nozzle this is V3.7 x lol3 .

-3
cm .
The angular FWHM of the intensity distribution is also rather

difficult to estimate. Measurements of the radial distribution at

various pressures have yielded Mach numbers in violent disagreement

with those obtained from velocity measurements(l34). Other work6135'136)
suggests that
~ 1
Ae% = oM 3.13

is a good "rule of thumb". Using this estimate an angular half width
of ~12° is obtained.

3.3.3 'F-atom yield

The density of F-atoms in the beam is obtained by
multiplying the beam density by the mole fraction of atomic fluorine,

£ Initially, the decay of fF between discharge and nozzle, due to

P
reactions of F with the walls and other species will be ignored. This

is an unlikely condition and its effects will be considered later. 1In

: . . . : 7
the beam, selective concentration of heavier species along the ax:.s(13 )

is also neglected.
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In a discharge of pure CF4 at 0.2 - 0.6 torr densities of F-
atoms of 2.4 - 6 x lOl4 cm-3 were observed 30 cm downstream by Kolbe
and Kaufman(lZS). The reagent was discharged in a cast alumina tube

and flowed in a PTFE tube. It will be shown later that this
corresponds to a dissociation of V10% in the discharge. This is

assumed to be an attainable rate. No CF_, was detected although F

3 2’

CF2, and C2F6 were present, in varying quantities. This is because

the reaction rate of

2CF3 -+ C2F6

(138,139) 12

is fast (k = 3 -5.3 x 10 cm3 mole-l s_l), and presumably

faster than either

2F - F2

F + CF3 -> CF4

at these pressures. The concentration of F2 was 3-10 times less than
that of F.

The dominant mechanism for removal of F-atoms at these pressures
. . (140) . Lo
is reaction at the walls of the tube , which results in its
gradual errosion. This can be characterised by a first-order rate

constant kw given by(l4l)

3.14

where R is the tube radius, Vv the mean molecular velocity and y the
"sticking co-efficient". This results in an axial concentration
gradient given by

n(x) = n(O)e—Ex ‘ 3.15
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where n(0) is the concentration of active species just outside the
discharge, and x, the displacement along the tube axis. & is an

attenuation constant given by

k., Ak T
E = — (1 - ) 3.16
v 2% 2
B

where VB is the bulk flow velocity and A the mean free path in the

tube. If kw < 30, at pressures of V1 torr or more then
kw :
g - - 3.17
VB

Values of y for F-atoms on a variety of surfaces have been

determined(l4o). Using the value of y = 2.5 for PTFE it is possible

to use equs. 3.14 - 17 to determine that 10% dissociation of CF, was

4

obtained by Kolbe and Kaufman as stated earlier.

The effect of dilution of CF4 in He is difficult to assess. ‘The

fractional dissociation will be assumed unchanged, so that for 10% CF4
in He, a mole fraction of 1% of F-atoms is present in the discharge.
The presence of He is not expected to affect the attenuation of

reagent, since the third order homogeneous recombination of F-atoms in

He is slow 120 k =8 + 5 x 107 cm® mole™? s Y. Neglecting

attenuation, the density of F-atoms in the beam is thus V3.7 x lOll
-3

cm .

A The effect of in-transit loss of F-atoms

Some typical values of y,£ and the resulting attenuation
over the 70 cm path from discharge to nozzle are given in Table 3.1.
Reports of surface properties have often been contradictory however.

ogryzlo(l42) reported good resistance for oxyacids baked at 250°C, but
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Material Y 'E/cm_l Fract%onél
L L .. A .. ... Transmission
Pyrex 7 x 10”4 7 x 1072 7 x 1073
-4 -2
Quartz 1.2 x 10 1.2 x 10 0.43
P.T.F.E. on quartz 7 x lO—5 3.5 x lO“2 1

Table 3.1. Variation of in-transit attenuation of.F—atoms

along a V70 cm path on various surfaces.

Vg from equ. 3.18 with do = 1 mm, D = 10 mm,
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poor resistance for PTFE. Polanyi and Woodall(53) have successfully

used "syrupy". H3PO4 provided several hours were allowed for
fluorination. .Several treatments of the pyrex gas pipe were used, and
these will be discussed in sec. 3.4. This data qualitatively support
PTFE as the most inert surface. It was not possible to estimate the
absolute value of the attenuation, but its effect must beAborne in
mind when interpreting this calculation.

At this point it is Qorth noting that the attenuation is not
entirely independent of the choice of nozzle parameters, as stated
in sec. 3.3.2. By conservation of flux through any cross-section of

the pipe-nozzle system, the linear flow velocity ¥, is given by

B

D°v = dv ©3.18

where D = 2R is the tube diameter. The choice of do as 1 mm rather
than 0.2 mm increases VB by a factor of 25 and thus decreases £ by a
similar factor. Since the attenuation depends exponentially on £
through equ. 3.15, the increase in density of F-atoms in the reaction
zone due to this factor, easily outweighs the loss due to the
necessary decrease in stagnation pressure required by the pumping
capacity.

3.3.4 Rate of product formation

li
In simple gas kinetic terms the rate of product formation
is given by

Z = nlanoRVrel 3.19

where n; and n, are the densities of the reagents in the intersection
2

region, 0, is, the total cross-section for reaction into all product

R
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states and ¥ the. relative velocity.

rel’
The approximate geometry of the beam axes is shown in Fig. 3.14.
O is the centre of the reaction and detection zone. S. is the atom

1
nozzle and 82 the 12 effusive source. The distances SlO and 520 are
25 - 30 mm and 20 mm respectively. The detector is located along the
y—~axis. The axis of the 12 beam is oriented at w60° to the detector
axis.

The beam densities at the reaction zone were determined in the

previous sections to be;

1.3 x lO12 cm"3

=}
il

I

3.7 x 10M em™3

g

Due to the higher velocity of the F-atoms, (lO5 cms-l vs 2 X lO4 cms_l)

the mean relative velocity is '\alO5 cms_l. The total reaction cross-

section is taken as 0.05 nm2. This is based on evidence that the

reactions Cl + I, and ClL + Br, proceed with o, N 0.05 - 0.2 nm? (143)’

and involves some degree of long range attraction®. Using these values
in equ. 3.19 yields Z = 2.4 x 103 an™2 &7L.
The shape of the detection zone is approximately cylindrical,

with a diameter determined by the laser beam diameter and a length

determined by the molecular beam half widths. Since the divergences -

*
The velocity averaged cross-section obtained from BR = k/\’rrel where

k is the rate constant is 0.43 nm2,.but the low estimate has been

chosen, so that the final result is a most pessimistic one.
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&

Fig. 3.14. Approximate geometry of beam axes

F~-atom source

Sl =

52 = 12 source

D = detector

O = Reaction zone

Scale : approx twice full size
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of both beams are approximately equal (v15°) as are the distances
$,0 and 5,0 (2.0 cm), the length of the detection zone is 0.5 cm.
The cross-sectional area is &3 b4 lO—2 cm2, so its volume is
V1.5 x lO—2 dm3.

The reaction zone on the other hand extends much further in the
x and y directions. It must be considered as approximately a sphere
of diameter 0.5 cm. Within this volume steady state conditions are
assumed to hold. The mean free path of reactively produced species
is sufficiently large to allow an uninterrupted trajectory out of this

volume, and the flux of product through its surface, S, is assumed to

be balanced by creation within the volume, V, i.e.
ZV_ = Sn v' ' 3.20
b )

where np is the product density and v' its mean velocity. From 3.20

n = %—r 3.21

p

<N

where r is the sphere radius. Substituting values for r,Z and 7 =

-1 * . ‘ C -
0.9 x<lo5 cms L yields. np = 2.2 x lO7 cm 3.

3.3.5 PFluorescence yield

Given the product density n_, and a trial intensity

P
distribution p(v",J"), the intensity of fluorecence can in principle

be predicted using Equ. 2.5. A more tractable calculation results if

This is essentially the relative velocity of the IF product after the
collision (taken for the v = O state). Since the centroid velocity
is small in comparison, the difference .between the LAB and CM frame

velocities is negligible (See Sec. 4.2.3).
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the rate of excitation under the influence of a short pulse is
considered first, followed by flucorescence with a quantum yield of
unity.

The rate of absorption is given by
n = pnB 3.22

where n is the density of the lower level and B and p have their
usual meanings. A Boltzmann distribution of rotational states is

assumed;

1 -J"(J" + 1)B_,/kT
e v r

n = npv") — 3.23
Vo,
where Qv" = Byn
kT,
is the rotational partition function. It is assumed that J"max is

sufficiently high not to affect the value of Q- Using the separation

of electronic, vibrational and rotational ‘intensity factors yields

]

" [ e LI 41} n - 2
n(vvtI;v"I")). npp(v ).KV"D(V)‘Re(rV.v“)I = ST

< s e-J" (Jll' + l)BV"/kTr 3. 25
JlJ"
2w2 Bv"
where Kv“ = 5 - P 3.26
3e . h r
o
75

is a constant whose value is 2.5 x 10 in SI units.
The laser bandwidth is large enough to cover several transitions.

It is approximated by a square function of width §v. and intensity

L

equal to the peak intensity, P,- This gives

|2 3.27

a(vy) = npp(v")Kv"poqv,v"[Re(rv'v“) Ho,
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= S
where HJ" z Jrgn®

~3" (3"+1)B_n/KT,
AJ" )

Considering transitions in the bandhead allows the exponential
factor to be put equal to unity, and summing line strengths over both

branches gives

a ,
Hy, = I (20" +1) = J7 3.29
J"=0

where JL“ is the highest transition covered by the laser line. For

a not too densely packed bandhead JL" = 15, hence HJ" = 225.

The factor po in Equ. 3.27 represents the energy density, and
this can be estimated from measurements made on the laser beam, which
are summarised in Table 3.2. The time profile is approximated to a

square function of width At The energy density is then given by

L

P .
p = — 3.30
o ‘ cfAtLorLAvL

with c the velocity of light. From this equation it is found that

Po = 4.6 x lO“3 chn‘_3 MHz_l.

(77,83)_ R 2

Values of Re2 and g ign have been calculated for IF o

is constant to within 10% at O.1 D2 (=10_60 C2m2). Substituting for

12

) . . .
Kv“’ H |Re| ' Pg and np into 3.27 yields. n(vL) = 5,5 x 10

PV gy n em 3L,

-

The observed rate of fluorescence assuming a long detector

gatewidth is given by
S(vL) = n(vL)AtLV'fs 3.31

where V' is the volume of the detection zone and e is the efficiency
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of the fluorescence collection system.

From the geometry of the collection optics a solid angle of
&ﬂ/4 sr is subtended by the detector. The mean quantum efficiency
averaged over wavelengths of the fluorescence is &10%; so the

[ p Vl v"

A Saturation of transitions

It is important that the intensity of the beam is not so
high that the transitions become saturated, resulting in a loss of the
linear dependence of fluorescence intensity on laser intensity and
product density. While techniques exist to compensate for this(66),
it is fairly simple to show that this does. not apply here.

The condition for the sampie to be unsaturated is that the peak

‘rate of stimulated emission must be negligible in comparison to the

spontaneous emission i.e.

1

<< A N T
Bp Trad

For the values of the intensity factors given for one (v,J) transition,
. 3 -1 5 -1 . .

Bp is v5 x 107 s 7, whereas A 2 10” s ~. No correction for saturation

is therefore required.

3.3.6 'Signal to noise ratio

Here it is necessary to draw on observations made with
the apparatus to determine typical noise count rates. If the only
source of noise is dark noise, plus photon (baqkéround) noise, then an

Qngatéd rate of 50 s-l is observed. This is fairly typical of this
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type of experiment(67). With a gated detector this noise rate is

reduced by the duty cycle of the system (= fx gatewidth), which is

5 x 10-4, so that a rate of a few counts in 100s is observed. (See
Sec. 3.1.4). In this regime attainable S/YN ratios of 20 or more can
be achieved for realistic combinations of p(v") and i gmr @S shown in
table 3.3.

In practice the observed noise rate is much greater due to the
presence of the time correlated afterpulsing. This is observed to
~give rise to a gated noise rate of'up to 40 counts in 100s depending
on the alignment of the laser beam, and its mean power. This has the
"effect of reducing the S/VYN ratio attained over an equivalent count

time, by a factor of v4. As is shown in table 3.3, now all but the
lowest combinations of p(v") and d,1,m are seen to be attainable with
reasonable S//N ratios within 1000s count time.

3.4 Experimental ‘Method

3.4.1 Optimisation of conditions

As far as was practicable operating conditions were
optimised by observing the variation of fluorescence intensity of a
strong bandhead e.g. (6,0), with a few easily adjustable parameters.
The following observations were made;
i) TIodine oven temperature. The signal increased with increasing

" oven temperature over’ the range 30° - 70%. Increasing beam

divergence is also expected to occur, and this causes a
significant rise in the background pressure beyond N8O°C, at
which point it reached >lO-'4 torr. This was accompanied by a
disappearance of the fluorescence signal, which was attributed

to attenuation of the reagent beams by the ambient gas pressure.
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Repetition rate
Typical wavelength

Mean power

Pulse duration (FWHM)

Bandwidth (FWHM)

Beam cross-section

£ 50 st
A 480 nm
P 100 uwW
AtL 12 ns
Av 0.3 nm = 0.4 THz
L -2 2
GL 3 x 10 cm

Table 3.2. Summary of laser parameters as used in
the feasibility calculation.
Achievable S/ N ratios
P S/s—l Low noise: 2/100s High noise: 40/100s
..... over 100s over 1000s | over 100s over 1000s
Strong _ -
Band 0.1 3 200 650 50 150
g =.0.1 |0.01 0.3 20 65 5 15
Weak .
Band 0.1 1 50 200 16 50

g = 0.03]0.01 0.1 5 20 1.6 5
Table 3.3. Expected S/N% values for various regimes of Pour D gnr

and noise rate.
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ii) Discharge power. The signal appeared to depend fairly
critically on net discharge power, being maximised at @6OW.
iii) Gas tube coating. It was not possible to give more than a

general assessment on this. The following coatings were tried:

(a) Conc. HCl: Cleaning the tube with HCl was used in the
early stages, and was found to give satisfactory, but
rather weak (as compared with (c) below) signals.

(b) Conc. H3P04: Coating the pipe with glacial H3PO4
resulted in a similar intensity, provided a 'burn-in'
time of two to three hours was allowed. It was usually
necessary to repeat this if the discharge was switched
off for more than about ten minutes. As this was waste-
ful of time'and discharge reagent it was not a very
practicable coating. Also results tended to be erratic
due to the difficulty of obtaining a uniform coating.

(c) PTFE film: 'Teflon' dispersion (Dupont FEP 856-200) was
diluted to 50% in a 2% solution of wetting agent (Dupont
VM-5336). The tube was cleaned in conc. KOH at 80°C for
half an hour, rinsed out, neutralised with HCl and rinsed
again with the wetting agent. A thin coating of dispersion
was formed by slowly draining the tube of solution,iand s
then sintered at 375°C for 45 minutes. This process
should produce a layer of finish of §15um thickness. 1Its
performanqe with the 'water drop test'(l44) was found to
be very satisfactory. This process resulted in an

increase of 3-4 in the resulting intensity, but the
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quality of the coatings degraded between runs presumably
because it possessed no mechanical strength.

As with all beam experiments alignment of the various beam axes
was critical. The arrangement of oven and nozzle assembly ensures
these two directions are automatically aligned. The alignment of
laser axis with respect to the atom beam was made by arranging for a
pin to be mounted at the location of the scattering zone. The laser
‘was then adjusted until the pinhead was central in the beam. The
position of the oven/nozzle assembly could then be adjusted suffic- °
iently to ensure light scattered from the pin was visible centrally
through the nozzle. The photomultiplier arm was then adjusted in a
similér fashion. When this condition was achieved all four axes
(atom, iodine, laéer and detector) intersected at the detection zone.

The alignment of the laser beam proved to be particularly
critical, as not only does deviation from optimum reduce the spatial
overlap between beam and reaction zone, but also increases the laser-
induced noise due to misalignment of the baffles. Occasionally, the
laser axis was found to have wanderéd from its ofiginal alignment, and
when this occurred it was necessary to relocate it, to ensure a clean
passage through the reaction zone.

3.4.2 'Experimental procedure

Experiments typically ran continuously for two to four
days. Termination was caused either by exhaustion of iodine reagent
in the oveﬁ or some catastrophic failure such as collapse of the dye
cell or breakdown of the nitrogen laser dielectric.

Under normal operating conditions the laser was roughly.tuned

to the wavelength of a strong bandhead using the spectrometer, and a
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cadmium emission lamp for calibration. The wavelength was then
scanned to look for a signal. Once this was detected the wavelength
was driven beyond the high frequency limit of the band and stepped
towards lower frequency. Data was collected at a given wavelength
until an acceptable signal to noise ratio appeared to have been
developed, or until a giVen number of data pairs had been collected.
Once collection from one band appeared reasonably complete, the
wavelength would be driven to another (normally weaker) band and the
process repeated. Occasionally during searches for, and collections
of weaker bands it was necessary to drive back to the stronger band
and check the fluorescence intensity. This provides an internal
check against long term drifts in beam intensity. External checks
are provided by readings of beam pressure, tank pressure, discharge
power, oven temperatu;e, etc., made by the experimenter. While not
uniquely definitive these are strongly suggestive of the internal
behaviour of the apparatus. Normally these parameters could be held
steady once established, for the éntire duration of an e#periment, and
consistent values of each were obtained from one experiment to the
next. This is important as it allows the possibility of data from
different experimental runs to be combined to yield meaningful
results. B
Diue to difficulties associated with reproducing large wavelength
changes accurately by the grating control, it was found that the above
method of scanning was much easier to operate than any other. Bétter
compensation for drifts would be obtained by rapidly alternating

between bands.
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- 3.4.3 Organisation and processing of data

At the end of an experiment raw data is located in
direct access files on the PDPll. A program was written to decode,
analyse and list this data. Lists are then concatenated and sent to
the Regional Computer Centre's ICL 4-75 system for archiving.

Data blocks which are associated with spurious events are
discarded. Typical causes of these are excessive changes in laser
intensity, tank pressure surges and laser beam wander.

The procedure followed in processing the data can be followed“
with reference to table 3.4: This shows a sequence of results obtained
during one of the final experiments* in the region of the (8,1) band.
Each 'block' consists of ten pairs of data collection intervals of
length 10s. (Counts for discharge on and off). Each block except for
background measurements is characterised by a step index which measures
the laser wavelength with respect to some-pfeviouSly established
point; one step being ~1.1%. Blocks collected under similar conditions
at the same wavelength are combined, and the means and standard
deviations for the 'on' and 'off' counts for each group determined.

In the case of table 3.3 groups consist of one, twp or three blocks.

Within these larger data groups, inconsistently large counts are
occasionally observed, which, result from RF pick—up from the laser
and switching transients from nearby equipment. To eliminate these
a simple filtering is performed, in which any individual counts outwith

2 standard deviations from the mean are rejected, and the mean and

* ’ .
This is designated experiment II in Chapter 4.
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Block A Elapsed Un-normalised Mean- Normalised
No. ‘nm Time/mins Signal Laser Signal
o R e P ST Intensity ) 7
2 3 o - (0.005) -
3 160. 6% 6.09 8.2 + 1.5 0.37 6.6 + 1.2
4 1 11.83
5 18.84
6 469.8 24.59 7.0 + 0.9 0.36 5.8 + 0.7
7 30.34
8 467.4 40.48 1.6 + 1.6 | 6.37 1.3 + 1.3
9 46.25
10 467.6 52.08 0.2 +1.4 | 0.37 0.2 + 1.1
11 58.14
12 469.6™ 65.38 10.1 + 2.2 0.38 7.9 + 1.7
13 71.36
14 467.8 77.12 3.0 + 1.0 0.39 2.3+ 0.7
15 82.89
16 | 468.0 88.82 0.4 +1.0 | 0.39 " 0.3+ 0.8
17 94.72
18 469.6* | 101.77 9.4 + 2.3 0.39 7.3 £ 1.8
19 468.4 | 109-08 + T F
20 114.90
21 468.4 120.72 2.0 £ 1.3 0.39 1.5 + 1.0
22 126.47
23 469.6* | 132.35 8.4 + 1.7 0.39 6.5 + 1.3

Table 3.4. Sample of data collection in the region of the (8,1) band.

(This data was later combined with other sets to yield the
results shown in Fig. 4.3.)
* check readings on the (6,0) bandhead intensity
+ data discarded due to pressure surge
1 background (laser off) counts = 0.02 *0.04

Each block represents 10 x 10s; discharge on - discharge off



- 117 -

standard deviation recalculated. While this criterion is not
statistically rigorous in terms of levels of confidence(l45), since
the sample size varies with wavelength, it provides a simple method
of rejecting spurious data in a first approximation.

After the filtered means are calcglated, the 'off' means are
subtracted from the 'on' means to yield the signal. Tﬁis is corrected
foi discbarge background (if present), and this quantity is shown in
column five of Table 3.4. The mean laser intensity for each group is
also calculated, and the mean signal is normalised, with respect to a
laser intensity of 0.300. The error in this normalised signal is
calculated from the standard errors of the 'on' and 'off' counts in
the usual manner.

