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Abstract 

The potentials of the ion-pair states of the halogens 

are dominated by the attraction of the two charges in the 

ion-pair (of the form r). As a result these ion-pair 

states have large values of re  and are formed in highly 

vibrationally excited states by the absorption of a single 

ultra-violet photon. The resulting fluorescence from 

these excited states consists mainly of oscillatory 

continuum fluorescence. Such spectra of 12  (excited at 

193 nm), IBr (excited at 193 nm) and Br2  (excited at 158 nm) 

are presented in this thesis. In each case, two spectra are 

presented under medium (0.35 nm) resolution, one consisting 

of oscillatory fluorescence to the ground electronic state 

of the halogen and the other of fluorescence to a repulsive 

state. For the cases of 12(D) and Br2(K) these spectra 

were inverted by the method of direct spectral simulation 

to produce potentials for both the ion-pair state and the 

lower repulsive state probed. The ion-pair state potential 

was assumed to be in the form of a Rittner potential: 

U(r) = A exp(-br) - C 1/r + C3/ r 
3
"r 	- C4/ r4 4"rd - C6/ r6 + 

TCO 

For 12  and Br2, experiments were carried out to determine 

how these oscillatory continuum spectra alter when the 

excitation wavelength producing them is changed. It is also 

suggested that the existance of mixed isotopic pairs in 

IBr and Br  has a marked effect on the "washing in" of the 

interference structure. 



For all three molecules the ion-pair state accessed 

belonged to the lowest manifold of ion-pair states for that 

molecule. That is its diabatic dissociation products 

were X(1S) + X(3P2). The states accessed were readily 

quenched to the lower few vibrational levels of the lowest 

ion-pair state, the D' state. In studying the process, the 

total rate of removal of excited Br2(K) and IBr(D) molecules 

by quenching with various non-reactive gases was measured. 

In all cases the quenching was found to be rapid with 

k 	1-4 x 1O °  cm3  molecule 1 s 1 . The pure radiative 

lifetime of IBr(D) (excited at 188 nm) was measured and 

found to be 27 ± 4 ns. 

The reaction IBr(D) + Xe -- XeBr* + I was also studied, 

it being found that the reaction has a photochemical 

threshold of 198.5 ± 5 nm, which is the same as the energetic 

threshold for the reaction. This implies there is no 

barrier involved in the reaction pathway. 
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CHAPTER 1 

Introduction 
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1.1 	General Introduction 

The electronic states of the halogens can be divided 

into three distinct groups: the low lying valence states, 

the ion-pair states and the Rydberg states. A diagram 

showing some selected states from each group for 12  is 

reproduced as Figure 1.1. The low lying valence states 

dissociate to either ground state halogen atoms (2P3/2) 

or spin orbit excited atoms (2P1). They may be either bound 

or repulsive states. Next, in terms of energy, come the 

ion-pair states, which, as their name suggests dissociate 

(diabatically) to form an ion-pair, e.g. X(1 S) + X(3P2). 

This thesis is mainly concerned with these ion-pair states and 

they will be discussed in more detail later. The Rydberg 

states resemble the low lying valence states of the halogens 

as they are formed by the promotion of a non-bonding (or 

a very weakly anti-bonding/bonding) electron into an 

orbit,with a higher principal quantum number, that is too 

diffuse to exhibit any strong bonding or anti-bonding 

character. Diabatically, these states dissociate to a 

highly excited halogen atom (e.g. for I n 	6, 2P) plus 

a ground state halogen atom. 

The potential minima of the lowest group of ion-

pair states lie below the potential minimum of the lowest 

of the Rydberg states, but the ion-pair state diabatic 

dissociation limit lies above that for the Rydberg states, 

implying that the potentials will cross at large inter-

nuclear separations. In general, the Rydberg and ion-pair 
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Figure 1.1 Selected low-lying valence states, 

ion-pair states and Rydberg states of 12 

with their dissociation limits 
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states will mix at these crossings, meaning that the 

adiabatic limits for the ion-pair states will correspond to 

the diabatic dissociation limits for the Rydberg states 

and vice versa. In this thesis the area of the ion-pair 

states probed lies below the energy,  of these avoided 

crossings and the extrapolations used are diabatic 

extrapolations. 

The ion-pair states of the heavier halogens (e.g. 121  

Br2, IBr) are lower and thus more accessible than the 

ion-pair states of other diatomic molecules (e.g. H2) 

because of the relatively low ionisation potential and 

relatively high electron affinity of the halogens. It is 

not general that theadiabatic dissociation limit of ion-

pair states lies below that of Rydberg states. 

In this chapter most of the examples will be taken 

from 121 although, unless it is specifically stated 

otherwise, they could equally well be taken from Br2  or IBr. 

1.2 	The form of ion-pair states and the 

Rittner potential 

The diabatic dissociation products of an ion-pair 

state are a pair of singly charged ions. At large 

separation the attractive force between these two ions will 

mainly be the charge/charge electrostatic force, acting with 

2  -e 
the form 	. This term is of much longer range than the 

4irc0r 
r 6  term normally dominant at large internuclear separation 

in the low lying valence states. This has several important 
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consequences which will be fully discussed below. The 

attractive limb of the ion-pair states may be represented 

more fully by including higher multipole expansion terms 

as follows: the charge/quadrupole term C3/r3, the 

charge/induced dipole term C4/r4  and finally the induced 

dipole/induced dipole term C6/r6. Theoretically, the 

term C4  is represented as 

2 + e  (A ctB  

4 ii 2 
0 

where e is the electronic charge and ctA  and a are the 

polarisabilities of the two ions concerned. The C6  term 

is represented, to a fairly good approximation by 

(1) 

AB 

WW3 

WA + W  

where, using the notation of Brand and Ho7VwA and w   are 

the ionisation potentials of the two ions involved. Thus, 

of the terms to be included in the attractive limb of the ion-

pair potential, only the C3  (charge/quadrupole) term is 

dependent on the exact quantum states of the ions involved, 

in sign as well as in magnitude. In fact, as the negatively 

charged ion will normally be 1 S and thus will normally 

possess no quadrupole moment,only the quantum state of the 

positive ion will be important. 

In order to represent these ion-pair states a repulsive 

limb has to be added to the multipole expansion terms. 



A simple exponential, of the form. Aexp(.-br), was chosen for 

this, making the combined potential a Rittner type of 

potential, which is given fully in equation 1.1. 

U(r) = Aexp(-br) - C u r  + C3 /r3' - C4 /r4 - C6 /r6 + T 

The term T represents the diabatic dissociation limit 

of the ion-pair state, which is given by the sum of the 

ionisation potential and the electron affinity required to 

produce the separated ions. The term C3  is given a 

positive sign because it may be either attractive or 

repulsive, whereas the terms C1 , C4  and C6  must be 

attractive and so are given a negative sign in equation 1.1. 

Only three of the terms in the Rittner potential are 

generally unknown before any attempt is made to analyse 

the ion-pair state potential, reducing the job of 

formulating the potential to that of finding the terms A, 

b and C3. 

The dominating term for most bondlengths of the 

ion-pair potential is the 1/r electrostatic attraction, 

which has two important effects on the potential. The 

first effect is that ion-pair potentials are deeply bound 

with a long range attractive limb, meaning that the 

existence of highly vibrationally excited levels is possible 

and that <r2> is very large, even well below dissociation. 
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The second main effect of this term is that the equilibrium 

bondlengthS of these states tend to be significantly larger 

than those for the low lying valence states. This, taken 

with the above, means that absorption from the minimum of 

the ground state is to areas high up on the repulsive 

limb of the ion-pair potential, but because these potential 

wells are so deep the absorption is to bound, but highly 

excited, vibrational levels. Also the potential well in this 

area will be very wide and only slowly flattening out to 

reach the dissociation limit of the state concerned, which 

will affect the absorption spectrum as follows. Such ion-

pair states will, in general, have close vibrational spacing in 

the region of the state accessible through the absorption 

spectrum (e.g. a vibrational spacing of 40-50 cm -1 

for 12(D),v 140). Also, the vibrational spacing in the 

ion-pair state will only slowly converge to the continuum. 

Thus, the absorption spectrum will consist of a series of 

closely spaced vibrational peaks, whose spacing decreases 

only slowly as one scans the spectrum to shorter wavelengths. 

The result of such absorption is to produce a highly 

vibrationally excited molecule. The combination of such a 

high level of excitation (e.g. v 	140 for 12(D) 

excited at 193 rim) and the typically large re of the ion-

pair states has important effects on the fluorescence spectra 

produced by such excitation and particularly on the 

production of oscillatory continuum spectra. In particular, 

it should be noted that a wide range of r is probed in 

either bound-free or-bound-bound fluorescence. 



1 .3 	oscillatory Continuum Emission 

The classical FraflCk-COfldOfl principle states that 

when an electronic transition occurs the positions and 

momenta of the nuclei are unaffected by the transition. 

The conservation of momentum means that kinetic energy 

must be conserved too. On this basis a difference potential 

can be constructed for a transition from an upper 

electronic state with a given amount of vibrational 

energy to a lower state. The difference potential, simply, 

is the locus of points where an electronic transition can 

conserve both the position and the kinetic energy of the nuclei 

involved. Figure 1.2 shows the difference potential 

constructed for the case of a bound upper state and a 

repulsive lower state. Thus according to the classical 

Franck-Condon principle, any emission from a diatomic 

molecule must "land" on the difference potential and in 

so doing must give out a photon of energy equal to the 

difference in energy between the initial energy of 

excitation of the molecule and the energy of the difference 

potential at the point where the transition "landed". From 

this a classical spectrum can be predicted. A classical 

spectrum being the fluorescence spectrum calculated using classicz 

mechanics but taking only the idea that the energy and 

wavelength of light are connected by E = hv from quantum 

mechanics. 
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Figure 1.2 	The difference potential for fluorescence 

from I2(DO, v 	= 144) to a repulsive 

lower state 
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The probability of an electronic transition from the 

upper state to the lower state emitting a photon of energy 

in the range Ef,  , Ef  + dEf  depends on two factors. The 

first factor is the probability of the oscillator being 

in the relevant range r, r + dr,that corresponds to the 

transition and the second is the square of the transition 

dipole moment function, 12(r). For a given dEf  the length 

of the segment dr will depend on the shape of the 

difference potential, the steeper the slope the smaller 

dr will be, leading to a reduced intensity of fluorescence 

in the range Ef,  I E  + dEf  because of the lower probability of 

the upper state being in the relevant range r, r + dr 

when dr is small. For a given dr the probability of the 

upper state being in the range r , r + dr will be inversely 

proportional to the square root of the kinetic energy (or the 

local velocity) of the upper state in the range r, r + dr. 

Mathematically, this can be expressed as follows: 

E 	= U2(r) - U
1(r); 	\)f  = Ef/h 	(1.2) 

As stated above, the intensity of fluorescence from the bond-

length range, dr, is proportional to 12(r) 2 and inversely 

proportional to the speed in traversing the range r, r + dr 

2(E - U2(r))1- = p(r) 	 (1.3) 1/v(r) = 	m 

in is the reduced mass of the molecule. 



4 
dl 	( 	

in 	 2 
] 	2(r) dr 	 (1.4) 

2(E - U2  (r)) 

Now the magnitude of dr is dependent on the slope of the 

difference potential at the point of fluorescence 

= 	d[U2(r) - U1 (r)] 	 (1.5) 

dr 	 hdr 

so that 

dr I =  hi 	
dr 	

d 	 (1.6) 

d[U2(r) - 

Combining equations 1.4 and 1.6, one gets: 

M 	 dr 

dvf 	
12 	2(E - U2  (r))

d[U2(r) - U1 (r)1 

(1.7) 

which is the same as the situation described in the 

preceding paragraph. 

In the case of the potentials shown in Figure 1.2 and 

a typical transition dipole moment function which decays 

exponentially in going from small r to large r, the 

spectrum produced would be expected to peak at long wave-

lengths and then decay as the probability function p(r) 

of the upper state decreases and the transition dipole 

moment function, 4 12(r) decreases. If the decay of 412 

is fast enough there will not be a peak at the short wave-

length limit of the spectrum. If however 412(r) has an 



- 12 - 

appreciable magnitude at the outer turning-point of the 

upper state then there will be a peak at the short wave-

length limit of the fluorescence spectrum. 

Figure 1.3 shows a different fluorescence system, in 

that the difference potential of this system possesses a 

maximum. However in the classical case the same arguments 

apply to the production of the fluorescence spectrum and 

a little thought should show that the classical 

fluorescence spectrum of such a system will be as depicted 

in Figure 1.4. In this case, the long wavelength 

fluorescence maximum is not due to fluorescence from a 

turning-point in the upper state, but is due to fluorescence 

to the turning-point of the difference potential. This 
dr 

is because at this point the term d[U2r- U1(r)] 

in equation 1.7 diverges because of the maximum in the 

difference potential. In other words, at this point there 

is a range of bondlengths that gives rise to the same 

fluorescence wavelength. In scattering theory this type 

of classical catastrophe is quite common so the term 

"rainbow point" is sometimes borrowed to describe an 

extremum in the difference potential. The peaks in the 

fluorescence spectrum due to fluorescence at the turning-

points of the upper state are still present in the 

fluorescence spectrum of Figure 1.4. 

In the quantum mechanical theory, the intensity of a 

transition between two levels, bound or free, is determined 

by T <x1  1 12(r) 	2 > 
	2, that is, the square of the 
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Figure 1.3 	The difference potential for fluorescence 

from I2  (DO, v = 144) to 12(X) 
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Figure 1.4 	The classical fluorescence spectrum produced from the potentials shown in 

Figure 1.3. The solid line represents 	412 (r) = 1 and the dashed line represents 

= exp(-0.5r). The two spectra were normalised to the peak at 195 nm. 

A resolution of 1 mu was assumed in calculating the spectra. 
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integrated overlap of the upper state and the lower 

state wave functions taking into account the transition 

dipole moment function, 412(r). If 412 (r) is omitted, 

this just reduces to a Franck-Condon factor. In the 

examples given the integral has to be run over the entire 

range of the upper state. However for most of the range 

of this integral the local wavelengths of the upper 

state and lower state wave functions will be different 

so that the integral will be zero. 

The difference potential, as described earlier, is the 

set of points where the position and momentum of the 

nuclei are conserved in a radiative transition. The 

importance of the difference potential in the quantum theory 

of these transitions is that,becauSe of the conservation of 

momentum, and because the local wavelength of a wave 

function is only dependent on the nuclear momentum of the 

state, the difference potential can be regarded as the set 

of points where the upper and lower state wave functions 

possess equal local wavelengths so that there is a region 

of stationary phase in the overlap of the two wave 

functions. The integral in the bondleflgth regions close to 

the difference potential, then, will not necessarily 

integrate to zero. As 412
(r) is a slowly varying function 

of r, it will not have a dramatic effect on the integral 

and if it is regarded as constant over the small r-range which 

contributes to this integral, one can simply do the 

integration and then multiply by the value of J.12  (r) at 
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the bondlength where the upper and lower wave functions 

have identical local wavelengths. This is known as the 

r-centroid approximation. 

Again starting with the potentials shown in Figure 1.2, 

the evaluation of the resulting oscillatory continuum 

fluorescence spectrum will be described. Starting at the 

top of the difference potential in Figure 1.2 (long wave-

length fluorescence) the bound upper vibrational state 

wave function and free lower state wave function will 

both have the same phase and local wavelength, so that 

the integral I<x1 1412 (r) 
IX2>12 will give rise to a peak 

in the fluorescence spectrum. Some way further down the 

difference potential there will be an area where both the 

upper and lower wave functions, although having the same 

local wavelength , will be /2 out of phase with each 

other and the integral will be zero leading to a 

minimum in the fluorescence spectrum. Further down the 

difference potential (going to shorter wavelengths of 

fluorescence) there will again be constructive interference 

between the two wave functions in the region of the 

difference potential, leading to another peak in the 

fluorescence spectrum. This process continues until either 

the end of the difference potential is reached, corresponding 

to the outer turning-point of the upper state, or until the 

transition dipole moment function becomes so weak that the 

fluorescence dies away. A computed example of this type of 

fluorescence spectrum, taken from the potentials in Figure 1.2, 



- 17 - 

is shown in Figure 1.5. Throughout the rest of this thesis 

such a spectrum, arising from a monotonic difference 

potential, will be termed a "single frequency" type of 

oscillatory continuum, although it is also known as 

a "reflection" type of spectrum. 

For the system described in Figure 1.3, the above 

argument applies but with one further complication. In 

the energy region between the maximum of the difference 

potential and the dissociation energy of the bound 

lower state, there are two limbs of the difference potential 

and in classical terminology there are two separations at 

which fluorescence of a particular wavelength can occur. 

In quantum mechanical language there are two regions 

of stationary phase in 	The integrals over these two 

regions of stationary phase may, depending on their 

relative phases, either augment or cancel each other, which 

will superimpose another frequency of oscillation onto the 

fluorescence system. This second frequency is generally 

lower than the first. The destructive interference between 

the two branches of the difference potential will only be 

complete if the intensities of fluorescence from the two 

branches of the difference potential are equal. This would 

only accidentally be true. As one moves down the difference 

potential (going to shorter fluorescence wavelengths ) the 

two branches of the difference potential separate and the 

fluorescence from both branches becomes less and less equal. 

There are three main reasons for this. Firstly, the 
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Figure 1.5 The quantum mechanical spectrum produced from the 

potentials in Figure 1.2. 

to Figure 4.7). 

(This figure is identical 
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transition dipole moment function, 412(r), will, although 

it is a slowly varying function of r, in general, be different 

at the transition points to the two different branches; 

secondly, the slope of the difference potential will, in 

general, be different at the transition points to the two 

different branches and finally the probability function p(r) 

of the upper state having the right bond length for 

fluorescence to each branch of the difference potential will, 

in general, be different. Thus in Equation 1.7, the three 
dr 

variable terms, 412(r), 2(E 	u2(r' and d(U2(r)- U1(r)]' 

will be different for transitions to each branch of the 

difference potential. For the reasons above one would expect 

the importance of this low frequency or rainbow structure 

to decrease as one moves further away from the long wave-

length band head in the fluorescence spectrum. A 

computed spectrum for the potentials shown in Figure 1.3 is 

shown as Figure 1.6. The type of spectrum just described 

will, in the rest of this thesis, be termed a "double 

frequency" type of oscillatory continuum, although elsewhere 

it is also known as an "interference" oscillatory spectrum. 

In Figure 1.3 the region below the dissociation limit of 

the lower state is, by definition, bound, and fluorescence 

to this region will consist of discrete transitions 

corresponding to the bound vibrational levels of the lower 

state. Just below the dissociation energy the vibrational 

levels of the lower state will be closely spaced so that 

for fluorescence to this region the structure imposed by the 

discrete vibrational levels will be finer than the structure 
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Figure 1.6 The quantum mechanical spectrum produced by the potentials in 

Figure 1.3. (This figure is identical to Figure 4.5). 
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from the oscillatory emission in this region. Thus an 

oscillatory envelope may be expected to appear over the 

discrete fluorescence to the bound levels of the lower state 

in Figure 1.3. Such fluorescence will have the 

characteristics of single frequency oscillatory spectra as 

there is only one branch of the difference potential in 

this energy range. 

The above has been described in papers by Mul1iken 2  

and Tellinghuisefl 3 . 

The two different types of oscillatory structure 

behave differently when the level of excitation of the 

bound upper state is changed. The behaviour of a double 

frequency oscillatory spectrum is easiest to describe in as 

much as the position of the long wavelength fluorescence 

maximum is independent of the level of excitation of the 

upper state. At the maximum of the difference potential, 

the gradients of the upper and lower potentials are equal. 

This is a unique point that is independent of the excitation 

energy so that at this point U2 - U1  will be independent of 

the level of excitation of the upper state. As the energy 

of an emitted photon is U2  (r) -  U1(r) the long wave- 

length fluorescence limit of the spectrum will be also 

independent of the level of excitation of the upper state. 

In spectroscopic terms this means that, for a double 

frequency type of oscillatory continuum spectrum the long 

wavelength fluorescence maximum is independent of the wave-

length of excitation of the fluorescence system. 

4L Tellinghuisefl has published a nice example of this  
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Because an extremum in the difference potential 

(if one exists) occurs at a position where the gradients of 

the upper and lower states are equal, it can be stated that 

for a system with a monotonic difference potential, giving 

rise to a single frequency type of oscillatory continuum, the 

gradient of the lower potential in the fluorescence region 

is either always larger or always smaller than that of the 

upper state. In either case, at the top end of the 

difference potential, the lower state will always be steeper 

than the upper state. In the situation shown in Figure 1.2 

at the bondlength corresponding to the inner turning-

point of the upper state the gradient of the lower state is 

more negative than the gradient of the upper state, although 

it is still true that j1 (r) > 	dU2(r) 1 . This region dr 	 dr 

is shown in diagrammatic form in Figure 1 .7. If the level 

of excitation of the upper state is increased in energy by 

AU 2 this will shift the inner turning-point to shorter 

bondlenqths by an amount Ar. The difference in the 

potential energy of the repulsive state between the points 

corresponding to the old and new inner turning-points will 

beU1. As at this point I dU1(r) 	
> dU2(r) I, then 	> AU dr 	dr

This means that as extra energy is added to the system 

U2  (r) - U1  (r) , with r corresponding to the inner turning-

point of the upper state and being a function of excitation 

energy, will decrease. Thus the energy of fluorescence 

at the long wavelength limit of the spectrum will also 

decrease. This can be expressed in spectroscopic language in 
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Figure 1.7 	An expansion of Figure 1.2 concentrating on the area 

near the inner turning point of the upper state to 

show what happens when the wavelength of excitation 

is decreased. 
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the following way: in a situation giving rise to a single 

frequency type of oscillatory continuum, if the wave-

length of excitation is decreased, the wavelength of the 

long wavelength fluorescence limit will increase. An 

experimental example of this is shown in Chapter 4, 

Figure 4.9. This rule still applies in the case where 

the difference potential always has a positive slope and 

the long wavelength fluorescence originates at the outer 

turning-point of the upper state. 

A parallel argument to the above can be used to show 

that in cases where a monotonic difference potential is 

involved the short wavelength limit of the fluorescence 

spectrum decreases when the wavelength of excitation 

of the fluorescence spectrum is decreased. Unfortunately, 

this does not provide a unique test as to whether a 

system is a single or double frequency type of oscillatory 

continuum, as fluorescence from either turning-point 

of an upper state potential to a flat lower potential 

would possess the same characteristics. 

1.4 	Nesting of Ion-Pair States and their 

Physical Quenching 

For iodine and the other homonuclear diatomic 

halogens there should be six ion-pair states diabatically 

dissociating to i('S) + I(3P2), these states being 

09 	1g' 1 	
2q and 2. There should also be six 
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states correlating to 1(1 S) + I'( 
3P10 (0, 0, 

0+, 1 and 1 ). In the heteronuclear diatomics there 
u g U 

will be three members per group but there will be twice 

as many groups. For example, in IBr there will be three 

electronic states diabatically dissociating to I-( is)+ 

Br(3P2) the states being 0, 1 and 2 and three diabatically 

dissociating to Br( S) + i(3P2) (0k , 1 and 2). 

Energetically, these states will be well separated from 

each other. This in effect replaces the gerade/ungerade pairs. 

The members of each group will all have similar 

term values to the other members of the same group, but the 

term values of states in different groups will be 

separated by approximately the energy difference of the spin 

orbit splitting in the positive ion. The reason for the 

similarity in the shapes and binding energies of all 

the ion pair states is that for all of the attractive limb 

of the states, from the minimum to the diabatic dissociation 

limit, the ionic attraction term 
e2 dominates the 

4n 0r 

potentials and is identical for all the ion-pair states. 