Normalised signals from groups of blocks collected with different

laser intensities can then be combined using

INS}
s = , 3.34
TN,
(on, %, %)
s e T 3.35
€ IN, .
1

where Sj and e, are the normalised signals and their errors and N,,

the number of entries in each,group after filtering, and S,e the final
signal and its uncertainty. These S * ¢ are then plotted as a function
of A to yield the observed spectrum.

3.5 Assessment of Experimental Performance

Here the data collection rate is compared with the predictions

of Sec. 3.3, and some conclusions and recommendations drawn.
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The typical signal rate for stronger bands e.g. 950 = 0.1 was
<1 s_l. Broadly speaking this is in agreement with the total rate
predicted for low p(v") (le—z) in table 3.3. In Chapter 4 it will
be shown that for the p(v") distribution obtained from the experiments,
the expected value of p(0) is 0.01 - 0.03, so these figures appear to
be consistent. Again from table 3.3 it is seen that given these
conditions signal rates for weak bands e.g. dg; = 0.03 are very low
and longer count times are required to build up a satisfactory.signal
to noise ratio. This is roughly in agreement with what was observed;
the (8,1), (8,2) bands (g = 0.03) proving much more difficult to see
than the (5,0), (6,0) bands (g = O0.1). Anticipating the results
shown in figure 4.9 shows that p(v") changes only slightly in the
range v" = O - 2, so the decrease in absorbtion strength is not offset
by an increased population as v" increases.

Also, it should be recalled that the predicted count rates obtain
only at the bandhead. Away from this condition, the count rate again
decreases resulting in significantly increased count timés.

Some loss of intensity also occurs due to the gating system. In
the case of a 2us delay and 1lOus gate there is a reduction of intensity
by

e-2/TR - e—lz/TR = 57%

where TR is the radiative lifetime, which is a significant loss. In
practice the residence time in the detection zone may cut the gate off
~even earlier so this represents an upper limit to the reduction. The

effect of laser induced noise prevents a reduction in the delay, or

an increase of the effective aperture of the detector, both of which
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would help to decrease this loss. Imérovement in the quality of the
laser beam is thus a necessary prerequisite to increasing the gate
width.

To illustrate the importance of the different variables
occurring in the feasibility calculation it is useful to restate and

pull together equs. 3.19, 20, 27, 31 and 32.

Z = nIZnFchrel 3.19
- Z
n_= %- T 3 3.20
P rel
nv.) = npW"K .0 g lRele 3.27
L be) v'otyty" T T g
S -
o] = — 3.31
o cfAtLoLAvL
S(vL) = n(vL)AtLV fe 3.32

Substituting for Z into equ. 3.20; for np and pgy into 3.27; for

ﬁ(vL) into 3.32, and noting that

V' = o.r 3.36

after collecting constants and cancelling, yields the observed signal

. in terms of useful wvariables.

v
rel

. 5 =2 1]
S(vL) @ n; ng ( 50 ) (Z;—-) r .qv.vnp(v ).€. 3.37
2 rel L

7 37! [1]
HJ" has been taken as constant. The factors (Vrel/vrel) and qv,v"p(v )
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are effectively fixed by the nature of the reactants and the system
dynamics. Except for a variation in vrel by seeding the beams these
factors are not variable. The factor §/AvL is the mean power per unit
bandwidth. It should be noted that while decreasing AvL at constant P
increases the signal according to equ. 3.37, there is a decrease in
HJ“ which offsets this effect. It will be shown in Sec. 4.2 that
reducing AvL increases the efficiency with which the laser line covers
the available transitions, at least near the bandhead, so S(vL)
increases as Av_ decreases (at constant P), although the effect is

L
weak.

The variation of S(VL) with f2 is interesting. The steady state
density of product increases linearly with the radius of the reaction
zone, ¥ (provided the beam flux is constant), since a larger number of
incremental volumes in which formation occurs gives rise to more
product passing through the remainder of the zone. 1In addition the
number of excitation events increases linearly with ¥, so the net
result is a quadratic variation. Ultimately this variation is limited
by the requiremént.that T << A,

finally the signal varies linearly as expected with the density
of reagents and €. ¢ contains the gating effects discussed
earlier as well as geometric and quantum contributions{"

Geometric efficiency could be improved considerably if the laser beam
quality was improved.

Despite the generally good agreement between the predicted and
observed signal, it is difficult to draw any firm conclusions about

the accuracy of the feasibility calculation, due mainly to the

uncertainty in the F-atom density. The fact that the experiment
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certainly does not exceed the calculated performance is particularly
disappointing in view of the choice of most pessimistic values for the
variables. It is likely that the experimental deficiency arises
mainly from an overestimation of the F-atom density. This may be due
to still significant in-transit losses from wall recombination, poorly
defined beam profile, or a combination of both. In any case it is
likely that significant improvements would result from moving the
discharge closer to the nozzle. This would allow an increase .in
stagnation pressure and decreased nozzle diameter to be used. Improved
beam character would then result without the associated problems of
wall recombination. Improved combined nozzle-discharge sources have

recently been reported(l46) and work is currently in progress on their

application to this experiment(l47).



CHAPTER 4

RESULTS AND DISCUSSION
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4.1 General Considerations

Figure 4.1 shows a simulation of the region 450 - 500 nm for the
excitation spectrum of IF. A uniform population of the three lowest
vibrational levels and a rotational temperature of 300K was assumed.
The v" = 0,1,2 are the only states which have bands accessible below
the onset of I2 absorption. This region is covered by the laser dyes
coumarin 102 and coumarin 47. This simulation suggests that unless
there is a very strong inversion in P(v") the strongest bands will
arise from the v" = O state, due mainly to the higher Franck-Condon
factors for these transitions.

Three experiments (subsequently called I, II, and III) were
required to observe these three lowest states. All three used the
apparatus and conditions discussed in Chapter 3. In I phosphoric acid
coating was used on the gas tube, whereas in II and III teflon disper-
sion was employed; otherwise conditions were identical as far as could
be discerned. The maximum signal was consistently low (<1 s—l).

In I the (6,0) band was observed. The low signal from this state
suggested that long count times would be required for the v" = 1,2
states. The normalised signal as a function of laser wavelength in
this experiment is shown in Fig. 4.2. In II the (6,0), (5,0) and (8,1)
‘bands were observed, while :in III the (5,0) and (8,2) bands were
observed. These two sets of data form the totality of useful experi—
mental results, and are shown later in this chapter (Fig. 4.7).

4.2 Determination of Results

The simulation program was used to generate fits to the observed
data, as illustrated in Fig. 4.2. Traditional methods for determining

vibrational populations from low resolution spectra have relied on
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70 6,0
8,0
612 )
30
81
450 500

Fig. 4.1. Simulation of the excitation spectrum of IF in
the region 450 - 500 nm assuming equipopulated

v"' = 0,1,2 states.
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(6,0)

468-3 4710

Fig. 4.2. Data of experiment I; (6,0) bandhead.
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integrating the area under the band profile.(59’63). Clearly the
quality of the data presented here does not lend itself to .such a
treatment. The preferred method is thus that of obtaining simulated
spectra which yield acceptable fits.to the data, and hence the relative
populations.

Ideally, the fitting procedure should be performed in a mathe-
matically rigorous manner. By expressing I(AL) as a‘function with

quantities like AA_, T,, N_, as parameters a non-linear least squares

R' v
fit could be performed to yield their optimum values. Unfortunately .
time considerations did not permit the extensive adaptation of the
simulation program that this would involve. The alternative approach
is to use good judgement combined with physical intuition to arrive at
'a qualitatively acceptable fit, which it is hoped is not too biased.
It will be shown that the resulting fange of parameter values is in
fact fairly restricted so that the procedure is not entirely arbitrary.
In performing this fitting it was found easiest to proceed as
follows. Since the (v',0) bands were most prominent, the four bands
were fitted in pairs, with the (8,1) and (6,0) together and the (8,2)

and (5,0) together. The number of Nv" parameters is thus two since the

populations can be taken with respect to N,, i.e.

Due to the large wavelength shift between bands it is convenient
to have a shift parameter AA, to take account of inaccuracies in the
stepper motor drive. This allows the apparent positions of the band-

heads to move with respect to each other.
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The shape and extent of each band is then governed only by two
remaining conditions; AAL and P(J"). AAL is in principle fixed by its
measurement, but in view of the high degree of variability observed in
the laser properties it is useful to allow AAL to vary within the 2-58
range, between II and III.

For P(J") a normalised Boltzmann distribution was chosen i.e.

~3(J + L)By/kT,

P(J) = (23 + l)e 4.2

10|+

where Q = Bv/kTR is the rotational partition function. There is no

a priori reason for this choice indeed it assumes canonical rather than
microcanonical equilibrium. It is possible that a more flexible form
like Equ. 2.4 would yield a better £fit, but in view qf the quality of
the data here, the significance of any preferred choice, and its
resulting parameters is dubious. Finally TR in Equ. 4.2 is constrained
to be the same for all v". This is equivalent to saying that the energy

disposal criteria follow the frequently observed characteristic(l)

£
. R

gy = E:fé. = const, 4.3

as shown in Fig. 4.3.
If in highly exothermic regctions it is assumed that f; does not
change much for low v, then it follows that

< >
kTR

L [}

= g
R - R
ETOT

= const. 4.4

Hence a fixed TR for low vibrational states is acceptable. Since the
determination of P(J) and P(v) are independent of each other the

restriction on f; can be checked once P(v) is determined.
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Fig. 4.3.

Schematic energy characteristic for two
exothermic reactions with high <f¢>, showing
the slight variation of fé at low f;. The
horizontal dashed line represents f; = 0.1,
corresponding to v" = 2 in F + 12

] F + HC1

(170)
O Fr/np,

(169)
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4.2.1 Effect of AAL and TR

Before proceeding it is wo?th considering the effect of
the shape parameters TR and AAL. Here it is demonstrated that the
profile behaves much as expected as each is altered and that each
affects the profile in a characteristic way that is independent of the
value of the other. This feature greatly simplifies the fitting.

A: Variation of TR

Figure 4.4a) shows the appearance of the (5,0) band taken
with AAL = lg, and rotational temperatures of 100, 200, 300 and 4O0O0K.
The simulations show the'expected behaviour of increasing width and
. decreasing height as higher J levels fill up at the expense of lower
ones. Figure 4.4b) shows the same distributions, but with the vibra-
tional probability scaled up by 1,2,3 and 4 times, to yield approxi-‘
mately the same p(v,J) in the most probable state (except for the |
influence of the weakly dependent TR factor in the exponent of Equ. 4.2).
From this it can be seen that the rising part of the profile has a
gradient that is independent of TR’ and that only the shape of the band
tail is affected.

B: Variapion of AAL

Sigure 4.5 shows the appearance of the (5,0) band at 300K
with AAL =1,2,3 and 42, the integrated laser energy density being held
constant. Apart from the obvious loss of resolution as AAL increases,
two other features are apparent. The gradient of the rising part of the
profile decreases as AAL increases, and the falling parts of the
profiles are virtually identical. (Indeed co-ihcidence is complete if
the aritifical shift in Fig. 4.5 is removed). There is also a small

decrease in peak intensity reflecting the lower efficiency with which
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Fig. 4.4 (details over)
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Fig. 4.4. (previous page). Simulation of the (5,0) band
of IF for various TR
a) with corréct normalisation

b) with normalisation removed showing the

coincidence of the rising edge of the profile.

Fig. 4.5. (above). Simulation of the (5,0) band of IF for.
various values of AAL. (An artificial shift of
58 has been introduced between the profiles for

clarity).
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the laser bandwidth covers the bandhead, as presupposed in Sec. 3.5.

4.2.2 Fitting of Parameters

In determining which parameters generate the best fit, the
following general procedure was followed. Simulations which passed
through the greatest number of error bars were considered to be the
best fits. These were constrained so that error bars which they did
not pass through were, where possible, distributed equally above and
below the fit. In some cases, points occur which cannot be incorporated
into this general scheme by any sensible variation of parameters.

When this problem has arisen; it has been assumed that this point ié
anomalous and it has been given less weight in determining the best

fit than the others. This may appear to be a rather arbitrary scheme,
but it is possible to consider it as a crude filter. The probability
that such a point is likely to arise at random as a representation of
the fit can be considered. If it liesvoutside the range of.reasonable
fits, then there is a good chance that it is caused by some anomalous
event, and hence its lower weighting or rejection is justified. Clearly
such a treatment is only justified if a large majority of points can be
accommodated by the simulation. In the data presented here, there are
perhaps two or three anomalous points only, so their scarcity supports
this treatment.

The approximate uncertainty in the parameters is decided as
follows. By varying the parameter in question an extreme fit which
passes through some fraction of the number of non—anomalous-points is
found. The variation of the parameter to produce these fits is an
estimate of its uncértainty. The fraction of points which yields such

an estimate represents a compromise between allowing extreme fits which
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reflect the large error bars, and rejecting fits which are extremely
unlikely. A value of 60 - 70% seemed satisfactory.

The data for each band were first considered individually to
establish working optimal values of TR and AAL, for use in the pairwise
simulations later on. The data from II, i.e. (6,0) and (8,1) bands,
were found to be best represented by AAL = 32, whereas those from III,
i.e. (5,0) and (8,2) bands were best fitted by Ax, = 2R. There is no
inconsistency here as the laser conditions were almost certainly
different in these two experiments.

The individual bands could all be fitted to somewhat different

optimal values of T By considering the best fit to all bands a

R
common value of TR was established. This was found to be &200 + 100K.
As will-be explained later, there is probably very little physical

significance in the exact value of TR.

Using these values of T, and A},, the individual bands were used

R
to determine the uncertaiﬁty in Nv"' This was done by varying a scaling
parameter in the simulation graphics subroutines. With the best fit
taken to represent a scale factor of unity, the uncertainty was
determined by scaling the fit up and down, until the above condition
was satisfied. Typical limits were *0.1 - 0.2 of the best fit. These
are shown for the four bands studied in Fig. 4.6. The resulting absolute
errors in N;" after allowing for scaling of one band with respect to
another are given in Table 4.1.

The individual bands were then combined pairwise as described
Vearlier to determine the N;",,Which are given in Table 4.1. The best

fits to these data are given in Fig. 4.7.

To normalise the two experiments with respect to each other, the



' (5,0)

_.1_33..

4805

Fig. 4.6.

Best and most extreme fits of simulations to

data for the observed bands of IF

a)

b)
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4671

Fig. 4.6. (contd.)

a)_

b)
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| (50

477.5 4827

4669 - ’ - 470.5

Fig. 4.7. Pairwise fits of simulations to data

a) Experiment I, b) Experiment II.

a)

b)
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Band
" Experiment (v?nv") N:,
II (5,0) 1.00 * 0.15
(6,0) 1.16 £ 0.12
8,1) 1.38 £ 0.28
ITI (5,0) 1.00 + 0.15
(8,2) 1.60 + 0.24

Table 4.1. Ratios of populations and their uncertainties
to that observed from the (5,0) band. The
value of N'l is scaled up as determined by
the ratio Né(G,O): Né(S,O) in II. Errors

are determined as described in the text.
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additional data on the (5,0) band collected in Ii was used to compare
the populations derived from (5,0) and (6,0). The ratio of that from

v'! =5 to v' = 6 was found to be 1:1.16. From the estimated uncer-
tainties in Table 4.1 there is seen to be sufficient overlap to conclude
that these .results are consistent. On the assumption that the experi-
mental conditions in II and III were similar (see Sec. 3.4.2) a route
is provided for the direct comparison of data from the four observed '
bands. Thus, in calculating the final results of Table 4.1, the

factor of 1.16 has been retained in the value of Ng from the (6,0) band,
and used to correct the value of Ni, which was obtained by a pairwise

simulation of the (8,1) and (6,0) bands.

4.2.3 'Density to flux correction

To convert the population ratios in Table 4.1 to relative
rate constants requires multiplication by the LAB velocity for each v"

state. The product velocity in the CM frame is given by

e

- L - ]

o - " 2(EBpgp = ER - EV)}
IF (1 o+ ‘IF/mI)

From the Newton diagram in Fig. 4.8 it can be seen that for low v", uiF

is greater than the centroid velocity, ; by a factor of ~v5. In the

Tem

most extreme cases when u

IF is aligned parallel and antiparallel to Vv

—CM

the difference in the LAB velocity__\_r_IF is v20% of its value when Yem

and BiF are perpendicular. In the absence of any reliable description
of the angle~velocity map, the three limiting cases of stripping,
rebound and complex behaviour can be considered. 1In all three the

model angular distribution favours E&F parallel to oy and hence

perpendicular to Yen' when averaged over 6. In view of this the angle-
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Fig. 4.8. Newton diagram for the reaction F + I, at

a nominal total energy of 133 kJ mol_l

(11100 cm 1) .
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averaged LAB velocity is unlikely to vary substantially for low v" and
hence the N'v" can be. taken directly as relative rate constants.

4.2.4 Effect of collisiconal relaxation

In censidering the observed vibrational and rotational
distributions the possibility of relaxation distorting the distributions
must be considered. There are two sources of this;

(a) Rotational relaxation by R - T transfer to other species, within
the reaction zone leading to a component with.TR equal to the
reagent temperature

(b) Vibrational relaxation by V - T transfer or wall effects in the
whole volume of the vessel, leading to a background component
with TV equal to that of the tank walls.

Since the density of IF in the reaction zone is low relaxation by V - V

transfer in the zone itself is not a problem.

‘A Rotational relaxation

In Section 3.2. the principal species present in the

reaction zone were estimated to have densities

ﬁe: 3.7 x lO13 cm-l

I: 1.2 x 1042 cp3

Hard sphere collision diameters are assumed as follows:

He: 2.6 8 (5%

*
12: 6.5 X

1F: 4.4 RE3

The rate of collisions of IF with He or'I2 is given by

*
As in Section 3.2. This is likely to be an underestimate, but the

-final result is not very dependent on -the exact value.
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21770 = %1r/Q rello 4.16
where

OIF/Q = 4(dIF + dQ) 4.17
For low lying product IF vibrational states v _ is '\alO5 cms-l as

IF

before. Typical collision conditions are taken to be right-angled,

hence
_ .2 2.5 .
Vel = {VIF + VQ} 4.18
Using suitable values for vQ'and equs. 4.16 - 18 yields
4 -1
ZIF/He v 2.0 x 107 s
‘ 4 -1
ZIF/12 v 0.14 x 107 s

The mean free time between collisions is

T = (2 y~L . 4.19

+
IF/He ZIF/I2

[H

45us

For a residence time in the reaction zone of “5us, the fraction of
molecules that suffer collisions is l-exp(-5/45) = 10%.

In practice the rate constant for rotational quenching‘is expected

to be even less than the hard sphere value (k. = 0§_= 5.7 x lO.'lo cm3

Q
molecule—l s_l). By modelling rotational relaxation of BrF via

collisions with He, Clyne and McDermid determined k.. to be 2.5 x 10’11

Q
3 -1 -1 .. .. (85) A . e

cm molecule S within a factor of 2 . This is significantly less

than the hard sphere value and it would be surprising if a similar

'situation did not hold for IF. On this basis it is concluded that

rotationally relaxed product accounts for no more than 10% of the total.
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This low value is .due to the small size of the reaction zone and the
high product velocity in the system.

B: ‘Vibrational relaxation

The mole fraction of IF in the reaction zone is estimated

from Sec. 3.2 as Xp © 5.8 x 10-7. The dispersion of product into the
tank gives rise to a background of ground state molecules. Assuming,
initially, no preferential pumping of IF, this background has a partial

pressure X1 Py where Py is the total backgrcund pressure V4 x lO—S'torr.

Hence Prp ® 2.3 x ].O-ll torr or 7 x lO5 cm-3. This is about 3% of that
in the reaction zone. This background is assumed to be vibrationally
;nd rotationally thermalised at a température between that of the
reagents, &3OOK and that of the cold traps, Vv77K. At 300K, abouf 4% of
IF is in the v = 1 state, so interference from the background is only
significant for v = O. Anticipating the results shown in Fig. 3.10,
the absolute probability for the production of IF in the v" = 0O,1,2
states is seen to be “0.0l - 0.02. Hence for v = O some 60% of signal
may arise from the background. For v = 1 and 2, the figures are 8% and
0.6% respectively.

The mole fraction of IF in the background may be altered
significantly from the above value by the cryo-trapping facilities
however. This is believed to reduce Xip for the following reasons.

The vapour pressure of IF at 77K'is likely to be very low. Since the
thermochemical properties of IF are unknown, it is necessary to invoke

comparisons with other interhalogens. The only species for which the

9t I2 and ICl. Use of the Clausius-

Clapeyron equation with standard data(155—157) yields the vapour

-29

necessary data are available are Br

pressures at 100K as 10_6, 10 and 10-l7 torr respectively. Physically
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IF is probably closest to ICl in size.and structure, which suggests
the background pressure will be low. While the arrangement of cryo-
trapping probably leads to a range of surface temperatures, it is only
necessary for the partial pressure to drop one order of magnitude to
reduce the background contribution to fluorescence to a negligible
amount. On the basis of the data for ICl, this ié believed to be an
achievable reduction.