This has two main consequences: firstly that the attractive 

limbs of all the ion-pair states of one group will, at 

large r, be identical, and secondly that the term values and 

equilibrium bond distances of all the members of one group 

of ion-pair states will be similar. For iodine the difference 

in term values between successive members of the lowest 

group is of the order of kT. 
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This has important consequences for the appearance 

of the fluorescence spectra of the ion-pair excited halogens 

in the presence of an excess of buffer gas. It seems 

reasonable to assume that there is rapid collisionally 

induced coupling between the similar members of an ion-pair 

manifold, but very weak quenching from ion-pair states to 

valence states, very different in character and energy, or to 

Rydberg states. Thus it would be expected that, in the 

presence of buffer gas, the ion-pair states of a manifold 

would assume a Boltzmann population distribution regardless 

of which member had originally been excited and, with enough 

buffer gas present, however highly excited that member 

was. In this way it would be expected that the lowest energy 

ion-pair state, normally the 2()  state and usually 

designated D', will be the most heavily populated state. 

Guy et al (5) have found that for 12  excited by a tesla 

discharge in the presence of a high pressure of buffer gas 

(He, Ar, Ne or N2) 85% of the total fluorescence in the 

region 200-500 nm is due to D' - A' fluorescence, implying 

that the D' state is the lowest ion-pair state of iodine. 

They also saw fluorescence at 288 nm which they attributed 

to F - X emission. The F state, being in the second 

manifold of iodine ion-pair states, would not be expected 

to be quenched very efficiently into the lowest manifold. 

Tellinghuisen et al (6) have analysed the emission 

spectrum of bromine, again excited by a tesla discharge, 

in the presence of argon and found that at an argon 

pressure of 20 kNm 2  the dominant fluorescence system is 
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again the D"-  A' system. Diegelmann et al .7  have 

produced quenched spectra for F2, C1 2'  C1F, Id, IF, BrF, 

BrCl and IBr and analysed them on the assumption that, as 

with Br  and I2  at high pressure the D' - A' system 

dominates. Their analyses and calculations seem to indicate 

that the assumption of the D' + A' transition dominating the 

fluorescence spectrum is correct. 

In this thesis rate data for the quenching of 

population from highly vibrationally excited ion-pair states 

of Br2  and IBr will be presented. In both cases, with an 

inert gas as the quencher, the population seems to be 

transfered to the D' state giving rise to the D' + A' 

transition. This is to be expected with the D' state being 

the least energetic of the ion-pair states. This is the 

first time such rate data has been measured for the Br2(K) 

state or-the IBr(D) state. 

Similar quenching rates for I2  (DO) have been 

published by Donovan et al (8) 
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CHAPTER •2 

Experimental Details 
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2.1 	General 

In all the fluorescence experiments the excitation 

source and the detection equipment were set at right 

angles to each other as shown in Figure 2.1, which shows 

the general layout of laser fluorescence experiments. 

In this chapter the properties of the various pieces of 

equipment that fit into the "boxes" in Figure 2.1 are 

described. The experimental set-up for recording the 

absorption spectra at the S.E.R.C. Synchrotron Radiation 

Source at Daresbury is also described. 

2.2 	F 2_Lasers 

Two lasers were used for operating on the F2  

transition, the first was a Lambda Physik ENG200 and the 

second an Oxford Lasers KX2 Multigas Excimer Laser. The 

F2  laser transition occurs at a wavelength of 157.8 nm 

(AX < 0.05 nm) and is thus in the vacuum ultra- 

violet region of the spectrum. With. 	the 	 Lambda 

Physik laser the beam path was purged with a flow of 

oxygen free nitrogen from a B.O.C. cylinder for about 

20 minutes before use and during use. Whereas with 	- the 

Oxford laser system the beam path was evacuated. 

The pulse energy of the Oxford Laser was "u40 mJ 

while the average pulse energy of the Lambda Physik laser, 

as set up, was <5 mJ. For both systems the pulse life-

time was 6 ns. 
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Figure 2.1 	A diagram showing the experimental lay- 

out of all laser induced fluorescence 

experiments described. 
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2.3 	Broad Band ArF Laser 

(Lambda Physik EMG200 and EMG500) 

When operating on the ArF laser transition (X = 

193 nm), the Lambda Physik EMG200 gave out pulses of 

'\400 mJ energy and 14 ns duration. In the experiments 

which are described here the laser beam was not focussed 

but it was passed through an iris of 10 mm diameter so 

that only the central portion of the 15 mm high x 32 mm 

wide output beam was used. The spectral distribution of 

the laser output is shown in Figure 2.2. The beam path 

was open to the atmosphere causing the minima in the 

spectrum. These minima were due to absorption by oxygen. 

The EMG500 had similar characteristics to the EMG200 

but gave much less energy per pulse. After passing the 

beam through a 10 nun diameter iris its 	energy was 

found to be typically 2 mJ per pulse. The other major 

difference was that the output beam dimensions were 32 mm 

high x 15 mm wide. The spectral profile of the laser 

was the same as that of the EMG200. 

2.4 	Line Narrowed ArF Laser 

(Lambda Physik EMG150) 

The Lambda Physik EMG150 laser operates by firing one 

laser (the oscillator) into another laser cavity (the 

amplifier). This technique is known as injection locking. 



Intensity 

192 	 193 	 194 
Wavelength/nm 

Figure 2.2 The spectral profile of the output from a normal 

(not line-narrowed) ArF laser. 
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The oscillator- , which is a slightly modified Lambda 

Physik EMG100 laser, consists of a cavity with a stable 

resonator and, to alter the gain characteristics of 

the cavity leading to the spectral line narrowing, a set 

of expansion prisms and a grating. The oscillator output 

is fired into the amplifier cavity which is basically 

a Lambda Physik EMG200 laser with unstable resonator 

optics leading to triple pass amplification and beam 

expansion. 

As used, the laser gave a usable pulse energy of 

'1O mJ in a pulse of '20 ns duration. The output of the 

EMG150 was tunable across the gain profile of a normal ArF 

laser (Figure 2.2) giving a narrow line of less than 

10 cm 1  bandwidth. The locking efficiency of the system 

was usually greater than 85%. The spectral profile of 

a typical laser output is shown in Figure 2.3. 

2.5 	Scanning Monochromator/Photomultiplier 

Detection System 

In experiments which used a scanning monochromator/ 

photomultiplier combination the monochromator was a McKee-

Pederson MP1018B monochromator with a dispersion of 

2 nm/mm. A slit width of 120 4m was typically used giving 

a spectral resolution of 0.24 nm. The photomultiplier 

tube used was an EMI 9661B photomultiplier run at 101OV, 

the signal from which was sent to an ORTEC-Erookdeal 

Linear Gate model 9415 and then on to a chart recorder. 

This system was usually used with the Lambda Physik EMG500 

laser operating at 2 Hz and with linear gate set for a time 

constant of 3 S. 
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Figure 2.3 The spectral profile of the output from a line 

narrowed ArF laser (Lambda Physik EMG150). 
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2.6 	The Optical Multichannel Analyser (O.M.A.)/ 

Polychromator Detection System 

In this combination the sample fluorescence was 

observed at right angles to the laser excitation and was 

dispersed with a Jobin-Yvon (HRS 2) 0.3 m polychromator 

(nionochromator withexit slit removed) with inter-

changeable gratings to give low ( 11,2.6 nm) and medium 

00.35 nm) resolution spectra. The O.M.A. detection head 

was placed over the exit aperture of the polychromator. 

The detector consists of a row of equally spaced photo-

sensitive diodes. A histogram of the amount of light 

detected by each diode against the diode position then 

produces the spectrum. To a first approximation, the width 

of each diode element will have the same effect on 

resolution as the exit slitwidth of a monochromator. In 

using the Optical Multichannel Analyser system (EG&G PAR 

ONAII) two different detector heads were used. One 

detector, referred to as a vidico.n detector (type 1254 SIT) 

was used for work above 400 nm as it has a poor response 

much below this wavelength. For wider spectral coverage, 

a second detector, referred to as a diode array detector 

(type 1420) was used. Each detector was run by its 

own, dedicated, microprocessor controller, with in turn, a 

microcomputer controlling it and recording and analysing 

the spectra produced. After recording each spectrum, a 

second spectrum was recorded with the excitation source 

blocked. This acted as a background and took account of 
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the "dark current" from each diode. The background 

spectrum was then subtracted  from the real spectrum on 

the microcomputer. It is these background subtracted 

spectra that are reproduced as figures and were used 

for analysis. The exact conditions used for recording 

each spectrum are given in the figure captions. 

2.7 	The Synchrotron Radiation Source (S.R.S.) 

The Synchrotron Radiation Source (S.R.S.) at the 

S.E.R.C. Daresbury Laboratory produces light by accelerating 

electrons around a storage ring. In,the Daresbury S.R.S., 

electrons normally circulate round the storage ring in 

160 discrete bunches of 3.6 cm length, which corresponds 

to a light pulse of ov120 PS duration. The time between 

bunches is normally 2.0 ns. If the S.R.S. is being 

used for time resolved work, it is possible for it to be 

filled with only one electron bunch circulating to provide 

a 120 ps light pulse every 320 ns. This is known as the 

"single bunch mode" of operation. Light is collected from 

the S.R.S. at various ports at the magnets that form the 

storage ring. For the absorption work described in this 

thesis, port VUV3 was used while for all other work 

carried out at the S.R.S. port HAl2 was used. 

2.8 The Absorption Spectra from Port VUV3 

In these experiments the synchrotron radiation was 

dispersed using a McPherson 5m monochromator. The 

dispersion of the instrument was 0.16 nm/mm. The mono- 



- 38 - 

chromatic light was then shone through a cell of 10 cm 

path length with LiF front and back windows. The rear 

face of the exit window was coated with sodium salicylate, 

the fluorescence from which was detected by a photo-

multiplier. The output from the photomultiplier was fed 

into a current integrator. The output of the current 

integrator along with the wavelength setting of the mono-

chromator were recorded by a microcomputer (PDP 11/04) 

before being transferred with the rest of the data points 

of the spectrum to an AS7000 mainframe computer for analysis. 

The microcomputer controlled the stepping of the mono-

chromator grating as well as the data collection. The 

sample cell was filled from a conventional gas line. 

Typical conditions for the S.R.S.during these experiments 

were a beam energy of 1.8 GeV and a current of 180 mA. 

During these experiments, the S.R.S. was always run in 

multi-bunch mode. 

The monochromator was, initially calibrated using the 

Schumann-Runge bands of 02 and also from the known Rydberg 

absorption bands in the halogen absorption spectra. To 

show the best resolution achievable with the instrument an 

absorption spectrum of the 8,0 Schumann-Runge system is 

presented as Figure 2.4. Also shown, as Figure 2.5, is 

the "absorption" spectrum taken with the sample cell 

empty. This is to show how the sensitivity of the 

system varies across the spectrum. 
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Figure 2.4 	The 8,0 Schumann-Runge absorption of 02, recorded under 

a resolution of 0.004 nm. The scale reads high by 2.8 
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Figure 2.5 	The absorption spectrum of an evacuated cell to 

show the response of the instrumentation 
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2.9 Time Resolved Measurements at the S.R.S. 

For these experiments the S.R.S. was operated in 

single bunch mode as described above. The synchrotron 

radiation was dispersed by a Spex 1500 SP Czerny-Turner 

monochromator to give an excitation wavelength of 188 nm 

with a bandpass of 3 nm. This radiation was then used to 

excite samples of IBr contained in a standard 1 cm  

Spectrosil fluorescence cell fitted with a greaseless 

tap (to enable filling from a standard vacuum line). 

The fluorescence collected at right angles to the excitation 

beam from the IBr sample was then passed through an 

LF30 filter (A > 300 nm) and detected by a Mullard 

XP2020Q photomultiplier. The fluorescence lifetime was 

determined by measuring many times the interval between the 

photomultiplier pulse (after constant fraction 

discrimination) and the zero time reference signal from 

the strip line on the storage ring, using a time to 

amplitude converter (TAC). Output pulses from the TAC 

were accumulated in a multichannel analyser. The lifetime 

spectra were recorded locally on a PDP11/04 and also 

transferred to the AS7000 mainframe computer for analysis. 

A schematic diagram of the experimental set-up is shown 

as Figure 2.6. This time resolved work was carried out 

in collaboration with my colleague, Mr. G. Gilbert. 
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2.10 Description of Cells used in Experiments 

The standard cell used for the ArF laser induced 

fluorescence experiments was an all-quartz cell. This 

consisted of a hollow cylinder of Spectrosil quartz 100 mm 

long and 10 mm in diameter. Two Spectrosil windows (10 nun 

diameter) had been fused onto the ends of the cell. 

A "Young's Greaseless" tap was attached to the cell 

through a 310 size ground glass joint using black wax. 

The cell was filled from a standard vacuum line using this 

tap. 

The cell used for F2  laser induced experiments was a 

Pyrex cylinder (100 mm long, 10 mm diameter) with a 

"Young's Greaseless" tap fused half way, down the cell. 

An opening had been blown 15 nun from the front of the cell 

so that a 15 mm diameter side window could be fixed in place. 

A MgF2  window (10 mm diameter) was black waxed onto the 

front of the cell. A 10 mm Spectrosil window was black 

waxed onto the rear of the cell. The observation .window 

was a 15 mm diameter Spectrosil quartz window attached to 

the side of the cell using black wax. 

For the experiments involving work with a spectro-

fluorimeter or time resolved experiments using the 

Synchrotron Radiation Source, the cell used was a standard 

1 cm  Spectrosil fluorescence cell with a "Young's Greaseless" 

tap fitted with black wax. This allowed gas handling 

using a conventional vacuum line. 
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Finally, the cell used in the absorption experiments 

using the Synchrotron at Daresbury consisted of a Pyrex 

cylinder 100 mm long and 10 mm in diameter with a "Young's 

Greaseless" tap fused on to allow gas handling. 

10 mm diameter MgF2  windows were attached at either end 

of the cell using Araldite. The rear surface of the exit 

window was coated with sodium salicylate to a surface 

density of 2 mg cm- 2. 

2.11 Materials Used 

The iodine used was Analar quality 12  (99.9% pure), 

supplied by BDH Ltd., and was thoroughly de-gassed before 

use. The bromine used was S.L.R. quality Br  (99% pure) 

supplied by Fisons Ltd. This was transferred to a vacuum 

line and the middle boiling fraction of the sample was then 

transferred to a sample tube for later use. The sample 

of Br  used was thoroughly de-assed before use. 

The IBr used in the experiments described in this 

thesis was made by mixing equimolar amounts of the 12 

and Br  described above in a 1 dm 3  evacuated glass 

(Pyrex) bulb. The mixture was left for several days in 

order to reach complete equilibrium. Again this sample 

was thoroughly de-gassed before use. 

The gases used for the quenching experiments were 

as follows: 
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B.O.C. spectroscopic grade xenon, B.O.C. high purity 

grade argon, B.O.C. white spot grade nitrogen, B.O.C. 

research grade helium and Matheson C.-P. Grade sulphur 

hexafluoride. All gases that could be condensed by 

liquid nitrogen were de-gassed before use. 

2.12 	Reference 

(1) 	H. Pummer, K. Hohia, M. Diegelmann and J.P. Reilly, 

Opt.Commun., 28 (1979), 104. 
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CHAPTER 3 

The Simulation of Oscillatory Spectra 
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3.1 	Introduction 

In general, there are three approaches to extracting 

information on potential curves from experimental spectra. 

These are: analytical approximations to U(r) that lead to 

a solution in a closed form (e.g. the harmonic oscillator 

potential), unfolding or transform techniques and direct 

spectral simulation. In the present case, it should be 

possible to derive an approximate formula that connects the 

spacing of the high frequency peaks in an oscillatory 

fluorescence spectrum with the slope of the difference 

potential or a formula to connect the spacing of the low 

frequency structure (supernumerary rainbows) with the 

curvature of the difference potential. However, such 

formulae would only be approximate and would in any case have 

to be checked by direct simulation. Therefore it was 

decided that the method of direct simulation would be used 

with such formulae only occurring implicitly in the choice 

of trial potentials. 

In calculating oscillatory spectra by direct 

simulation, both the upper and lower potentials need to 

be input to the simulation programme. In general one of 

the potentials is well known while the other is merely a 

guess. The result of the calculation is then compared to 

the original experimental spectrum and alterations are 

judiciously made to the trial potential. This process is 

followed iteratively until the calculated spectrum resembles 

the experimental spectrum sufficiently for the trial 
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potential to be a reasonable representation of the actual 

molecular potential involved. Once all the peaks in the 

calculated fluorescence spectrum have been fixed, the 

general intensity envelope of the spectrum is altered to 

fit the experimental data by the use of the transition 

dipole moment function, 4 12(r). It is this process of 

altering the trial potentials and p12(r), and in 

particular how it was used in the case of halogen ion-pair 

state fluorescence, that is described in this chapter, 

rather than the workings of the simulation programme 

itself. An annotated copy of the simulation programme 

appears as Appendix 1. The programme was originally 

written by K.P. Lawley 1  and has been only slightly 

modified in the last three years. A description of 

the programme can be found in reference 1. 

3.2 	Double Frequency (Interference) Type Spectra 

The McLennan bands of 12  and the similar fluorescence 

system from Br2  were analysed in order to obtain 

information on the bound ion-pair state from which the 

fluorescence originated. That is, in analysing the double 

frequency type of oscillatory spectra, the ground state 

was known and the upper state had to be determined. In 

the absence of any information on the upper state other 

than the fluorescence spectrum, the method outlined below 

would be recommended, although it was not the only method 

used in the three years of research on which this thesis 

is based. 
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Two properties of the difference potential have the 

most effect on the appearance of the fluorescence spectrum: 

the position and curvature of the maximum of the •difference 

potential. These two properties should be fixed first. 

The energy at which the rainbow point occurs mainly 

affects the position of the long wavelength maximum in the 

fluorescence spectrum, while the 6urvature at this 

point has most effect on the spacing of the peaks of the 

fluorescence spectrum. The energy of the rainbow point is 

easy to calculate and is found by subtracting the energy 

of a photon emitted at the long wavelength fluorescence 

maximum from the energy of the excitation photon. The 

curvature of the difference potential at the rainbow 

point has to be found by trial and error. 

The procedure for this is as follows: First, choose 

the bondlength at which the rainbow point is likely to 

occur - it is not important to guess this very accurately 

but a good guess will help later on. A value of the re 

of the D state of the molecule concerned plus '\0.3 

would be reasonable. The position of the rainbow point 

should then be fixed using the position of the long 

wavelength fluorescence maximum of the spectrum, and a 

value for the curvature of the difference potential at 

this point should be guessed. Since, by definition, the 

gradient of the difference potential at the rainbow 

point is zero, this process fixes three pieces of 

information on the difference potential and, because the 

ground state is known, on the upper potential as well. 
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These three pieces of information can be used to 

determine the three unknown constants in the Rittner 

potential (equation 3.1), A, b and C3. The mathematics 

of this is described later. The potential so determined 

U(r) = A exp(-br) - C1 / + C3/r3 - C4 /r4 	C6/r6 ~ 

(3.1) 

is used as the first trial upper state in the simulation 

procedures. This process is repeated with various 

curvatures until the best trial potential is found. In 

general, the greater the curvature of the difference 

potential, the greater is the spacing of the peaks in the 

calculated spectrum. Using this rule the best value for 

the curvature of the difference potential can be found 

quite easily. Once the best guess at the curvature of 

the difference potential has been found and the energy of 

the rainbow point fixed, the next stage is to shift the 

bondlength at which the rainbow point occurs in order to 

improve the fit of the calculated spectrum to the 

experimental spectrum, keeping the energy of the rainbow 

point and the curvature constant. The first stage of this 

process should simulate the last group of peaks in the 

experimental spectrum fairly well while the last stage should 

extend the fit to shorter fluorescence wavelengths. Once 

the best bondlength for the rainbow point has been found 

the curvature should then be re-examined. This process should 

be carried out iteratively until a satisfactory fit to the 

original experimental spectrum has been obtained. 
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As this point, the transition dipole moment function, 

412 (r), should be introduced. The computer programme 

which calculates the spectra only allows 412(r) to be an 

exponential function, i.e. exp(-ctr). Therefore, the final 

stage in simulating an experimental spectrum is to try 

various values of c. to find the best 4 12(r). A flow 

diagram of the above is presented as Figure 3.1 as a 

summary of the method of simulation described above. 

The mathematics for calculating the Rittner potential 

from the position and curvature of the rainbow point 

in the difference potential will now be described. 

In forming the Rittner potential it is important that 

the point at which the fitting is carried out contains 

information on A, b and C3. That is, the point must not 

be at a bondlength sufficiently large that A exp(-br) 

is negligible or sufficiently small that A exp(-br) 

totally dominates C3. In practice, this condition rarely 

prevents values being obtained for A, b or C3  but does 

mean that the physical interpretation of the value of the 

term C3  is suspect. This is because, typically, the C3  

term never contributes more than n,5% to the binding 

energy of the upper state so that this method will only 

fix its value with poor precision. Also the values for all 

the coefficients are only appropriate to the particular 

functional form chosen for U2(r). Thus, if a potential 

with switching functions were chosen the importance of 

the term C3  would vary with bondlength. However, even if 

I 
I 

"Dyn 
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START 

Set bondlength of Rainbow point 

Calculate energy of Rainbow point and hence 

U2(r) and 
dU2(r)
dr 

Choose curvature of difference potential and 

hence 
dr 

Calculate spectrum and compare with experiment 

Once best fit has been found, check bondlength 
chosen 

Vary a in transition dipole moment function 
412(r) = expr 

Calculate spectrum and compare with experiment 

STOP 

!e 3.1 A schematic of the simulation process for 

finding the upper State of a two frequency 

type of oscillatory emission 
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the value found for C3  does not agree with the strength 

of the charge-quadrupole interaction for the ions 

concerned, the combination of values for A, b and C3  

does fix the potential properly at the point of interest 

and the Rittner potential does extrapolate properly to the 

dissociation limit of the ion-pair states. The values of 

A, b and C3  are found as follows: 

U2  (r)= A exp(-br) - 
Cur + C3 /r3 - C4/r4 - C6/ r6 + T 	(3.1) 

dU2(r) - 

dr 	-Ab exp(-br) + C1/r2 - 3C
314  + 4C41 	+ 6C617  

(3.2) 

d2U2(r) = Ab 2  exp(-br) - 2C1 /r3+ 12C3 /r5 	20C4/r6 - 42C6
/8  

dr2  
(3.3) 

Collecting known terms together in equations 3.1, 3.2 

and 3.3: 

A exp(-br) + C3 /r3 = K(r) = 02(r) + Cu r  + C4 /r4 + C6 /r6 - T 

(3.4) 

-Ab exp(-br) - 3C3 /r4 = L(r) = du2(r) 
	

Ci/r2 - 4C4 /r5 - 6C6 /r7 
dr 

(3.5) 

Ab2  exp(-br) + 12C3 /r5 = M(r) 	
d2U2(r) + 

2C1/r3 + 20C4 /r6 
dr2  

+ 	42C6, 
r8 	(3.6) 

From equations 3.4 and 3.5: 
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C3  = [K(r) - A exp(- br)].r3  = 4[L(r) + Ab exp(-br)]•r4  

(3.7) 

=> A = [K(r) + L(r)-r]/{[1 - br] [exp(-br)1} 	 (3.6) 

Again from equations 3.4 and 3.5: 

A = EK(r) - C3/r31/[exp(_br)] = -[L(r) + 3C31 4]/[b exp(-br)] 

(3.9) 

b 	= 	-(L(r) + 3C3/4l/[K() - C3/ r3] 	 (3.10) 

and combining equations 3.5 and 3.6: 

A = -[L(r) + 3C3/r4]/[b exp(-br)] = [M(r) - 12C3/ r5l/ 

	

Lb 
2 exp(-br)] 	(3.11) 

b = -[M(r) - 12C3, 5]/(L(r) + 3C3141 	 (3.12) 

Combining equations 3.10 and 3.12 gives: 

b = -{L(r) + 3C3/r41/EK(r) - C3/r3] = -[M(r) 	12C3/5]/ 

	

[L(r) + 3C3/ r41 	(3.13) 

> 	3C3 2 'r8 - C3[12K(r)/r5  + 6L(r)/r4  + M(r)/r3] 

+ M(r)K(r) - L2(r) 	= 0 	(3.14) 
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The final step is to solve equation 3.14 as a quadratic 

equation in C3. 

ctC32  + C3  +y = 0 
	

(3.15) 

where 

= 3/r8; 	= -(12K(r)/r5  + 6L(r)/r4  + M(r)/r3]; 

y = M(r)K(r) - L2(r) 

Solving equation 3.15 and substitution back through 

equations 3.10 and 3.8, gives values of A, b and C3  if a 

point on a Rittner potential and the first two derivatives 

at that point are known. These are trivial to calculate 

from a knowledge of the.difference potential and U1  (r). 