Further suppérting evidence comes from the observation in
Sec. 3.4 that at background pressures above @l X ].O—4 torr the
fluorescence signal disappears*. If there was a significant contri-
bution from a thermal background, the signal would 6nly drop initially
to V60% of its low pressure value, and this would still be observable
for the stronger v = O bands. Practically this means that the back-
- ground fluorescence is less than the uncertainty in the signal caused
by laser-induced noise and hence no correction has been applied.

4.3 ‘Information - Theoretic Analysis

The data given in Table 4.1 will be analysed using the information
; . (31,32) .
theoretic approach of Levine and co-workers . Since only the
vibrational distribution is considered equ. 1.5 can be written

explicitly as

p(£L)

I(fy') . = = 1ln S .
p (f})

where f_ is the classical variable expressing the fraction of energy

(above zero point) in product vibration
EI
v

ETOT

£ =
v

*
Radiative quenching cannot be the cause of this since at 10-4 torr the

collisional rate is V3 x ].035_l << Trad—l
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ﬁo(f;) can be. evaluated in either the vibrating rotor (VRl or rigidly
fotating bharmonic oscillator (RRHO) approximations. In the former
full interaction of anharmonic vib:ation and rotation is accounted for,
whereas in the latter the vibration is assumed harmonic and uncoupled
from rotation. For a diatomic product the RRHO approximation has a

very simple form

3/2

O ey _ D¢ _ g
po(E) = W - £ 4.8

This is considered to be reasonably accurate for low lying (y,J)

7
levels and has been used widely to generate prior distributions(32'6 ).

It has been shown(82) that if the surprisal I(f;) is expanded as a
polynomial of degree s in f;, i.e.
I(E) =A + T AT 4.9
vi "o ry :

r=1

then there are s + 1 constraints of the form
r r
< ] > - L} 1
fv Efv p(fv) 4.10

which determine p(f;). (One of these, for s = O, is trivial, since it
expresses conservation of probability). The <f;r>, r < s, are the
independent moments of the distribution p(fy). These, or alternatively,
the co-efficients Ay provide a compéct way of describing the dynamics,
which may then be related to features of the potential surface, for
example by trajectory calculations.

Often, but not always(l48-lso) the surprisal is found to be linear

in f,, indicating only one constraint of any importance, namely <f6>,-

characterised by the parameter Xl (henceforth called simply A ). This
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has been interpreted.in terms of a 'microcanonical' temperature
Irp mnp

given by

k being Boltzmann's constant. While this is a convenient (albeit
confusing) method of representation,AAV is still the more important,
and general, parameter.

The surprisals for the first three vibrational levels of IF were

calculated using equs. 4.678,-and the data in Table 4.l. ..The total

available energy is given by

ETOT = ET + ER + EV + ADO ' 4.12

where E,, E; and E_ are the reagent translational, rotational, and

T’ "R
vibrational (in excess of zero point) energies, and ADO the reaction

exo—ergicity.

ADo = DO(PRODS) - DO(REACTS) 4.13

Typical conditions were assumed in evaluating the first three terms in

equ. 4.12 as follows. Eg is given by %uvie where u is the reduced

1
mass of the reacting system and Vel the reactant relative velocity in

the CM frame. From Fig. 4.8, Vel Z Vp 10S cms—l. The internal

energy of 12 is calculated for the v = O, J = 58 state of 12. This is

approximately the most populated state at V360K; a typical operating

temperature of the oven. The various contributions to ETOT are

detailed in Table 4.2.

Based on this data a value of ETOT = 1.38 eV (133 kJ mol-l,

11100 cm_l) is obtained. On this basis, states up to v = 20 can be

populated, although there are only 20 vibrational states with energy
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*
eV
(116)
Do (12) 1.54
D (IF) (78) 2.81
o
ET 0.09
E 0.00
v
ER 0.15
Table 4.2.

Reagent energy composition for

2

the reaction F + I, > IF + I.

%*

lev

96 kJ mol—:L

~

8050 cm

1
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A

AD .

Surprisal values calculated for the four observed N;" values are
given in Table 4.3., and are plotted in Fig. 4.9. A least mean squares
analysis of this data yielded Av = -5.3, with extreme limits of -3.1
and -6.9. This corresponds to TV = -3000K with limits -5200 and -2300K
respectively.

Qualitatively the results indicate a vibrétional population
inversion, bﬁt the quantitative behaviour of p(f;) changes substantially
between the limits of Av’ when extrapolated over the entire range of.
£y This is shown in Fig. 4.10. These curves were synthesised using~
p° (£!) exp{) _£'}

VTR Ty Ty

p(£") = 4.14
v w9 e . 3]
) (fv)exp{kva}

with po(f;) given by equ. 4.8.

There are serious restrictions on how reliable .such a gross
extrapolation'can be considered to be. The use of equ. 4.14 hinées on
the assumption that I(f;) varies linearly over the entire range of f;,
i.e. that equ. 4.9 is well satisfied for s = 1. Clearly, co-éfficients
of higher powers of f; which might not be detectable within the
uncertainty of the aata at low f; would make a considerable difference
at high £/. There is however sufficient evidence to suggest this is
unlikely to happen in F + 12. Information theory has been used to
determine surprisal values for a variety of reactive and non-reactive
processes. Non-reactive processes, like vibrational and rotational

energy transfer and photochemical decomposition(ISl) frequently show

non-linear surprisal plots(lsz). Reactive processes show linear(153),
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I(f ,)

................ Vo

(_V"V") fV"
o MIN ... TYP, MAX.
(5,0) o] -0.162 0.000 0.139
(6,0) o 0.039 0.148 0.247
(8,1) 0.054 0.179 0.405 0.590
(8,2) 0.108 0.479 0.642 0.782

Table 4.3. Limiting and typical values of I(fv) obtained

from the data of Table 4.2.
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Fig. 4.9. Surprisal plot for the reaction F + 12
(The two points at f; = O are displaced

slightly for clarity).
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Fig. 4.10. (over)
Extrapolated vibrational distributions corresponding

to the range of A_ determined for F + I2

v

] ; )\v = =3.1
H Av = =5.3

o ; Xv = -6.9

The dashed line is the synthetic distribution for

F + ICl (AV = ~-5.7) normalised with respect to ETOT'
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and non-linear behaviour(150'154). Non-linear behaviour has been

correlated with reactions showing significant repulsive energy release
and large <f%> such as H + C12/Br2/12, and Ba + HX, and this is
thought to be connected with a kinematic restriction on the transfer of
momentum. If <fé> is low, non-linear effects are small, and this holds
for reactions showing attractive and mixed release such as Cl + HI/DI,

(60,61) an estimate of the

F + H2/D2. From the work of Stein et al
behaviour of p(f;) for the reaction F + ICl in the range v = 3-10 can
be made. This shows I(£f]) to be linear in fj with A = -5.7 and a
correlation of >98%. Since the range and quality of this data is
better than that presented here, this is felt to strongly support a

linear surprisal plot for F + I2.

The mean fraction of total energy appearing in vibration is given
by
1p® (£!) £lexp{A_£'}
' viTv TR vy

<£> = = - _ 4.15
Ip (£))exp{A £}

This, and other parameters for the reactions F + Iz/ICl are
summarised in Table 4.4.
4.4 Discussion

The data presented in the previous section has shown that a
significant vibrational inversion exists in the lowest lying states of
IF product in the reaction F + I2' If this behaviour is extrapolated
to the exo-ergicity limit some 60% of the total energy appears as
vibration. The rotational distribution was found to be cold consisting .

of only a few percent of E By subtraction the remaining 40% is

TOT"

partitioned into product translation. This is significantly different
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A S
_F +ICL. |  MIN | . TYP.. . |. . MAX.
a)
-1% b)
Erop/ B 5520 11100
DY -5.7 -3.1 -5.3 -6.9
. v
TV/K -1400K -5200 -3000 -2300
<f£> 0.60°) 0.48 0.59 0.67
<> D 6 9 12 13
~e)
£ 0.75 0.52 0.71 0.78
v € 7 10 14 15
<f> 0.14 + 0.07 - ~0.02 -
T /K 1200 + 600 - , 200 -
e 39 - 11 -
£) - 1. -
<fT> 0.26 0.5 0.4 0.3

Table 4.4. Summary of product energy analysis for F + 12 and F + ICl.

1 1

Notes: a) 1l em = =~ 1.2 x 10—2 kJ mol .

b) There appears to be some discrepancy over the exact value
of Epgr for this reaction. This figure uses ADy obtained in
Chap. 1, and Ey = O. The result (v66 kJ mol™l) is less than
that quoted by Stein et al 0§7O kJ mol-l)(60'6l). This is
due i) to the use here of a more recent (and higher) value

for Dy (zc1) (108!

and ii) the fact that Stein erroneously
included the zero point vibrational energy of ICl (in equ.
4.9) in his caluclation of Emgrp.

c) This is the synthetic value of <fj> as calculated from Equ.
(60,61)

4.15. The measured value of'@OJSS does not include
the contribution from unobserved states.

d) <wv»; vibrational state closest to <fy>

e) fy; the most probably fy, and v; the nearest state. 3; the
most probable rotational state at temperature Ty = <fR/kEpor

£f) <fp =1 - <fp> - <fp>
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. . . . v (97,100)
to <fT> as determined by AVD measurements which have yielded <15%

in the range En = 3 -8kJ mol-l. While some caution should be
exercised with the AVD data due to the apparent variation of the
angular distribution over this energy range, it is unlikely that it

can be reconciled with the results presented here, even allowing for

the error bounds on <f;>.

This data is of interest in comparison with the work of Stein

9-
ot al(5 61)

n F + ICl. A significant vibrational inversion was
observed for this reaction also, but the rotational distribution was
estimated as having a temperature of 600 - 1800K, which is considerably

~greater than that obtained here for F + I No time of flight studies

¢
have been reported for this reaction so an independent estimate of <f%>
is unavailable. A tentative angular distribution has been obtained
which suggests the possible existence of a long-lived complex(ls).
Rationalisation of the similarities in, and differences between
these two reactions in terms of the potential surface topography is

difficult without the aid of realistic dynamical calculations. There

has been no comprehensive study of systems which approximate to F + 12

either inertially or dynamical¥y since the early woﬁk;of'Bunker and
Blaise(158'159). This is surprising in view of the suitability of the
LEPS-type surfaces for these systems*. Bunker and Blaise used on

entirely empirical surface to study the effects of mass variation, but

restricted their attention to 2D only.. The mass combination M + HM

*
'~ Preliminary calculations in 2D using a LEPS :surface for F + Iz/ICl has

.suggested that the energy partioning may indeed be well accounted for(l47).
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(M = 16 a.m.u.) used in that work is close to that of F + 12, but no
separate rotational distributions were presented. .Full 3D calculations

have been made for the combination M + MM only. In general these have

shown that 2D calculations tend to underestimate <f§>(159'160),

situation which has been noticed in wvarious other circumstances(llg'l6l).

In practice the mass combination of F + 12 is more likely to
resemble L + MM than M.+ MM, and may thus be éxpected to exhibit the

light atom effect, although more weakly than the archetypal H/D + x2

series. The scale factor, o, is =2, and is similar to that of D.+ F2

for which the effect has been propounded(l62). F + ICl cannot be

considered as approaching this limit however (a = 1.3).

A second difference may result from the proposed well of depth

NGO kJ mol-l in the F + ICl surface(96'163)

mol“l for F + I

. This ¢ompared with A13 kJ

5- When considered with the respective total energies,

the RRK lifetime formula

3
€ + E
;={—§—T—°T}~ 4.2
Tv TOT

yields a lifetime T, of the intermediate =6Tv for FICl and %Tv for
F + 12, where Ty is the vibrational period of the intermediate. A
longer lifetime is thus expected for the intermediate in F + ICl, but

this is still considerably less than 1 N T, required for the obser-

R

vation of long-lived complex (LLC) behaviour in the angle-velocity

map. F + I, may thus be more like Cl + 12, proceeding by a direct

2

mechanism, with a large cross-section and high exothermicity.

Another system worthy of brief comment is O + 12. This is

inertially very similar to F + 12 yet has very different dynamical

features(42).~ LIC behaviour observed in AVD measurements has been .
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attributed. to a substantial well in the surface. Recent trajectory
calculations by Fernie(llg)'have shown however that aﬁgular scattering
patterns, ostensibly indicating LLC behaviour can in fact result from
fairly brief encounters (§2ps) and are not incompatible with a
vibrationally inverting mechanism, even when the surface has a substan-
tial well. For this M + HH combination the angular distribution is
determined by the repulsion in the BC bond together with the preferred
“geometfy of the ABC intermediate. Such distributicns are thus not very
informative, although this explanation does help to rationalise the data
on F + I2/IC1.

The question of the relative timescales for statistical energy
partitioning and true LLC behaviour in the angular distribution is thus
still open, as regards triatomic intermediates. Certainly for systems

(59,61,63)

like F + CH3I/CF I both criteria hold , but the definite poly-

3
atomic nature of the intermediate allows fast intramolecular energy
exchange via strong coupling of normal modes, and the departing tetra-
tomic acts as an energy sink. Since such a facility is not available
in triatomics, statistical partitioning may be an infrequent process
except for very long lived intermediates. 1In the Ba + 02 system(SS)
for example statistical partitioning may be the result of an extended
lifetime due to special features of the surface. Such features are
Qs . . (164)

.unlikely to figure in the F + XY systems however .

The various relevant properties of the systems discussed above are
summarised in Table 4.5.

Of the salient features of the two reactions F + IZ/ICl, it is

well established. that vibrational excitation is substantial in both
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ADO/ e/ oR/ a B _
-1 -1 <fT> <fv> <fR>
kJ mol kJ mol X (Scale (Skew
factor) angle)
4L 122 12 3g?) 2.0 14° 0.4 0.6 0.02
0.15-0.2)¢
F + IC1 60 63 43®) 1.3 10° 0.26> 0.6%) 0.14
c1L+1, 59 ~0 18° 1.5 19° 0.3% - -
o+1, 73 aso)» | 8 @ 2.1 14° »o.3°) - -
Table 4.5. Summary of properties of four reactions discussed in the text.
Notes: a) from velocity averaged rate constant (See Chap. 1).

b)

c) from AVD measurements

from LIF
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cases. Both surfaces are thus expected to show."early downhill"
behaviour, i.e. attractive release in the entrance channel. For F + 12
<f;> may correlate with the attractive release (Al) and <fé + f§> with
the repulsive release (RL)’ by virtue of the light atom effect. F + ICl
m;y be expected to .avail itself of some mixed energy release and thus

- given reaction on the same surface a higher <f;> is expected.
Unfortunately the data presented here is not good enough to corroborate
or refute this proposal.

As regards rotation it is possible that the differing values of
<f§> may be explicable by kinematic effects only, as described in the
next section. Only after this question is considered can dynamical
contributions to <fp> be assessed unambiguously.

4.4.1° Sources of product rotation

Theoretical work on sources of rotation is not nearly so
detailed as that on vibration and translation; It is ob&iously
inadequate to invoke conservation of energy for angular momentum
festrictions may be important, even in the statistical limit. Some
progress in understanding how <fp> is determined has been made by

Hijazi and Polanyi(lGS'lGG)

using classical trajectory studies.

While energy release in the new AB band in general becomes
vibration, release in the old BC bond generates rotation and translation.
The correlation of non—reéulsive release with <f§> has been shown to
hold.fairIQ;well for all mass combinations(l7). The partitioning
between <f§> and <fé> is thus the mechanism of interest. Product
translation results from repulsion along the line of the centre of mass

of AB and C, while rotation requires the action of torques. These

result from the angular variation of the potential U; and hence it is
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useful to. use'the FMS representation. This again necessarily restricts
the picture to 2D, but for qualitative considerations this is not a
serious restriction.

A: ‘Attractive surfaces

In 2D on attractive surfaceS'<f§> is generally found to be

higher than on repulsive ones 177161)

, but the behaviour of <f§> with
changes in mass, energy release, or initial angle of approach is
complex and difficult to elucidate. In a naive model of a direct
encounter with attractive release the main source of J' is the relative
motion of A with respect to B. If the BC bond is severed while A is

still a large distance away (> ) then C does not exert much influence

2
AB
on the internal motion of the incipient AB diatom. Thus initial
orbital angular momentum (L) is transformed into J'. This effect is

. . (165)
~greatest when A is heavy and B and C light , @as A can then carry a
lot of L and the contraction of the Q2 co-ordinate allows C to escape
the interaction rapidly, and hence minimally perturb the AB collision.
When the attacking atom is light this L + J' transformation is weakened
by "spirélling in". A is now more susceptible to the action of torques
caused by the BC potential, and as it approaches, L is taken up by
rotation of the intermediate while A is constrained to approach along
the direction in which U(6) is a minimum. This situation is worst in
the L + HH/LH case as C departs only slowly, and hence A experiences
maximal torgue. The final dissociation of AB-C produces L' derived from
" J and L. This mixing is further facilitated when BC has a high moment

of inertia, as in L + HH (as opposed to L + LH), since J can now

increase significantly for only small. amounts:of attractive energy
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release. The heavy BC molecule thus .acts as an angular momentum sink,
and the resulting J' is small.

If the attractive release is high however A may be travelling
too fast to follow the path of maxiﬁum.descent in the FMS so that the
mixing'is incomplete. Thus for high AT; J' may increase, and some
dependence of J' on impact parameter Or angle of approach is expected.
This holds provided the repulsive release (RT) is small, as otherwise
repulsive contributions (see below) can obscure these trends. On very
attractive surfaces <f§> may become very large due to secondary
encounters.

In'general it is difficult to estimate the value of J' resulting
from the attractive part of the trajectory due to its curvature on the

FMS. This contribution is formally given by

gy = *

* . *
A pABrABVrelsln Y ‘ 4.21

where the co—ordinates are as shown in Fig. 4.11 and the superscript Pk
refers to the value at the time of BC separation. The difficulties
clearly arise because rzz,‘vz, and y* cannot be obtained from their
initial values without a detailed knowledge of the surface, and so the
above qualitative considerations must suffice. In general trajectory

. 17)
calculations have supported these .

B: " ‘Repulsive surfaces

In this case the repulsive release itself provides a
source of J'. If ;he BC band is not severed until the A-atom has
approached to near r;B’ then BC repulsion cause a torgue on B about A.
This torque is maximised when the intermediate is highly bent and J' is

~ greatest when A is heavy and B light. The corollany of this is that in
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Fig. 4.11. Co-ordinates used in the explanation of
sources of rotational excitation (see

text for details).
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L + HE/HL reactions low J' values may result even from bent config-
urations.

The influence of L on J' in repulsive encounters is thus much
diminished from fhat in attractive ones for the normal L + LL case,
whereas for H + HL the L - J' kinematic conversion is still dominant(l66).
For L + HH there is an indirect effect only. Here the orbiting mption
of BC tends to continue undisturbed by the attack of A and hence the
important conversion is J - L'. This is rather less in repulsive
encounters or at higher energies where the A-BC interaction can influence
BC motion to a greater extent. Since J' can be low it follows that
when L is low and the A-BC interaction weak an apparent L - J' trans-
formation may appear. That this is merely accidental has been illus-
trated in calculations by increasing AL orlET, both of which result in
increased 1'(166):

Repulsive release lends itself more easily to predictions of
energy partitioning than attractive release, as attention can be
focussed on the .outcome of AB-C repulsion from a known configuration
and the initial (attractive) part of the trajectory ignored. A number

of models have been suggested for this process(l67) and used to predict

(161,168)

angle and velocity distributions. The DIPR model has been used

with some success to predict rotational distributions in 2 and 3

. . (161) . ; \ .
dimensions but only in systems where a harpooning mechanism is
postulated. In this case BC repulsion begins while A is still quite
remote and decays monotonically with time, whereas in a covalent

interaction the repulsive force is expected to pass through a maximum

and onset at smaller .AB separations. Even assuming this restriction is
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not problematic,Athe prediction of trends in J' due to kinematic
effects is difficult because of a number.of parameters which cannot be
estimated easily.

. Instead therefore, an ultra-simplified impulsive model is
offered here, in which the effect of the monotonically decreasing force
in the DIPR model is replaced by an ihstantaneous impulse in the BC
bond which releases energy €. This is partitioned between rotation and
translation only and <f§$ and <fé> determined by conservation laws. ¢
is not merely the repulsive release RT in the Polanyi scheme as it
must account for part of the mixed release as well. Its exact nature
is of no importance to the final predictions however.

In appendix 1 it is shown that the rotational energy derived from

this source is given by

r X 2
5 1 [ X
<Eﬁ> = g(l + T cosec a*) ; ( 2B ) 4.22
o
“aB
where
s S Vsl
MpMe AM?

with M = MA + MB + MC, AM = MA + MB - Mc.

a* is the ABC angle at the moment of impulse. As expected <E§> increases
with AB bond length and ABC angle. The factor I' carries the inertial
information and is tabulated in Table 4.6 for various mass combinations.