3.3 Single Frequency (Reflection) Type Spectra 

In analysing these spectra it is the upper state 

that is known and the lower state that has to be found. The 

lower states of 12  and Br  were found in the following way. 

It was assumed that the lower state was purely repulsive 

and in the two cases analysed dissociated to two ground 

state halogen atoms (e.g. 1 2  P 3 /2 + 1 2 P 3 /2 ) and the 

analysis involved fitting the potential to a sum of 

exponential terms Aexp(-br). The spectrum was analysed 

by extending the fit from the long wavelength fluorescence 

limit to shorter wavelengths as far as the experimental 

spectrum would allow. 
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The first step in the simulation process was to find 

U1  (r) at the bondlength corresponding to the inner turning-

point of the upper state which was relatively easy 

because at this point the molecule in the upper state 

possesses no kinetic energy. U1  (r), where r is the inner 

turning-point of the upper state, was found by subtracting 

the energy of a photon emitted at the long wavelength 

fluorescence limit from the energy of the photon used to 

excite the system. Once this point had been fixed, the 

process used to fit the rest of the spectrum was one of 

trial and error. Initially, a single exponential (equation 

3.16) was used. 	 - 

U1(r) 	= A exp(-br) 	+ De 	 (3.16) 

This exponential was fitted to the first few peaks of the 

fluorescence spectrum by systematically altering the slope 

of this potential at the reference point calculated 

above. Only the peak positions were fitted, with no effort 

having been put into matching peak intensities. It was 

relatively easy to iterate to the correct slope as the 

effect of steepening the slope increased the spacings 

between peaks on the calculated spectrum. Once the 

calculated spectrum fitted the experimental spectrum over 

the first few peaks, it was necessary to calculate the 

bondlength range over which U1  (r) was valid. This was best 

done by determining the fluorescence wavelength at which 

the calculated spectrum began to deviate from the 

experimental spectrum and then the point on the classical 



- 57 - 

difference potential at which this fluorescence landed and 

the corresponding point on U1  (r). This last point on the single 

exponential potential was used as the first point of an 

exponential extension to the potential. The original 

potential was kept intact up to this point, at which the 

second exponential section was added. The slope of this 

second exponential was systematically varied until the 

positions of the next few peaks in the experimental 

fluorescence spectrum were properly fitted. The next 

step in this process was to find the last point at which 

this new U1  (r) was valid. In general, a third or 

fourth extension to the lower potential may be necessary 

until the complete experimental fluorescence spectrum 

has been successfully simulated. At this stage, U1  (r) 

was not a smooth function. In order to make U. (r) smooth, 

it was fitted to a sum of exponential decays (equation 3.17), 

using as few exponentials as possible; i.e. N was kept 

as small as possible as was consistent with obtaining a good 

fit. 

U1  (r) 	
= > 	

(Aexp(-b.r)] 	+ De 	 (3.17) 

Once a smooth lower potential was found, effort was put into 

finding the transition dipole moment function, 

As with the case of a double frequency type of oscillatory 

spectrum, the computer programme used only allows 4 12(r) 

to be of the form exp(-ctr) so that finding the best value 

of ci. was simply a matter of systematically varying c. until 
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the best fit of peak intensities was obtained. Increasing 

the value of c makes the fluorescence spectrum die away 

more rapidly as one moves towards shorter fluorescence 

wavelengths. A schematic of this simulation process 

is presented as Figure 3.2. 

The spectra studied involved transitions from an 

ion-pair state to a valence state. At large internuclear 

separations, the transition dipole moment function must 

tend to zero as such transitions involve a large electron 

jump from the negative ion to the positive ion. As the 

electron cloud overlap decreases exponentially as the two 

nuclei separate, 4 12(r) should also decrease exponentially 

with r, at least for all but very short bondlengths. For 

this reason it was decided to introduce 412(r) into the 

simulation programme as a simple exponential decay. This 

function worked well for the two spectra of iodine 

simulated. 

In the case of a single frequency type of oscillatory 

spectrum p.1 (r) can be found in a more general form by 

using the r-centroid approximation. The r-centroid 

approximation states that,as 4 12(r) is a slowly varying 

function of r, it may be taken out of the integral 

< X1  I 412 1 x2 >2 and replaced by the nearly constant 

value it possesses in the small bondlength region where 

this integral accumulates (see Chapter 1 for a fuller 

discussion of this). In other words, 412(r) may be replaced 

by its value at the classical point of transition. In 

practice this means finding the points on the classical 
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START 

Calculate point on U1  (r) corresponding to 
inner turning-point of U(r) 

Vary slope of U1 (r) and fit to exponential 
potential U1(r) = A exp(-br) + De 

Calculate spectrum and compare first few 
peaks with experiment 

Calculate last valid point on previous 
Potential, use this as fixed point for 
joining new exponential of form A2exp(-b2r) 
onto old potential at this point 

Vary slope of new section of U1 (r) keeping 
previously found valid portions of Ui (r) 
unchanged 

Calculate spectrum and compare with 
experiment 

If more peaks are still to be fitted, 
calculate last valid point on potential and 
proceed as before 

Fit segmented potential to smooth potential 
of the form U1(r) = (ZAiexp(bjr)) 

i=1 

Vary a in transition dipole moment function 
= exp(-czr) 

Calculate spectrum and compare with 
experiment 

Figure 3.2 A schematic of the simulation process for 

finding the lower state involved in a single 

frequency oscillatory continuum emission 



difference potential where fluorescence from each peak 

lands and setting 4 12(r) at each point to correct the 

calculated fluorescence intensity. This, with inter-

polation between the points, should lead to a smooth, 

slowly varying function for 4 12(r). More explicitly, 

this process is carried out as follows. 

Suppose an experimental spectrum, IE(\)),  is simulated 

using a constant for 412  (r), giving as a result a 

simulated spectrum 15(v). If the peaks occuring in the 

spectrum are numbered from i = 0, N and if both the spectra 

are normalised to the intensity of the first peak (i = 0) 

then equation 3.18 can be used. This equation states that 

the ratio of the value of 412  (r) at the classical point of 

(1) 
12 (r)/12(r0)  = (IE(v(r))/IS(v(r))) 	(3.18) 

transition giving rise to peak 0 and the value of 12 

used to obtain the first simulated spectrum I (v) 

is equal to the square root of the ratio of the intensity of 

peak i in the experimental spectrum and the intensity of 

peak i in the simulated spectrum. In this way, 412(1)  (ri) 

can be calculated for all the peaks in the experimental 

spectrum. These ,12(1)  (r.) can then be fitted to a smooth 

function 4 12 	(r), which can be inserted in the simulation 

programme to obtain 	This process can be repeated 

using the recurrence relation of equation 3.19 to further 

refine 
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12 (j+1) 	 (ri) (3.19) 

If the peak positions in the simulated spectrum 

shift as each improved 4 12 	(r) is used, then 4 12(r) is 

classified as a rapidly varying function of r. In this 

case the potential parameters originally derived will have 

to be re-optimised to bring the simulated peak positions 

back into alignment with the experimental peak positions 

each time an improved 4 12 	(r) is used. This will slow 

down the rate of convergence of the iteration. 

3.4 Reference 

(1) 	K.P. Lawley and R. Wheeler, J.Chem.Soc., Faraday 

Trans. II, 77 (1981), 1133. 
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CHAPTER 4 

The Spectroscopy of I2D(o) 
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4.1 	Introduction 

Iodine is the best studied of all the halogens: 

in fact, there is experimental information on nine of the 

twelve ion-pair states of 12  that diabatically dissociate 

to 1(1S) + I(3P210) while calculated parameters are 

quoted in the literature for all twelve states. The 

present position has been summarised by Viswanathan 

and Tellinghuisen ML A table taken from their paper is 

presented here,, with minor alterations, as Table 4.1. In 

this table, Tellinghuisen's more recent analysis (2) of the 

D(O ) state of I has been substituted for his earlier 

analysis(3) The results described in this chapter have 

been added to the table. 

Recently, Ishiwata et al (4) have analysed one of the 

ion-pair states of 12  diabatically dissociating to I(1 S) 

and I('D). This state, the F'(0) state , has a Te  of 

51707 cm 1  which, as expected, is higher than the T   s 

of the states described in Table 4.1. The We  value of the 

F'  (0) state is 131 cm which is approximately 30% 

higher than for the ion-pair states dissociating to I(1 S) + 

I(3P210). An equilibrium bond distance of 3.48 

is given in the paper. 

To obtain the information in Table 4.1 the 

experimenters used either high resolution tunable dye 

lasers or high resolution spectrographs, whereas the 

techniques used for the present work require neither a 
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very narrow bandwidth of excitation to probe the excited 

state nor high resolution dispersion of the resulting 

fluorescence. In the work described here a high vibrational 

level (v' = 144) of the I2  D(0+)state was excited by the 

absorption of a single ultra-violet photon and the 

resulting fluorescence spectra were recorded with a 

resolution of a few angstroms.. The D-X portion of the 

fluorescence spectrum was then inverted to produce a 

Rittner type of potential for the D(0) state. It is 

the spectroscopic constants which were derived from 

this potential that are presented in Table 4.1. A second 

fluorescence system was also analysed and inverted. This 

produced a repulsive lower state. Some of the preliminary 

work carried out for this chapter has previously. been 

published(5). 

4.2 	Experimental 

The experimental set-up to produce the laser induced 

fluorescence spectra was of standard design, with 

fluorescence being observed at right angles to the 

excitation beam (see Figure 2.1). Work done at Edinburgh 

used a Lambda Physik EMG500 laser, filled to operate on 

the ArF transition (193 nm), as the excitation source. 

Signal detection was achieved by using a scanning McKee 

Pederson 0.5 m monochromator with photomultiplier 

(EMI 9661B) 
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Table 4.1 (adapted from reference 1) 

Summary of experimentally known ion-pair states 

of 12 which diabatically dissociate to 

I(S) + I(3P211 o 	Theoretically, predicted 

spectroscopic constants for these states are also 

included. 

R / T /cm-1  1cm 1  e Ref. 
State e 

Experiment/theory 
e 

Experiment/theory Experiment/theory 

(15 (15)  

corresponding to I(1S) 	+ I(3P2) 

D' 	2 3.61 3.61 40388 41950 104.0 101.8 6,7 
g 

3.61 3.60 40821 42400 105.0 102.6 8 
1g 

D 0 3.60 3.60 41027 42600 95.0 96.3 2 
U 

E O 3.65 3.63 41412 42700 101.4 101.5 9,8 
g 

Y 1 3.68 3.68 41621 43050 95.0 95.1 10 

'u4.0 3.77 41789 43050 100.2 97.8 10 

corresponding to i(1S) 	+ i(3P10) 

f 0 3.57 3.62 47026 48550 104.2 102.9 11 
g 

g 0 - 3.61 47070 48950 105.7 101.5 1 
g 

F 0 3.59 3.73 47218 49450 96.0 89.9 12,13 

G 1 3.53 3.61 47559 49700 106.6 103.6 14 
g 

0 3.79 50100 99.4 
U 

1 3.69 50100 102.6 
U 

Results from this chapter for I 	DO 2 u 

D 0 3.56 41011 98.8 
U 



At the S.E.R.C. Rutherford Appleton Laboratory the 

excitation source was a line narrowed ArF laser (Lambda 

Physik EMG150) giving a linewidth of only a few wave-

numbers (<10 cm- 1 ). The fluorescence signal was dispersed 

using a Jobin-Yvon 0.3 m monochromator equipped with a 

medium resolution grating to give 0.3 nm F.W.H.M. 

resolution. The detection system used was an optical 

multichannel analyser (EG & G/PAR OMA II) fitted with 

an intensified diode array head. The recorded spectra were 

the result of accumulating the fluorescence produced 

from several laser shots directly on the diode array 

head. The figure captions will state the exact conditions 

used. 

A Perkin-Elmer 650-40 spectrofluorimeter, on loan 

from the S.E.R.C. Daresbury Laboratory, was also used to 

obtain fluorescence spectra. To obtain excitation 

below 200 nm, the excitation monochromator had to be 

used in 2nd order. A 250 nm cut-off filter was used to 

prevent scattered light from the excitation source 

reaching the detection photomultiplier. Light from the 

excitation source passing through the excitation mono-

chromator in 1st order (i.e. light with X '\400 nm) could 

not be filtered out. The excitation source was blocked 

while the detector scanned these 1st order wavelengths 

in order to protect the detection photomultiplier from 

scattered light, leading to the gaps in the fluorescence 

spectra shown in Figure 4.9. The iodine sample'was 

contained in a standard 1 cm  quartz spectrofluorimeter 

cell fitted with a greaseless tap. 
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Absorption spectra of 12  were obtained using the 

S.E.R.C. synchrotron radiation source at Daresbury in 

conjunction with a McPherson 5 it rrionochromator and a 

standard photomultiplier detector. 

In all cases the iodine sample consisted of a few 

crystals of iodine placed in a cell which was then 

evacuated. Thus all spectra are of iodine vapour at its 

room temperature vapour pressure (27 Nm 2). Further 

experimental details can be found in Chapter 2. 

4.3 	The Absorption Spectrum 

Two absorption spectra of iodine are presented here, 

the first covering the region from 160 nm to 200 nm 

(Figure 4. 1), while the second concentrates on the region 

between 180 nm and 200 nm (Figure 4.2). In Figure 4.1 

one can see ion-pair state absorption running from 178 nm 

out to longer wavelengths, while below 178 nm the spectrum 

consists mainly of Rydberg absorption systems. These 

Rydberg bands have previously been analysed by 

Venkateswarlu 6  and were used for calibration. The 

vibrational spacing measured from Figure 4.2 in the 

region of ArF laser excitation (193 nm) is 55 cm 1  ± 5 cm-

this increases to 60 cm ± 5 cm by 198 nm and decreases 

to 48 cm 1  ± 5 cm 1  by 188 nm. The close vibrational 

spacing observed and the relatively slow rate of 

convergence of these levels is indicative of ion-pair 

state absorption. This is a consequence of the ion-pair 
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Figure 4.1 	Absorption spectrum of 12  (27 Nm 2) showing both Rydberg absorption 

(165 - 177 nm) and ion-pair absorption (177 - 200 nm). The Rydberg 

bands were used to calibrate the spectrum, it being found that the 

scale reads high by 2.8 5. The spectrum was recorded with a 

resolution of 0.06 nm. 
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Figure 4.2 	Absorption spectrum of 12  (27 Nm 2) showing ion-pair 

absorption. The scale reads high by 2.8 R. The 
spectrum was recorded with a resolution of 0.04 nm. 

I 
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potential being dominated by the long range r term 

as opposed to the r 5  or r 6  terms normally expected to 

dominate valence state potentials. 

The absorption structure appears simple between 180 nm 

and 184 nm but then becomes complex between 184 nm and 

188 nm. After 188 nm the absorption spectrum again 

simplifies, remaining simple until 197 nm. Between 197 nm 

and 200 nm the spectrum once more appears complex, while 

beyond 200 nm the spectrum is again simple. A possible 

explanation for this is that the regions where the 

absorption spectrum appears simple correspond to regions 

where the absorption is dominantly from a single 

vibrational level in the ground state. In regions where 

the spectrum appears complex the absorption is from two 

vibrational levels of the ground state. Because part of 

the ion-pair state absorption is obscured by the stronger 

Rydberg absorption system the assignment of the v'' 

levels involved cannot be certain. One possible assignment 

is absorption between 180 nm and 184 nm is from v'' = 1, 

absorption between 188 nm and 197 nm-is from v'' = 0 and 

absorption above 200 nm is again from v'' = 1. However 

a second possible assignment is that absorption between 

180 nm and 184 nm is from v'' = 0, absorption between 

188 nm and 197 nm is from v'' = 1 and absorption above 

200 nm is from v''  = 2. Both these assignments are 

possible as, at room temperature approximately 30% of 

the molecules in a sample of 12  vapour will posses 

one quantum of vibrational energy while approximately 10% 

will possess two quanta of vibrational energy. 
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4.4 	Results 

Figure 4.3 is a low resolution fluorescence spectrum 

of iodine, excited at 193 nm, recorded by Martin, 

Donovan and Fotakis 7  and shows the two main fluorescence 

systems with which this chapter is concerned. The 

spectrum was recorded using a standard ArF laser and a 

polychromator/optical multichannel analyse.r combination. 

The first system, peaking at a wavelength of 322 nm, 

consists of fluorescence from the D(O+)  state back to 

both bound and unbound regions of the ground X(o
9
) state. 

All fluorescence with a wavelength below 254 nm must be 

bound-bound fluorescence, while DX fluorescence at 

wavelengths longer than 2 5 4 nm is bound-free oscillatory 

continuum fluorescence. The peaks which make up the long 

wavelength maximum of this fluorescence system, occuring 

at A r.322 nm, are known as the McLennan bands. These 

are shown under higher resolution in Figure 4.4. 

The McLennan bands were simulated in order to fix 

the D(0) state, the resulting simulated spectrum being 

shown as Figure 4.5. The ground state potential of iodine 

used in the simulation was based on the R.K.R. analysis 

(18) of LeRoy 	. The repulsive limb of the potential was 

extended by fitting a curve of the form r 12  to the last 

two points of LeRoy's analysis, while the attractive limb 

was fixed by ensuring that at very large r the gradient 

of the potential was zero and the potential energy was equal 
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Wavelenqth/nm 

Figure 4.3 	Low resolution fluorescence spectrum of iodine excited at 

193 nm (ArF laser-Y, taken from Martin, Donovan and Fotakis(17). 
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X/nm 
Figure 4.4 	Medium resolution fluorescence spectrum of iodine (p 	30 Nm 2) 

excited at 193 nm using a Lambda Physik EMG500 ArF laser. 

The spectrum was recorded using a scanning monochromator and 

photomultiplier combination as the detection system 
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Figure 4.5 	A simulation of the data shown in Figure 4.4 using the Rittner 

potential given in Table 4.2 and a = 0.5 in the transition 

dipole moment function 412(r) = exp(-ctr) 
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to the dissociation energy of 12  (12548 cm- 1 ). More 

precisely a spline interpolation was carried out on the 

R.K.R. 	data points of LeRoy with the extra stipulation 

that the potential must have reached the dissociation limit 

I 	 and have zero gradient at r = 13.0 

The upper D(0) state potential was assumed to be in 

the form of a Rittner potential (equation .3.1). The final 

values of the constants used are given in Table 4.2. 

Table 4.2 The coefficients of the Rittnèr potential for 

the D(0) state of 121  found by the simulation 

of the D+X fluorescence system (the McLennan 

bands). 

Coefficient Value Theoretical form Ref. 

A/cm 1  1.2977 x 	10 7  found from simulation 

0-1 b/A 2.0664 found from simulation 

C1 /cm 1  1.16142 	x 	10 e2 / 4 rrE 0  

C3/cm1 R3 -2.3462 x 	1O 4  found from simulation 

C4  /cm- 	R' 9.0 x 10  ct  e /4r0(_A 	B 19 2 

C6  /cm- 
1 R6 1.4 	x106 2 	AaB WAWB/(WA + w3) 19 

T./cm-  72,161 1 	=P 20 

This potential, with the constants in Table 4.2, yields 

values of 98.8 cm 	for w , 41011.6 cm 1  for T and 

3.565 R for re.  These spectroscopic constants 
seagree well 
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with the values quoted by Tellinghuisen 2  from his analysis 

of emission from the lower vibrational levels of the 

I2D(0) state. Tellinghuisen's results were 

We = 95.0 ± 0.3 cm-  1, T  = 41027.3 ± 0.5 cm 1  and 

re = 3.60 ± 0.03 

The second fluorescence system shown in Figure 4.3, 

peaking at a wavelength of 420 nm, is shown under higher 

resolution in Figure 4.6. Figure 4.7 shows a simulation 

of the spectrum in Figure 4.6. The experimental spectrum 

was recorded using a line-narrowed ArF laser, at the 

S.E.R.C. Rutherford Appleton Laboratory, to ensure that 

only a single vibrational level of I2D(0) was excited. 

This did not change the fluorescence spectrum appreciably 

from that produced by standard (i.e. not line-narrowed) 

ArF laser excitation, implying that "washing in" of peaks, 

due to the excitation of several vibrational levels in the upper 

state, is negligible in "standard" ArF laser induced 

fluorescence spectra. 

The fluorescence, spectrum in Figure 4.6 was judged to 

be a single frequency type of oscillatory continuum. 

Therefore in analysing this spectrum the lowerpotential was 

assumed to be repulsive and sufficiently steep 

that the difference potential produced did not possess 

a maximum. The upper state potential used was that 

described above. The final form of the lower state 

potential used to generate Figure 4.7 consisted of a 

double exponential as no single exponential was found to 



380 	 400 	 420 	 A/nm 

Figure 4.6 	Medium resolution spectrum of 12 (p 30 NM_ 2) recorded by 

averaging 20 shots of a line narrowed ArF laser (Lambda Physik EMG150) 

on an intensified diode array detector connected to an optical 

multichannel analyser. A pyrex filter was used to remove wave-

lengths below 300 nm 
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WAVELENGTH/nm 
Figure 4.7 	A simulation of the spectrum in Figure 4.6. The potentials 

used are described in the text. 
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be adequate. The form of this curve was 

U(r) = 6.744 x 10  exp(-2.300r) + 2.644 x 10 exp(-4.687r) 

+ 	12548.0 where energies are expressed in cm -1  and bond- 

lengths in 

In comparing Figures 4.6 and 4.7, it should be noted 

that no attempt was made to simulate the structure present 

on top of the 420 nm peak of the fluorescence spectrum. 

This is because that structure was assumed to be part of 

another fluorescence system (i.e. not part of the system 

being investigated). If this structure were part of the 

main fluorescence system, the system would possess two 

frequencies of oscillation like the McLennan bands. In 

this case the low frequency structure (peaks at 420 nm, 

403 nm etc.) would be caused by interference between 

fluorescence to two branches of the difference potential 

(remembering that to produce a double frequency, the 

difference potential involved must possess an extremum). 

One would then expect the high frequency structure to 

dominate the spectrum at short wavelengths. This is 

because, as explained in the introduction, the strength of 

the low frequency interference must be reduced as 

transitions to one limb of the difference potential begin 

to dominate over-,those to the other limb (as the two Condon points 

move further apart). On the other hand, there is no 

comparable mechanism by which the high frequency structure 

can fade across the spectrum. The low frequency structure 

would be expected to fade quickly because the transition 

dipole moment function, 4 12(r), must vanish at large r. 



This is so because to make a transition from an ion-pair 

to a valence state the electron must jump a large distance, 

the probability of which must fall off in the same manner 

as the overlap between the two atomic electron distributions 

(i.e. it must fall off exponentially). As can be seen 

from Figure 4.6, the low frequency "structure" is dominant 

at short fluorescence wavelengths, which is the opposite of 

what one would expect. Thus the fluorescence system is 

not a double frequency or McLennan type system but must 

be a simple single frequency type of oscillatory continuum 

with another system superimposed on it at 420 nm. This 

interpretation makes the analysed system look similar to the 

360 nm,F2  (157.8 nm) laser induced,fluorescence system of 

bromine described in Chapter 5. 	This interpretation is 

also backed up by evidence, which is described below, 

obtained from work carried out with the spectrofluorimeter. 