From this it is apparent that at a given a*, <E§> should increase along

the series
L +H, L +HL, H + LH, H + HL, L + LL, (L + 1H, H + LL)

This trend is in relatively good agreement with that found in
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H + L +
. LL LH HL LL LH HL HH
2 3
MH MH ) MH 'MH
1 8 o 2 "N 27 1 "R 8 ™R
L L L L
Table 4.6.

Limiting behaviour of the factor T if MH >> ML for various mass

combinations.
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trajectory calculations for small AT(17)

. As AT4increases other
contributions to <E§> (Equ. 4.21) tend to wash:out these differences.

If T is large then

sinza*vr;B
<E'R> o _ 4.23

The factor I' for F + I2/IC1 are &3 X lO3 and-'{:lO2 respectively, so that
on kinematic grounds alone product rotation in F + 12 is expected to be
diminished with fespect to F + ICl, even for a repulsive release.

The correct prediction of the trends m <fp> with changes in
'inertial property by such a simple model is perhaps surprising. The
impulse approximation is the limiting case of the DIPR model as the
time during which the force in the BC bond acts tends to zero. This is
obviously quite a good approximation for covalent collisions, and is
expected to be best for nearly rectilinear trajectories (as inAL + HH)
where reflection off the repulsive wall of the FAS maximises ?U/drB

C

and hence minimises its time duration.

4.5 Summary and Conc¢lusions

The reaction F + 12 -+ IF + I produces vibrationally excited, but
rotationally cold, product. Kinematic arguments have been preserved
which suggest a low <fﬁ> can result from either attractive or mixed/
repulsive energy release for the L + HH mass combination. The AVD
measurements, while conflicting with those presented here may not be
very informative. <f§> measurements do not yield any information on
<AT> or <RT> for this reactién either, so the nature of the surface, and

the role of the light atom effect remains unclear. A more accurate

determination of <f;> for this reaction is thus required. When coupled
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with trajectory calculations on realistic surfaces (also for F + ICl)
this should yield the desired information; There is also a require-
ment for further investigations (both theoretical and experimental)
into the origin of product rotation.

The discussion has centred mainly on kinematic arguments, but
various dynamical problems remain unreéolved. In particular the
variation of interbond angle in trihalogen intermediates has yet to be
considered, and this may only become available when full aﬁgle—velocity
contour maps are obtained. Similarly the effectiveness (or non-
effectiveness) of the well in F + ICl in producing high <fﬁ> needs
analysing theoretically.

Five years ago Grice first wrote of the possible influences on
the dynamics of trihalogen reactions(18). These would still‘appear to

be one of the most rewarding classes of reactions for study, and as

such deserve a further investigation.
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APPENDIX "1. Classical rotational angular momentum’ from an impulsive

force

In the. classical calculation, repulsion of AB is restricted to
take place in 2D from an intermediate ABC with co-ordinates given in
Fig. Al.l1. The centre of mass of ABC is the point K(xc,yc) and of AB
is K'(xc',yc'). A, B and C have masses M, M, and M, respectively.
The origin of the co-ordinate system is at the midpbint of the BC band.
The AB diatom recedes with velocity V12 directed parallel to the y-
axis, while C recoils with velocity V- The translational and
rotational energy is assumed to arise only from the impulsive release
€ in the BC bond, with vibration of AB ignored. This is assumed to
arise from the attractive part of the potential.

Hence

2 12
= ' + —==
%u123vfel 21 Al.2

ui23 is the reduced mass of the AB + C system and v

rel its wvelocity

of separation (= ]V12J+1V3J). le and I12 are the rotational angular
momentum of BC (J') and its moment of inertia.

Thus from Al.2

- L2
J
2 2
o= 2 - 22 Coms
H123 12
Conservation of linear momentum gives
5, N Sl B AL.4,5
Vi2 T M rel ' 37 M rel T

and of angular momentum
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S
©
~
r et

Fig. Al.l. Parameters used in the
determination of J' using the

impulsive model.
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—M3V3Xc- + .(_M1 + M2)Vl2(gc - xc) + qu =0 Al.6
from which
J12 = xcm3(v3 - V12) Al.7
From equs. Al.4,5
AM3
J12 = X M Vrerr aM Al.8
where
AM . = my + m, - mg Al.9
Eliminating Viel between Al.3 and Al.8 gives
2¢ 2 [ 1 M 21 1
W, w2 WL, T om 2 o2 AL-10
123 H123712 3 %
Usi 2L % ginas dI L Al.1l0
sing x = —— r7 _sina* an = o) in .
c M 12 12 u12r12 )
gives 2 * 2
: J r
10 2 T -
3 = € ( 12 (1 + ) L Al.1l1
2u r° r © sin a*
12712 12
m 3
Al.1l2

where T = -
173 AM
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APPENDIX 2 : Simulation Program
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XBIGIX
IRTALSLIES
SINTEGZS GMAXeCUNYIFANIV2RAX «IXELECWMFLAG
AINTIOER XoKHZADIKRIGKR29KP L9 KF2 4y KR 1AeKRZASKTReKIP KK
SINTIGZI FLAGLGFLAG24FLAG3FLLEGU 9CFLAGL oCFLAGZ4CFLAGWHFLAGyVIFL G
RILTIZIGIR H3eVVWNPTS
AINTIGCZR Iwy IeNSTEPSeJJUsNJU TUeNTL g B2y IUMALX$IGCY
RINTIOER V1igv2
“RIAL GCMAX $EGC
WRZAL LAMBUALlWLAMSDA2WLAMECABLWLAMEDABZsDLAMECASLAMRDAC
“RIAL FFMAXyIULGFFIGFV ’
EEZAL W1lew2ew3leWR2eWhsWlloeWi2eD6L
ZR3ZAL WHEAD o WOR oWCP oWV o WE 9w QohLIM
YREAL NN gMMA g TRIT ¢ ZROT 9FJULIMGETCT oMELEC oRNS
LRZAL FVLIMGFFLIMIFVIEMAX
T2RTAL G9G14Q2¢S
YRZAL BZ14BE2e0E 1oDEChALPHAE 19 ALPHAEZWEETAE L9BETAZZ2Yy XC
GAMMAE 19 GAMMAE 29y CMEGAEL+CHMEGAE2 sOMEGAXELyCMEGAXEZY  %C
OMEGAYZ19OMIGAYEZ, %C .
TZ14TT 2061 9529AV1I9AV24814824C1402
XTZRMALRDUTINISPEC PROMPT(XSTRING(15) S)
XTIRMALROUTINCSPEC DEFIME(KXSTRING(63) S)
XTZRNALRQUTINICSPEC RIADFILENAMECXSTRINGNAME NAME)
ZEXTERNALINTEGIRFNSPEC EXIST(XSTRING(63) FILE)
XEXTEIRNALINTEGERFASPEC RESPONSCU(XINTEGERARRAYNAME 249 LINTEGER M)
XCXTERNALROUTINESPEC GRAPH(XINTEGER N)
SCXTERNALREALFNSPEC ZXPREAL(AZFEAL XoY)
XEATERNALSTRINGFNSPEC ITOS(XINTEGEZR I)
XRZALFNSPEC ILASER(XREALNANME W)
SRIALFNSPEC GAIN(XREAL W)
XRZALFANSPELC PROTU(XINTEGER J)
ZXRZALFNSPEC FRUT(XINTEGER J)
YREALFASPIC HL(XINTEGERNAME X))
ARZALFNSPEZC LINEZ(XINTEGER KoOJ)
KREALARRAY L(D0:20)¢ISENS(0:2C)96GCICI20)4uGC(0220)
ZOdNINTECGZRARRAY REPI(1:2)=°Y*,"N?
AOWNINTEGIRARRAY KEP2(112)=*T?, D" .
ASTRING(8) DATAFILESOUTFILE ¢ SPECFILEGFCFFILEGVIBINFILEWCETFILE W GAINFILE
XCINSTREAL KK=J+45943
! BOLTZMANN®S CONSTANT IN(CMI-1(K)=-1 !

o=
~T
-
~T
- =
k2

!
! DZFINE STREAMS:

! ST1C=-=DATA IN:MOLECULAR PARAMS E£TC.

! ST11-=-RESULT OQUTIWAVELENGTH DIFFZIRENCE FROM START

! VSe RELATIVE INTENSITY

! ST12--ADDITIONAL INFO ON SPECTRA.

! ST18-=TOTAL NUMEER AND DETAILS OF AVAILAELE

! FRANK=-CONOON FACTORS.

! ST15-=VISRATIONAL PROBABILITIES AND BAND DESCRIPTCRS
t ST20=--DETECTOR SENSITIVITY CURVE

! STel=-=-LASEZR GAIN CURVE

'

START:

NERLINCIPROMPT(*DATAFILE ")
REACFILENAME(DATAFILE) XUNTIL EXIST(DATAFILE)=1
CEFINTZ(®ST10+*.CATAFILE)

NEZ WL INE

PROMPT('FCF FILE:*)

RCADFILZNAME(FCFFILE) XURTIL EXIST(FCFFILE)=1
CEFINC(*ST16 4. FCFFILE)

SZLEZCTINPUTC(1G)

STTYARGINS(13+15480)

READ(MELEC)

! TOTAL ANCHMOMMENTUM. lece OMEGA IN COUPLING
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52 !CASES (&) & (T

€3 REATLTEDIIRIAD(TE2Y

&4 REAG(EZI)SREAQ(BED)

€5 REAG(DZ1ISREAD(DED)

56 REAC(LLPHAZ 1) IREAC(ALPHAE2)

&7 READ(RITSELISREAD(RETARZ)

€8 RTIAC(GAMMAEL L) SREADIGAMMAL2)

59 REAC(OMIGREZLISRIADICMEGAED)

70 READ(OMZGAXE L) SRZIAD (OMEGAXE 2)

71 RZAD(CHTGAYEL)YIREAD(ONEGAYER)

72 READ(VIMAX) $!PREDISSCCIATION LIMIT

73 SELECTINPUTC( Q)

74 CLOSESTREZAMCLD)

75 !

76 ! READ IN SCNSITIVITY VS wAVELENGTH. INTERVALS DO NCT
717 ! HAVZ T2 tE£ KZIGULARLY SPACED. NPTS IS THE NUMBER OF ENTRIES
73 ! AMD SHQOULD NOT IXCEED 21, '

7 !

Y] NEWLINZSPRCOMPT(*0ETS CATE FILE:®)

81 REACFILENAME(CETFILE) XUNTIL oXIST(DETFILE)=1
862 DEFINZ(*STZU+*«DETFILE)

&3 STLECTINFUT (2D)

24 RIACINPTS)

85 XCYCLE I=341+NPTS-1

é6 READ(LCIN)SRIAD(ISINS(I))

37 XREPEAT

88 SELEICTINPUT (D)

&3 NESLINTESPRCMPT(*LASER NCRM?*)

3¢ %IF RESPCNST(REP192)='Y* XTHENSTART

31 .FLAGa=1

32 fRZAD IN GAIN CURVEZ

a3 ISAMT COMMEINTS APPLY AS FOR DETECTOR SENSITIVITY CURVE
94 NEWLINZIPROMPT(*LASER FILE:®)

35 REACFILENAME(GAINFILE) XUNTIL EXISTU(GAINFILE) =1
g6 DEFINZ(PST21+'GAINFILD)

97 SZLICTINPUT(21)

38 GCMAX=D

59 READ(IGCD)
100 XCYCLE 1=0+1416CC-1

101 READ(EGC)Y

102 WGC(I)=1.32R/E6GC
163 READ(GCC(IN)
18e %IF GCC(II>GCMAX XTHEN GCMAX=GC(I)

165 XREFZAT

136 RCYCLE I=0+1416C0-1

107 GC(IN=GC(I)/GCMAX

128 XREZPEAT
162 YTFINISHILSE FLAG4=0

113 !
111 'ACTAD AVAILASLT FRANC~-CONDCMN FACTORPS ¢
112 !

113 SELECTINPUT (14)

114 ’ CLOSESTARZAM(2D)

115 READ(NJU)

116 XBeGIN :

117 SINTZGER LFLAG

118 AINTZGERARRAY FVI(1INJU)$FVZ(LIINIY)
113 ZINTEGERARRAY FV2LIM(OIVIMAX)

123 “RTALARRAY FCF(1INJJ)

121 ! LWJJ IS THE NUMSER OF 3ANDS FCR WHICH INFO ON FCF*S IS AVAILAELE
122 ZREALFRNSPEC SENS(XREAL X) |

123 XXZALFNSPEC SCORR(XINTESEZR U

124 YRCALFNSPEC FCFACTOR(XINTIGER I1.12)

125 XCYCLE V1=2414V1MAX



125
127
12¢

15
s

13:
131
132
1335
134
135
136
137
138
135
142
1641
142
143
144

177
178
173
18¢

182
183
1584
185
186
187
188
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FYLI¥(viy=2g

RRIPECAT

“CYCLZ JJ=lelahNJJ

READ(VI) SRTAD(VZ)ISREAD(ECF (UU))
FVIC(JUI=VISFV2(JJ)I=Ve

“IF Vi<=ViMax XZTHIMSTART

NIF VZOFV2LIM(V1) RTHEN FV2LIM(ViY=V2
XFINISH

SRCPZAT

SCLECTINPUTI( )

CLOSEZSTREAM(14)

]

NEWSPEC:

QFLACI=S30FLAG2=C

SELECTINPUT (D)

KREdLINES PROMPT(*STARTI®)ISREAD(LAMBDAL)
MEALINES PRIMPT(CFINISHI®)FREAC(LAMRCA2)

NERL INZF PROMPT(TINTERVALI')S READ(DLAYSDA)

NEWLINES PROMPT(TLASER FWHMI®)§ READ(DWL)

MEWLINE SPROMPT(*THERM OR DYNI )
XIF RESPONSE(REP242)=*T" XTHEINSTART

NEWLINTIPROMPT(TFRACCLIMTO JI')IREAD(FILIM)

REWL INEIPROMPT(*HOMONUC? ")

%IF RESPCNSE(REP142)=%YY XTHENSTART
NEALINESPROMPT(*2»NUCSPINI®*Y»SREADINS)
JFLAG2=1

“IF NS=(NS//2+2)=0 XTHENM ANS=(NS//2+1.)/(NS//2) X%C

YCLSE RNS=(NS/Za)/(INS/2.+1)

ANS IS THE RATIC OF PIPULATIOINS OFSTATES OF EVER

THE GROUND ELECTRONIC STATE IS TOTALLY SYMMETRIC.

1)
! ROTATIONAL AeMe TO THOSE OF 00D ROTAIONAL AaMay
!
'

*FINISH

NEWL INESPROMPT(*FRACCLIMSTO VI®)SREAD(FVLIM)

~FINISHELSESTART

NCHL INESPROMPT(*CTCTI*)SREAD(ETOT)
CFLAG1=1

XFINISH

ASSUMING THeT

KESLINZISPROMPT(POUTFUT FILEZ*)SREACFILENAME(OQUTFILE)

DEFINE(®*3T124*.OUTFILED
SELZCTCUTPUT(12)
XIF OFLAG1=1 XTHENSTART

PRINTSTRINGCTOYNAMIC SIMULATION FROM DATAFILE

XFINISHELSESTART

PRINTSTRING(*THERMAL SIMULATICN FROM DATAFILE

SPRINTUIFULIMe 10 2)

PISPRINTSTRINMG(CATAFILE)
NESLINESPRINTSTRINGC*TOTAL ENERGY =*)SPRINTFLIETCT4)

*)SFRINTSTRING(CATAFILE)
HEYLINESPRINTSTRINGC(*FRACTIONAL LIMIT TGO ROTATICMAL SENSITIVITY =%)

NERLINESPRINTSTRINGC*FRACTIONAL LIMIT TO VIBRATICAAL SENSITIVITY =¢)

PRINT(FVLIMo143)

XFINISH

NESLINESPRINTSTRING(*START OF SPECTRA
NEWLINZIPRINTSTRING(END OF SPECTRA =

REWLINZSPRINTSTRING(®LASER FwHM = %)
PRINT(DWL94+2)
NEL IMES (2)

PRINTSTRING('VIERATIdNAL BANDS suMMED CTVER?)

NCWLINZIS((2)

PRINTSTRINGC®*VY V2 JMAX PROB. TROT
LAKZSOAC=(LAMBCAL+LAMSDAZ) /2,
CWl=1.38=DWL/LAMRDAC/LAMEDAC
NSTEPS=INTU(LAMBOA2-LAMEDAL)/DLAMBDA)
%1=1.a8/LAMBCAL

= °)SPRINT(LAMBDAL949 2)
*)IPRINT(LAMEDA2+4+2)
NEWLINEFPRINTSTRING(PINTERVAL = ¢)FPRINT(DLAMBCAY242)

HEAD

J216IN

LIMIT

FCF*)
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129 YE=1.25/LAMBOR2

15¢ IMELSCSINTPT(MELEC+04031).

191 MFLAGSTINTPT(MILEC~IMELEC+0.6)

192 ! MELAG=1 IF MELZIC 1S SALFINTEGERLL

183 ! MFL2G=0 IF RILEC 1S INTEGERAL

194 KeR=1IMILEC

155 KIP=IMELEZIC+]

196 NEWLINES(2)3PROMPT('VI®, DATA FILE:®)

157 SEADFILENZMEC(VIBINFILEY AULTIL EXIST(VIBINFILE)=1 XOR VIZINEILE='.TTY

198 Y1F VIBINFILE="eTTY XTHEN VIFLAG=1 XELSE VIFLAG=S

199 CEFINE(®ST1S e VIBINFILE) .

266 SELECTINPUT(1S)

231 $IF VIFLAGS1 XTHEN PROMPT(®V2 MaAX:®)

262 RTAD(V2MAX) 3! EXCERGICITY OR CTHER LIMIT

283 VVS(V2XAX+1)*a(VIMAX+])

204 !

265 YEEGIN

20e XREALARRAY FVIBC(OIV24AX) ¢ TRCOTI(OIVIMAX)

2¢7 XINTZGERAFRAY NNICOSV2MAX) JMMI(IV2¥AX) oJL (02V2MAXY

208 XINTIGERARRAY JV1(1:ivV)eJv2(l:ivy)

209 %RZALARRAY N(2:INSTEZPS)

21¢ ¥CYCZLE IW=0414NSTEPS

211 N{[W)=3

212 SREPEAT

213 %CYCLZ V2:=3414V2MAX

214 © %IF VIFLAGS1 XTHEN PROMPT(ITOS(V2).':")

215 READ(FVIS(V2)) '

218 %IF OFLAG1=0 XZTHEN READ(TROTI(V2)) Xx¢C
c . XELSESTART

217 READ (MMTI(V2))

218 READ(NNI(V2))

219 %FINISH

220 XREPEAT

221 IJ=0

222 FFMAX=D

223 ZCYCLE V2=041,V2MAX

224 '

225 'DETERMINE APPROXe J VALUE OF MOSTINTENSE CONTRISUTION

226 t HL FACTCR IS ASSUMED TO B2E PPNLe TC Je :

227 !

228 AV2=V2+9.53200806306003

229 G2=OMEGAE2°AV2~0OMEGAXE2*AV2vAV2 XC
c +OMEGAYE 2#AV22AV2¥AV2

233 22=8E2~ALPHAE2¢AV2+GAMMAE2 vAV2*AV2

231 D2=0E2+8ETAC2vAV2

232 !

233 SIF OFLAGI=C XTHENSTART

234 TRCT=TRITI(V2)

235 ZROT=B2/KK/TROT

236 t MAX VALUE CF JeFROT IS:

237 KSINTPT(SGRT(1+8/2R0T)/4)

238 IJL=FROT(K) 2K

233 JL(V2) =K

240 YUNTIL KoFROT(K)ICFJLIMelJUL XTHEN K=Ke1

241 %FINISHELSESTART

242 MMZMMT (V2)INNSNNI(V2)

243 %IF G2>ETOT %THEN =>STARTSIM

244 JMAXZINTPT(SQRT((ETOT=G2)/B2))

245 14AX e VALUE SF JePRGT IS:

246 KSINTPTC(JMAX2EXPREAL (MM oNN+13-1/AN))

247 TJL=PROT (X) =K

248 JL(Vv2)=K

249 LUNTIL K*PROT(KIKFJLIM=IJL XTHEMN K=K+l

253 LFINISH



251
252
253
254
255
25

257

258
255
266
261
252
263
254
285
266
287
263
269
2739
271
272
273
274
275
276
277
278
273
289
281
282
253
284
285
286
287
228

289

367
3ce
3e9
31¢
311

- 174 -

=K

RST IZSTIMATE CF RGTATIONAL LINMIT
SCYCLE V1i=241eV1IMAX

1

AVI=V1+0.3550C0005000030¢0
1=OMEGACl»AVI=-0OMECAXELl2AV]IvAV] *C
*OMEGAYE 1=AVieaViepavl

B1=BE1-ALPHAE1»AV1+GANMAZI»AVIxAV]

D1=DE1+BZTAZ 1AV

wV=G61=G2

WI=TE1=-TE2

disvWreWV

1

WLIMSLINE(UMAX+IMNELZC 1) oM D
TESTIMATE BANDHEAD

K=IMELEC

AWHILE LINC(Ky1)DLINE(K+191) XTHEN K=K+l

WHEAD=SLINE(K 1) +W)

!t SZT IF B&AND LIES IN INTERVAL(W1ls42)
%1F WHCADDWZ %AND WLIMCW1 XTHENSTART
YACCEPTED BAND

IJ=TJ+1

JViCIy)=ve

JV2CIvry=v2

FFISFCFACTOR(V14sV2)*FVIR(VD)

XIF FFIDFF™AX XTHEN FFMAX=FFI

%FINISH

YREOCEAT

XPEPEAT

STARTSIK :IUMAX=1J

INJe OF BANDS IN SPEC

t NOW REVISE LIMITS FCR ACCEPTED BANDS
AND CALCULATE SPECTRUM

FVIgMAX=Q

XCYCLE TJ=1lslelJMAX
VisJdVi(lJrsvasJdva(lo
AV2=V2+0.550CC5C39200

G2=UMEGAE2+AV2-OMEGAXE2+AV2+AV2 XC

+OMTCGAYEZ2*AV2+AV22AV2
B2=8C2-ALFHAE2*AV2+GAMMAE2 vAV2rAV2

02=DZ2+3CTAE2e4V2
AV1=V1+0.5023032600¢0000

Gl1=CMEGAL1+AVI-OMEGAXC1#AVI*AY] %xC
+0OMEGAYE1+»AVI®=AV1IeAV] :
Z1=8E1-~ALPHAT1»AV1+0AMMAT 1 »AV]IrAV]

G1=DE1+BETAE1=AV] ’

WV=G1-62

wE=TE>1=-TE2

®"I=WEewV

LFLAG=D

XIF FVIS(V2)DFVISMAX XTHEN FVIEMAX=FVIB(V2)

FV=FCFACTOR(V1¢V2)=FVIEB(V2)/FFMAX
*IF LFLAG=1 XTHEN => QUTPUT

KE=Jl (V2)

S=SCORI(VI)

! DETICTOR SEMSITIVITY TC FLUORESCEINCE CORRECTION
XIF JDFLAG1=0 XITHENSTART
TROT=TROTI(V2)

ZROT=532/KK/TRCT

IJL=KeFROT(K)
FFLIMZFJLIM«FROT(K) *K/FV

Z1F TJLKFFLIM XTHEN =DHEXT

AUNTIL KefFROT(KIKFFLIM XTHEN X=K91
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312 XFINISHELSESTART

313 PASHMI(Y2I3LNZNNTI(V2)

116 FFLIVMSFJLIM*PROT (K)*#K/FV

215 . %IF TJLCFFLIN ZTHEN K=Ke}

316 XFINISH )

317 '

318 JIAY =K

319 '

3232 KMAX=JMAXSIMELEC

321 SELECTINPUT(C)

322 CLOSESTREAM(1S)

323 '

324 ! FROM HERE ON K LABELS THE INTEGRAL PART OF THE TCTAL
325 ! ANGeMCHMMENTUM (ELECTRON SPIN4MOTION PLUS NUCLEAR MCTICMN).
326 ! K0R AND KGP ARE THE LABELS FOR THE STRANSITIONS STARTING
27 ! AT THE LOWEST VALUE OF J(TCTAL A.Me) COMPATIELZ WITH CGNSERVATION
328 - ! REQUIRIMENTSe MNOTE HCWEVER THAT JMAX IS A NUCLEAR . .
329 ! ROTATICOIWAL GeNOsoWHEREAS KMAX IS ALABEL FOF ThE TRARSITICGAS STARTIAC
330 t FROM THE VALUE OF J WHICH HAS ROTATIONAL Aeide J¥AXa
331 ! THE AUTHOR APOLOGISES FOR THE AMPLE ROOM FGR CONFUSICN HERC.
332 '

333 . XBEGIN

334 ' -

335 ZREALARRAY PUKJPIKMAX) JR(KORIKMAX)

336 ! FREGUENCIES OF LINES IN BRANCHES !

337 '

338 . du=1

339 XCYCLE K=KOReloKMAX

34g R(X)=LINE(K+DUI+WD

341 XREPEAT

342 '

343 DJ=-1

344 NCYCLE XK=KOPs1eKMAX

345 P(K)=LINE(KoDJI+ WO

346 XREPEAT

347 XCYCLE K=KORelsKMAX=-1

345 %IF R(KIDR(K+1) XTHENSTART

349 KHEAD =K

350 WHEZAD=R (KHEAD)

351 HFLAG=1

352 "7 => FIXORIGIN

353 ZFINISH

354 XREPEAT

358 ! NO BANDHEAD

386 WHEAD=WOR

357 KHEAD =K OF

358 HFLAG=C

359 FIXORIGIN:VOP=P(KIP)

360 45R=R (KOR)

361 WLIM=P(KMAX)

362 : ! TEST TO SEE IF EAND LIES IN THE INTERVAL(W1eW2) !
363 %IF WLIMDW1 XTHEN =~> SKIPGEN

364 XIF JHEADCW2 %THEK => SKIPGEN

365 ! DETZRMINE POSITION WHICH WILL JUST INCLUDE THE
366 ! LINES AT THE HIGHEZST AND THE LOGEST FREGUENCIES.
367 WB1=UHEAD-OWL

368 LAMBDAR1=1.88/4WB1

¢9 . NE1=INTPT((LAMBDAE1~LAMBDA1)/DLAMEDA)

370 YB1=¢ XIF N51<0

371 wB2=wlIM-DuL

372 . LAMBDAB2=1.a8/WB2

3713 NB2=INTPT((LAMEQARZ=LAMBOAL)/DLAMBDAY+]

374 Ke2=NSTEPS XIF NE2O>NSTEFS

375 4



376

354
385
385
387
358
389
390
391
362
393
394
395
396
397
398
395
400
461
452
4n3
404
4GS
406
437
408
463
419
411
812
413
414
415
416
817
418
419
429

422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
637
438
433
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SUM STATEZS FOR THEIS SAND

1

H

XCYCLE IW=NR1e14NF2

NLZ1 T8/ (LAMEDAT+]IWDLAMBDA)

«L1=wL=-0WL

YL2=WL+DWL

! CHECK T& SEL IF LASER LINE IS AT TOO HIGH

' A FRZGUENCY TO CONTAIN aANY LINES

RIF WL1> WHEAD XTHEN Q=08 XAND =-> ADDUP

FLAG3=1 ’

! ASSUME THAT R(KMAX) IS LESS THAN THE LOWEST LASER

f FREGUEINCY. IF NOT THEN FLAG3 WILL BE SET=0 LATER.

! CHECK TO SEE IF THE LASER LINE PROFILE WILL CONTAIN

! aANY LINES IN THE EANDHEAD.

XIF WL2D>WCR XAND HFLAG=% STHEN «> ABNORMAL XZLSESTART

FLAG2=D

! SINGLE SuM IN R=BRANCH

FLAG1=1

Y COMTRIBUTICN FRCHM P=SRANCH

! UNLESS WL1IDWJP.

! CHZCX FCR THIS NC4Y.

XIF &L1DOW3P XTHEN FLAGL1=] XAND -> L20

K=K gP

TESTKPZ:XIF P(K)IDHL2 XTHENSTART

%IF K=KMAX %THEN => SETKP2

KzK+1

-> TESTKP2

*FINISH

SETKP2:KP2=K

TESTKPLIIXIF P(KIDWLI XTHENSTART

~IF K=KMAX XTHEN <> SETKP1

K=K+1

-> TESTKP1

XFINISH

SETKP1:KP1=K

! CHECK TC SEE IF LASER LINE LIES BEYOND KMAX

' CUTGFF IN R-ERANCH

ZIF WL2<R(KMAX)IXTHZNSTART

FLAG3=0 '

! NO CONTRIBUTION FROM R-BRANCH

-> L1935

%FINISH

L20tK=KCR .

TESTXKR2:XIF R(KIDWL2 XTHENSTART

XIF K=KMAX XTHEN => SETKR2

K=K+l

-> TESTKR2

XFINISH

SCTKR2IKR2:=K

TESTKRISRIF R(K)IDWL]1 ZTHENSTART

NIF KzXMAX XTHEN => SETKR1

K=Kel

=> TESTKR1

XFINISH

SETKR1:KR1=K

-> Lioc

%ZFINISH

1

ABNORMAL ¢
VARIOUS CONDITIONS FCR WAYS IN WHICH PART OF THE LASER
LI%E PROFILEZ MY CVERLAP THE S ANDHEAD NOW FOLLOW.

t
t
!
FLAG1=1
! ASSUME CCNTRIBUTION FRCM P=BFRANCH. IF THIS IS NCT SC FLAGI



462
651
442
443
444
445
G646
“47
448
449
450
451
452
453
454
435
436
4357
458
459
460
461
4€2
463
464
465
4¢€6
4e7
4é8
463
470
471
472
473
474
&TS
474
477
478
479
480
481
482
483
484
435
486
487
488
489
4990
491
492
493
494
499
4Qg
497
498
293
529
501
842
5383
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! WILL LATEZR BE SEZT=6.

FLAG2=1

! THZAE VILL BE TWC SETS OF LINES IN THE R=tRAMCH TC B
SUMMED OVER 1F THE LASER LINE OVERLAPS THL BANCHEAC.

1F WL1K=WIP ZAND WOIRKWL2KWHEALD %X THINSTART
CASZ BP!2 DISCONTINUQOUS SUMS IN R=BRAMCH
SNORMAL SUM IN P-BRANCH

-t PC e e

KR1A=KJP
XKP2=KapP
K=K QP
ZWHILE P(K)D>WL1 XTHENCYCLE

K=K+l

*IF X=KMAX XTHEN KF1=KMAX+]l XANDEXIT
XREPEAT

KP1=K=-1

K=KOF

XWHILI R(KIKWL2 XTHENCYCLE

KK+l

%IF K=XKMAx %XTHEN KR2A=KMAX+1 XANDEXIT
XREPCAT

KR2A=K-1

K=KHEAD

XYHILE R(K)IDWL2 XTHENCYCLE

K=Ka+1

XIF K=KMAX XTHEN KR2=KMAxel XANDEXIT
XREPEAT

KR2=K

AeHILZ R(KIDWL1 XTHENCYCLE

K=K+l

XIF K=KMAX XTHEN KR1=KMAX+1l XANDEXIT
XREPIAT

KR1=K-1

=>L103¢

%FINISH

]

RIF WCPKWLIKWHEAD XAND WIRCKWL2<KWHEAD ATHENSTART
! CASE C:22 DISCONTINUOUS SUMS IN R-BRANCH

! INC SUM IN P=BRANCH

K=KGR

XYHILE R(XK)<WL] XTHEANCYCLE

KzKe+1l

%XIF K=KMAX %XTHEN KR1A=KMAX+1l XANDEXIT
XREPEAT

KR1A=K

RWHILE R(K)ICWL2 XTHENCYCLE

K=K +1
XIF K=KMAX XTHEN KP2azKMAX+l XANDEXIT
XREPEAT

KR2AzK=1
K=KHZAD
XUHILE R(K)IDHWL2 XTHENCYCLE

K=K+l

XIF KsKMAX XTHEM KR2=KMAX+1l XANDEXIT
XREPEAT

KR2=K

XdHILE R(KIDWL1 XTHENCYCLE

K=Ke1

%IF KaKMAX XTHEN KRISKMAX+1l ZANDEXIT
YREPEAT

KR1=K=1
FLAG1=C

! MG SUM CVER THZI P-5RANCH !
=-> L1ce



3CS
5C6
507
508
539

S10.
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ZFINISH

!

SIF wL1IK=WIP ZAND WLZD=WwHEACD XTHENSTART
! CASZ 52 CORTINUOUS SUMS IN R=8RANCH
! cNORMAL SUM TNP-BRANCH

KP2=X (P

KR1A=KIR

KR2A=KHEAD

KR2=KHEAD+1

K=K{F

X4HILE P(K)IDWL1 XTHENCYCLE

K=K+1

“IF K=KMAX XTHEN KPl=KMAX+l ZANDEXIT
XREPEAT

KFl=K=1

K=KHEAD

ReHILE R(KIDWL1 XTHENCYCLE

K=Ke+1

X1F K=XMAX %YTHEN KpR1sKMAX+l XANDEXIT
XREPCAT

XR1=K=-1

-> L1060

XFINISH

t

XIF WCPCWLIKWHEAD XAND WL2D>=WHEAD XTHENSTART
! CASE E£:2 CONTINUOUS SUMS IN R-BRANCH
! INO SUM IN P-=8RANCH
KR2A=KHE AD

KR2=KHEAD+1
K=K gR

XWHILE R(KICKWL]1 XTHENCYCLE

K=K+1

%XIF K=KMAX XTHEN KR1ASKMAX+1 XANDEXIT
YREPEAT

KR1A=K

K=KHEAD -

*eHILD R(KIDWLY1 XTHENCYCLE

K=K+l

%IF K=KMAX XTHEN KRISKMAX+1l SANDEXIT
XREPTAT

K&1=K=-1
FLAG1=0
XFINISH

-

v < >
cMmo
T e

FOLKS HERE IT IS AT LAST!
CONTRIBUTIONS FOR THEZ VARICUS PARTS CF THE Tw(l SIAMCHES.

"o
—

[ BN 1]

i« D Q) vem e [ rw

SUM CONTRIBUTION FROM R=BRANCH IF PRESENT

ZIF FLAG3=1 XTHENSTART

XIF KRICKKR2 ZTHEN =-> L1120

THESE "INVERSE® ASSIGNMENTS OCCUR WHEN THE LASER
FaHM IS SO SMALL OR THE LINE SPACING IN ANY CNCZ
3RANCH SO LARGE THAT THERE AFE MO LINES UNDER THS
LASZR LIKNE PROFILE IN WMICH CASE THE CUNTRIEBUTICY
! IS 2ZRJ. :
X¥IF K22=KR1 XTHENSTART

QITILASER(R(KRI) I *HL(KR1)

- am rm i cm

xXIF CFLAG1=1 XTHEN G1=Gl+PRIT(ARI-IMELEC) XZLST GI=GQI+FROT(KR1=I®ZLEC)

G=8+GQ1
=-> L12c
XEINISH
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5¢¢8 %CYCLE KR=XR2419KR1

563 G1=TLASER(R(K))»HL (K)

s57¢ AIF OFLAGL1=1 XTHEM GLl=Ql+PRCT(K=IMELEC) 2ELSE R1=0i«FRCT(K=-TIMELEC)
571 C=G+Gl

8§72 ZREPZAT

573 XFINISH

574 Li26:

575 !

576 ! NOW SUM CONTRIBUTICON FROM LCWER K PAKT CF R=ERANCH.
977 !

578 XIF FLAG2=1 XTHENSTART

579 XIF KR1ADKR2A XTHEN => L140

580 XIF KRIA=KR24A XTHTNSTART

S21 SISILASER(R(KR1IA)I*HL(KR1A)

S5%£2 %IF JFLAG1=1 XTHEN G1=ClsPROT(KR1A=IMELEC) XELSE GCI=Gl1*FROT(KARIA=INELEC
5&3 Q@=3+G1

584 -=> L1438

585 %XFINISH

586 XCYCLE K=KR1As19KR22

537 G1=TLASER(R(K))»HL (K)

S5€8 . %¥IF OFLAG1=1 XTHEN C1=Q1=«PROT(K=-IMZLEC) %ELSZ Ql=(!»FRCT(K=-IMELEC)
SE9 G=3+QG1

590 ZREPEAT

591 : XFINISH

53¢ L1432

593 !

534 ! NOW SUM CONTRIEUTION FROM P=SRANCH.

595 f

S96 . Ous=-1

597 %IF FLAGI=1 XTHENSTART

5958 X1IF KP1<KP2 XTHEN => ADDUP

593 XIF KP1=KP2 XTHENSTART

6270 GLl=TLASER(P(KP1))*HL(KP])

601 XIF OFLAGI=1 XTHEN Ql=Ql+PROT(KP1~IMELEC) XELSE G1=Q1*FSROT(KP1=1%FTLEC)
602 G=3+Q1 :

663 => AGDUP

6064 ~FINISH

63 XCYCLE K=KP291,,KP1

€c6 Ql=ILASER(P(K))I*HL(K)

607 XIF OFLAG1I=1 XTHEN GQl=Gl*PROT(X=-IMCLEC) XELSE Gl=GleFROT(K=INELEC)
6438 @=Q+@Q1

609 XRTPIAT

610 XFINISH

611 ADDUP:

612 ’ H

€13 ! THE NUMBER OF EXCITATIONS CAUSED BY THE LASER LINE

614 ! AT THEZ FREGUINCY CORRESPONDING TO IW IS THEANw===

615 H y

€lé Q22Q*FCFACTOR(V1ILV2)

617 G2=G2=«FVIB(V2)»S

618 ) N({Iw)aNCIW)+Q2

619 " 4

620 ' ZREPEAT

621 SKIPGEIN:

622 XEND SYLEVEL 4

623 4

624 CUTPUTISEZLECTOUTPUT(12)

625 HEWLINETWAITI(V1Z2)3URITI(V2,42)

626 XIF LFLAG=0 XTHEN WRITI (UMAXe4) XILSE PRINTSTRING(' hoele ')
627 SFRINT(FVIS(VZ)I/FVISHMAXe1s3)

628 PRINT(TROTI(V2)ebe1)

629 “IF LFLAG=C XTHEN PRINT(1.288/WHEAD4¢2) XELSE FRINTSTRINCGC teho %)

638 PRINT(1.28/W3144+2)



631
632
633
624
623
636
637
638
633
640
641
642
643
644
643
646
647
648

€49
6590
651
652
653
654
635
656
657
658
659
6e0
651

671

687

631
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WIF LFLAG=Q XTHEN PRINT(1.088/WLI¥y442)%ZLSE PRINTSTFIL
Z1F LFLAG=) STHENSTART

SPACES(3)?

PLIMTI(FCFACTOR(VINVZ) el 4)

ZEINISHELSE PRINTSTRIAG('NeAW')

NIXTIAREPZAT

!

SILECTRUTPUT(?)

CLOSESTREZAM(12)

NESLINESPROMPT(®*SPECTRA FILEI*)SREADFILERNAME(SPECFILE)
CEFINE(®ST114*«SPECFILE)

SELZCTIUTPUT(1Y)

%CYCLE IW=0+14MSTEPS
HEWLINESPRINT(IW=DLAMEBDA$292)3PRINTFLUIN(I W) 4)

“REPEAT

SELZCTOUTAUT (D)

CLCSZSTREAM(11)

XEND SILEVEL 3

'

SELECTOUTPUT (O

CFLAG=C

NESLINZSFRINTSTRING(® SIMULATION COMPLETE®)
KEWL INC SPROMPT(YGRAPH?Y) .

%IF REISPONSZU(REP1e2)=°Y* XTHEN GRAPH(INSTEPS+1)
NEwlL INTSPROCMPT(*CONTINUE? ")

XIF RESPONSE(REP192)='Y* XTHENSTART

NEWL INCSPROMPT(®SAME SYSTEM?")

XIF RESPONSE(REP192)='Y* XTHEN => NEWSPEC XELLSE CFLAG=1
YFINISH

]

ZREZALFN FCFACTOR(XINTEGER V1,v2)

! FINDS FCZF'S FROM LIST ARRAY FCF USING INCEX ARRAYS FV1.FV2

' IF FCF IS UNAVAILABLE RETURNS VALUE = 0 AND SETS LFLAG=]

1]
XINTEGER I
nCYCLr I=leleNJJ
*IF FVIiC(Id)=Vvl1 %AND FV2(I)=V2 XTHENR’SULT FCFCI)
XREPEAT
LFLAG=1
ZRESULT=0
ZEND 3! FCFACTOR

ZRrALFV SENS(IZREAL LAMBDR)
XREAL S1eS2+0SeLl1eL2+0L
YCYCLE I=CTelsNPTS=~1
X1F L(IX)D>LAMBDA XTHEN => INTERP
XEZPEAT
XRESULT=0 5! SENSITIVITY=0 AT LONGEST WAVELENGTHS.
P
INTERP?
S1=ISENS(I-1)3S2=1SENSCI)
Li=L¢I=123L2=L()
0S§=Sz-s1
L=L2-L1
*RESULT=S1+DSe(LAMBDA=-LL1)/OL
XEND !SENS

ZPLALF” SCCRE(XIMTEGER V1)
ZREAL Uy SeSIGHMAIGZeuTowW 303
XINTEGER V2
SIGCMA=



NN NNNNagN
CO@WU N OOOa
NO UL AN

~
o
0

710
711
712
713
714

71%
T1lo

717
718
719
723
721
722
723
724
725
726
7217
728
729
736

731

739
740
741

74%

XIF
1

ARE

!
%RE

]
. XRE
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x3=0
XCYCLZ V2= 414FV2LINM(VY)
UsV2+3.553C0C000TC

G2=OFEGAE2+U~0MEGAXE2 U2 U+ OMEGAYE2 U U=y
W3S(TEL1=TZ2)+(G1=62)
NI3=WOrW0rW0rlala~12
W3=W3+W33+FCFACTOR(V1sVZ)

LFLAG=(

SRIPEAT

V2=0

*CYCLE

UsV2+40.5003563080802
GZ=OMEGAE2vU=-0MECAXEZUrU+CMEGAYE2vUs Uy
WET(TE1=TE2)+(61=62)
WI3sWlrk 0w 3rlela=12

S=SES(1.CaR/WD)

%IF S<1le0ula=3 XTHENEXIT
SIGMASSIGMA+S#FCFACTOR(V1,V2)*W03
v2=vael

LFLAG=0 3! SUPRESS TEMP. FCF FAULT.
ARIPEAT

ARESULT=SIGMA/N]

%ZND 3!SCORR

'
REND JYLEVEL 2.
CFLAG=1 XTHEN => START
ALFN TLASER(XRECALNAME W)
'

! CALCULATES THE INTENSITY OF THE LASER "LINE™ AT FREGUENCY
! W OUIN (CHMY=1)s ASSUMING A TRIANGULAR LINE PRGFILE WITH

! FwHM=Dilo . g

1

XREAL DWeILMAX

XIF FLAG4=0 XTHEN ILMAX=1 XELSE ILMAX=GAIN(W)

! UNNORMALISED LASER PEAK INTENSITY !