The two distinct types of oscillatory continuum 

behave differently when the wavelength of excitation 

producing them is changed. The position of the long wave-

length maximum (band head) of a double frequency oscillatory 

spectrum like the McLennan bands, would not be expected to 

shift with a change of excitation wavelength. Figure 4.8 

shows McLennan band fluorescence from iodine at a variety 

of excitation wavelengths between 185 nm and 205 nm. 

A single frequency oscillatory spectrum produced by a 

monotonic difference potential, would be expected to change 

as the excitation wavelength is changed. In particular, 

the position of the long wavelength band head of the spectrum, 
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Figure 4.8 The McLennan bands of iodine recorded using various excitation wavelengths as indicated. The 

spectra were recorded on a Perkin Elmer 650-40 spectrofluorimeter using an excitation 

monochromator resolution of 5 nm and an emission monochromator resolution of 0.8 nm. 
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produced by fluorescence from the inner turning-point of 

the upper state, should move to longer wavelengths as the 

excitation wavelength is decreased. Figure 4.9 shows 

that the 420 nm fluorescence system behaves as if it were 

a single frequency type of oscillatory spectrum. 

The nature of the system sitting on top of the 

420 nm fluorescence system of iodine already analysed is 

at present unknown, but Figure 4.9 tends to suggest 

that the position of the system is independent of the 

excitation wavelength producing the fluorescence. This 

implies that it is a double frequency type of oscillatory 

spectrum. Although the peaks of this extra system are 

not quite resolved in Figure 4.9, there is evidence that 

they do not move. The last peak of the analysed system, 

recorded with an excitation wavelength 	of 190 nm, 

seems to have this extra structure superimposed upon it, 

whereas the corresponding peak for X  = 197.5 nm seems to 

be extended to the red, possibly again by the extra system. 

The spectra with intermediate X   seem to fall between 

these two extreme cases. Thus it appears that this third 

system is a double frequency (interference) type of 

oscillatory continuum emission. 

As a summary of the results of this chapter, the 

two potentials analysed and the ground state potential 

are drawn out in Figure 4.10. 	
/ 



	

A 	= 190 nm 
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Figure 4.9 	The 420 nm fluorescence system of 12  recorded at various excitation 

wavelengths, as indicated, using a Perkin Elmer 650-40 spectro- 

fluorimeter. (AX e 	f = AX = 2 nm) 
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Figure 4.10 	A summary of the potentials of 12  derived 

in this work. 
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CHAPTER 5 

The Spectroscopy arid Quenching of Br2(K) 



5.1 	Introduction 

Of the twelve ion-pair states of Br 2f  correlating 

with Br(1 S) and Br(3P2,1',0 ),  molecular constants are 

known for only five 	 these are the D (2
9 

)1 E(0), 

D(0), f(0) and F(0) states. A summary of these 

molecular constants is given in Table 5.1. 

Various methods have been used to obtain this 

information, the most important of which are described briefly 

below. To study the D" and E states, Tellinghuisen and 

co-workers (1,2)  excited bromine vapour (133 Nm 2), both 

in the presence and absence of argon (up to 27 kNm 2), using 

a tesla discharge. The resulting fluorescence spectra 

were recorded under high resolution (0.003 ). An 

analysis of the vibrational and rotational structure in the 

D'--A' and EB fluorescence systems gave information on 

the D' and E states. This method has the advantage that 

the fluorescence is relatively easily produced but has 

the disadvantage that a high resolution spectrometer is 

required. To study the F(0) ion-pair state, Shinzawa 

et al (3) used the method of optical-optical double 

resonance. The B state of bromine was pumped with one 

tunable dye laser while a second dye laser was scanned 

over the (two-photon) B + F(0) transition. Fluorescence 

from the F(0) state was collected at right angles to the 

laser radiation through a band-pass filter. They also 

recorded fluorescence spectra from the F(0) state 

following one-colour, three-photon excitation of that 
IV 

state via the B state. Analysis of the excitation and 



fluorescence spectra provided the information on the 

F(0) state given in Table 5.1. 

Table 5.1 	Summary of experimentally known ion-pair 

states of Br2  dissociating to Br( S) and 

Br(3P21  ) 

State 
[_

R  /R T/cm W
e 
 /cm 	] 

Reference e 

Dissociating to Br(S) & Br(3P2) 

D' 2g 3.17 48,930 150.86 1 

E 0   3.197 49,780 150.46 4,2 

D O 3.19 49,925 135.7 5 

Dissociating to Br(1 S) 	& 

f 0 	3.17 53,102 152.8 6 

F 0 	3.28 53,900 155.8 3 

Results from this chapter 

(dissociating to Br(1 S) 	& 	Br(3P2)) 

K 	) 	3.31 50,048 131.6 

Brand et al (4) recorded rotatinally resolved E B 

spectra using the method of polarization-labelling 

spectroscopy. Again a dye laser was used to populate the 

B state, although in this experiment it was circularly 

polarized. The probe used was a XeC1 excimer laser. The 



output from this was then blocked from a spectrograph, 

by crossed polarizers, at all frequencies except those 

corresponding to the E+B transition. Analysis of this 

Ei-B system yielded information on the E(0) state of Br2. 

The disadvantage of this method is that it requires a tunable 

dye laser and suffers from the problems of timing 

involved in all two-colour experiments. All the above 

experiments probed the lower vibrational levels of the 

ion-pair states. 

In 1969 Venkateswarlu 7  reported an extensive system 

of absorption bands in the region 59,000-67,000 cm- 1. 

Although there was no analysis of the state involved 

he called the upper state the K state. In this chapter 

laser induced fluorescence from this K state, excited 

using an F2  laser (157.8 nm), will be described. This 

method of probing an ion-pair state of bromine has the 

advantages of requiring neither high resolution spectrometers 

nor the use of multi-colour laser techniques. However, 

it has the disadvantage that the laser pump operates in the 

vacuum ultra-violet region of the spectrum. In recording 

these laser induced fluorescence spectra a high 

vibrational level of the K state (v 	120) is accessed and 

oscillatory continuum spectra are produced. The spectra 

can then be inverted to produce molecular potentials; 

the molecular constants obtained by this method, for the 

K state, are presented in Table 5.1. Collisional quenching 

of the bromine K state will also be discussed. Some 

8  of the work presented here has been published. 
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5.2 	Experimental 

The experimental set-up for obtaining the fluorescence 

spectra presented here, was of standard design (see 

Figure 2.1). The early work done for this chapter used 

a Lambda Physik EMG200 laser operating on the F2  (157.8 nm) 

transition. The laser beam was passed through a cylinder 

that was flushed with nitrogen and into a standard T-

shaped cell with a LiF front window and quartz side and 

end windows. Later work was carried out using an excimer 

laser, built by Oxford Lasers, and an evacuated beam path. 

The fluorescence signal was dispersed using a Jobin-Yvon 

0.3 m monochromator with its exit slit removed and 

with interchangeable gratings giving low (2.5 nm) and 

medium (0.3 nm F.W.H.M.) resolution. The detection system 

was an optical multichannel analyser (EG&G/PAR OMAII) 

fitted with either an intensified diode array head or a 

vidicon head. The recorded spectra were the result of 

averaging a number of laser shots at 0.25 Hz. The 

figure captions state the conditions used in the recording 

of each spectrum presented, while more detail on the 

experimental apparatus can be found in Chapter 2. A 

description of the set-up for recording absorption spectra 

can also be found in Chapter 2. 

All experimental work described in this chapter was 

carried out at the S.E.R.C. Rutherford and Appleton 

Laboratory's Ultra-Violet Radiation Facility except for 
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the recording of absorption spectra which took place 

at the S.E.R.C. Synchrotron Radiation Source at Daresbury, 

using the McPherson 5 m monochromator there. In this 

case the detector was a standard photomultiplier. 

5.3 The Absorption Spectrum 

The absorption spectra presented in this section 

need little additional comment to understand them. Because 

similar spectra were produced for iodine and iodine mono-

bromide the details of the experimental procedure used to 

obtain these spectra can be found in Chapter 2. 

Two absorption spectra are presented here, as 

Figures 5.1 and 5.2. Figure 5.1 shows the whole absorption 

spectrum from 147 nm to 167 nm, which covers the region 

studied by Venkateswarlu 7  who assigned the Rydberg bands 

present. His published data proved extremely useful for 

calibrating these spectra. The second figure (5.2) 

concentrates on the vibrational levels of the ion-pair 

state accessed by the F2  laser. Preliminary study of these 

data yields the vibrational spacings of this state. In 

the region around 158 nm this spacing is 67 cm 1  ± 5 cm-  )p 

reducing to 60 cm 1  ± 5 cm 1  by the time the Rydberg absorption 

bands start to obscure the ion-pair spectrum at around 

152 nm. This narrow vibrational spacing and slow 

convergence is consistent with the absorbing state being 

an ion-pair state, dominated by the long range r 1  term 

in the potential, as opposed to a valence state which converges 

5  far more quickly, with a leading term of r or r6. 



bk (U. 451) 5L 11 0. 2110 P11 000V (14/0- I 5?ONI1) 
counts 950000 

900000 

650000 

800000 

750000 

700000 

650000 

600000 

550000 

500000 

450000 

400000 

350000 

300000 

25i0Uu 

200000 

1480 	1500 	520 	1540 	1560 	1500 	1600 	1620 	1640 	1660 

Figure 5.1 	Absorption spectrum of Br  (66.5 Nm 2) showing both Rydberg absorption 

(147 - 153 nm) and ion pair abosrption (153 - 162 nm). The Rydberg 

bands were used to calibrate the spectrum, it being found that the 

scale reads high by 2.5 . The spectrum was recorded with a 

resolution of 0.035 nm. 
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Figure 5.2 	Absorption spectrum of Br  (27 Nm 2) showing ion-pair absorption 

(152 - 160 nm). The scale reads high by 2.5 	The spectrum 

was recorded with a resolution of 0.016 nm. 
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The absorption spectrum is particularly valuable 

in determining the repulsive limb of the upper state 

potential. This is because the attractive limb of the 

potential is fixed by the electrostatic terms and is 

relatively well known and because the density of 

vibrational levels is quite sensitive to the width of the 

potential. Thus the vibrational energy level spacings can 

be used in the determination of the repulsive limb of the 

potential. Finally, as 157.8 nm is towards the long wave-

length end of the clearly structured absorption it is 

likely that the absorption is occurring from near the 

outer turning-point of the ground state (v'' = 0) 

vibrational level. This information could be used to fix 

a point on the repulsive wall of the K state potential. 

These absorption spectra were recorded at the very end 

of the three years of this project so there was not time 

to incorporate this information into the reported 

potentials. 

5.4 	Low Resolution Fluorescence Spectra 

Absorption of a photon of wavelength 157.8 nm should 

excite Br  to the K state(7) This state must be of 

ungerade symmetry and is a member of the group of the 

six lowest ion-pair states of Br2. Figure 5.3 shows the 

fluorescence from this K state dispersed under low 

resolution, while Figure 5.4 shows the same spectrum but 

with a 250 nm cut-off filter in place. The spectrum was 



200 	300 	400 	 500 

A /nni 

Figure 5.3 	Low resolution spectrum of Br  (133 Nm 2) 

recorded by averaging 500 shots of an F2  

laser (157.8 nm) onto a diode array detector 

at 0.25 Hz. No filter was used. The laser 

used was an Oxford Lasers KX2 multigas laser.. 
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200 	300 	400 	 500 

X/nm 

-2 Figure 5.4 	Low resolution spectrum of Br  (133 Nm ), 

recorded by averaging 100 shots with an 

F2  (157.8 nm) laser (Oxford Lasers) onto 

an intensified diode array detector at 

0.25 Hz. A 250 nm cut-off filter 

was used. 



also recorded using other cut-off filters and it was 

found that there was no intense fluorescence beyond 

450 run. 

The main guide in analysing these spectra was that of 

comparison with the known spectra of iodine (see 

Chapter 4). It appears that the spectrum shown in 

Figure 5.3 consists of three main electronic systems. 

The first extending from the atmospheric cut-off at 

185 nm up to 290 nm with a maximum at 275 nm. This is 

interpreted as fluorescence back to the ground state of 

Br  (K - X emission), with that portion below 210 run being 

bound-bound and that above 210 nm being emission to 

continuum levels of the ground state (analogous to the 

McLennan bands of 12). 

The next system, from 300-360 nm is also an oscillatory 

continuum and, using the analogy with iodine, probably 

terminates on a repulsive lower state. The final system 

is again oscillatory bound-free emission. The above 

assignments are summarised in Table 5.2. 

5.5 Medium Resolution Fluorescence Spectra 

The fluorescence spectrum of bromine was analysed 

in further detail between 180 nm and 360 nm. That is, the 

first two systems in Table 5.2 were recorded under medium 

resolution. The results are shown in Figures 5.5 and 5.6. 



Table 5.2 Emission systems observed following F2  

laser (158 rim) excitation of Br2  

Designation Wavelength Range Comments 

+ K --X  1 E  180 - 290 nm Bound to bound emission g 
(system 1) below 210 rim and bound 

to free emission between 

210 and 290 rim 

K 	- 	? 300 - 360 nm Bound to free emission. 

(system 2) The lower state is 

probably purely repulsive 

in the region spanned by 

the fluorescence 

K - 	? 360 - 440 rim Bound to free emission. 

(system 3) The lower state is 

probably purely repulsive 

in the region spanned by 

the fluorescence 



2  Figure 5.5 Medium resolution spectrum of Br  (133 Nm) recorded by averaging 

500 shots of an Oxford Lasers F2  (157.8 nm) laser onto a diode 

array detector at 0.25 Hz. No filter was used. 
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Figure 5.6 
	

Medium resolution spectrum of Br2  (13.3 Nm 2) recorded by averaging 

5 shots of a Lambda Physik EMG200 laser operating on the F transition 
C. 

(157.8 nm) onto a diode array detector at 0.5 Hz. No filter was used. 
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It should be noted that in Figure 5.5, there are 

two frequencies of oscillation as in a McLennan type 

system. This implies that the difference potential 

involved in creating this spectrum has an extremum, 

i.e. a rainbow point. The high frequency structure in this 

spectrum seems to be "washed in" by more than can be 

accounted for by the resolution of the monochromator. 

An explanation of this is that more than one isotopic pair 

of the three present in natural Br  ( 79 Br2,  79,81  Br 21 81 Br 2)

seems to be excited, with each isotopic pair giving a 

different phase to the oscillations in the fluorescence 

spectrum. Simulations show that when a superposition 

of spectra, from individual isotopic pairs, is carried 

out the result is a filling in of the minima in the 

spectrum (see Section 5.6). 

Figure 5..6 shows the second system that was recorded 

under medium resolution. The most obvious difference is 

that this spectrum has only one frequency of oscillation, 

implying that the electronic transition concerned 

terminates on a potential steep enough to exclude an 

extremum appearing in the difference potential for the 

system. The above two systems were analysed using the 

method of computer simulation described earlier (Chapter 3). 
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5.6 	The Potentials and Simulated Spectra 

The potential used for the ground state of Br2, and 

thus as the starting point for all the simulations, was 

that given by J.A. Coxon 9 . This R.K.R. analysis covers 

Br2(1 E) up to v = 36 with an energy of 10302.1 cm 1. The 

repulsive wail of the ground state was then extended by 

fitting a curve with the functional form r 12  to the 

first two points of the analysis. To extend the attractive 

limb of the potential to the known dissociation energy 

of Br  (16057 cm- 1 ), the last four points of Coxon's 

analysis were fitted to 

	

U(r) = T - 15 /r5 - C6 /r6; r > 2.90 R 	 (5.1) 

This fitting gave C5  = (-2.15 ± 0.1) x 10  cm 1 R5and 

C6  = (1.017 ± 0.005) x 10  cm1 6 
	As the coefficient 

C5  is negative the potential must rise above the 

dissociation energy and then fall back down to T from 
00 

above, but in this case it only exceeds T by a few 
CO 

wave numbers at a bondlength of 5 R which is beyond the 

main area of interest. This was felt to be a minor 

problem and no action was taken to rectify it. The 

potential produced by the above process was then interpolated 

to 0.001 IR intervals and used as data in the simulations. 

The upper state was assumed to have the form of a 

Rittner potential (equation 5.2), the unknown constants of 

which were found by simulating the fluorescence spectrum 

U(r) = A exp(-br) - C1 / + C3 /r3 - C4 /r4 - C6 /r6 + T. 

(5.2) 
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of bromine in the region 240 - 290 nm. Elementary 

calculation shows that the rainbow point in the difference 

potential must be at 35,850 cm. By definition, the 

first gradient of the difference potential at this point 

must be equal to zero, while trial and error analysis 

showed that the second derivative at this point was 

17,060 cm 1  r2. The bondlength (r) of the rainbow point 

was then shifted until the best fit to the experimental 

spectrum was found. The results of this are shown in 

Table 5.3 and Figure 5.7. 

Table 5.3 The coefficients of the Rittner potential 

for the K-state of bromine found by simulating 

the K - X fluorescence spectrum 

Coefficient Value Theoretical form 

A/cm 1  5.383 x 10 Found from simulation 

b/ 1  2.7386 Found from simulation 

C1/cm 1  1.16142 x 10 e2 /411E 

C3/cm 1  7.027 x 1O4  Found from simulation 

C4  /cm 1  4.030 x 10 
e 	/4TrE 	A 

2  
B 

C6/cm1 6 3.607x 10 'AB WAWB/(wA + WB) 

T /cm 84480 Br 	= 2 

The potential described above has re = 3.3 

which is larger than the re  values published for the other 

Br  ion-pair states. (A summary of these other data is 

given in Table 5.1). 



220 230 240 250 260 270 280 290 300 

WHVELENGTH/nm 
Figure 5.7 	Simulation of the spectrum in Figure 5.5 for 79'81Br2 (lower trace) 

81 and 	Br  (upper trace) using the Rittner potential given in Table 5.3. 
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The simulated spectrum (Figure 5.7) does not reproduce 

the feature at 248 nm in Figure 5.5. This feature 

corresponds to fluorescence at 7150 cm 1  above the 

dissociation energy of molecular bromine and can thus be 

explained as fluorescence from the outer turning-point of 

the upper state to the asymptote of a dissociative state 

leading to Br 2P + Br2P. The excitation energy of 

2 	 2 	 -1 (10) Br P relative to P3
/2 
 is 3685 cm 

Once the upper potential was fixed, simulations of the 

fluorescence spectra from each of the three isotopic pairs 

of Br  were run and the results compared. If one assumes 

equal absorption by each of the three isotopic pairs the 

result is that, under any reasonable resolution, the high 

frequency structure is completely washed away. This is 

because, by an unfortunate coincidence, each change of mass 

produces the same spectrum but shifted by half a wavelength 

of the high frequency structure. Now, as the relative 

abundance of each of the two isotopes of bromine is 

approximately 1:1, the medium weight (mixed) isotopic 

pair forms 50% of the Br  molecules and the light and 

heavy isotopic pairs form 25% each. However, the spectra 

of the light and heavy isotopic pairs are in phase with 

each other and exactly of the opposite phase to that 

of the mixed isotopic pair. Thus, if there was equal 

absorption by each isotopic pair the high frequency 

structure in the spectrum would be almost completely washed 

out. Judicious mixing of these three simulated spectra 
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and comparison with experiment gives satisfactory results 

with an equal mixture of 81  Br2  and 79,81Br2, with very 

little 79Br2  contributing to the fluorescence. The result 

of this mixture is shown in Figure 5.8. With a broad-

band excitation source one would expect each of the 

isotopic pairs to be equally excited, but with a narrow 

band excitation source such as a F2 laser (X = 0.05 nm) 

one would be surprised if each of the three isotopic pairs 

were equally excited. 

The spectroscopic designation of this K state is unknown, 

but on the following evidence a guess can be made that it 

is the lu state of Br  correlating with Br(1 S) + 

Br(3P2). Only a single photon is required to excite this 

K state, thus it has to be of ungerade symmetry. The term 

value of the potential is 50,000 cm 1  implying that the 

diabatic dissociation products are Br( S) + Br(3P2). 

This state cannot be O because this term has already 

been given to the D state dissociating to the same ionic 

states. Finally, 2u is ruled out as M2 = 2 transitions are 

generally weak, whereas in this case both the absorption 

and fluorescence are strong. This only leaves a l state 

for the K state designation. 

Once the upper potential was fixed, effort was put 

into finding the lower state responsible for the 

fluorescence system running out to 350 nm. From the form 

of the spectrum it was assumed that the lower potential 

was purely repulsive and sufficiently steep that the 
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Figure 5.8 	Simulation of the spectrum in Figure 5.5 for a 1:1 mixture of 

79,81 	81 Br  and Br  using the Rittner potential given in Table 5.3. 
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difference potential was monotonic. On this basis a simple 

exponential form was assumed. As the fluorescence 

originates from the inner turning-point of the upper state, 

corresponding to the long wavelength fluorescence maximum 

of the spectrum, a point with the same bondlength as the 

upper state turning-point and with the correct energy to 

allow fluorescence at 355 nm was fixed. After this, the 

decay of the potential was varied until the best fit was 

obtained. The resulting potential was 

U(r) = 9.632 x 1O7  exp(-3.17 r) + De(l6OS7  cm 1) 	(5.3) 

where energies are expressed in cm and bondlengths are 

expressed in R. The result of this simulation can be seen 

in Figure 5.9. It should be obvious from the figure that the 

potential given does not correctly describe the intensities 

of the peaks, although the peaks are well positioned. 

No monotonically decreasing dipole moment function, as, 

allowed for in the simulation programme, gave a good fit 

for the peak intensities. For these to be fitted correctly 

the dipole moment function would have to rise sharply near 

the inner turning-point and then start to decay a few 

tenths of an angstrom later. All the potentials used are 

shown in Figure 5.10. 



360 	350 	340 	330 	320 

WAVELENGTH/nm 
Figure 5.9 	Simulation of the spectrum shown in Figure 5.6 using the 

Rittner potential described in Table 5.3 and the lower 

potential of equation 5.3.  79'81Br2  was assumed. 
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Figure 5.10 	Diagram of the potentials used to simulate 

the recorded spectra. The definition of 

the ground state potential is described in 

the text. 
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5.7 	Discussion 

The information contained in the fluorescence spectrum 

only fixes the upper state in the region around the 

rainbow point. In Br  this is in the region around 3.5 

bondlength. From this information the whole of the upper 

state must be extrapolated. This is relatively easy in 

going to longer bondlengths as the functional form of the 

potential and the asymptote are reasonably well known from 

theory, with the possible exception of the C3  term. 

At %3.5 R the Rittner potential is quite sensitive to 

this term (as well as to the other electrostatic terms) 

but it becomes less important as the bondlength is 

increased. Thus the outward extrapolation is well 

justified and probably accurate. 

The main problem lies in inward extrapolation. This 

is shown by the inner turning-point of the extrapolated upper 

state potential occurring at 2.68 L while the minimum of the 

ground state occurs at 2.268 R 	. This is unrealistic 

as it means that any absorption would be extremely weak. 

The position of this inner turning-point is, unfortunately, 

insensitive to slight changes to the potential in the area 

responsible for the K -- X fluorescence spectrum. As an 

example of this, the curvature of the difference potential 

was fixed at the rainbow point, to a value that gave a 

reasonable simulated spectrum, but its position (r) was 

allowed to vary and the effect on the inner turning-point 

noted. In moving the rainbow point from 3.1 to 4 5-i, the 



- 113 - 

inner turning-point of the upper state only changed by 

0.1 R. Below 3.1 R no reasonable potential could be found 
that conformed to the conditions set. 

One reason for the difficulty in fixing the inner 

turning-point of the Br2(K) state is that the fluorescence 

spectrum is complex due to the problems involved in using 

isotopica1ly impure Br 2* 	The simulation is not an 

exact fit to the data and there were problems in deciding 

how much of the structure was due to each of the individual 

isotopic pairs involved and how much was due to the 

potentials themselves. Thus, it is possible that the 

derived potential may not fit data obtained from F2  

(158 nm) laser induced fluorescence from a sample of 

isotopically pure Br 2'  At the very least, there must be 

some doubt on the accuracy of the Rittner coefficients A 

and b. However, until experiments are carried out on 

isotopically pure bromine and in the absence of any 

evidence to the contrary it must be assumed that the 

derived K state potential fits the fluorescence data in 

the relevant bondlength region. 