Dd=MID (W =WL)

%XIF OW>=DWL XTHENRESULT=0 XELSERESULT=ILMAX*(IWL=CW)/COWL
XEND $!ILASER!?

ALFM PROT(XINTEGER )

'

! CALCULATES A 2-PARAMETER ROTATIONAL DISTRI3UTION
' OF A LIZYU AMD PARSONS TYPE (SEE Jo CHEM. PHYS.

! VOL 67.418145(1977),

! NCTE THAT WHEN THIS FUNCTION IS CALLED ASOVE THE

! QUe NGo K=1 'GIVES THE RCTATION OF THE NUCLEUS, =N
! IN HERZBERG'S NOTATION FOR CASE (A) COUPLING o SEL VOL 1.
! Pe219

!

XREAL R

R2l1=EXPREALCJZIMAX G NN)

X1F R>0 XTHENRESULT=EXPREAL(RyMM) XELSERESULT=

*END IPROT )

ALFN FROT(XINTEGER )
]
! THIS ROUTINE CALCULATES THERMAL ROTATIORAL
! DISTRIBUTIONS ACCOROIMG TO BOLTZMANKNTS LAV
! SAME COMMENTS APPLY TC FPARAMETERS AS IN PFOT.
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752 '

753 XREAL A

754 ASEXP(=2R0TaJv(J*1)) *2R0OT

35 ! NGPMALISED PRGS. FOR COMPARISGN OF BANGS
756 ! AT DIFFZIRENT TROT.

757 ' YRESULT=A %IF OFLAG2=0

758 ! N5 NUCLEZAR SPIN RESTRICTIONS

759 ZIF J=(J//2%2)=C XTHENRESULTSRNS+=2 %ELSERESULT=A
768 ! SCALING FOR EVEN LEVELS

7561 RTND GIFROT

752 ]

753 ZREALFN HL(XINTEGERNAME K)

754 !

755 ! CALCULATZS HOML-LCNDCN FACTORS GIVEN THE PARAMETER X.
766 ! THE TOTAL AoMe IS GIVEMN BY K+1/2e

767 ! THE SXPRLSSIONS USED ARE FROM HERZBERG VOL 1. PeZ0Ee
768 ! SIBPLIFIED FOR PURE CASE(A) OR (C) COUPLING
7¢3 ! GJzel IR-SRANCH

7790 ! CJ=z-1 :P-3RANCH

771 '

772 SREAL Jeda

773 JIXHHFLAG/2

774 JAZJ+3,53C203502G2 +0JU/2

775 SRESULT=JA

776 XEND FYRL

177 !

773 XREALFN LINE(XINTEIGER KsDJ)

7172 ! :

780 ! CALCULATES FREGUENCY OF LINES FROM SPECTRCSCCPIC
731 1 CONSTANTS.

782 !

783 WREAL J1eJ2eT1sT2

734 J2SKeMFLAG/2

785 J1=J2+0y

786 T1ZE1eJ1e(Jd1+1)=Cledlvdln(U1+1)v(J1e1)

787 T22824J22(J2+1)=02¢J2+J27(J2+1)%(J2+1)

758 ZRESULT=T1-T2

783 XEND FILINE

790 ! :

791 XREALFN GAIN(XRTAL W)

792 ZREAL N19w290ke61462406

793 *IF W>WGC(0) %O0R WCWGC(IGCO=1) XTHEARESULT=O
794 XCYCLE 1=0414+16C0-1

795 %IF W>dGC(I) XTHEN =DINTERP

756 XREPEAT

797 ]

758 INTERP:W1ZWGC(I)

799 K23NGC(1=1)

803 126C(D)

801 6226C(I=1)

8g2 CIENE T

863 06261-62

804 TRISULT=G2+0G+(w-k2) /0%

£55 _ 2END 3! GAIN

835

'
!
§a8& XINUIFPROGRAM
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APPENDIX 3 : Data Collection Program

The main program begins on line 403. Lines 1-402 are system
subroutines and functions and are included only for completeness.
I am grateful to the system staff of the Department of Physics
PDP11/45, Peter McInnes and Steven Hayes for their help in

implementing this program.
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R2IGIM

'
2 CHANsGAIN)
}

A
e
™

ALF% RTIME

LINTIBIR AsE

*HOIV_R19=(SP)

»EMT_321 §! TIMZ IN ROWR1
*¥OV_R14R5
*MCV_(SP)+yR1;!IRESTGRE R1
*¥OV_RG424.(R1)3YHIGH ORDER IN A
«HOV_R5436.(R1);1LGW ORCER IN B
AsA+1 XIF 3<0 31SIGM RIT?

HRESULT=(A=x655364+5) /3080 31 MINUTES

XEHD SICF RTIME

'
SRIUTINE SETPOT(XINTEGER X UNIT)
'
! X=UNIT => ON, X=0 => OFF
]
! RELAYZ == START COUNTING
! RZILAY1Q == RESET TIMER
t

*MIV_R1y=(SP)
YMOV_144(R1) 4RO 3!
*MOGV_15.CR1)eRY 31!
~EMT_35

«HIV_(SP) +4R1

XEkD 31 SETPOT

X
UNTT

24
—

STEGEZRFN TABSCXINTEGER 1)
I=-1 XIF I<0

XRESULT=1

XTND S'IABS

1]
XRCALFN ABS(XREAL B)
§z-R X%IF 8<2
YRESULT=5
XERD §1A8S
+
XRJUTINE WAIT(XINTIZGER X)
1%8ITS X/S0 SECS AKD THEN RETURNS
txh SHOULD MOT ZXCEEZD 324767
LACC(X)
*EMT_375
%XEND
!
SROUTINE RINGBELL(XINTEGER I)
%INTEGER K
RCYCLE K=1loelsl
PRINT SYMBOL(T)
' RELL IS CTRL G ON TT
XREPEAT
SND3 Y OF RINGBELL

RRIALFN MAFERCAL(XINTEGIR AD)
KREAL X
*MIV_18.(R1)eRE
'HGV_‘—'}So °R3
*ADU_R14R3
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sMOV_(Re)+a (P3)e
*ACV_(R2)+e (R3)+
RESULT =x

NENCS Y MAKEREAL

ROUTINTSPEC PRINTFLUXREAL X XINTE
REALF M MOD(RREZAL X)

» 3I1C_2165230+18.(R1)

LRESULT =X

~ENC § ' OF FN MOD

XROUTINE PRINT(XREAL X<XINTEGER N
XOdMINTEGER IVAX=32767F !'MAX IN
XREAL YoZ+ROUND

SINTEGER I+JeLSIGN,DP3 4
¥z4 X1IF MD&§ DOP=C3

XIF N<=23 XTHEN N=13 !
Y=MCDU(X)} !

ROUND= (1/2)/10»=M3

%iF YL IMAX XTHEN XSTART
PRINTFL(X M) 3§ XZRETURNS XFINISH
1=032=13 Y=Y*ROUNDS

COUNT LEZADING PLACES:

I=1+132=13+23 !
XIF Y>=2Z XTHEN => COUNT LEADING
SPACES(N=I)3 !
SIGhN=* *§ !

XIF X<9 XTHEN SIGN=*=?

PRINT SYMRIL(SIGN)

Jzl=13 Z2=18»vJ

NEXT DISGIT:

L=INT PT(Y/2) 3 !
Y=Y =L *Z23222/12%

PRINT SYMBOL(L+"0")

NEEDY
XIF J>=3 XTHEN => NEXT DIGIT
%¥IF M=0 XTHEN XRETURNS !

%IF DP=0 XTHEN XPRINTTEXT*.*
OP=13% J=2s Z=1
Y=10+Y; MzM=~135 => NEZXT DIGIT
XEND

XROUTINE PRIMTFL(XREAL X+ XINTEGER
YRZAL SIGNsRIUNDSFACTOR
XINTEZGER COUNTINC
e XIF N>
ROUND=,5/1CwaN
SIGN=1
XIF X=0 ¥THIN => ZERO
%XIF X < 8 XTHENSTART
X==X3 SIGN==-SIGN; XFINISH
INC=15 COUNT=03 FACTCR=1/10
XIF x <= 1 XTHEZNSTART
FACTOR=133 INC=-13 XFINISH

M)
TEGER 1IN ONE VORD.

OP .=0ECIMAL POINT
! DEAL WITH STUPIL PARAKS
DEAL »ITH STUPIC PARAMS
ALL WORK OONE WITH Y
! ROUNCING FLCTGR

NG OANGER CF OVEPFLCRK HERE
PLACES

CeK FOR 2SR0 OR =-VE SPACZS
ter IMPLIED

OBTAIN NEXT QIGIY
! AND REDUCE TOTAL

NO DECIMAL PART TC BE O/P

MY

SCALE: XIF 1<=X+ROUND XAND X+ROUNDK1IO XTHEN => PRINTOUT

X=X =FACTORS COUNT=COUNT<+INC
=> SCALE
ZZRG0: CQUNT==9CS
PRINTOUTS PAINT(SIGN*Xel XD
XPRINTTEXTra®
wRITZ(COUNT2)
SEND '
%RIUTINE RTADF (XRIALNAME XX)
YINTEGZR ADR
o _MOV_144(R1)e360(R1)1 ! ADR

=ADORA(XX)



123
139
131
132
133
124
135
15¢

137

178

151
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SEQUTINESPIC RCAD(XINTEGEZR ADRoPARM)
FRIUTINISPEZC SKIP SYM3oL
AINTEGIRFNSPEL NEXT SyrsoL

S« ITCH Sw(l:5)

YINTEGER CHeP9PT4OIGeSTATE
SINTZGERARRAY L(1:72)

40w HHINTEGIRARRAY AC(Q:48)= xC

=1y =1y Sy =1y =1y =1,

29 29 39 Se 69 =1y “1,
e Jo Gs 4 Co O Go
le Se Co =19 3¢ 0Oy¢ Qo

“ls =19 49 =1ly =1y =14 =1l

39 3¢ =19 =19 =19 =19 =1,

“le =1y =19 =19 =1y =1y =1

SINTEGER RIW

EH

-> FIRST
SET:
XPAINTTEXT *WRONG* sNSWL INE

FIRST:

P=g
STATE=1

INSCH?

RTZAD SYMBIL (CH)

P=pP+1

L(P)=CH

RCW=0

%Z1IF CH=®+% XJR CH='*=-* XTHEIN => OUT
ROWSRCW+1

XIF *0%<=CH %AND CHK=*9° XTHEN =-> OUT
RGW=ROW+1

~IF CH=* * XTHTN =-> 0OUT

ROWSROW1 .

X1IF CH=10 XTHEN => 0OUT

ROW=FOw+1

XIF CH='a* XTHEN => GUT

ROW=RCW+1

XLF CH=*.v XTHEN => OUT

ROWSRUW+1

SuT e

]
!
1

%

STATE=A (7R JW+STATE-1)
~> INSCH XIF STATEDO
=> RESZT XIF STATEZKJ
PT=1

RZAC(ADRy L)

ROUTINE REZAD(XINTEGER ADR+PARM)

ZINTZGER FLAG4CURSYMS ! FLAG= OFOR®=991 FOR 9er
~INTEGZR IVALUE.J
XREZAL RWORKoSCALE, WK2
XOWNREAL IMAX=32767.3 . i -
FLAG=]
=> TEST SIGN
IGNORE LEAOING SPACES:
SKIP SYMBCL
TEST SIGN:ICURSYM=NEXT SYMBOLS t CARE NCT TO READ TERMINATOP
<> IGNCRE LTACING SPACES XIF CURSY™=* ¢ XOR CURSYM=1T
=> PASS SIGN XIF CURSYH=zcer
=> DIGIT ZXUNLESS CURSYNM='t-»
“InMUS: FLAG=93 f RECOREG INITIAL ¥INUS
PASS SIGN: SKIP SYMBOLS ! MGVE OVEK SIGHN ONCE 1T HAS
CURSYM=NEXT SYmsCLs t BZEN RECGRDCZD I% FLA&G
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132 CIGIT: <> GIGIT NGT FTRST XUNLESS *C'C=CURSYM XAUD CURSYHC='G!
153 RWOGRKSCURSYM=v0 1} t KEEF TCTEL IN ReGhK
19¢ L2oP: SKIP SY“EOL
155 CURSYM=MIXT SYMEOL
136 -> NCT DIG XUNLZSS *0'<=CURSYM xAND CURSYMC='S*
137 RWCPYZ10*RWCRX+ (CURSYM=0")3 t CONTIAUE EVALUATINE
19¢ -> LooP
199 BHOT DIG: => TRY AT XUNLESS CURSYM=v,.°*

'
>

PNV R
¢ I PR DS AN o ..
O O0OX N ECN O

SCALE=12
FPAKT: SKIP SYM30L
CUSSYM=NEXT SYMEOL
=> TRY AT XUNLESS *(°*<=CUFPSYM XAND CURSYNMK='G*
RWORK=RWORK+ (CURSYM=-v0¢)/SCALE
SCALE=15vSCALLS => FPART

[on 3 <4 JENURENS

5 TRY 3T:
& t THE VALUE HES NOW ECEN REZAD INTOU RWORKe THERE MIGHT FE LM EXPONTKNT
2 t E.Ge '1e7% 108¢ IS VALID DATA FOR READ
2 ~> FIX .XUNLESS CURSYM=v3av
1 SKIP SYMBCLS ! MOVE FAST THE tg¢
211 RCADC ADOR(IVALUE)0)3 ! ARECURSIVE CALL TO FIND EXPOLENT
212 N1F IVALUZK=-99 %THEKSTART
213 RWORK=(
214 > FIX
21% YFINISH
21& WKZ2=1009
217 %1F IVALUECO XTHENSTART
218 IVALUE ==1VALUE
219 WK2=0.1
22¢ XFINISH
221 => FIX %IF IVALUE=0
222 ZCYCLE J=191¢1VALUE
223 RWORK=RWORK*&K2
224 XRIPZAT
225 FIX: .
225 1 KNOCK NUMBER INTO RIGHT FORM
2z7 «> INT PEAD XIF PAR™=(
228 %IF FLAG=J XTHEN FWCRK==RWORK
22 'RTAL (ADRIZRWORK
23¢ . 1 J=AGDR(RWORK) :
231 TINTEGERC(ADR) ZINTEGERCY)
232 tTINTEGER(ADR+2)TINTEGER (J+2)
233 %_A4CV_t46e 9RO
234 +_AOD_R14R3 $ ! RG=ACDR (RWORK)
235 *_MOV_144(R1)4R3
236 *_MOV_(PQ)ey (R3)+
237 +_MOV_(R2)+s (F3) e
2356 XRETURN
2353 INT READ:
240 1 IVALUE= INT(RWORK)
241 WK2=0e5
242 ) %IF RUORKCD XTHEN WK2==065S
243 IVALUEC=INTPT(REORK+UK2)
244 xIF FLAG=0 XTHEN IVALUE=-IVALUE /
245 tINTEGER(ADR)I=IVALUE
245 »_¥OV_82.(R1)48144(R1)
247 XEZTURN
26R DIGIT NOT FIRSET:
245 ! CAN HAVE <73 AS VALID IMP NO
259 SKIP SYMRCL
251 CURSYM=NEXT SYMBOL
252 RWORK=(CURSYM=°09)/10
253 SCALE=1003% => FPART
256 %XTND3 ! REIAD

253 %ROUTINT SKIPSYMEOL
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235 PT=PTe+1}
257 XENCGS Y SKIF SYME3L
c& SIMTEGERFN NTXT SYVSGOL
289 SRCS Lemn
262 s ! HIXT SYMBCL
2=1 CNDS ! READF
2&2 ARAUTING READ(NINTZGERNAME 1)
283 SREAL X .
264 tUST READF FOP INTEGERS SINCE IT IS IMMUNS TO SYMBEOL IN DaATA
2535 READF (X)
266 AIF X530020e XTHENSTART 3§ ! INTPT FAILS FOR X>2=#1S
267 1230030 3XRETURNKNIXFINISH
2e8 X=X =1 ZIF X<C S!COMPEINSATE FCR ERROR IN INTPT
2£9 IsINTPT(X+a001)
276 XENT
271 !
.272 RRATALFMN SQRTI(LREAL X))
273 XREAL YeoZ
274 ¥IF X<=7 XTHENSTART
275 %IF ¥y=0 %THEN XRESyLT=0
276 NIWLINZISXPRINTTEXT® NELG ARG IN SQRT?
277 INE WL INE
278 XRZSULT =1,
279 XFINISH
280 Yz(1+X)/2
281 1:Z2=(Y+X/Y)/2
232 XIF ZO>3Y XTHEN XRESULT=Y
283 Y=2
284 =31
285 XINDS! OF FN SQGRT
286 !
287 ! DIRECT ACCESS FILE ROUTINES
2588 ! :
289 XRCUTIMNE CREATZ(XINTEGECRARRAYNAME FILSDH
250 LACCULAGDR(FILE(2Y))
251 *MCV_R1le=(SP)
292 *=MCV_(RCI9R2
293 *MCV_=(RG)I¢R1
294 #¥CV_=(RG)eRD
295 =EMT_345 3! CREATE
296 *MOV_(SP)I+eR1 §! RESTORE R1
297 - XEND 3! CREATE
2%e XINTEGERFN FIRST3LOCK(XINTEGERARRAYNAME FILD)
293 LACCCADDR(FILE(2)))
360 *MOV_R1e~=(SP)
3C1 =10V _(RO)4R2
322 *M0V_=(RO)sR1
3¢3 tkOV_=(R3)4REC
3ga *fMT_244 3! UDEX
325 *MOV_(SP)+¢k1 3! RESTORE R1
3G6 XRZSULT=ACC
337 XEND $!' FIRSTRLOCK
308 XINTEGERFN NIXTBLOCK(ZINTEGER BLOCK)
3¢ LACC(BLOCK)
310 =MOV_®14K3
311 *fMT_340
312 *H0V_RSeR1
313 %RESULT=ACC
J1le XEND 3! NEXT2L3CK
315 SINTEZGEZRFN FILZSIZE(XIMTEGERARRAYNAME FILE)
31e SINTZGER 1ad
317 132
318 JEF IRSTSLOCK(FILZY)

319 1: xFESULT=] XIF J=t X0R 1=4000



3el

3E9
37¢
371
372
373
374
37s
376
377
378
373
3:0
321
l82
3¢3
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ST

"+
.\< -

TELOCK ()

Mo C o
[T}

Z
[=)

(&)

! FILESTZE

LIRS

INTZGERFn BLUCKNCF(XINTEGER FIRST WN)
7=CoULT 0 ZIF NC1 ZOR N>400°2

1.zIF N=1 %JR I=C XZTHEN XRESULT=I
I=NTXT3LICK(I)
N=N~1
->1
XEND ! BLICKNOF
1]
:
XOWNINTZIGIZR DA2L2CK
X0&NINTEGER GAPRCTECS
XROUTINE OPENCAC(XINTIZGERARRAYRAME FILE)
! OFEN FOR READ CR WRITE
1:LACCCADDR(FILE(2)))
*MOV_R14R3
PMOV_(ROQO)4R2
*HCV_=(RO)9R1
*MOV_=~(RO)4RO
*IMT_344 3! UCEX
- #MOV_R1e=(SP)
*¥0V_RSeF1 3! RESTORE R1
CABLOCK=ACC
*MOV_(SP)+4RO
CAPROTCC=ACC
SRETURNIF DABLICKEO
CREATEC(FILE)
->1
XEND3! OPEINDA
UTINE JRITEDA(XINTEGER BLOCK4X)
t X IS ADDRESS OF START CF S12 BYTE BLOCK
SINTZGER DWSLOCKsIed
%IF BLOCKKD XOR BLOCK>200 XTHENSTART
ZPRINTTEXT® BAD BLOCK MUMBER*SINEWLINE
«EMT_372
%*STOPSIXFINISH
XIF DASLOCK=(¢ YTHEINSTART
XPRINTTIXT® DAFILE KOT GPENC®INEWLINE
«EMT_372
XSTOPIXFINISH
2:0WBLOCK=BLCCKNCF(DASLOCK¢BLOCK)
. XIF OWELOCK=0 XTHCNSTARTI!FILE TCO SMALL
LACC(DAPRITEC)
*MOV_PJoe=(SP)}
LACC(DABLOCK)
=M0V_R1eR5
*MOV_(SP)+4R1
«ZMT_341 ! APPEND
*POV_RS¢R1Y
->2
XFINISH
LACC(X) !
tADGRESS
*M3V_RGe=(5P)
LACC(DAPRCTLC) ! PROTEC
*HOV_R%y=(SP)
LACC(DUBLOCK)'! BLCCK NUMBEFR
*MOV_R14RS

n
x
O
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54 MOV_(SPI+4R2

385 . 'V*v 264004 R2

386 *MCV_(SP)eyR1

387 +IMT_33035! WRITE

368 *ZOV_RSeR1

389 %IND 3! WAITED:

339 !

331 !

152 ! TEXT FILE QUTPUT -

393 !

324 %ROUTINE DIFINE OUTPUT(XINTEGERARRAYNAME A)

395 LACCCADDR(A(9)))

396 *HOV_KUTFIL4RS

397 *MOV_(ROIBRgRS)+

3cE TACV_(RD2)+e (R3)»

399 sHOV_(RO)+y (RS)+

426 %END 3!'DEFINESUTPUT

421 !

422 !

403 XROUTINESPEC COLLECTODATA

458 XROUTINESPEC SETIUTPUT

405 XROUTINESPEC GETOATA

436 %ROUTINESPEC DECOGE

607 ZROUTINESPIC WRITECCDE

4G8 %ROUTINISPEZC STOPPRGG

409 XR2UTINESPEC VRITETCDISC ,

410 %ROUTINESPEC ANALYSE(XREALARRAYNAME DI9XREAL M1,LIMoXREALNAME MEAN,%C
SISMAYXINTEGERNANE NID

411 XROUTINISPEC wAITPROG

412 XROUTINESPEC CHECKINTERRUPT

413 %ROUTINESPEC LOACVARS

414 XROUTINESPEC INITIALISE

41% %ROUTINESPEC WRITESPEC

416 YROUTINESPEC MONITOR

417 %*ROUTINESPEC DRIVEGRATING

418 YROUTINESPEC SUMMARISE(XINTEGER STEP)

413 XROUTINESPEZC CHECKERROR

420 XREALFNSPEC READLASER

421 XINTEGIR I.?.crIME.couwrs.couuT<o-c0uN751,RINT.NIMT.uonIT.T1.orr»*

422 XINTEZGER ERRCO9NSETS.ERRCD14IMONIT,SFLAG.IFLAG

“23 XINTEGER FLAGLsFLAG2+FLAGISFLAGS

424 XINTEGER ISZ TquLPSoSLQNO.IINSTqISTEP»NC-NCI'chvVCOoGFLAGvIEqRTI

425 XRTAL MM oLLoTI% INsTIMEOUT

425 XINTEGE® NSLOICK4FRLOCKS s SPECNO

427 XINTEGER OLDDIRGNEWDIR

428 XREALARRAY P1(1:16€)

429 XREALARRAY PP1(1:16)

433 XREALARRAY P3(1:16)

431 XREALARRAY PPOC1:16)

432 XREALARRAY TLASER(1:50)

433 XREAL LOPOW.LPOW1sLSIGMAWLFACLyLFAC24LSCALE

434 XREAL MPOsMP1,MPPOIyMPP1+00+01+603+0G1 -

435 XREAL MTIMESONGISEsSUMERRFFAULTFTIME

436 XILTEGERARRAY AC2211)

437 SINTEGERARAAY STORE(0211)

438 XINTEGERARRAY SQ(€1:16)

%39 XKINTEGIRARRAY S1(1:16)

%49 “INTEGERARRAY FNAME(Q:2)

441 XINTEGTRARRAY THAYE (6:2)

442 SINTEGERARRAY HACC(=-50:50)

443 XRIALARRAY SIGNAL(=-50:50)

ass XSEALARRAY ZRAOR(-50:50)

445 %RTALARKRAY IXPVAR(G:I31)

a45 ZOWNIETESERARRAY REPLY(13G) KO 0u 0,00t 050,000 vFE0 120, 1ys, 530



447
448
443
eS¢
4351
452
453
454
4S5
456
457

4895
488
427
4€8
4€9
4S50
481
452
433
434
495
496
4357
€98
499
sco
531
5¢2
5C3
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“SWITCH EXEC(1:3)

PRIMCIMESLINES(2) s%XPRINTTEXT® PRIME INTERFACE? ¢
FLAG22 33FLLG3=0

REAGSYHRIL(P)

XIF pPreyer NAND PHONY XTHENSTART

4PRINTTEXT® INVALID RESPONSE®

->PRIME

ZFI%ISH

SIF P=*Y* XTHINSTART

SETPOT (2564+256)

SETPLT(5124512)

%F INISH

IINST=S )
RINT=3 ~

t INTRY TC PROGRAM HERE &
' INITIALISE VARIABLES

GFLAG=1 SI!GIFINE DAFILE C
LPOwW=13LSIGHMA=]

IFLAG=G

%YCYCLE I=Cs1+31
EXPVAR(I)=999

%XREPEAT

LOAQVARS

NZWSCANIXCYCLE I=-50+1450
HACC(I)=Q

SIGNALCI)=0O

ZRROR(IN=D

XRTPEAT

STEPS=U3DONOISE=0
CHANGE s INITIALISZ

%XCYCLE I=191416
SA(1)=3331(1)=0
PICII=CPLCIN=T
PPUC(I)=05PPL(I)=0

YREPCAT

PROMPT :MEYLINESXPRINTTEXTY ¢
REAOSYM2IL(P)

1}

=
i

FIRST PASS

! VALID PROCEEDURZS:K=KILL PROGRAM

! tW=wAIT PROGRAM

! $C=COLLECT FLUORESCENCE

! $R==wRITE COLLECTED DATA 7O OISC
! sD=DRIVE TO NZW WAVELENGTH

! SFFEEDBACK ON CURRENT SCAN

! 2B=COLLECT BACKGROUNDS

! SU=UPDATE EXPVARS WITHOUT WRITING TO CISC
! $S=SELECT NEW SCAN

'

NEXTSTEP:

XCYCLZ IE=1¢1¢IINST

XIF P=REPLYC(IZ) XTHEN =DEXEC(1E)

XREPEAT

NEWLINESXPRINTTEYT® INVALID®

=>PROMPT

£XZC(1):STOPPROG

IXEC(21:

<AITPROG

=>PRO¥PT



511

517
518
S13
520
s21
522
523
S24
52¢
526
527
52¢
S2s
532
531
532
S33
534
£35S
336

545
546
547
548
543
530
551
552
S33
534

S5

356

Sés
569
570
571

576
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ZYXIC(9)ISRITESFEC
t JUTPUT OLD SPECTRUM TCT SPEC__
-> HIWSCAN
ZXZC(4) 2
RITETCOISC 3-D>PROMPT
£X2C(5) 2
DRIVEGRATING
-> PROMPT
TXZC(E)INEWLINZSXPRINTTEXT Y STEP INDEX:?
REAS(ISTZP)
=-> PROMPT XIF ISTEP==-999
FLAG2=1 XIF ISTEP=30000 3! STE® CODE FCR BACKGRCUND
SFLAG=1
SUNMMAR ISECISTEP)
SFLAGSO3FLAGR2=D
=>EXEC (&)
SXTC(8)ISINITIALISE
-> PRGHMPT
EXSC(T)YIFLAG2=1
ISTEP=304u8¢C
! PRUCEED TGO COUNTING EVENT
CXEC(I)ICOLLECTODATA
FLAG2=93->PROMPT
1]
XROUTINE COLLECTDATA
SCLECTOUTPUT(O)
TIMEINSRTIME
SUMERRK=Q
FLAG1=1 S!EZNTRY WITH BEAM ON
NC=0 3!NO OF PAIRS AT THIS We
COUNTSI=CSCOUNTS1I=0
%XIF FLAGZ=0 XTHEN ISTEP=STEPRS
RESET:XIF JFLAG=1 XTHENSTART
CHECKINTZRRUPT
SRETURNIF RTI=Q
XFINISH
XIF FLAG1=1 XTHE®* NC=NC+1
SKIFINCIIFLAG=0
SETPOT(Ie512)
SETPOT(S124512)
ERRCD=CSCOUNTS=2
ZIF FLAG1=1 XTHENSTART
SETPOT(Ge1024) SITESLA ONGDISCHARGE CN
“ATT(DTIME+123) S!'WAIT FOR TESLA OFF AND BZAM SETTLE
XFINTISH
SETPCT( 4236}
SCTPOT(2564256)
XIF IMONIT=9 XTHTMNSTART
RAIT(CTIME=S2+1)
~>NJLASER
XFINISH
MTIME=RTINME
LPOW1=LPOV 510LD LASER POWER
ZRRCD1=0
MONITOR
MTIMEZZ(RTIMC-MTIMEY» #3500
TIsINTPT(CTIME=S2-"TINME)
WAIT(T1+1) XIF Ti>¢C
NCLASER
%¥IF FLAG1=1 XTHEM SETPCT(1724+1G24) ' DISCHARGE OFF
GETDATA )
ctCodz
%IF CRRCD20 XTHIZN CHECKZEREROR
KIF ZRRCDRD XTEEN => SKIPINC
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“IF FLAG1=1 XTHEANSTART
COUNTS1=COUNTS

$1(ixC)I=COUNTS T

FI(NCISLPOW

PPL(NCIZLSIGM:

FLAG1=03! DISCHARGEZ OFF

WAITC(IG00) 3! JAIT FGR BEAM TO SETTLE

- => RESET

¥FIHNISH

! FLAG1=9 FOR THIS DATUM HERE+SG PROCESS ONE PAIR CF CCUNTS

COUNTSO=COUNTS
SC(HCISCIUNTSO
PGI(NC)I=LPOV
PPO(NCI=LSIGMA
INCI%IF MC=NCQ? %XTHENSTART
TIMECUT=RTIME
SFLEG=)
SUMMARISE(ISTEP)
SETFCT(04512)
SETPCT(3124512)
WRITETSOISC

YRETURN

XFINISH

! PROCEED TO EEAM CN
FLAGY=

->RESET

ZEND 3! COLLECTDATA

RRIUTINE GETDATA

! READS BINARY DATA (12 BYTES OF S BITS EACH)
XINTEGERFNSPEC RCAGBIN
XINTESER I
%CYCLE I=091011
AtII=213STORE(T)I =21
XRCPEAT
%CYCLE I=941411
STORZ (1) =REAGBIN
SALT(RINT)
XREPEAT
XINTEGERFN READBIN
pr‘lT 13&
*MCV_12. (R1)4R1
*RTS_PC
XEND §IRIZADSIN
XEND 1GETDATA

%ROUTINE DE£CODE

ZINTEGER IeJeNeReIlsKeIC1

FROM INTEFFACT

YOUNINTEGERARRKAY PRIDRITY(0:11)=0910¢291¢30 10?0100011001

MOMNINTEGERARRAY IMAXD(GIS) = Teb9eTe29340
ZXNTL ERARRAY EBIT(0:4) .
ZINTEGERARRAY SETRIT(O0:11)
%INTEGERARRAY COIGIT(Q:IS)

Ici=0

“CYCLE I=091911

%IF STORE(1)=31 XTHENSTART
NEWL INT

RINGBELL(1D)

XPRINTTECXT® MOJDE FAULT?
ERRCD=1
K=0

=> TRANSFZR

XFINISH

RREFEAT
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639 XCYCLD I=041411

640 “IF STGRE(I)=2C STHEN <D>PIPM {!START COSE IN HIGHEST RYTS

a1 XEEPEAT

842 SRETURNIF FLAGI=

643 SINGHELL(1D) s¥PRINTTEAT® STARTCODE FAULT®

- I8RCO=4

&45 K=2

64s -> TRANSFEZR

£a7 PERM:

XY %CYCLE II=I41s11

649 A(II=-1)=STORECII)

(%] SREPEAT

651 > CHECK RPANK XIF I=3 31! NC CYCLING OF SLEMENTS

Te52 K=11=1+1

653 TRANSFTRIXCYCLE 1I=Kelell

854 A{I1)=STCRE(ITI=K)

635 YREPEAT

656 %“IF EXRCD#0C XTHENSTART

657 WRITECGODCE

€58 7RE TURK

559 YFINISH

660 CHECKRANK

661 »1F A{1)=10 XTHENSTART

662 1IFLAG=1 $1INTERRUPT REQUEST CODE

663 IC1=2 3'SKIP RANKCHECK IM FIRST DECADE .

664 “FINISH

665 XCYCLE I=IClslell

666 %IF PRICRITY(I)=fH XAND ((ACI)=0 XAND A(I+1)=0) XOR %C
(ACI)#C %AND A(I+1)#20)) XTHENSTART :

667 YPETURNIF FLAG2=

6638 NEWLINE

€63 RINGBELL(10)

670 ZPRINTTEXT® READGUT FAULT!

671 ¥RITECODE

672 ERRCD=2

673 YRECTUARN

674 XFINISH

675 XREPEAT

676 #CYCLE I=241411 3! SKIP STARTCOCE

677 %IF A(I)>=0 XTHEN =-> PASSRBYTE

578 SCYCLE JU=0s194

675 BIT(UIZE(IICKKJ_1G $!GET BIT

689 “IF BIT(J)I=16 XTHENSTART $ITEST FCR SET 21IT

681l SETBIT(I)=a=y $'POSITFLAGL OF SLT BIT

€32 N25=~(1=-(PRIORITY(1)))//2 $1P0WER OF TEN

643 DIGIT(NI=SETEITC(I)*S»(1=-(PRIORITY(I}))

684 5 TVALUE OF BYTE

€85 YFINISH

686 YREPEAT

687 PASSBYTE : SREPEAT

£88 Nzg

689 TESTCIGITIR=DIGIT(N)~IMAXD(N) 1

630 %IF R<CO0 XTHEN => COUNTSCK )

691 %IF R=0 XAND %80 XTHENSTART

892 NEN-1

693 -> TESTDIGIT

€S4 ZFILISH

695 XRETURNIF FLAG3=1

£96 NEWLINE

697 RINGBELL (1)

638 ZPRINTTIXT® CVERFLGW FAULT®

699 ZRRCD=3

736 YRITZCACE

701 %RETURA
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INTSOK IHCYCLE H3Jeleé
NTS COUNTS+OIGIT(NY*1

o

XIF FLAG3=1.

wom

at NIt e O Y
W
<

DAL i L B ]
Zb',vmcr
o0 "J

- >

- —

o

™M

(g}

o

90¢€

(2]
=
P4
-—
(%]
o

A

s 1eMONTT
READLASER

O 3 =
I 1 2

Zrtra X WO

-~ -

~ 4 T e
—

>
-
DV~ANO B> 47

M ~e roem
» UM
L K I

LL=3C00C

%IF MONIT=1 XTHEZNSTART

LPOW=ILASZR(1)

<>SKIPANALYSIS

ZFINISH
AMALYSE(ILASER MM yLLLPOULLSIGHMALKONIT)
SKIPANALYSISIXRETURNIF FLAGZ=1

%IF ABS(1-LFOW/LPOW1)IDLFACYT XTHENSTART
YRETURNIF NC=1 3! NO DIAG ON FIRST PASS
NEwLINESRINGBELL (S)

XPRINTTEXT® LASER POWER CHANGED FROM*SPRINTFLILPCW1e4) SNEWLIKE
SPRINTTEXT® T3 "PRINTFL(LPOB,Q)
ZRRCD1=1

%FINISH

%IF ¥INIT=s1 XTHENRETURN

XIF LSIGMADLPOWeLFAC2 XTHENSTART
MEWLINESRINGBELL (D)

XPRINTTEXT® LASER PCWER VARYING CV'“"PRIVT“L(LSIGNA04)
YPRINTTEXT® ABOUT *3PRINTFL(LPOW,
EFRCO1I=ERRCD1+2

AFINISH

ZEND IMONITOR LASER

ZROUTINE ANALYSE(XREALARRAYNAME D1 +XZREAL M1sLIMeXREALNAME MEAMsXC

SIGMAXINTEGERNAME N1)
~INTEGER NaoNBoC
XREAL EoM2,SD
NAz=1
NE=N1
S0=3.
M2=2
C=0
SIF LIMC=0e XTHEN LIM=.0001 5! SMALL PERTURBATION
XCYCLE I=NAgleNB
£201(D)
XIF ABS(E<=M1)CLIM XTHENSTART
M2=M2 L
C=C+1 3! ACCEPTED ELEMENTS
XFINISH ’
XPEPEAT
=>0K XUNLESS CK2
RINGBELL(10)
NMEWLINE S4PRINTTEXT® DIVISION BY ZERO IN ANALYSE*LEWLINE
SARITE(C44)IBRITE(NAG4)IWRITE(NSy4)
NEWLINEZ
PRINT(if19644) SPRINT(LIMyS o4 SPRINT(E 0694)3NEWLINE
MIAN=13SIGMA=]
XPRINTTEXTY DATA COLLECTION STOPPED®
WAITPROG
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YRETURN
JKIH2=12/C 53! NEw ESTIMATE JF MEAN
ACYCLT I=MA 1473

I=01(1) §! SUBTRACT MEAN TL AVOID LOSS OF PRECISFLAGL

MIF ASS(E=M1)KLIM XTHEIN SC=SOD+(E=M2)e(E=-M2)
XREPERT
N1s=C
MEANSM2
SIGMAZSGRT(SD/(C=13) 3! STANUDARD DEVN.
LEND STANALYSE
]
ZROUTINI WRITECODE
NEWLINE
11
SSFACES(2)
AREFZAT
7INRD VIWRITECSOC
]
ZROUTINE STOPPRACG
NEWLINE SWRITZ(NSETSs 2)
XFRINTTEXTYDATA SETS CREATEDT'INEWLINE
SPRINTTEXTOLAST SEQ ™Qe = *3WRITZ(SEGNO,5)
HERLINES (2)
PEMT_372
XEND $ISTCPPROG
1
ZRGUTINE INITIALISE ‘
RINTEGER ICEFNeINAXsIsJY
QGFLAG=T
IDEFN=27
IMax=2
Jd=1

NEJLINESXPRINTTEXT® TYPE INDEX==1 TO ENC ALTERATICNS®

READINDEXINEWLINE

XPRINTTTXT*INDEX NO:I®3READCI)

%IF I<=9.XTHEN => CHECKVARS

¥IF I>31 XTHENSTART

%PRINTTEXT®OUT OF RANGE®

=> PZADINDEX

LFINISH

¥IF 1>=23 XANC 1<=27 XTHENSTART
NEWLINE S XPRINTTEXT? NOT ACCESSIPLE?
=>REACINDEX '

%FINISH

YIF IDIDEFN XTHENSTART

2PE INTTEXTYWARNING=VARIABLE NOJ*3WwRITZ(I43)
SPRINTTEXTONOT DEFINED®

%FINISH

%1F I=18 XTHEIN GFLAG=1

RTADVARS:

4PRINTTEXTOVARCSETTING: *SREADF(EXPVARII))
%1F IDIMAX XTHEN IMAX=I1

JusJddel

<> RCAGINDEX

CHECKVARSIXIF IMAXDICEFN XTHEN ISET=IMAX XELSE
IXPVAR(D) =ISET

t CHEZCK FOR FAULTY PARAMS
LSCALE=EYPVAR(S)

%1F LSCALECGeJC1 %CR LSCALEDL1Ue0 XTHENSTART
REYLINTSYPRINTTEXTPINVALID MCONITOR FSO°
13%835JJzdd=1 ’
->READVARS

SFINISH

DTIMESINTPT(SI«IXPVAR(16)+46.501)

ISET=IDEFN



az3
83

32

855
85&
857
8§58
853

E&3l

8e7?
868

s8¢
§81
882
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885
€66
887
888
883
890

892

<
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IRISINTPT(EXPVAR(1IT)+C.001)

“IF CTIv

AT 51 XAND CTIMES21G6 XAND CTIMEZRIGE XTHENSTART

MEWLIWE S XPRINTTEXTYINVALID COUNT TIKE®IMNEWLINE

I=175Jdd=du-1

->REAJVARS

~

S

ol

-

%
%

-

»” ¥

I

SFINISH

IAMO=INT
IF SEZGND
EdLINTIN
sididd=y
DREADVAR
FINISH

P

-

PT(EXFVAR(18)+C.0T1)
=0 ¥JR SEQMOD>I9T XTHENSTART

SRINTTEXT
J=1
S

CINVALID SZQeNGe" IMEWLINE

ORIT=INTPT(EXPVAR(19)+.4G1)