From the above, it can be concluded that a Rittner 

potential may not be a suitable form to model the repulsive 

wall of bromine ion-pair states. This means that the 

assumptions on which this potential is based have to be 

re-examined, in particular the assumption that the bond 

remains completely ionic over the full bondlength range. 
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The results imply that, for values of r < rel the ionic 

model has broken down and the r 1 , r 3  etc. terms should 

be modified or "switched off". This is probably reasonable 

as the electron clouds of the Br and Br ions will start 

to overlap at short bondlengths (making the multipole 

expansion invalid). Also the higher moments may have to be 

modified first since they depend on <rn>  and overlap of the 

electron clouds will affect these at larger bondlengths. 

The reason why the Rittner potential works well for NaCl 

and the other alkali halides, for which it was developed, 

is that it need not include these terms (the ionic 

quadrupole moments are zero) and because the positively 

charged alkali metal ions are much smaller than the 

corresponding positively charged halide ions. Thus the 

overlap effects will occur at smaller bondlengths and 

will be less of a problem. 

It is instructive to see which terms of the Rittner 

potential dominate in which regions of the potential. This 

is shown in Table 5.4. 

The reason why outward extrapolation is so easy is that 

beyond the region of the rainbow point,, the best known 

term (r 1 )•dominates the potential, while conversely the 

reason why inward extrapolation is so difficult is that 

at 3.5 R there is very little information on the repulsive 

part of the potential. There is certainly not enough 

information present to consider using a modified Rittner 

potential without considering the absorption spectra 

as well. 



- 115 - 

Table 5.4 The contribution of various terns in equation 5.2 to 

the total potential. All values of r are expressed 

in R and all energies are in cm' 

r Aexp(-br) _C1/r C3/ 
r3 _C4 r 6/r6 Total electro- 

static 

2.268 1.08x105  -5.12x104  -6023 -1.52x104  -2650 -7.507x104  

(59%) (28%) (3%) (8%) (2%) (41%) 

2.68 3.51x104  -4.33x104  -3651 -7812 - 973 -5.574x104  

(39%) (48%) (4%) (9%) (1%) (61%) 

2.8 2.52x104  -4.15x104  -3201 -6557 - 749 -5.201x104  

(33%) (54%) (4%) (8%) (1%) (67%) 

3.0 1.46x104  -3.87x104  -2603 -4975 - 495 -4.502x104  

(24%) (65%) (4%) (8%) (1%) (76%) 

3.2 8415 -3.63x104  -2144 -3843 - 336 -4.262x104  

(16%) (71%) (4%) (8%) (1%) (84%) 

3.316 6125 -3.50xlO4  -1928 -3333 - 271 -4.053x104  

(13%) (75%) (4%) (7%) (1%) (87%) 

3.5 3700 -3.32x104  -1639 -2686 - 196 -3.772x104  

9%) (80%) (4%) (6%) - (91%) 

3.7 2140 -3.14x104  -1387 -2150 - 141 -3.508x104  

(6%) (84%) (4%) (6%) - (94%) 

4.0 941 -2.90x104  -1098 -1574 - 88 -3.176x104  

(3%) (89%) (3%) (5%) - (97%) 
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This uncertainty in the form of the repulsive wall of 

the K state must also lead to uncertainty in the potential 

for the repulsive state responsible for the second system 

analysed. However, as in all oscillatory continua, the 

difference potential is more important than either of the 

individual potentials involved and any changes subsequently 

made in the upper potential will not have a serious effect 

on the calculated spectrum provided similar changes are also 

made to the lower potential. 

In conclusion, the present work can be regarded as a 

preliminary study until better data are obtained using 

isotopically pure Br 2*  However, these results do clearly 

show that the form of the Rittner potential will have to be 

adapted to pull the inner wall to smaller values of r, to be 

compatible with the observed absorption spectrum. 

5.8 	Quenching of the Upper State 

It is known that halogen molecules excited into one 

of their ion-pair states will readily undergo collisional 

interstate transfer until the molecule finds itself in the 

lowest of the ion-pair states (2g)• This state, usually 

designated D',will then fluoresce strongly to the A' 

state. Indeed it is this process and transition that is 

the basis of the F2  laser (X = 157.8 nm). In order to 

watch this process in Br  varying pressures of quenching 

gas (He, SF  and Ar) were added to the fluorescence cell. 
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With SF  this D' + A' emission, analysed by Sur and 

Tellinghuisencould be seen emerging with the addition of 

only 260 Nm 2  of gas. 

For quenching by helium the general background signal 

tends to rise along with the D' + A' emission, suggesting that 

there is still significant continuum emission with fairly 

high pressures (5 kNm 2) of gas present. At intermediate 

pressures of He (1.3-7 kNm 2) two new peaks (303 nm and 385 nm) 

are observed in the fluorescence spectrum (Figure 5.11) 

implying that an intermediate state is populated in the 

cascade process leading to the D' state. A Stern-Volmer 

plot of the fluorescence at 340 nm (Figure 5.12) yields a 

quenching coefficient of 1.68 x 10 18  cm3molecule 1. If a 

lifetime of 15 ns (12  D(0) state) is assumed this 

corresponds to a rate constant of 1.12 x 10-10  cm3  molecule- 1 s 1  

(or a reactive cross section of 52.6 
R2)•  This efficiency of 

electronic transfer is very high, but not surprisingly so 

as it is comparable to that found for the other halogens 

(see Chapter 6 and reference 11) and because the ion-pair 

states are themselves very large and diffuse from their 

dependence. 

When a similar experiment was carried out with SF  as 

the quenching gas, the D' + A' peak grew much narrower and 

more intense than it did with He. Also there was no 

evidence of intermediate states being involved with 

quenching by SF 6*  The 290 nm peak (D' + A') became dominant 

by the time 2.4 kNm 2  of SF  was added. The peak continued 
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Figure 5.11 	Low resolution spectrum of Br  (13.3 Nm 2) + He (610 Nm 2) recorded by 

averaging 5 shots of a Lambda Physik EMG200 laser onto a vidicon detector 

at 0.5 Hz. No filter was used but the detector has a poor response below 250 nm 
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Figure 5.12 	Stern-Volmer plot of quenching of Br  fluorescence at 340 nm with 

the addition of He. 
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to grow as more SF  was added and showed no sign of reaching 

a maximum intensity by the time 27 kNm 2  of SF  had been 

added. At a pressure of 13 kNm 2  of SF  the 290 nm band 

was almost two orders of magnitude more intense than any 

band in the unquenched spectrum. This is shown in 

Figure 5.13. This increase, especially below about 6.5 kNm 2  

of SF 60'  was due to the vibrational quenching of the D' 

state leading to a narrower D' - A' peak. Much of the 

increase in intensity with pressures above 6.5 kNm 2  

of SF  could have been due to pressure broadening of the 

absorption. At pressures of about 13 kNm 2  of SF  there 

are also some weak emission at 303 and 350 nm (see Figure 

5.13). This was probably also due to emission from the 

D' (2g) state. A Stern-Volmer plot for the SF  data gave a 

quenching coefficient of 5.8 x 10 8  cm3molecule. This 

yields a rate constant of 3.9 x 10- 10  cm3  molecule- 1 s 	(or a 

cross section of 183 R2)  if a lifetime of 15 ns is assumed. 

Argon showed similar behaviour to SF  but the quality of 

the data recorded was poor. These data gave an approximate 

rate constant for quenching by Ar which was similar to that 

for SF 6* 



Br  + SF6 

Figure 5.13 Low resolution spectrum of Br  (13.3 Nm 2) 

and low resolution spectrum of Br  

(13.3 Nm 2) + SF  (13.3 kNm 2) recorded by 

averaging 5 shots of a Lambda Physik EMG200 

laser operating on the F2  transition (157.8rui 

onto a vidicon detector at 0.5 Hz. The 

spectrum of Br  + SF  is approximately two 

orders of magnitude more intense than that 

of Br  alone. No filter was used but the 

detector has a poor response below 250 nm. 
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CHAPTER 6 

Iodine Monobromide 

Spectroscopy and Quenching of IBr(D) 
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6.1 	Introduction 

Little spectroscopic work has been done on the ion-

pair states of IBr. Brand et al 1  have reported spectro-

scopic constants for the E(O
+ 
 ) and an 2 = 1 state, 

correlating with I(3P2) + Br(S), and the f(0) state 

correlating with I(3P0) + Br( S), while Diegelman et al 2)  

have estimated spectroscopic constants for the D'(2) state. 

The experiments by Brand et al used a pump-probe technique 

with a narrow band dye laser as the pump and a broad band 

probe (XeC1 laser). The pump-probe transitions used in 

their study were E (or f) - B - X and 0 = 1 - A X. By 

polarising both lasers they were able to assign the E and f 

states as Q = O and identify the 2 = 1 state mentioned above. 

R.K.R. analysis of the E and f states was also carried out, 

running out to 4.199 R where the potential is dominated by 

the simple electrostatic r 1  term. It must be noted, 

however, that these experiments have only probed the lower 

vibrational levels (v < 31) of the states involved, whereas 

work described in this chapter involves absorption into 

what are expected to be highly excited vibrational levels 

of an IBr ion-pair state. The spectroscopic constants 

taken from the above papers are given in Table 6.1. 

Note the values from reference 2 were derived by fitting 

terms to a Rittner potential. These terms were estimated by 

extrapolation of values from the other halogens and inter-

halogens where they were known. Thus these figures are not 

as accurate as those measured in reference 1. 



- 125 - 

Table 6.1 Known constants for some ion-pair states of IBr 

State Diabatic dissociation 
products 

T 
00 
/cm

-1 
 

-.1 T e /cm 
0 r /A e w 1cm 

e 
Ref. 

D'(2) Br-( 	S)+ I(3P2) 71,989 "37,840 "v3.105 ",154 2 

E(0) Br-( 	S)+ I(3P2) 71,989 39,487 3.42 119.5 1 

= 	1 Br-( 	S)+I(3P2) 71,989 39,520 rl,3.4 '\'120 1 

f(Q) Br-( 	S)+ I(3P0) 78,440 45,383 3.40 128.8 1 

Except for some limited data in a paper by Diegelman 

et al (2) there are no data on the physical or reactive 

quenching of the ion-pair states of IBr. 

This chapter discusses the fluorescence observed from 

IBr excited at A 	190 nm, but unlike the chapters on 12 

and Br  there is no attempt to invert these spectra to 

produce potentials. Physical quenching rate constants for 

the D state of IBr quenched by He, Ar and Xe have been 

measured and the reaction of Xe and IBr(D) to form 

XeBr(B) + I is discussed. Some of the work presented in 

(3-5) this chapter has been published 
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6.2 	Experimental 

In this chapter absorption and fluorescence spectra 

of IBr are presented. Two different instruments were used 

to record absorption spectra and two different experimental 

systems were used to record the fluorescence spectra. 

A low resolution (0.25 nm) absorption spectrum of 

IBr from 190 nm - 200 nm was recorded at the S.E.R.C. 

Daresbury Laboratory using a Perkin-Elmer spectrophotometer 

(Model 554). The other absorption spectra were also recorded 

at the S.E.R.C. Daresbury Laboratory but used a McPherson 

5 m monochromator attached to the Synchrotron Radiation 

Source. 

To record fluorescence spectra two different systems 

were used, the simpler being a standard Perkin-Elmer 650-40 

spectrofluorimeter. The other system employed used, as the 

excitation source, an ArF excimer laser either broad band 

(Lambda Physik EMG200) or line narrowed (Lambda Physik EMG150). 

The detection system was a Jobin-Yvon (HRS 2) 0.3 m mono-

chromator with interchangeable gratings (giving low 0.2.5 nm) 

and medium (0.. 35 nm) resolutions), equipped with an 

EG&G optical multichannel analyser (OMA) at the exit, port. 

Two detector heads were used: either a vidicon head 

(type 1254) or an intensified diode array head (type 1420). 

Figure captions will clearly state all the relevant 

experimental conditions. 
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To avoid contamination of the spectra by iodine, 

which also absorbs at A 190 nm an excess of bromine 

was added to the IBr; the pressures used were usually of the 

order of P 	P 	200 Nm 2, with the exact pressures IBr 	Br2 

being given in figure captions. Further details of the 

equipment used may be found in Chapter 2. 

6.3 	The Absorption Spectrum of IBr 

The absorption spectrum of IBr between 190 nm and 

200 nm was recorded on a Perkin-Elmer model 554 spectro-

photometer at a resolution of 0.25 nm and is reproduced 

here as Figure 6.1. The E - X Rydber 6 bsorption spectrum 

can be seen clearly. The peaks at 192.8 nm and 193.8 nm 

in the absorption spectrum may be important in the ArF 

(193 nm) laser induced fluorescence from IBr because the 

gain profile of the ArF laser covers the region 192.8 nit - 

193.6 nm. 

The absorption spectrum recorded, at 0.016 nm resolution, 

using the Synchrotron Radiation Source and the McPherson 

5 m monochromator at Daresbury is shown in Figure 6.2. This 

shows that there are large areas of the absorption spectrum 

where Rydberg absorption is not strong. However, as 

discussed in the next section, the intensity of fluorescence 

does not seem to vary as the excitation wavelength is 

scanned across the absorption spectrum in this region. This 

leads to the conclusion that there is underlying absorption 
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Figure 6.1 	The absorption spectrum of IBr recorded at 0.25 nm resolution 

on a Perkin-Elmer model 554 spectrophotometer. This figure 

shows the E-X Rydberg absorption system of IBr. 
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Figure 6.2 	The absorption spectrum of IBr at 0.016 nm resolution 

recorded at the Synchrotron Radiation Source at Daresbury. 

Note the scale reads high by 2.8 R. This figure shows there 

is a large area where little Rydberg absorption takes place. 
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to another state in this region. The absorption spectrum 

yields very little information on this underlying state as 

there is no clearly resolved structure to be seen between 

the Rydberg absorption peaks. The fluorescence and quenching 

behaviour of IBr excited in the region 190-200 nm implies 

that absorption to an ion-pair state occurs in this region. 

Figure 6.. 3 is included to show the absorption spectrum 

in the range 160 nm - 200 nm. The various Rydberg 

absorption systems are marked. 

6.4 	The Fluorescence Spectrum of IBr Excited at 

X 	190 nm 

A low resolution fluorescence spectrum from IBr, 

excited by line narrowed ArF laser radiation is shown in 

Figure 6.4. This fluorescence spectrum remained virtually 

unchanged as the excitation wavelength was scanned across 

the gain profile of the ArF laser (192.8 - 193.6 nm) which 

includes the Rydberg absorption features mentioned previously 

and a region where Rydberg absorption is negligible. This 

implies that some other underlying absorption system is 

responsible for this fluorescence and not absorption to a 

Rydberg state. The idea that the absorbing state is an 

underlying ion-pair state is backed up by the fluorescence 

behaviour on the addition of a quenching gas. Figure 6.5 

shows a spectrum of IBr taken under similar conditions to 

Figure 6.4 except that the excitation source was a broad 

band ArF laser (it was shown previously that the bandwidth 

did not affect the spectrum) and 7.45 kNm 2  of Ar had been 
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Figure 6.3 	The absorption spectrum of IBr at 0.064 nm resolution recorded 

at the Synchrotron Radiation Source at Daresbury. This figure 

shows the various Rydberg absorption bands of IBr. Note the 

scale reads high by 2.8 R. 
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Figure 6.4 	A low resolution spectrum of IBr excited with a line narrowed ArF 

laser. The spectrum was recorded by averaging 20 laser shots onto 

a diode array detector head of an O.M.A. PIBr = Br 
	150 Nm 2. 
2 
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Figure 6.5 Fluorescence observed following excitation of IBr + Ar at 193 nm (Lambda 

Physik EMG200 laser). The spectrum was recorded by averaging 20 laser 

shots onto a diode array detector head of an O.M.A. 

IBr = 160 Nm2, PBr2 = 147 Nm21, PAr =7.45 kNnr2) 
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added to the sample. As can be seen, the spectrum now 

consists of one main peak at 385 nm which is degraded to 

the violet. This peak is in the right position (2)  and is 

the correct shape to be the D' - A' peak from IBr. It 

is a property of these halogen ion-pair states that they 

are easily quenched, by inert gases, to the lowest energy 

ion-pair state (the D' state) and that in the process a 

considerable amount of vibrational energy is lost. Thus 

the rapid production of the D'+A' band originating from 

the lower vibrational levels of the D' state is indicative 

that the originally excited state is indeed an ion-pair 

state. 

The spectrum shown in Figure 6.4 looks broadly similar 

to the spectra observed from 12  and Br  (see Ficrures 4.3 

and 5.3) and thus a tentative interpretation would be that 

the absorbing state is an ion-pair state, which because of 

the analogy with 12  we call the D state, and that the 

majority of fluorescence is oscillatory continuum fluorescence. 

The peak in Figure 6.4 at '200 nm is due partly to 

scattered laser light and partly to bound-bound transitions 

originating from the initially populated upper state and 

terminating on the lower few bound levels of the IBr ground 

state. The boundary between bound--bound and bound--free 

transitions for IBr excited at 193 nm lies at 270 nm and the 

emission on the long wavelength, side of this limit resembles 

that of 12  and Br 2*  This is the reason for the interpretation 

that the structure from 270 nm to 370 nm consists of 

oscillatory continuum emission which is the equivalent of the 
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McLennan system of 12•  Taking this analogy with 12  and Br  

further, the second system between 380 nm and 460 run can be 

interpreted as a second oscillatory continuum with a 

transition terminating on a repulsive lower state. In this 

interpretation of the data it would be expected that under 

higher resolution the 355 run band head would resolve into 

a double frequency (McLennan) type of oscillatory continuum 

while the second system, peaking at 455 nm, would remain 

essentially unchanged by the increase in resolution. 

Figures 6.6 and 6.7 show the medium resolution (0.35 run) 

spectra from IBr excited with a line narrowed ArF laser. 

The first thing to note is that the system peaking at 355 run 

does not have two frequencies of oscillation but instead 

seems to be a well behaved single frequency type of 

oscillatory continuum (the cut-off at 300 nm is due to the 

introduction of a pyrex filter). The second system, 

peaking at 450 nm, seems unusual in that it is composed of a 

series of regularly shaped "double peaks". 

Work was then carried out using a spectrofluorimeter 

to examine how these bands behave as the wavelength of 

excitation is changed. The results of these experiments, 

shown in Figures 6.8 and 6.9, show that as the excitation 

wavelength is decreased, the wavelength of the last 

fluorescence peak in the 450 nm system also decreases. This 

is the opposite of what happens in 12  and what would be 

expected from an oscillatory continuum originating from the 

inner turning-point of the upper ion-pair state. However 

if the system originated from the outer turning-point of 
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Figure 6.6 	Medium resolution (0.3 nm) fluorescence spectrum of IBr recorded by averaging 

20 shots of a line narrowed ArF laser (Lambda Physik EMG150) on a diode 

array detector of an O.M.A. The sample used was 200 Nm 2  IBr + 200 Nm 2  Br 2* 

A pyrex filter was used to remove light with A < 300 nm. 



400 	 450 
Wavelength/nm 

Figure 6.7 Medium resolution (0.3 nm) fluorescence spectrum of IBr recorded by 

averaging 20 shots of a line narrowed ArF laser (Lambda Physik EMG150) on 

a diode array detector of an O.M.A. The sample used was 200 Nm 2  IBr + 

200 Nm 2  Br 2' A pyrex filter was used to remove light with X < 300 
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Figure 6.8 Fluorescence spectra of the 450 nm band 

system of lEr recorded at various excitation 

wavelengths, as indicated, using a Perkin- 

Elmer 650-40 spectrofluorimeter. The excitation 

monochromator was used in 2nd Order. The 

resolutions used in recording the spectra were; 

excitation 3.5 nm, fluorescence 3 nm. 

The sample used was 160 Nm 2  IBr + 160 Nm 2  Br 2' 

A pyrex filter was used to cut out fluorescence 

below 300 nm wavelength. 
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Fluorescence spectra of the 450 nm band system of IBr recorded at 

various excitation wavelengths, as indicated, using a Perkin-Elmer 

650-40 spectrofluorirneter. The conditions were the same as for 

Figure 6.8 except that the sample consisted of 130 Nm 2  IBr + 130 Nm 2  Br  



- 140 - 

the lEr D state the shift in the peaks would be in the 

right direction but the main peak would be expected to be 

the first peak of the system instead of the last. A 

double frequency type of oscillatory continuum would not be 

expected to move with a change of excitation. Thus all that 

can be said is that at present we do not understand the 

natuxeof the 450 rim system of IBr. 

The simpler of the two systems, peaking at 355 rim was 

also examined using the spectrofluorimeter (see Figure 6.10) 

and it was found that this sytsternremained unchanged as the 

excitation wavelength was altered between 200 nm and 212 nm. 

This is characteristic of a double frequency type of 

oscillatory continuum. Thus it appears that the high 

frequency structure has been "washed in" by the presence 

of the two isotopes of bromine. It may also be that the 

high frequency structure is too fine to be resolved in our 

experiments but this seems unlikely. 

Further work on both oscillatory continuum systems of 

IBr is clearly needed. The best that can be done at 

present is to list the expected differences between IBr 

and 12  and state that the explanation for the anomalies in the 

IBr oscillatory continuum fluorescence spectra is 	somehow 

related to these. The most important spectroscopic 

difference between 12  and IBr is the lack of gerade-ungerade 

symmetry for IBr. One consequence of this is that the only 

relevant and strict one photon electronic selection rule 

for the heavy halogens breaks down. More electronic states 
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Figure 6.10 	The fluorescence spectrum of IBr, in the 

region of 355 nm, recorded at various 

excitation wavelengths on a Perkin-Elmer 

650-40 spectrofluorimeter. The excitation 

monochromator was used in 1st Order. 

The sample used was p IBr = Br2 = 150 Nm 2. 

A pyrex filter was used. 



- 142 - 

are accessible with one photon and more fluorescence systems 

have to be considered in analysing the resulting fluorescence 

spectra from IBr. Another consequence of this lack of 

symmetry in IBr is that mixing between electronic states 

is more likely. This has two main consequences: firstly if 

a repulsive state mixes with a normal bound valence state 

the resulting mixture may produce a bound state with a 

large re  and another state that is partially bound by the 

possession of a potential barrier, an example of this is 

seen with the B and B' states of IBr. This may be important 

as the origin of oscillatory continua lies in the difference 

in the re  of the valence and ion-pair states. A second 

effect is that the lowest Rydberg states of IBr may mix with 

the ion-pair states in the region accessible with a 193 nm 

photon. In iodine the lowest Rydberg state (the 'a' state 

(7) 	 -1 
of Venkateswarlu) 	is at an energy of 52,000 cm , but 

since it is of gerade symmetry it is not seen in the 

absorption spectrum and cannot mix with the ungerade state 

populated. In IBr this mixing may have an effect on the 

single frequency type of oscillatory continua produced 

from the inner turning point of the upper state. 

Another problem that exists for IBr but not for 12 

is that bromine has two naturally occurring isotopes of 

about equal abundance, 79  Brand  81  Br. This may lead to 

a degradation of the fluorescence spectrum of IBr. In 

order to find out exactly what effect this has, spectra 

should be recorded using isotopically pure IBr. 
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Although the fluorescence spectrum of IBr excited at 

approximately 190 nm is not understood yet, it is likely that 

the key to its understanding lies in the preceding two 

paragraphs. No attempt was made to simulate the spectra 

reproduced in this chapter because the first step in the 

process involves analysing the D+X bound-free transitions 

and this could not be done because of the problems mentioned 

above. 