IF MINIT

<¢ ZCR MCN

IT>S) XTHENSTART

PRINTTOXTPINVALID NCo CF ROKITORINGS®INEWLINE

2155Jv=d

J=1

=>RZADVARS

v

3

FIISH

LFACLI=EXPVAR(2()
LFAC2=EXPVAR(2])
NCCZINTPT(EXPVAR(22)+3J.001)

~

XIF ICC>158 XJR NCOK1 XTHENSTART

SPRINTTZXTYIMVALID NC OF CATA POINTS*INEWLIME

1

2223Jdd=d

J=1

=>READVARS
XFINISH
FLAGG=INTPT(EXPVAR(2E)+C.301)

XIF FLAG4®J XAND FLAG6#1 XTHENSTART
XPRINTTEYTCINVALID VARIABLE 28=-FLAG*SINEWLINE
T:283JdJ=Jdd-1
=>RECACVARS

b4
:
'
]

FINISH

ALTZR OQUTPUT STREAM IF SEZGNO HAS BEEN CHANGED

XIF GFLAG=1 XTHENSTART

S
8
%

XIF MCNIT=C

h
I

1

ETOUTPUT
FLAG=
FINISH

TWLINTIR
HORIT=CS

“FINISH

MONIT=1

PRINTTEXT?
ZRETURN

XTHENSTART

LASEZR MONITORING OFF *SNEWLINE

MINTSINTEFT(CTIME/MONTIT=250+0.002)5¢ LASER MONITORING

'
XRCUTINE ®RITE TO OISC

SEND SUIN

ITIALISE

XPEALARRAY CA(D:127)

XINTEGER I19KoADRKO

N

EWLINE

XCYCLE K=0s19127

c
%

L(KY=Q
REPEAT

CA(C)=NBLACK
CA(1)=STEPS

0

A(2)=NC

DAC3)ISTIMZIN
DACS)I=TIMZOUT

.4

3=%

%CYCLE K=5e41631

b}

"

E(KeK2)

NREFZAT
Ki=

K2+K

SEXPVAR(K)

INTZRVAL
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00
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E9%

acg
8§99
SaQ
501
332
S3C3

335

958
251
952
953
354
955
356

LORZACDRIS2(1))

TYCLE K=lelvd
CACK+XT)=MAKEREAL(ADR)
ADF =ACR +4

“RIPERT

KE=KO+K
AUR=82JCR(S1I(1))

LSCYCLZ X=1e41¢8

DACK*KJ)=MAKERECAL(ACK)
AGR=ADR +4
IRCPEAT

Ko=K{+K

ACYCLE K=1lelwle
DA(K*XC)I=PO(K)
XREPEAT

KCSKD+X

XCYCLE K=1e1l91€
DALK+K2)=PPO(K)
SREPEAT

KC=K)+K

XCYCLE K=141416
DA(K+<0)=P1(K)
XRIPELAT

KS=K{+K

*CYCLE K=1s1916
DACK+¥D)ZPP1(K)
XREPEAT

198 -

WRITEZDA(NSLOCK ¢ADDR(DA(O)Y))

XPRINTTZIXT® BLUGCK NOe *3WRITTZ(NBLOCKe6)
DISC*INEWLINE

XPRINTTEXT® WRITTEN TO
NELOCK=NBLOCK 1
NSETSENSETS+1

XEND JLWRITETODISC

13
XROUTINE SETOUTPUT

.-

YINTEGIR Mol
XINTEGERARRAY CIG(D:2)
SELECTOUTPUT (D)
Nz=SEQNQ

XCYCLE I=34142

DIGCLI=TNTPT(N/10++(2-1))

KeN=D1G(I)»10=2(2=1)
CIGLII=DIG(I)+48
XREPEAT

¢t DIS(I) CONTAINS THE CIGITAL PART CF THE QUTPUT FILE

FRAME(3)=19<B+L"
FNAME(1)=LIGUC)IK<E+*F

FRAME(2)=0IG(2)<<E+DIG(T)

NEWLINE

SPRINTTEXTY GUTFUTFILE IS LIF*

%CYCLE I=0%91e2
PRINTSYMBOL(DIG(I))
XREPEAT

NEwL INE

tOPEN FILE
JPINCA(FNAKE)
FBLCCKS=FILESIZE(FNANE)

NOYLIRESIPRINTTEXT® FILE CONTAINS'IWwRITZ (FBLOTKSE)

ZPRINTTZIXT® SLOCKS®
NULOCK=FBLOUCKS#]

SPRINTTEZXT® NZYT BLOCK NC.=*SWRITL(NELOCK L)

NEaLINE
SIND SISETOUTPRUT

NAME



973
974

997

998

999
1¢39
1081
1002
1303
1604
1655
1006
1007
130¢
1049
101¢
1011
1912
1613
1214
1CG15
1C1e
1317
1018
1215
1220

ARDUTINE LCAD

1

SINTEGER
SELECTINPUT(21)

—

“CYCLI 1=3
ATADF(TXPVAR(CD))
SREPZAT
SCLEZCTINPUT(20)
CLCSESTRIZAM(21)
U SILCADVARS

nel

N

VALRS

11931

EALFN READLASER

C) I 1o @ 32 PE s = cm e

>
~—

P
I

» -0
-—-c,'

(S Y

W

F M”D(VAL))IGO“
GalN=-1

-
HEWLINE
RINGBELL (403

YPRINTTZIXT
YPRINTTIXT®
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SIFILE LIF23C

READS LASERREAM MONITOR ON ADC CHANNEL 5
MAX PRZCISIGN

U3SES AUTS RANGING FQR

RCALARRAY FACTI(S:

\
LTEZGZR 6

N=3 3?

AINeVAL
START ON

VAL=VGLT (3,GAIN)

“IF GA

GAIN=G
VAL =1323
%FINISH

ZRESULT=VAL*FACT(GAIN)I/1023»LSCALE 3! MULTIPLY IN KRANGE

REND 3! RE

XROUTINE DRIV
ZINTZGER DSTEIPSyDD

T2 T0 e w2 30 O

l‘! — 1)

*RCUTI

NEWLINT AP
ARCTURNLIF DSTEPS=(

NEWODIR=DSTEPS//IABS(DSTEPS)
INEWDIR=+12=DRED

==-1:

X1IF
STEPS=STEPS+DSTEPS
DSTEZPS=0STEPS+NEWOIR*DD 5 !COMPERSATICN
OLDOIAR=NEWDIR

DRIVEMOTOR(1oDSTEPS)

LROUTINE

NEWDIR=OLDCIR XTHEM

MOV _R1
*M3V_14

IN>=p 31!

ADLASER

EGRATING

RINTTEXT®

=>BLUE

9=(SP)
« (R1)9R2

=¥0V_164 (R1)eR1
*EMT_355
=MOV_(SP)+4R1

%END SIDRIVEMOTOR

]
ZINC $!DRIVEGRATING

T

"l

YR eCo

puexe
wLINE

IHEFXPRAINTTEXT?

ZAND PaceC?

}= 1Ce95e92e541.25

0ST SENSITIVE RANGE

XTHENSTART

XNOCK DOwWh

QUTPUT CLOSE TO
LEVEL TAKIN AS 10 VOLTS*INEWLINE

GAIN

10 VOLTST*IHEWLINE

WESPEC ORIVEMOTOR(XINTEGER UNITSTEPS)

STEPSI*SREAD(CSTEPS)

cD=1

ZELSE DD=3

DRIVEMOTOR(ZIMTEGER UNITLSTEPS)

INTERRUPT REGUEST:?
TI CANTINUE
Y®ZI X T3 RITURN TO PRCCEZECURE SELECT
ADINTIRZADSYNIOL(P)

XTHEN

->

READINT

FACTOP & NORM2LISZ



£H RTI=9
HEN RTI=1
AUPT CGISAELED

C

CrICK:

IFLAG=D

SETDATA

JECCDE

SARETURNIF IFLAG=O

-> CHeCK XIF IREP=1
SPRINTTEXTY IMTERRUPT FAULT*INEWLINE
IREP=1

waIT(250)

=>CHECK

%IND VICHICKINTERRUPT

SRCUTINE WAITPROG

1]

NTWw L INE
«EMT_301
NEWLINE

%$OND $'WAITPROG

ZROUTINE SUMMARISEZA(RIINTEGER STEPID)

ZRCUTINESPEC RECAP

SINTEGER IeJdeN29N3

ZRCALARRAY DUM(1216)

*RTALEARRAY DuUMs(1il6)

SRZAL MMoLLoMoCoEoMO9D09EGe SNRAT9FOsF1

NFETAL S2¢334E2¢T248B

J20IMMIGILL=10C00.

%IF SFLAG=1 XTHENSTART

%IF FLAG2=1 XTHENSTART

MEWLINESXPRINTTEXT® DISCHARGE NCISE=*3PRINT(DNOISE+344)
%FINISHELSE RECAP

~RETURNK

ZFINISH

NIWLINE .
wAIT(S5C) 3! WAKE UP TT!
YPRINTTEXT*SLOCKNCe=*3WRITE(KBLOCK 6)
HEWLINE SXPRINTTEXTOSEG. NOe=*iWRITE(SEQNOs &)
NEWLINESXPRINTTEXTYTIME=*SPRINT(TIMIOUTs404)
XIF FLAG2=0 XTHENSTART
NEWLINESXPRINTTEXT?*STEPS=*3wRITE(STEP +4)
%“FINISH
NEWLINESZPRINTTEXTYENTRIESSSWRITE(NCY3)
NEWLINE

%IF NC<K2 XTHIHNSTART .
NEWLTNESXPRINTTEXT® NO ANALYSIS AVAILABLE®
XRETUEN

%FINISH

%IF IMONIT=0XOR FLAG4=0 XTHENSTART
Fi=13F0=1

=>CALCULATE X%IF IMONIT=0

SFINISH

AHALYSE(PGaMMoLLoMPO W MPPOWNC)
LHALYSE(P1oMMoLLeMPLyMPP1WAC)

%*IF FLAGZ=1 XTHIZNSTART )
@G=MPL3QR1=MP13! LASER MONITOR OFFSETS
GOOSMPPSIIG1=MPP

EXPVAR(23)=01

EXPVAR(24)=00

CXPVAR(25)=GG 1

ZXPVAR(26)=Ga0

FOS13F1=13!'M0 NORMALISATICH OF COUNTS
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wIsH

CPCATIZIRIF FLAGZ2=1 XTHCN £=¢ 1! NC 2UCKGRCOUND TC SUBTRACT

LINESXPRINTTEXTY MCNITORY

~IF FLAGZ=1 STHENPRINTTIXT® CFFSETT*IXPRINTTEXT® [ CFF*
NG LINZ SAPRINTTEXTY INTERS o *3PRINT(MPL194)3PRINT(KPIV194)
WEwLIRE SRPRINTTEXTY VAFN . CIPRINT(MPP1e148)3FRINTINMNPPL144)

ALCULATZ ty=¢

Y
*1IF

Fo=

CLE I=1+1,NC
FLAG2=1 XOR IMCNIT=3 %ZO0R FLAG4=0 XTHEN => NORMALISE
Fi(IdY=30

F1=P1(I)=-01

NOR

5=0
oy
gus

FALISEZ

ONnOISE xIF FLAG2=0
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APPENDIX 4 : List of commonly used abbreviations and page reference
for definition
Page Ref.
LIF : Laser-induced fluorescence 13
. IRC : Infra-red chemiluminescence 13
AVD : Angle-velocity distribution 13
LLC : Long-lived complex 14
FAS : Fixed angle surface See ﬁef. (14)
FMS : Fixed molecule surface See Ref. (14)
PST :.Phase space theory 11
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APPENDIX 5 : Publication

An abbreviated account of this work appeared in Donovan et. al.,

Chem. Phys. Letts. 69, 472 (1980) and is reproduced here.
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The vibrational populations and rotational temperature of the IF product formed in the reaction F + I, - IF + [ have -
been measured using a crossed-beam laser-induced fluorescence technique. The relative collision energy was 90 meV. Mea-
surements of the relative populations in the v = 0, 1 and 2 levels showed a strong population inversion with an effective tem-
perature of —3000 K, corresponding to a fraction of the total energy, ¢ fu» = 0.6 £ 0.1, appearing in product IF vibration. In
contrast, the product was rotationally cold with (fR) = 0.02. The results are consistent with a direct dynamical process for

this reaction.

1. Introduction

The F + Izlreaction is of interest as one of a series
for which quite detailed dynamical information is now
available. The reaction has been studied at thermal en-
ergies [1] and a rate constant corresponding to a reac-
tion cross section op = 43 A2 found. Molecular beam
scattering experiments [2,3] on this system have pro-
duced rather disparate results. Grice et al. [2]. observed
predominantly backwards and sideways product scat-
tering at an initial collision energy of 35 meV while at
the higher collision energy of 100 meV Wong and Lee
[3] observed a more isotropic distribution with some
excess forward scattering. Both groups reported a frac-
tion (f1) = 0.15 of the total energy appearing in prod-
uct translation.

In the closely analogous reaction F + IC1 [4] sub-
stantial IF product excitation was observed with (£,
= 0.63 indicating a very nonstatistical energy disposal
probably as a result of a direct dynamical process. The
reactions Cl + I, and CI + Br, have also been studied
by beam scattering methods [S—7]. The former reac-
tion showed stripping dynamics with (f) ~ 0.3, while
the Cl + Br, reaction proceeded via a short-lived com-
plex again with (f3)~ 0.3.

As might be expected from the greater density of
accessible states the process F + CH31 > FI + CHj has
been shown to proceed via a long-lived complex at
thermal collision energies and the lifetime of this com-
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plex has been estimated from molecular scattering mea-
surements for a range of initial collision energies [8,9].
In the long-lived complex regime approximately 30%
of the total energy appeared as translational motion of
the products. Laser-induced fluorescence measurements
[10] confirmed the expected statistical distribution of
energy, the CHy fragment emerging with about 40% of
the total energy and 30% being evenly divided between
rotation and vibration in the IF product.

This family of reactions reveals an interesting gradua-
tion of behaviour at thermal collision energies, spanning
the range from direct to long-lived complex dynamics.
The system investigated here, F + I,, will thus be of in-
terest in exploring the effects of changes in the mass ra-
tio and in revealing any novel features in the potential
surface associated with fluorine atom reactions.

2. Experimental

The experiment was performed in a crossed molecu-
lar beam laser induced fluorescence apparatus. An ef-
fusive I; beam was produced using a 10 um microcapil-
lary array with the reagents supplied from a reservoir at
370K (=10 Torr). F atoms were generated by a micro-
wave discharge in a mixture of 10% CF, in He, at a to-
tal pressure of 5 Torr and were delivered to a nozzle of
diameter 1 mm, mounted in a differentially pumped
chamber, via a glass pipe coated in “Teflon” (Dupont
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FEP 856-200) [11]. The reaction zone was approxi-
mately spherical in shape with diameter 5 mm and
the IF concentration was estimated to be 107 cm—3.
The background pressure with beams running was

~4 X 10~5 Torr. The reaction zone was illuminated
by a tuneable dye iaser. This was pumped by a nitro-
gen laser of original design [12] operated at a 50 Hz
repetition rate. The dye laser pulse was <5 ns (fwhm)
in duration and had a band width of 2—3 A. Rotation-
al structure was thus not resolvable. The dyes used
were Coumarin 47 and Coumarin 102 (Applied
Photophysics Ltd.) covering the region 460—490 nm.
In this region the (5,0), (6,0), (7,0), (8,1), (8,2) bands
" have Franck—Condon factors >0.03 [13]. Beyond
500 nm fluorescence from IF is obscured by that from
the I,. The fluorescence from the product was viewed
at right angles to the laser beam through an aspheric
lens and aperture system and was detected by a photo-
multiplier (EMI 9824). The photon-counting system
was gated open 2 us after each laser flash and closed
10 us later. Since the IF(B) lifetime is about 8 us [14]
this technique helps to discriminate against noise from
other species and against after-pulsing in the photo-
multiplier. Data was accumulated in this way for 10

or 100 s periods with the laser and F atom discharge
each alternately on and off. The count accumulated

in each mode together with a measurement of the laser
intensity, taken with a sample and hold A—D converter,
was captured by a PDP11/45 computer.

Noise from both photomultiplier dark count and
stray light was negligible (< 0.1 s~1) and the main
noise arose from laser-induced after-pulsing in the
photomultiplier. This resulted from a rather poor
beam profile and amounted to about 1 s—1. The signal
rate was also low, due principally to the low mean
laser power (=100 uW), being comparable with or less
than the noise rate. Counting times were therefore
long and data copld only be collected at a few selected
wavelengths to map out the gross features of the vibra-
tional distribution. Bands with v = O were relatively
easy to see but-v=1 and 2 were more difficult due to
the small Frank—Condon factors from these levels.

‘

3. Results

The (5,0), (6,0), (8,1) and (8,2) bands have been
observed. The net signal, the difference in the signals
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Fig. 1. Fluorescence intensity in the (5,0), (8,2), (8,1) and
(6,0) bands of IF product as a function of the wavelength of
the incident laser light.

with the F atom discharge on and off, was corrected
for background and normalised using the recorded
laser intensity (corrected as necessary for wavelength
sensitivity). The results are shown as a function of
wavelength in fig. 1. The error bounds are largely deter-
mined by the after-pulsing effects discussed previously.

The data have been fitted to a simulated spectrum
[15] calculated by convoluting the line frequencies
with a triangular laser bandwidth function determined
experimentally and using the Franck—Condon factors
reported by Clyne et al. [13]. A Boltzmann distribu-
tion of rotational states was assumed and all the bands .
were constrained to the same rotational temperature.
The only variable parameters in the fit were the level
populations, N(v), which are proportional to the cross
sections for the reaction into that channel. The popula-
tion ratios calculated in this way, relative to N(0)
= 1.0, are shown in table 1. Good agreement is ob-
served for independent estimates via the (6,0) and (5,0)
bands and a rotational temperature of about 200 K
satisfactorily describes all the observed levels. The rota-
tional temperature could not be determined to better -
than 100 K.

473
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Table 1

Population observed in various vibrational levels
Band NE™)
NN
(5,0) 1.00 £ 0.15
(6,0) 1.16 £ 0.12
(8,1) 1.38 £ 0.28
8,2) 1.60 £ 0.24

‘4, Discussicn

The relative populations in the 0, 1 and 2 vibrational
states of the IF product, as shown in table 1, reveal a
substantial population inversion. Higher states, up to v
= 19 are energetically available but are not measurable
experimentally due to predissociation, which sets in at
v’ =9, and interference by fluorescence from the I, re-
agent. Nevertheless, an effective vibrational tempera-
ture for the product can be estimated via the surprisal
plot, fig. 2. Such plots are very frequently linear [16]
over most of the energetically accessible range and so
can provide an estimate of the population in the higher
states. The gradient in fig. 2 corresponds to an effec-
tive vibrational temperature of —-3000 K and a most
probable vibrational state of v = 13—14 in the product.
This extrapolation then yields a fraction of total energy
in vibration (£} = 0.6 £ 0.1.

The rotatxonal temperature is less well defined since
individual rotational transitions cannot be resolved.
However, information on the average rotational tem-

perature is available from the band profile. The accuracy

of this estimate is contingent on relaxation effects but
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Fig. 2. Plot of the surprisal
served bands of IF.

—1(f,) against £, for the four ob-

except in the case of the v = 0 state, where signals
from cold product in the background might interfere,
this should not be a substantial effect. The average ro-
tational temperature observed, about 200 K, is.equiva-
lent to a rotational fraction (fR )= 0.02. The energy
disposal estimated from these measurements is com-
pared with that for analogous reactions in table 2.

The F + 1, reaction releases the major fraction of
its exothermicity as product vibration and in this re-
spect is similar to the ICl reaction. The disposal is high-
ly nonstatistical and this pattern is characteristic of di-
rect dynamics of reaction with a substantial attractive
energy release in- the entrance valley of the potential
surface. For L + HH mass ratios the relative vibrational
and translational disposals can be expected to corre-
late with the attractive entrance and repulsive exit be-
haviour of the potential.

The rotational excitation observed is much smaller
than in ICL. This may arise from the mass ratio since
the exit I atom carries away most of the incident angu-
lar momentum associated with I, rotation as orbital

Table 2
Energy disposal
Disposal System /
fraction :
F+l, F+ICl Cl+Iy Cl+Br, F + CH3l
) 0.6 0.55b) - - 0.159)
R 0.02 0.14 D) - - 0.14 d)
¢f) beam 0.15 2 - ~0.39) ~0.3) ~0.3¢)
measurement
fTrby _ . d)
difference 0.4 0.31 - - (0.4 in CHj)
a) Refs. [2,3]. DI Ref. [4]. S Ref.[6]. @ Ref. [10]. © Ref. [8].
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angular momentum and acts as an effective sink for
angular momentum. The low rotational excitation ob-

served may also be associated with a much slower relax-

ation, compared with ICl, of the I, bond during the
collision.
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