6.5 	Physical Quenching of the D State of IBr 

On quenching, the vibrationally excited ion-pair states 

of the halogens rapidly cascade to the lowest ion-pair 

state (the D' state) giving rise to strong D' - A' 

fluorescence. In IBr this D' - A' transition occurs at 

381 nm and in common with the other halogens is degraded 

to the violet. In the work described in this section the 

quenching of the fluorescence from the excited D state 

of IBr upon the addition of various gases was examined. 

Because the D' - A' transition is degraded to the violet 

the fluorescence system peaking at 355 nm is lifted by the 

tail of the D 	A' peak and thus the quenching is 

difficult to measure. However, the system peaking at 450 nm 

is relatively free from these problems and is also 

reasonably free from contamination by 12  fluorescence which 

has relatively little intensity beyond 420 nm. The 450 nm 

peak was therefore used to investigate the quenching 

behaviour of IBr. In these experiments a mixtures of IBr, 
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Br2  and varying amounts of quenching gas were excited at 

200 nm and the resulting fluorescence spectra recorded on 

a Perkin-Elmer 650-40 spectrofluorimeter. The intensity of 

the fluorescence peak at 450 nm was measured and a Stern-

Volmer analysis was carried out. 

Three main quenching gases were studied: He, Xe and 

Ar. Figure 6.11 shows the effect of adding varying 

pressures of argon to a standard mixture of 145 Nm 2  IBr 

plus 145 Nm 2  Br2  and in particular that both the 355 nm and 

450 nm systems of IBr lose intensity as argon is added, but 

the 355 nm system is lifted by the emergence of the D' - A' 

peak at 381 nm. Figure 6.12 shows that this peak continues 

to grow as more argon is added (up to at least 60 kNm 2) 

and as the peak grows it narrows. This narrowing is produced 

because the vibrational population distribution in the D' 

state is being quenched into the lowest few vibrational 

levels. Part of the increase in intensity of this peak 

at the higher pressures may be due to pressure broadening 

of the absorption. The extra peak emerging at 340 nm 

in Figure 6.12 is fluorescence from the D' - A' transition 

in 12*  A Stern-Volmer plot was drawn from the data 

presented in Figure 6.11 and is shown as Figure 6.13. 

Analysis of this plot leads to a relative rate constant for 

the removal of the D state IBr by argon of 6.68 x 1o 18  

cm3  molecule-  . Quenching by argon seems to be a typical 

case of physical quenching. 
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Figure 6.11 Fluorescence spectra of IBr excited at 200 nm using 

a Perkin-Elmer 650-40 spectrofluorirneter. The 

resolution of the excitation monochrornator was 15 nm 

and the fluorescence rnonochromator 3 nm. A pyrex 

filter was used. p146 Nm2, Br = 146 Nm 2, 
Ar as indicated. 



- 146 - 

If 

250 	 300 	 350 	 1.00 	 1.50 

X/rm 

Figure 6.12 	As Figure 6.11 but showing the rise of 

IBr D'A' emission as the pressure of Ar 

is increased further. 
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Figure 6.13 	Stern-Voliner plot of the data from Figure 6.11 

In 
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Helium was the next gas studied. It behaved in a 

similar way to argon but there were some differences. The 

quenched spectra of IBr produced are shown in Figure 6.14 

which again shows that both. the 355 nm and 450 nm systems 

of IBr fluorescence are reduced in intensity and again 

shows the Dt - A' peak appearing at 381 nm. However 

in this case the 381 nm peak is not so prominent or 

narrow as before. Also the overall intensity of fluorescence 

seems to decrease with the addition of helium implying that, 

as well as transferring population from the D state to 

the D' state, helium also transfers D state IBr into a 

state which does not fluoresce in the ultra-violet/visible 

region of the spectrum or it quenches the D' state. 

Figure 6.15 is a Stern-Volmer plot of the intensity at 

455 nm with pressure of helium for the data contained in 

Figure 6.14. Analysis of this plot leads to a relative 

rate constant for the removal of IBr D state by helium of 

-18 3 	-1 4.18 x 10 	cm molecule 

The final quenching gas studied was xenon. Quenching 

by xenon is not entirely physical quenching as a channel 

for the production of XeBr (B) is open for excitation 

wavelengths below 200 nm, but the results discussed here 

are for excitation at 200 nm and a 300 nm cut-off filter 

was used to block scattered excitation light appearing 

in the fluorescence spectrum in 2nd order which also blocked 

emission from XeBr(B) at 280 nm. This section will discuss 

the total quenching of the IBr state by xenon while the next 

section (6.6) will be concerned with the production of XeBr (B) 
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Figure 6.14 	Spectrofluorimeter quenching study of IBr+ He. The details are the same 

as for Figure 6.11 except that 	
2 

IBr = Br = 200 Nm2. PHe as indicated. 
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Figure 6.15 	Stern-Volmer plot of the data in Figure 6.14. 



- 151 - 

Figure 6.16 shows the quenching of IBr(D) by xenon. 

A similar pattern is seen to that of argon and helium with 

the 450 nm and 355 nm fluorescence systems of IBr(D) 

being reduce& in intensity and the 381 nm D'A' transition 

increasing quite markedly although slightly less fast than 

the argon quenching. There is also evidence in Figure 6.16 

for D'-),.A' emission from 12  at 340 nm. Figure 6.17 shows 

a standard Stern-Volmer plot taken from IBr(D) fluorescence 

at 450 nm (data from Figure 6.16). The gradient of the 

slope of the best fit line leads to a relative rate 

constant for the removal of IBr(D) of 3.48 x 10- 18 

cm3  molecule- 1.. 

In order to convert these relative rate constants to 

absolute quenching rate constants the lifetime of IBr(D) 

fluorescence in the absence of quenching gas but otherwise 

under the conditions used in the spectrofluorimeter 

experiments must be determined. To this end, experiments 

were carried out, with the help of a colleague, 

Mr. G. Gilbert, at the S.E.R.C. Daresbury Laboratory using 

the Synchrotron Radiation Source. For lifetime work the 

synchrotron was used in the "single bunch" mode, giving 

pulses of radiation 200 Ps long with a time between pulses 

of 320 ns. The sample was irradiated at a wavelength of 

188 mn (bandpass 3 nm) and the fluorescence lifetime was 

determined by measuring many times the interval between a 

photomultiplier pulse (after constant fraction 

discrimination) and the zero time reference signal from the 
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Figure 6.16 	A spectrofluorimeter study of quenching of IBr(D) by Xe. The 

details are the same as for Figure 6.11 except p IBr = 160 Nm -2 

= 160 Nm 2, Xe 
 as indicated. 
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Figure 6.17 	Stern-Volmer plot of the data in Figure 6.16 and other data measured 

in the same way. 
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storage ring using a time to amplitude converter (TAC). 

Output pulses from the TAC were accumulated on a multi-

channel analyser and then passed to a local PDP 11/04 

computer and then onto the AS7000 mainframe computer for 

analysis. 

A fluorescence lifetime decay plot of IBr(D) 

fluorescence is shown as Figure 6.18 which shows that under 

the typical conditions used for the Stern-Volmer studies 

described here (e.g. pIBr 	Br2 	266 Nm 2) the 

fluorescence lifetime is 12 ns ± 2 ns. A plot of IBr(D) 

fluorescence lifetime against P IBr  for 1:1 mixtures of 

IBr:3r2  was obtained and was used to convert the relative 

quenching rate data above into absolute quenching rate 

data. In these experiments at Daresbury the purely 

radiative lifetime of IBr was obtained and was found 

to be 27 ± 4 ns. This is discussed more fully in 

reference 5. 

The relative rate data given above were converted to 

absolute rate data using the measured IBr(D) lifetimes and 

the results are shown in Table 6.1 along with some data 

from G. Gilbert's work for physical quenching by the 

gases SF  and N2  and for the reactive gases 02,  CH 4 4,  

C2H6, CH3C1 and CF3Cl. 
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Figure - 6-.18. Decay of fluorescence from IBr (top trace) 

following excitation at 188 nm with pulsed 

synchrotron radiation 	IBr = 133 Nm 2; 

Br = 266 Nm 2; time scale, one channel = 0.1132 
2 

The bottom trace shows the residuals. 
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Table 6. 1 	Absolute rate constants for the removal of 

IBr(D) by various quenching gases 

Quenching Gas Rate constant 
3 	-1 cm 	molecule 

k 
-1 s 

He 3.3 ± 0.6 x 10- 10 

Ar 4.4 ± 0.3 x 10- 10 

Xe 2.7 ± 0.4 x 10 '  

N2  2.9 ± 0.6 x 10-10 

SF  4.8 ± 0.4 x 10- 10 

1.5 ± 0.2 x 10-10 

CH  5.5 ± 0.6 x 10- 10 

C 2  H  6 6.4 ± 0.7 x 1.0- 10 

CH3C1 5.6 ± 0.8 x 10-10 

CF3C1 4.7 ± 1.1 x 10- 10 
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6.6 	The Formation of XeBr(B) from IBr(D) + Xe 

Energetically, it is possible to react IBr excited 

into the D state by an ArF laser, with Xe to form XeBr(B) 

which then emits at a wavelength of 280 nm. This indeed 

has been observed. Figure 6.19 shows the fluorescence 

spectrum of IBr(D) quenched by xenon, showing in addition 

to the strong D'+A' emission at 385 nm a second strong 

feature at 280 nm. This is readily identified as the 

XeBr(B- X) exciplex emission and must result from the 

reaction of electronically excited 18r with ground state 

xenon atoms. Energy transfer from excited IBr to Xe 

followed by reaction of excited xenon atoms with ground 

state IBr can be ruled out as there is unsufficient energy 

available to populate even the lowest excited state of 

xenon. Reaction of translationally hot Br atoms formed 

following bound to free fluorescence can also be ruled out 

as again there is insufficient energy to form XeBr(B). 

The XeBr(BX) peak grows along with the IBr D' - A' 

peak as the pressure of xenon is increased and as the 

IBr D state fluorescence is quenched, which implies that the 

reaction involved is as given in equation 6.1. 

IBr (D 1 E) + Xe 	- 	XeBr(B) 	+ I 
	

(6.1) 

The XeBr emission band is very narrow implying there is 

very little excess vibrational energy in the excited XeBr 

molecule, which is in agreement with the available thermo-

dynamic data (i.e. the reaction is close to thermo-

neutral). To calculate the energetics of this reaction, 
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Figure 6.19 Fluorescence spectrum of IBr + Xe. The excitation source was a broad band ArF laser 
(Lambda Physik EMG200). To collect the signal 20 shots were averaged on a diode array 
detector head. No filter was used. The gas pressures were p IBr = 173 Nm 2, 

Br2 = 176 Nm 2  and p Xe = 7.09 kNm 2   

01 
OD 



- 159 - 

it is assumed that after fluorescence XeBr separates to form 

Xe and Br with practically no kinetic energy, while in 

the reaction I is formed, again with no kinetic energy. Using 

these assumptions the minimum energy of a photon required to 

form XeBr(B) is simply the sum of the energy of a 280 nm 

photon plus the bond energy of IBr(X). This comes to a 

total energy of 50374 cm which is equivalent to a photon 

of 198.5 nm wavelength. 

To examine the photochemical threshold for the 

production of XeBr an excitation spectrum of 280 nm 

fluorescence from an IBr/Br2/Xe mixture was run. This 

is shown as Figure 6.20. It can be seen from this figure 

that allowing for the bandwidth of the exciting light the 

thermodynamic threshold comes to 198.5 ± 0.5 nm implying 

that the XeBr(B) does not have to be formed with any 

excess energy, i.e. there is no potential barrier in 

this reaction once it becomes energetically allowed. 

When either the excitation slit on the spectro-

fluorimeter is widened or the excitation wavelength is 

reduced to below about 190 nm an extra small peak at 252 nm 

appears in the fluorescence spectrum of IBr quenched by 

xenon. This peak is shown in Figure 6.21. In order to 

find out if this peak could be due to XeI(B) which 

fluoresces at 253nm,  an excitation spectrum of this peak 

was obtained, along with an excitation spectrum for fluorescence 

at 260 nm to act as a comparison. The excitation spectrum 

(Figure 6.22) shows that, after allowing for the band 
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Figure 6.20 An excitation spectrum of XeBr emission. The fluorescence was 

detected at 280 nm (AX=3 nm) while the excitation was scanned 

from 180 - 205 nm in 2nd Order (iX=1 nm). The instrument used was 

a Perkin-Elmer 650-40 spectrofluorimeter. The gas pressures were 

pIBr = pBr2 	
147 Nm2, pXe = 12 kNm 2. The marked area shows 

the photochemical cut-off for the production of XeBr(B). 
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XeBr 
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Figure 6.21 Fluorescence spectrum of IBr + Xe excited 

at 190 nm. The small peak at 253 nm was 

	

reproduceable. 	I3r = Br = 150 Nm 2, 

Xe = 27 kNiTi2). No filter 2was used. 
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Figure 6.22 Excitation spectrum from the fluorescence of the peak at 253 nm in Figure 6.21. The 

excitation monochromator was used in 2nd Order at 4 nm resolution. Fluorescence was 

collected at 252 (tX=3nrh). The instrument used was a Perkin-Elmer 650-40 spectrofluorimeter. 

The gas pressures were p 
IBr = 

p
Br2 	 Xe 

= 147 Nm 2, p = 26.6 kNm 2. The marked area shows the 

photochemical cut-off for the production of the 253 nm fluorescence peak. 

El 
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width of excitation,the threshold wavelength of excitation 

for the production of this peak is 192.5 ± 1 nm. Now if one 

adds up the energy of a photon with a wavelength of 

252 nm and the energy required to dissociate IBr(X) one 

finds that this comes to more than the energy of a 192 nm 

photon. In fact the energy required is 54342 cm-  which 

is equivalent to a photon of wavelength 184 nm. Thus 

this extra peak can not be due to the reaction 

IBr (D) + Xe - 	XeI(B) + Br 	 (6.2) 

The fluorescence must then be to either bound levels of 

IBr + Xe or to a metastable triatomic XeIBr, bound with 

respect to Xe + I + Br but not Xe + IBr. For this to be 

the case the XeIBr must be bound by at least 2,400 cm 

(the energy difference between photons of wavelengths 

192.5 nm and 184 nm). 

A possible mechanism for the physical and reactive 

quenching of IBr is as follows. The first step is the 

formation of a short lived triatomic formed by IBr(D) and 

Xe. The internal energy of this complex is then rapidly 

redistributed and in the absence of any other exit channel 

the Xe atom is re-ejected with extra kinetic energy while 

the IBr is left in the D' state having lost some of its 

vibrational energy. Once a second exit channel opens up 

there is the possibility of the dissociation products of 

the short-lived triatomic complex being XeBr(B) and I and 
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it seems that this second exit channel, once open, is used. 

Finally, if the complex has enough energy (from the 

vibrationally excited IBr(D)) then it may emit a photon 

of 252 nm wavelength. The above scheme explains the rapid 

quenching to the D' state of IBr with the loss of 

vibrational energy involved and allows for the production 

of XeBr(B). In order to account for the fast quenching 

rates and large quenching cross sections, it must be assumed 

that the attractive limb of the complex potential is 

fairly long-range in character or that the minimum in the 

complex exists at a fairly large separation of xenon and 

IBr. This means that the transfer between electronic 

states in IBr probably occurs at large internuclear 

separation where the potentials of all the members of the 

lowest group of IBr ion-pair states are running close 

together. 

This scheme may be extended to quenching by argon, 

which seems to have the same physical quenching behaviour as 

Xe, although it cannot undergo reaction with IBr for 

energetic reasons. Part of the behaviour of physical 

quenching by helium can also be explained by this 

scheme. At high helium pressures (70 kNm 2) the D' - A' 

peak is broader than for Xe or Ar. This fits in with the 

above scheme when it is remembered that helium is far smaller 

than either Xe or Ar and will thus be less polarisable. 

Thus the binding energy of the collision complex will be 

less, meaning that there is less energy to partition among 

the collision partners and less for helium to carry off 
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after the reaction. Thus when the IBr D' state is formed 

it will have more vibrational energy than would be the case 

if the quenching partner were Xe or Ar. This in turn 

means that the D' - A' peak for helium quenching will be 

broader. Another reason for the lack of energy imparted 

to the He atom is that it is light, meaning that it would 

have to be ejected with very high velocity from the 

complex to contain the energy of a few vibrational quanta. 
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An Annotated Copy of the Computer Programme 

used for Calculating Simulated Spectra 
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ZIONGREALNANE ElG)iIN,EIGHAX,EPSI,EPS2) 
ZEXTERNAIROUTINESPEC PLOTSPEC(ZLONGREALARRAYNAIIE STORE, %LON6REAINAHE SSTART,SSTOP,SIGIIA,tIONOSTEP,THRESHHOLD, 

GSCALE,IIEIGHT, ZIUTEGERNAME NPTS) 
NH 	STEP en 2 
FAC 	3.572 * MU * 0.01 * NH; 
SELECT! NPIJT (3) 
ZFDR i = NU - 1, - 1,1 ZCYCLE; 

READ(TEMPI) 
VD2(NU - 	TEMPI * FAC 	2; 

ZREPEAT 
PRINTSTRING("Upper potential stops at ) 
PRINT(TENPI,5,0); PRINTSTRING(" cm-l") 
SELECT INPUT(4) 
ZFOR I 	NL - 1, - 1,1 cvCit; 

READ (TEMPI) 
VD1(NL - I) 	TEMPI * FAC • 2; 

Z RE PE A I 
SPACES(S); PRlNTSTRlHG(Lower potential 
PRINT(TEnpl,5.0); PRINTSTRI(1&(" cm-l") 
VD1(t) 	1R12; VD1(NL) 	1R12; 

To convert to dimensionless units 

Reading in upper potential 

Convertinq unite I adding 2 for (dif)**2 

I Reading in lower potential 

Again converting units and adding 2 for diff**2 

stops at ") 

I Infinite barriers at ends 



VD2(I) = 1012; VD2(HU) 	1012 
VINI = TEIfPI * FAC; 	 !ENERGY OF BOUND/FREE BOUNDARY 
ElfiN 	1,/ (SSTART • 10 - 07); 	 I Convertis iron no to ca-i 
ENAX = I / (SSTOP * 10 - 07) 
(flAX 	((2 f TE - EKAX) * FAC; 	 1 Corresponding energy haste 

(NIH = ((2 	TE - (NIH) $ FAC; 	 I of lower state in new units 

(2E2*FAC 
(PSI 	FAC * 0.02; 	 1 Required accuracy 

UEULINES(3) 
BISECT(NU,IFIX,NIFIX,ITURN,OTURN,ITER P VD2,E162,E21E2,EF51,IPS2); 	To fiad iearest eigenval of upper state above E2 

specified energy above To 

PRIHTSTRIN6(Upperotate eigenvalue 
(2 z (162(IFIX); 	 I Energy of ei9enstate 
PRIHT((2 / FAC,5,0); SPAC(S(2); PRIHTSTRIH6(cs-1"); SPACES(9) 
vECTOR(vEc2,v02,NoD(,Nu,L,ITuRN,OTURN,E2); 1 To calculate ei9lnfunctiol from eigenval. 
NDRN2 	o; J 	o; TEN? = o; OTEMP = 0; 	1 1 Setting counters and suns to zero before examining wavefuacteon 

ZFOR I 	NU, - 1,1 ZCTCLE; 	 I Cycle over entire wavein prinirily to get (area)#$2 I hence normalise. 

HORII2 	NOR1I2 • VEC2(l) *8 2; 	 I Sun of wavefns*2 
ZIF VEC2(I) os 2 ) T(NP ZTH(U 1(1W = V(C2(l) se 2 hAND WHERE 	1; I To fiad posn of largest peak in wavefn*s2 

ZRE PEAT 
NDRN2 = I I (HORN2 * STEP); 	 I Corrected for step length of integration 

PERTURB(VEC2,TRANS1.NU - 1); 	 I Gives 4th order perturbation 
PRiNTSTRiHG(Perturbed Energy 	") 	 I 15t Order pertbs. Iron 4th ceatral dii. 
PRINT(TRANS1 s STEP $ NURN2 / FAC,3,0); PRINTS1RING( cn-1') 
NEULINE 
PRINTSTRlNG(Turning points of upper state at ') 
PRINT(URHIN a (ITURN - 1) * STEP,2,2); PRINTSTRINO(" And"); i Inser I Outer turning points from VECTOR 
PRINT(UR)tIN a (OTURN - I) * STEP,2,2); PRINTSTRIHG(" Angctrons) 
SPAC(S(8); PRINTSTRIHG("IT(R = "); MRITE(ITER,4) 
NEULINE; PRINTSIRING("Largast wavsfno*2 is at r ') 
PRINTURNIN + WHERE * STEP,1,3); PRINTSTRIIG(*  Angstroms"); NEULINE 
PRINTSTRlHG(No. of cycles = "); URITE(L,2); SPACES(lO) 
PRINTSTR1N6(N 	"); URITE(IFIX - 1,2); SPACES(3); I N a vib. level 

PRINTSTRlNG(No. of nodes 	>; UR1IE(NOO( 0 2); 1 Actual number of nodes. Test on mesh size and prograntie. 

NEULINES(3) 
Starting to exanine lower state. 

DISECT(NL,NEI6,NMIN,ITURN,OTURH,1T(R,VD1 P EIGI,ENIH,ENAX(F-SI,EPS2); I Asks for all eigeavals in energy range of interest. 

PRlNTSTRlNG(I11ghest vib. state in lower elec. state "); URIT((NEIG,4) NEULINE 
PRINTSTRING(9nner t.p. of lower elec. state, N 
URITE(NEIG - 1,2); SPACES(2); PRINTSTRIN&('at') 
PRINT(LRhIN + (ITURN - 1) * STEP,1,3); PRINTSTRING(" Angstroms. Outer t.p. at ) 

?R1NI(LRIIIN a (OTURN - 1) * STEP,1,3); PRINT51RING( Angstroms.) 
UEUIINES(3) 
FLAG = o; 	 I To test and record if upper state or lower state starts first 

A = INIPT((LRNIH - MIN) / STEP) 
hF A (a 0 ZTHENSTART; 	 ! If upper state starts first... 

FLAG 	i; 	 I Note upper state starts first. 

- A; 	 A x Poe. go. of steps differeace between states 



MUSH— FII1YSF
ACC ACCEXP( 	ACC e STEP); 1 Scaling attenuation factor to the stepleagth 
IND = o; 	NCTCLE = 0; 	BIG = 0; 1 	Setting counters to zero before working out overlaps 

Xe a 	(E2 - VINF) 	/ FAC • TE; I 	X0 is waveno. of transition to the boundry 

CMSTART 	(I 	/ SSTART) 	a 	17; Start of scan in wavenos. 
ZIF CMSTART ( 10 ZTHEN Xe = CMSTART; I 	To set first 10 to scan start it 	starting above boundry. 

!$*$$*, Main cycle *s**** 
ZFOR p a NHIN,l,NEIG XCYCLE; I 	To CYCLE over eigenvals of lower state 

NB = 0; 	TEMP = o; OTEMP = 0; I Setting counters to zero before examining each eigenval 

El 	= 	EIG1(P); I 	P is counter determining which eigenval we look at. 
VECTOR(vEct,vD1,NODE,NL,L,ITURN,OTURN,Ei); I 	Calculates wavefn for aigeival P. 

hF El 	( VINF ZTIIEN NB = 	I; I Bound (0.1) 
hF 	INOD(P - 	NODE) 	> 	I 	ZTHENSTART; Testing dif. between level counter & Mo. of nodes 

PRINTSTRINGV'Ditficulty with node count atN 	') 
PRINT (P,3,0) 
PRIN1STRIN6( 	& No. 	of 	nodes 	'>; PRIMT(NODE,3,0) 
NEULINE 

ZFINISII 
$CICLE = NEYCLE f 	I; 1 Counter to neaten output 
ZIF II = 1 	ZIIIEN TUB = ICICLE; 1 	Setting IMO to level of boundry. 

XGRAF 	= 	(E2 	- 	El) 	/ 	FAC 	# 	YE; !The wavelength now 	In cm-1 

hF FLAG = 1 	ZTHENSTART 
J 	= 	i; I To calculate FCs only fron 

A; I 	the start of the overlap 
ZFINISII; I 	of the two states. 

ZIF FLAG = 0 ZTHENSTART 
JA 
I1 

ZFINISII 
N&RH1 	0; AlT = 	1 	512 I 	Setting cuss 	(A att. 	fac.) to zero before calt. osrlaps. 

ZIF NO 	0 ZTHENSTART; I 	It 	free, 	normalise as 	tallow,... 
DELX 	10 - XGRAF; I Artificial sepn. of 	free 	states 

11 	= 0.189 * SORT(MU * 	(El 	- VINF) / FAC); 	'The asyeptotic wave no. 	in reciprocal A 

NI = INTPT(NL 	- 2 a P1 / 	(3 * II 	a STEP)); 	I  No. 	of points is 	113 assys. wavelength. 
lIE NI ( 1 ZTHENSTART; I 	If 1/3 assys. wavelength > potential length 

NI 	= 	I; 1 Reset NI 
PRINTSTRING("Too close to continuum onset?*); 	I 	Print caning 
PFcINTFL((EI 	- 	VINE) 	/ FAC,3); I 	and energy 
NEULINE 

ZFINISII 
1-22; 	TEMPI 	= 	VECICI); I Area of overlap starts here, talc will be sent beck here 

as long as two states overlap. 

Si 	a TEMPI 	a VEC2(J) 	S ATT I Exponential atlenuatijon factor 

lIE SI 	ci 2 > OTEMP ZTHEN OTEMP St 	cc 2 hAND OUHEBE • 	i; 	I 	To find sic of overlap 	(including attei. 	tac.) 

TEItP2 	VECI(I 	4 	I); I 	2nd part of Sispoon's Rule calci. 

hF I ) NI ZTHENSTART; I 	It less than i/I wavelength to go... 

TRANS1 	n0D(TEMP1); 1 	1st Slspso, 



%IF TRANSI > NOW ZTHEN NDRNI = TRANSI %AND VIJERE 	I; 	' Find sax U pocn. 	of beer wavefn 

TRANSI 	= hOD(TEMP2); ! 	2nd Simpson 
211 TRANSI 	> NORMI 	lINEN NORM) = TRANSI lAND UHERI = I 1 	I; 	I Find sax 	(1 posn of sax) of lower wavefa. 

2IINISH 
ATT 	ACE * All; 1 	To get atten. fac. 	for 2nd Siopopon. 

52 	TEMP2 * VEC2(J I 	1) 	* ATT 
211 52 ** 2 > 01(1W ZTH(N 01(1W = S2 ** 2 lAND WHERE 	I + I; I To find sax overlap for 2nd Simpson factor. 

512 	512 	s 	4 	* St 	• 	2 	$ 	52; ' 	Sussing in pairs for Slepsponn rule 

J 	= 	.1 	• 	2; 	1 	1 	' 	2; 1 resetting parameters for next cycle. 

ATT 	a ACE I All; I Resetting atten. 	fac. for eext cycle. 

-)L22 211 J (= MU - 	1 	lAND I 	(= NI - 	I; 	I 	If overlap at end of next cycle go back 8 calc overlap. 	if not... 

XII 	I 	( 	Nil 	ZIIIEN 	I 	Nil; I 	Set 	I to last 1/3 wavelength for finding assys. 	amplitude. 

XII 	I 	C NI - 	I 	XTHENSIART; I 	If not at end of potential 	from above caics. 

ZIOR I = 111,NL iCICLE; ! 	Cycle to end of path 	(from last 	1/3 wavelength) 

IRANSI 	MOD(VEC1(L)) 
XII TRANSI > NORMI XTHEN NORMI a TRANSI lAND WERE • 1; 	Note sax 8 posn. of sax of lower state 

ZREPEAT 
ZITNISH 
NORMI 	= NORMI 	* SORT((X6RAF - 	(VD1(IIHER() 	- 2) 	/ FAC) 	I 	(XSRAF 	- VINF)); 	I To accouat for change 	ii velocity. 

NORMI 	= 	I 	/ NORM) 	** 2 

S12 = 512 	* 	STEP / 3; I 	Stepson's Rule 

FRES = 2.998110 * DEIX; I 	Sepn. of free state in inverse seconds 

512 	512 'S 2 * NORM) * NOW * XORAF ** 3 * 4 * MU :x  FRES I NI 	/ (1.0542 + 13); 	I Free normalisation to be same 

I 	as bound norm. 	(units of length). 

X0 = XGRAF; I 	Resetting 	to get diff. of energy of free states. 

ZEINISHELSESIART; 'Bound normalisation starts here... 

XII 	I 	> 	I 	ZTHENSTART; I To normalise lower state up to 

XFOR I 	I 	- 	1, 	- 	1,1 	ICICLE; I 	start of upper 	state. 

1(1111 	VEC1(I) 
NORMI 	NORMI 	' 	1(1111 	cc 	2; Sus of wavetn552 

211 TEMPI 	*4  2 ) TEMP ZTHEN TEMP 	TEMPI Cc  2 lAND WHERE 	I; I 	Searching for sax of wavefn**2 

ZREPEAT 
ZFINISH 

L21: 	TEMPI 	= 	VEC1(l); I 	Overlap starts here. Caic. 	will be sent back here as long as there 	is overlap. 

NORMI 	= 	NORM) 	# 	TEffl'l 	cc 2; I 	Still 	sunning area 

SI 	= 	TEMPI 	I VEC2(J) 	* ATT; I 	Introducing exponential atten. fac. 

211 51 	vs 	2 ) 	OTEIIP lINEN OTEIIP SI ** 2 lAND OUHERE z I; 	V Searching for sax of overlap 

TEMP2 	= 	VECI(I 	+ 	I); I 	2nd part of Sinpson's Rule pair 

NORMI 	NORM) 	# TEMP2 cc 2; Still 	summing area. 

211 TEMPI 	cc 2 ) TEMP ZTHEN TEMP TEMPI 	or  2 ZAND WHERE = I; 	' Searching for max of wavefnP*2 

211 TEMP2 cc  2 > TEMP lINEN TEMP = TEMP2 cc 2 lAND UIIERE = I 	+ 	1; 	V 	searching for sax of wavefn*92 in 2nd pair 

ATT = ACC * ATT; V 	multiplying att. 	fac. 	for 2nd Siepson. 

S2 = TEMP2 * VEC2(J 	' 	1) 	c ATT; V Overlap of 2nd Simpson 

XII 52 xc  2 > OTEMP lINEN 01(1W S2 ** 2 lAND OUHERE = I 	1 1; 	V 	searciag for sax overlap in 2nd Simpson 

S12 = 	S12 + 	4 	* 	St 	2 * 52; ! 	Siepsons Sue for pair 

J 	= 	J 	1 	2; 	1 	= 	i 	+ 	2; I Resetting parameters for next use round loop. 

All = ACC * ATT; I 	Resetting atten. 	tic, for next time round loop 

211 	J 	MU 	-IXAND I 	<= NI 	- 	I lINEN -L21; 	1 	If 	still 	In overlap at end of next loop go to 121 	and talc overlap 



lii 	I ( Nt. - 1 ZTHENSTART; 	 If -Id werst at  

ZFOR I 	I,1NL - I ZCYCLE; 	 Cycle to end of lower siviti 
f1ORI 	NORM 	VECI(I) 4w,  2; 	I Still suaming area. 
XII VEC1(I) 44 2 ) TEMP ZTIIEN TEMP = VECI(L) cc  2 X*tID WHERE a L; I To find nax of wavefn'e42 of lower state 

XREPEAT 
%FINISH; 	 Area & overlap of lower state ciculated 

NORM = 1 / (NORtH c STEP); 	 !Corrects for step length of integration 

$12 = $12 / 3 * STEP; 	 I Siopson's Rule 

$12 = $12 cc  2  a NORM * N0R112 * XGRAF cc 3; I Norsalisatioo for bound lower state including nusv3 from Einstein A 

XFINISH 
POSH 	IRHIN ' WHERE * STEP; 
OPOSH 	LRIiIN 4 OUHERE ; STEP 
STORE(NCICLE P I) = $12; 
STORE(NCYCLE,2) = XGRAF; 
STORE(NCYCLE,3) = POSN; 	- 
$TORE(NCYCIE,4) 	OPOSN; 
211 $12 > RIG XTHEN RIO = $12; 

ZREPEAT; 
I****** End of main cycle ****** 

PRINTSTRlNG(Nornalisation factor for Ic = ); I Hain output of results starts here. 

PRIHTFL(RIG,3); NEULIHE; 	 I Normalisation factor for calc. results before slitfn. 

NEI)LINES(2) 
SPACES(2); PRINTSIRING(° N); 	 I Headings for tabulation of results 

SPACES(4); PRINTSTRING(°Uavevax') SPACES(4); PRINTSTRItIO(°Otney") 
SPACES(6); PRINTSTRlN6(°E1) 
SPACES(4); PRlNTSTRlNG(91avelenth°) 
SPACES(4); PRINTSTRING(FC) 
NEULINE 
NLEVEL = NhIN; 	 I tIo of first level to which fluoresenc. occurs 

210k 1 = I c I,NCYCLE XCYCLE; 	 I To cycle over levels and output results for each level 

XII I = IND • 1 lAND I U NCYCLE ZTHEIISTART; I If at boundry 
PRINTSTRING( ---------------------------------------------------------); I print boudry,  indlactor. 

NEULINE 
ZFINISH 
URITE(NLEVEL,4); SPACES(2); 	 I level to which fluoresonce takes place. 

PRINT(STORE(I,3),2,3); SPACES(2); 	I paso of nay wavefn.*$2 

pRINT(sToRE(I,4),2,3); SPACIS(2); 	I Poso. of ,ix overlap*92 

PRINT(12 / FAC 	TI - SIORE(I,2),5,2); SPACE; I Energy of lower state 

STORE(I,2) = 1.0 1 STORE(1,2) * 1.007 	 - 
PRINTSTORE(I,2),3,2); 	 I Uavelen3th of flouresence in a,. 

SPACES(3); SIORE(I,I) 	STORE(I,1) / DIG; PRINTFL(STORI(I,1),4); I Franck-Condon factor normalised to unity. 

SPACES(2) 
I 	INTPT(STORE(1,I) * io); 	 I To digitise intensity for block graph output. 

XII I ( I XTHEN I a 1 	 I If Intensity Is zero then print I '; anyway. 

210k P 	1.1.1 iCICLE; 	 I Print P 'c's for output intensity. 

PRINTSTRING("$") 	- 
XREPEAI 

Converting p050. to An95rtOn5 

I For output (intensity) 
I1. 	1.(wavenutber) 

hay of wavef4*2 
Max of overlap 
I Normalisinj factor for graph. 
I Go back and cork out F.C.s for next level M. 



HEMLINE; 	 1 Hemline for next Ante or data 
NIEVEL = NLEVEL + 1; 	 I at next level. 

ZREPEAT 
HEMLINE; URITE(ITER,3); NEIILINES(2); 	I Urite no of iterations required in gettiog last enrgy. 
SELECTOUTPUT(9); 	 1 (kite onto stream for numerical output for plotter prog. 

URITE(NCICLE - 1,3); HEMLINE; 	 No. of levels 
ZFOR I = 1,1,NCYCLE - I ZCYCLE; 	 For each level prist.. 

PRINT(STORE(1,2),3,2); SPACES(4); PRINT(STORE(l,1),1,1); 	Ilavelength I intensity 

HEMLINE 
ZREPEAT; 	 I end of output for later use of ilitfi. & plotter prog. 

hF GRAPH > 	T" %THENSTART; 	 I For immediate use of this prograot+e... 
(ICICLE 	NCYCLE - I 

PLOTSPEC(STORE,SSTART,SSTOP,SIGMA,NONOSTEP,.THRESHOLD,6SCALE,IIEIGHT,NCYCLE); I Call programme writin in subroutine tars. 

ZFINISH 

ZROIJTINE VECTOR(ZLONGREALARRAYUAME I,F, ZINTEGERNAJIE NODE,N,L, ITURH,OTURH, ZLONGREALNAHE EVAL) 
Calculates the aigenvector of the tridiagonal matrix F (which 
MUST ((AVE ALL OFF-DIAGONAL ELEMENTS -t) FOR A PREVIOUSLY 
determined eigenvalue EVAL. Gaussian elimination without 
Interchanges is used and F oust oust be positive definite. I counts 
the number of hack substitutions, united to 4 

ZINTEGER J,M,FLAG 
ZLONGREAL DEV,HORII1 ,XJ,BJ,NORI1,DJ1 
ZLONGREAL XJI 

10(6TH 
ZLONGREALARRAT Y(1:il) 
XLONGREALARRAY D(1:N) 
ZIONGREALARRAY C(I:N) 
ZLONGREALHAM( YIT,TIS 

NORM 0 
NODE = 0; L 2 1; FLAG = 0 

ID,X contain the iterated elgenvector at the Lth and (Ltt)th 
I stage of iteration respectively. Y(odd) contains the diagonal 

entries of F-EVAL*I and Y(even) the reciprocal of the previous entry 

ZINTEGER I 
1(1) = F(1) - EVAL 
J2 
uS 	1(2) 
ITS 	- 1 / Y(l) 
XFOR I 	3,2,P) - 1 ZCYCLE 



- 	ir nrr- 	- 
III 	XIS + F(J) - [VAL 
XIS 	VU + 1) 
lIE flOD(YI1) ( 10 - 12 %THEIST#RT 

XIS 	1012 
PRINTSTRING("DANGER IN PIVOtING") 
-)13 

ZFINISH 
YIS = -1/Ill 

L3; 	 J 4 1 
1 REPEAT 
8(N) = 	1(8); 	 list TRIAL EIO(NVECTOR IS (1/L)*(Oil ... 1IO) 
Di = I 
ZFOR 1 	(1 - 1, - 1,2 ZCYCLE 
i2;I 
Dii = - (1 + Di) * 1(i) 
lIE NOD(Dil) ) WORN OTHEN MORN = MOD(8J1) 
8(1) = Dii 
Di = DJ1 

XREPEAT; 	 I First back substitution to product 2nd approx to eiSenvectGr 

D(I) 	- 8(2) * 1(2) 
C(i) 	8(1) 
ZEOR I = 2,1,01 iCICLE 
i2sI-2 
C(I) = 	1(J) ; C(I - I) 	8(1) 

ZREPEAT 
NORh z I / HORN 

LI; 	FLAG = 0 0EV = 0 
NODE = o; NORM = 0 
X(N) = - 1(01) * C(N) s NORM 

Xi = X(N) 
ZEOR 1 	01 - 1, - 2, 	CYCLE 
Xii = - 1(1 - 1) 	(Xi I NORM 0 CU - 1)) 
ZIF i ) ITURN lAND J ( OTURM %THEMSTART 

lIE Xi > ID - 5 lAND XJI 4 - 10 - 5 ZTHEI-I. NODE 	NODE I I 
lIE Xi ( - ID - 5 lAND Xii > 10 - S ZTHEN WOOL 	NODE 
lIE )IOD(XJi) > HORhi lINEN tIORMi z 0tOD(XJI) 

ZFINISH 
X(i - I) = Xii 
Xi Xii 
Ji -1 

ZREPEAT 
LL '1 
X(i) = 	1(2) $ (1(2) 'NORM $ )(1)) 
lIE I ( 3 ZTHENSTART 

C(i) = X(J) 
lIE L a 2 ZIHEW ->L4 



	

ZEOR I 	2,1,f 1C'(CLE 

J2$I -2 

	

CU) 	- YIJ) * CU - I) 0 XII) 

2 RE PEA I 
NORM =I / NORfI 
FLAG =1 

ZFIHISII 
hF FLAG = I hIIIEN --)L1 

L4 	lENt' 
lENt' 

ZROIJTINE )ISECT(ZINIEOERNANE ,NElG,HtIIN,lTURN,OTURN,ITER, ZLONGREALARRAYNANE F ,(IG, XLONBREALNAME EIGHIN, 

EIGMAX,EPS1 ,EPS2) 

The eigenvalues between EIOIfIN and EIGKAX are stored in ElG(K) 

on exit. 	F(I) 	contains 	the diagonal 	elements 	of the Hamiltonian 

matrix. 	N is the distension of the problem. 	HI1H and HEI6 are 

I 	locations of the nearest eigenvalues to FISMIM and (IBMAX. (P92 

is actual 	error and EPS1 	required accuracy. 

ZLONCREAL 	HH,71,UN,LK,XMIN.)11AX,ElT,u1,ST,N 

ZLONGREALNANE 	Elf 

ZINTEGER 	I,J,K,M 
ZLONGREALARRA 	UPLIH,DfLI$(1:I500) Arrays of upper £ lower bounds to each energy. 

XMIN = EIGMIN; I 	To start with temp lower bound = absolute lower bound. 

hF 	EIGMAX 	(F(2) 	- 	2) 	ZTHENSTART; I 	If we are wanting information above inner turning point... 

PR1NTSTRIU6(H1T 	THE WALL 	'') I 	Print a warning 

NE IlL I NE 
EIGHAX 	F(2) 	- 	2; 1 	Aid rescale limits. 

ZFINISH 
21 	= 	IP 	- 	12; I 	21 	is a name for a snail number. 

XIIAX 	EI6HAX; 
I leap. upper bound = absolute upper bound 

HR = XMIN; 1 	Temp. 	hold for XMIN. 

hF HR + 	XIIAX > 0 %THEH HR 	XMAX 

EPS2 	(21 	* fiR) 	* 	7 	+ 	(0.5 	* 	EPS1); I 	Setting actual error. 

2FOR 	1 	1,1.1500 	XCYCLE; Cycle over all posible 	levels... 

UPLII$(I) 	= 	XMAX; I 	and Initialise arrays with upper 

ONLIH(I) 	= 	XMIN; I 	and lower bounds. 

ZREPEAT 
Setting of the minimum eigenvalue 

I Setting eigenval counter to zero. 
J 	= 	0; 
EXT 	• 	F(H) 	- 	EIGMIN; I First term in recurence relation. 

111 EXT 	K 0 lINEN J • 	J 	I 	I; I 	It less than zero add one to counter. 

hF 	M0D(EIT) 	K 	Zi 	%THER EXT 	21; Reset zero to a snail No. to avoid catastrophic in division. 



ZFOR I = N - I, - 1,1 XCYCLE; 	 I (seining whole potential. 
ElI = 1(1) - (1611111 - 1 / (IT; 	 Next term is recurence relation. ( PU-il/PU) in Ulikinson.) 

lIE (11<0 lINEN J 	ii 1; 	 1 Counting No. of times this is -ye. (PU) cahnages sign.) 

lIE 1100(EIT) ( 71 MEN (IT 	zi; 	I Again to avoid dividing by zero. 

1 RE P AT 
1111111 	J 	1; 	 . 	Eigealevel = J ' 1 

lIE EIO11IN 	EI6NAX ZIHENSTART; 	 I If only wanting one eigenvalul... 

DEN 	(1611111 1 WHIN; 	 . 	I Estimate deasity of states by (EnergylVtb. level)... 

11(16 	NNIN; 	 I set upper an lover levels to the same value... 

->14; 	 I and go to label 14. 

XFIN1SH; 	 If wantlo more than one level... 

J = o; 	 Reset counter... 

LIT 	FM -  (jaMAl; 	 I examine highest energy elgeaval of interest... 

hF (IT < 0 lINEN J = J 	t; 	 and re-calculate as before. 

lIE KOD(EIT) < 71 ZTHEN (It = 71 
ZFOR I 	2,1,11 ZCYCIE 

ElI 	EU) - EIGNAX - I / Eli 
lIE Eli ( 0 MEN J = .J 	I 
lIE 11001(11) ( 2) %1IIEN ElI = 2) 

ZREPEAT 
11(16 	J n 1; 	 I Position of upper eigenvalue 

DEN 	(EI6HAX - EIGHIN) / (11(10 - 1111111); 	!The average density of states 

L4: 	 1hain section 
I The previous section used Sturm sequencing to get the density of states. 
I This section uses the density of states as a first appro. to get the energy of each state. This is done by 

I Sturm sequencing and bisection. 
1K = (1611111; 	 I Set lower bound to absolute lower limit (for first cycle). 

ZFOR K = N11IN,I,NEIO XCYCLE; 	 I Cycle over each state to find its enersy. 

hER 	0; 	 I Counter for number of iterations. 

(K 	(16(11); 	 I (K is a pointer and so is equivalent to EIG(K>. 

(K = 1K 5 DEN; 	 1 Set first guess at energy at lower lieu * one density of states. 

15; 	J =0; 	 I Set eigenvalue counter at zero. CaIc gets seat back here if 

hER = ITER + 1; 
IForeation of Sturm sequence 

ElI a Ff1) - (K; 
ZIFEIT(OZTHENJ=Js1; 
XFOR I 	2,1,N ZCYCLE 
(IT 	FM.-  (K - I / (IT; 
lIE (II ( 0 lINEN J 	J I I 
lIE 11001(11) < 2) lINEN (IT 	Z1; 

ZREPEAT; 
I Resetting of upper and lower bounds... 

lIE J < K ZTHENSTART; 
1K = (K; 
lIE hER 	1 ZIHENSTARI; 
EK= (Ks 1 * DEN; 

(K is not accurate enough. 
I Counter for No. of iterations to get reqd. accuracy. 

I As before, (K is guess at energy. 
I Again 3 counts eigeavals at energy babe Ek. 

I Recurence relation is P(i-1)/P(i) in Uilkiason's book. 

I To evoin dividing by zero. 
I Sturm seqence completed. 

I if (II is below eigenvalue... 
I Set lower unit at (K. 
I If flart iteration... 
I add one deagity of statues... 



ITER 	 - I 	reset bisection counter 
->15; I 	and try Stun, sequence and bisection again. 

ZFINISH 
ZFINISHELSESTART; I 	If EK Is 	above eigenval... 

UK = EK; I 	set upper limit to EK. 	 J = J 0 	1 

ZFINISH 
EK 	(UK 	# LX) 	* 0.5; I 	Point of bisection, 	set EK to Mid-point of range 
ZIF UK - 1K> EPSI 	ZTHEN ->15; 1 	and if error Is to big start Slurs sequence again. 
ZIF K > P1411K ZTHENSTART; If 	not 	first 	state... 

DEN 	EK - EIO(K 	- 	1); density of states is difference of energy of previous two states. 
ZFI N I $44 
1K = EK; P 	Lower limit of next 	state 	Is elgeuvalue of previous state. 

ZREPEAT; Go to next 	level 	(eigenvalue) 
1 Fro,, here on 	in we are calculating turning points. 

UK 	= 	E1G(NEIG); I For finding turning points, 	upper limit = highest eigenvalue. 
ZFOR 	I 	z 	I,I,N %CYCIE; ! 	Cycle over 	lower 	state to find 	inner 	turning point. 

211 	F(I) 	- 	2 	< 	UI; 	ZTHEN 	->iio; I 	If energy in below lit ,(ur4p out 	A record 	]TURN 
ZREPEAT 

LiO: 	ITURN 	= 	I; I 	Record Inner 	turning point for output. 
OTURN 	= 0 - 	I; I 	Outer turning point = end of potential (unless reset later) 
211 	F(N 	- 	I) 	- 	2 	> 	UK 	XTIIENSTART; I 	If bound look for outer turniag point. 

Lii: 	I 	I 	I 
211 F(fl 	- 	2 ) 	UK 2IIIEN ->112 ZEISE ->111; 	I 	If eneergy becomes greater than UK jump out and reset OTURN. 

1-12: 	OTURN 	I 
ZFINISU 

ZEND 

ZROUTINE PERTURD(ZLOI1GREALARRAYNAIIE F, ZLOP4GREAINAME X, 	2INTEG(R N) 
ZINTEGER I 
ZLON6REAL 11,12,13,14,15 

X  
= 	1(4) 

12 	1(2) 
13 	1(3) 
14 	1(4) 
15 	F(S) 
ZIOR 3 : 6,1,1 ZCYCIE 

X 	X 	I 	13 	a 	C 	- 	11 	' 	4 	" F2 	-- 6 	* F3 1 4 $ 14 	- 15) 
II 	12 
12=13 
13 	14 
14 	15 
15 	1(1) 



ZREPEAT 
X = X / 12 

lEND 

lEND 
ZENDOFO6RM 
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The 350-400 nm oscillatory continuum, observed in emission when 12 is excited to the D I £ state (X = 193 ran, u' 
134), has been analysed. The lower potential state, which correlates with two ground-state I atoms, is found to be purely 
repulsive between 2.75 and 3.8 A, the range defined by the observed fluorescence. The band is partially overlapped by an-
other system and there are two possible positions for the band origin, leading to very similar lower states. 

1. Introduction 

The study of the spectrum of molecular iodine has 
lead to numerous fundamental developments in our 
understanding of molecular spectroscopy. One recent 
example is the realisation by Mulliken [1] in 1971 
that the diffuse bands of the 12  system in the region 
of 320 rim (McLennan's diffuse bands) result from 
transitions between bound levels of the upper state 
(D 1 ) and continuum regions of the ground state. 
These diffuse bands are therefore a structured conti-
nuum. 

In the work reported here, we describe the analysis 
of a second structured continuum which lies in the  

350-400 rim region and which originates from the 
same upper state as the 320 rim system. This new sys-
tem is particularly well developed when 12  is excited 
at 193 run with an ArF laser [2,31. The relatively 
broad output of the ArF laser (8X 0.5 mm) leads to 
the population of several (3-4) vibrational levels of 
the D state but, as will be seen, this does not appre-
ciably degrade the structure in the fluorescence. 

2. Preliminary analysis 

The fluorescence observed in the 350-420 rim re-
gion, following excitation of 12  at 193.3 nm with an 
ArF laser, is illustrated in fig. 1. The oscillatory struc- 

I 	 I 	 I 

420 	 400 	 380 	 380 

Ynm 
Fig. 1. The observed sectrum. The two possible positions for the band origin are indicated (I) and (11). 
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ture between 350 and 410 nm is the subject of the 
present analysis. To longer wavelengths (440-410 nm) 
lies a second system that remains to be analysed. It 
also appears to be a structured continuum. 

The structure of the present system is that of a 
series of strong undulations converging to the blue 
with a peak spacing that falls from 600 to 300 cm-1. 

The amplitude of the structure falls off slowly to 
shorter wavelengths. Superimposed on this structure 
is one of higher frequency and lower amplitude that 
dies out beyond 390 run and may be the tail of the 
second structured continuum referred to above. 

The essentially complete destructive interference 
at the minima is characteristic of Condon diffraction. 
In the present system there is no hint of a lower-fre-
quency modulation to the envelope of the structure. 
This would arise if the difference potential W(R) 

( [E(v') - V1(R)] + V2(R), where (1) upper, (2) 
lower) exhibited a maximum - examples are given 

by Tel]inghuisen [4] and by Noda and Kato [5]. We 
thus conclude that W(R) is monotonic. The band ori-
gin will then correspond to a transition near either 
the inner or outer turning point of the upper vibronic 
level. Since the progression is to shorter wavelengths, 
our band must originate at the inner turning point. 

It is characteristic of high-frequency Condon struc-
ture near its origin that, if successive maxima and 
minima are indexed n and n + starting with n 
for the first maximum, then a plot of cd") - 
versus (n + )2I3 - ()2I3 yields quite a good straight 
line. This result follows directly from linearising 
V I  (R) and V2  (R) near the inner turning point of the 
upper state, R0(v'). The vibrational wavefunctions 
are then Airy functions and the 2/3 power plot - char-
acteristic of the periodicity of the asymptotic form of 
Ai(x) - emerges after a little manipulation. More pre-
cisely, the peak spacing is found to be given by 

(n) - 	= ( irtVj)2I 3 jVj - VI/2p1iIV I)' 

X [(n+)1 _..()2I3], 	 (I) 

where.vil are the constant potential gradients. We 
have analysed several simulated spectra from realistic 
potentials using eq. (1). The upper state has been 
taken as known and the gradient of the lower state 
near R0(u) derived from the initial gradient of the 
2/3 power plot. It is found that, when W(R) is a fairly 
slowly varying function, V2(R0(u')) can be recovered 

to within 1096 but tends to be on the low side. With a 
simple exponential form for the lower state and a 
slowly varying difference potential, the initial gradient 
of V2  is obtained to within 2-3% for values in the 
range (3-5) X 104  cm' A'. We regard the lower. 
state potential gradient obtained from eq. (1) as use-
ful in assigning initial parameter values in a trial po-
tential preliminary to a pointwise iterative fitting of 
the spectrum. 

This peak index plot is illustrated in fig. 2 for two 
choices of the band ørigin (see below). The near linea-
rity of the plot over 3000 cm is at first sight sur-
prising in view of the fact that the classical point of 
transition, R, moves through roughly 1 A in travers-
ing the fluorescence band and neither potential can 
be expected to be linear over such a range. These near 
linear plots have been found for a range of simulated 
structured continua for different systems. The expla-
nation seems to be that the phase difference between 
the upper and lower state wavefunctions, upon which 
the structure depends, is most sensitive to the shift in 
inner turning point of the lower-state motion with 
energy E2. These R0(E2) values typically change by 
only OJ A and linearisation is more realistic over this 
range. The peak heights of the fluorescence structure 
are given in the semi-classical limit by (see, e.g. ref. 
[6]) 

Fig. 2. The peak position plots for the two assignments. o 
maximum, X = minimum. 
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W'(R) ,. 	(2) 

where k(R) = (2m [E2  - V2(R)J 1112/h, when V1  and 
V2  are linearised around the classical point of transi- 
tion 	appropriate to the particular value of w. 
However, peak heights are less useful than positions 
in fitting because of their dependence on the wave-
length resolution of the detector and because of the 
influence of the largely unknown transition dipole 
moment function 121(R). 

3. Results:. detailed fitting 

Throughout the fitting, the potential of the D 
state was taken for numerical purposes to be (all ener-
gies in cm-  ,R in A) 

V1(R)=4.77848 X 106  exp(-R/0.55023) 

-l.71407X105/(R-0.004)+8.200X iO, (3) 

which is essentially the potential used in ref. [4] (see 
also ref. [71), slightly modified by us to improve the 
fitting of the McLennan bands. 

was assumed to be a slowly varying func-
tion of the form exp (-bR). The band origin is hard 
to locate because of the superimposed secondary 
structure. The first assignment (I) was x(°) = 417.5 
rim, but this may be an unresolved group of peaks of 
the secondary system. The alternative assignment (II) 
is to take the origin at the more prominent peak at 
404.2 rim. Using assignment (I), the initial gradient of 
the (n + )2I3 plot indicated a value of 42000 cm-1  
A-' for the gradient of the lower state potential at 
2.75 A. The line frequency gave a value for the lower 
state potential at this separation of 14852 cm and 
thus the two parameters in a preliminary exponential 
fit to the lower state potential can be assigned. 
Franck-Condon factors were then calculated from 
this pair of potentials using a discretized continuum 
method outlined in ref. [8].  The envelope of the 
Condon diffraction structure can be seen from eq. (2) 
to depend on four factors. Ifk(Rc) and W(R)  are 
only slowly varying functions of R0, then the peak 
heights fall slowly with increasing n mainly due to the 
increasing relative velocity near R   [proportional to 
k(R0)J.Thus, the first assignment with 1(0) <i(')  im-
plies somewhat unusual behaviour in W(R) or in 

420 	410 	400 	390 	360 	370 	360 	350 

Wav.I.ngth/nni 

Fig. 3. The two simulated spectra. 

L,1  (R) around the inner turning point of the upper 
state - either ,421(R)  must decrease rapidly or KR) 
must increase rapidly [this is also indicated by the 
greater curvature of the 2/3 power plot for assign-
ment (I)]. 

With this assignment the best stimulated spectrum 
is shown in fig. 3 and the corresponding potential of 
the lower state is listed in table 1 in a form suitable 
for spline interpolation and is plotted in fig. 4. It is 
characterised by a rather rapid steepening at around 
R = 2.75 A in order to reproduce the peak heights. 
Peak positions are reproduced to ±5 A and the rapid 
change in the lower-state potential gradient around. 

Table I 
Potential V2 for assignment (1) 

R(A) 	 V2 (103 cm) 

2.6500 35.98 
2.8113 25.7884 
3.0110 20.1166 
3.2141 17.0838 
3.3273 15.8840 
3.3934 15.1848 
3.4543 14.6406 
3.5114 14.1930 
3.5731 14.8482 
3.6243 13.5472 
3.6831 13.3385 
3.7366 13.2238 
3.7841 13.1020 
3.8271 13.0190 
4.6000 12.5480 
4.6001 12.5480 
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Table 2 
Potential V2  for assignment (II) 

R(A) 	V2(103 CM-1) 

E 
U 
0 

2 	3 	4 
R iA 

Fig. 4. The upper state, lower state and difference potentials 
for assignment (I) (V2  and W for assignment (II) are barely 
distinguishable on this scale). The separations labelled (n)  are 
the classical points of transitions for the corresponding peaks 
in the spectrum, 	The classical position of the band on- 
gin at c is also indicated. 

2.8 A is responsible for the marked discrepancy be-
tween the lower-state potential gradient at R0(u') de-
rived from eq. (1) and that of the best fit potential, 

47500 cm* It proved impossible to fit this poten- 
tial satisfactorily by either a single exponential or the 
form AeR + CR-6 , though the main cause of this is 
the slight elbow in the potential at around 3.8 A. 
Transitions in this region are beginning to overlap the 
McLennan system and it is just here that there should 
be a van der Waals minimum. 

Turning to the second possible assignment, X(0)= 
404.2 run, the initial potential gradient from the 2/3 
power plot yielded an initial gradient of 36800 cm 
A-' at R 2.75 A. Fitting proceeds as before and 
after optimisation yields the simulated spectrum 
shown in fig. 3. The peak positions are again repro-
duced to ± 5 A, with the exception of the first peak 
which is hard to locate to within 10 A in the actual 
spectrum. Fitting this optiniised lower state potential 
by a single exponential V2  (R) Co  exp(-aR) yields 

2.6500 32.1400 
2.8453 23.9650 
3.0802 18.5904 
3.2534 16.3464 
3.3731 15.2444 
3.4664 14.4703 
3.5422 14.0627 
3.6090 13.704 
3.6624 13.5561 
3.7203 13.3838 
3.7678 13.3838 
3.7678 13.2420 
3.8108 13.1450 
4.704 12.5480 
4.7041 12.5480 

Co  = 1.79X 107  cm,a2.582A, but with a 
rather poor standard deviation a = 229 cm'. Adding 
a term C6R -6  and optimising three parameter 
va1ues yields C 	1.531 X 107  cm1,a2315A, 
C6  = -5.0 X 106  A6  cm-1, a = 65 cm. This potential 
is listed in table 2, and the initial gradient of 37500 
cm' A-' at 2.75 A is within 2% of the value derived 
above from the 2/3 power plot. 

4. Effect of pump laser bandwidth 

Classically, the band origin of the type of structure 
discussed above corresponds to a transition at the 
inner turning point of the upper state vibration. De-
noting this fluorescent frequency by 4 (see fig. 4), 

= V1(R0(u')) - V2(Ro(u)), 	 (4) 

differentiation with respect to the upper state energy 
E1  [= V 1(R0(v'1 ))J yields 

aw/aE, = /l' [1 - V(R0(u'))fV(R0(v'))] 	(5) 

for the shift of w7 with E1  and hence with the pump 
laser photon energy. Semi-classically, 4 corresponds 
to the point of maximum gradient on the low-fre-
quency side of 40).  If the potential gradients were 
constant over the whole range of R covered by the 
fluorescence, eq. (5) would give the shift in energy of 
any feature of the spectrum caused by a change in E1 . 
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Model quantum calculations indicate that (5) gives an 
upper limit to such shifts, the shift in w(")  decreasing 
with increasing n for a given change in E. In the 
present case, we can substitute the initial gradients of 
the potentials derived above into (5). The vibrational 
level spacing of the upper state is rougly 50 cm and 
we find that each peak in the fluorescence spectrum 
is shifted by 5 cm' or less for a change .u' ±1. 
This is confirmed by detailed calculations and indi-
cates that there is no appreciable broadening of the 
structure with the laser linewidth used which corre-
sponds to zi ±2. Excitation of 12  molecules from 

= 1 leads to a similar broadening of the structure 
and thus has no significant effect. 

S. Conclusions 

The observed spectrum can be reproduced by either 
of two very similar lower-state potentials depending 
upon whether or not the peak at 417 nm (which is 
clearly overlaid by another structured continuum) be-
longs to the band under consideration. The two 
potentials are both monotonically repulsive and the 
observed spectrum defines them between roughly 
2.75 and 3.8 A. They differ mainly in their behaviour 
around 2.7-2.8 A. A transition dipole moment func- 

tion of exponential form with exponent 0.4 ± 0.2 A —' 
is needed to account for the general decrease in inten-
sity of the band at higher frequencies, not unlike the 
function proposed by Tellinghuisen for the D - X 
band. 

Although the second of the two potentials present. 
ed is the smoother, a decision between them can really 
only be made by observing fluorescence from higher 
vibrational levels of the D state thereby probing 
smaller values of Rc  at the band origin. 
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'Laser-induced fluorescence from Br2  following excitation at 158 rim (172 laser) is reported. The most intense emission 
features are associated with three bound—free transitions (oscillatory continua) in the region 210-440 nm. Efficient colli-
sional interstate transfer, by SF6, N3  and He, is observed and the possibility of constructing an optically pumped Br2  laser 
is noted. 

1. Introduction 

There has been considerable recent interest in the 
ion-pair states of the halogen molecules. Transitions 
to most of these states, from the ground electronic 
state, are forbidden for single-photon excitation as they 
are based mainly on doubly excited electronic configu-
rations [1]. Two-photon excitation of such states is al-
lowed and recent interest has been centred around the 
use of lasers to induce either sequential or simultaneous 
(coherent) two-photon transitions in these molecules 
[2]. 

A well-known [1] exception in the case of 12  is the 
intense D 1 	X 1  E transition which is observed by 
single-photon absorption in the region 170-200 nm. 
The 12(D 1)  state can be efficiently transferred to 
other close-lying ion-pair states by collisions with a wide 
variety of gases including the inert gases [3,41. Thus emis-
sion from ion-pair states that are not otherwise readily 
accessible can be observed and their collisional proper-
ties studied. Quenching to states outside the ion-pair 
manifold appears to be inefficient, except when chemi-
cal reaction is possible, while interstate transfer within 
the manifold is generally very efficient. These proper- 

ties are of importance in the construction of efficient 
optically pumped laser systems [5] and for the study 
of the chemistry of halogen ion-pair states [6]. 

In previous work we have concentrated attention 
on the ion-pair states of 12.  We now extend this work 
and report observations on the ion-pair states of Br2. 
In the present cmniunication we report the first ob-
servation of laser-induced fluorescence from the K 
state [7] of Br2  (equivalent to the D I  E state of 12) 
following vacuum ultraviolet excitation with an F2  
laser (X = 157.8 run). We also show that collisional 
transfer to the lower D' 3 112g ion-pair state is rapid and 
efficient. 

2. Experimental 

The experimental arrangement was of conventional 
design [3], the main novelty being in the use of an F2  
laser (X = 157.8 rim; AX <0.05 run) [8]. The output 
from the laser (Lambda Physik EMG201) was directed 
along the axis of a cylindrical cell which had an MgF2  
entrance window and a spectrosil quartz side window 
for viewing the fluorescence. The fluorescence was dis- 
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persed using a Jobin Yvon 03 m monochromator 
equipped with interchangeable gratings (medium.resolu-

on ce035 nm; low-resolution ft2.6 nm). Light was de-
tected at the exit port of the monochromator with an 
optical multichannel analyser (Princeton Applied Re. 
earch/EG & G, O.M.A. with interchangeable silicon-

diode array and intensified vidicon heads). 
Typical laser pulse energies were in the range 0.5-

5 mJ, and had a duration of -10 ns. The rear reflector 
in the laser was an aluminium-coated (internal to the 
laser cavity) quartz flat and the output coupler a CaF2  
flat. The coating on the rear reflector was observed to 
deteriorate slowly, due to attack by F2, over a period 
of a few days and this limited the performance (energy) 
of the system. The optical path between the laser head 
and the fluorescence cell was carefully purged, with Ar 
or N2, for 30 min before and also during experimental 
runs. 

In addition to the ultraviolet output from the F2  
laser the well-known red line emissions [9] from atomic 
fluorine were observed. The relative intensity of these 
lines is known to vary markedly with the pressure and 
composition of the laser gas mixture [9]. Addition of 
Ne to the laser gas mixture is known to suppress the red 
lines and 20 kN m 2  of Ne was therefore added to laser 
mixtures used for this work. The importance of these 
lines to the present work is the possible coincidence 
between one of them and visible absorption by Br2  
which could lead to optical pumping of the A or B 
states. It would be difficult, if not impossible, to op. 
tically filter these red lines without affecting the 158 
rim output of the laser, however their intensity can be 
further reduced by using spatial filtering: the red lines 
formed a wide divergent beam (spontaneous emission) 
while the 158 nm laser beam was well collimated. Fur-
thermore, fluorescence from Br2  was recorded for a 
range of different fillings of laser gas, such that the rela-
tive intensities of the red lines changed significantly, 
and the effects of any optical pumping would have been 
apparent. All but one of the Br2  spectra, recorded fol-
lowing this procedure, appeared to be identical: the 
one exception proved to be non-reproducible. 

K—? 	 t 

K-.? 

Fig. 1. Low-resolution spectrum of the fluorescence observed 
from Br2  following excitation at 158 nm (F2 Laser): PBr2  = 
13.3 N nf2  ;recorded with silicon-diode array head. 

3. Results and discussion 

3.1. Spectroscopic observations 

A low resolution spectrum of the fluorescence pro-
duced when 133 N m 2  of Br2  was excited by the F2  
laser line is shown in fig. 1. Three distinct spectral sys-
tems are clearly present and these are summarised in 
table 1. The shortest wavelength system extends from 
the atmospheric cut-off at 180 rim up to 290 rim 
(maximum at 275 rim). A second system is observed 
between 300 and 360 nm and a third system between 
360 and 440 rim. 

Table 1 
Emission systems observed following F2  laser 058 nm) excita-
tion of Br2  

Designation Wavelength range Comments 

K - X I  E 180-290 nm bound to bound emis- 
(system It  sion below 210 nm and 

bound to free emission 
between 210 and 290 nm 

K—? 300-360 nm bound to free emission: 
(system 2) lower state is probably 

purely repulsive 

K -.? 360-440 nm bound to free emission: 
(system 3) lower state is probably 

purely repulsive 
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Fig. 2. Medium-resolution spectrum of the 300-360 nm oscil-
latory continuum: PBr2 13.3 N m 2 ; recorded with intensi-
fied vidicon head. 

The short wavelength system consists of two distinct 
regions: between 180 and 210 nm the fluorescence 
arises from transitions between bound upper and lower 
states, while above 210 nm the emission involves transi-
tions to unbound regions of the lower state (i.e. it is an 
oscillatory or structured continuum). This system is 
thus analogous to the well-known McLennan system 

Of 12, i.e. 12(D 1E - X 1), where both bound—
bound and bound—continuum emission is also observed 
[1,3]. Both high- and low-frequency oscillatory struc-
ture is observed in this system, again paralleling the 
structure seen in the McLennan bands of 12, however, 
the entire system is shifted to shorter wavelengths for 
Br2, as expected. This system is designated as Br2(K 
-+ X) following the current nomenclature in the litera-
ture [7], however, we emphasise that the K state of Br2  
appears to be directly equivalent to the better known 
D(IE)state Of 12 

The two new systems at longer wavelengths both ap-
pear to be structured continua. The 300-360 nm sys-
tem is reproduced under higher resolution in fig. 2. Un-
like the K - X system, only a single low-frequency Os-

cillation is superimposed on the continuum. It closely 
resembles a system that we have recently analysed for 
12 and which lies on the long wavelength side of the 
McLennan bonds [101,  between 350 and 400 rim. Thus 
both of the new Br2  systems discussed so far appear to 
be the direct counterparts of known systems in 12. 

The third system (360-440 nm) is similar to the 
second and again exhibits only a single low-frequency 
oscillatory structure although the amplitude is less regu-
lar than that for the second system. This may well 
prove to be the counterpart of an intense system ob-
served from 12,  located between 400 and 450 nm, which  

has proved difficult to analyse [3,101. From its ap-
pearance the Br2  system should prove to be more read-
ily analysable. It is important to note in this context 
that the line width of the F2  laser (4 20 cm-1) is at 
least one order of magnitude less than that of the ArF 
laser used to study fluorescence from 12  and thus only 
a single vibronic level of Br2  should be excited. This 
could well result in the simplification Of some of the 
fluorescence features in the case of Br2. Unfortunately 
the presence of two isotopes of Br could introduce a 
complexity that was absent for 12,  which has only one 
stable isotope, and studies using an isotropically pure 
sample of Br2  may be necessary to counter this. 

Other weaker fluorescence may well be present in 
our spectra but it is difficult to be certain of this with 
the present data. Work at higher resolution and with 
better signal-to-noise ratios will be required to resolve 
this point. 

Tellinghuisen et al. [I I] have also reported a num-
ber of fluorescence systems from Br2  in the region 
200-400 rim, however, their spectra were excited with 
a weak tesla discharge (both in the presence and ab-
sence of Ar) and were accounted for in terms of transi-
tions from states that lie in close proximity to the 
D13 r12g state. It was proposed that the upper states 
were in local thermal equilibrium with an effective tem-
perature of 360 K. We should not therefore expect any 
of these emissions to correspond with those reported 
here, except for the 290 rim band originating from 
Br2(D' 	Al 3  fl 2) which is discussed below. 

3.2. Collisional energy transfer 

As noted earlier the D(1  E) state of 12  readily under 
goes interstate transfer and the ensuing electronic cas-
cade process ultimately terminates in what is thought 
to be the lowest ion-pair (3fl) state. We therefore in-
vestigated the effect of added SF6 , N2 and He on the 
Br2(K) fluorescence discussed above. Addition of SF6 
leads to efficient transfer out of the initially populated 
state and the intense bands at 270,335 and 420 nm 
are almost entirely eliminated for pressures of SF6 > 
1.3 kN m 2. They are replaced by an intense narrow 
band at 291 nm and a much weaker band at 300 nm 
(see fig. 3). The 291 nm emission is 102 times more 
intense than any of the systems displayed in fig. 1. 
This band is readily assigned to the Br2  (3112g 	2u) 
transition which has been analysed by Sur and Telling 
huisen [121. 
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Br2  (D'-A') 

Il l 

/ 
300 	 400 XInm - 

Fig. 3. Low-resolution spectrum of the fluorescence observed 
from Br2(P= 13.3 N m 2) in the presence of SF6  (P = 2.52 
kN m 2) following excitation at 158 nm (recorded with silicon-
diode array head). Note that the fluorescence at 291 nm is ap-
proximately two orders of magnitude more intense than any of 
the systems shown in fig. 1. 

Addition of N2  induced similar collisional transfer 
processes and the end result, namely population of the 
31129 

 state, was the same. However, with N2  there was 
evidence for the participation of intermediate states in 
the transfer process and features were observed at wave-
lengths other than those of the initial and final emitting 
states. Studies at higher resolution will be needed to 
clarify this point. 

Addition of He again resulted in the efficient removal 
of the initially pumped state, but the 291 nm band did 
not appear until quite high pressures were achieved 
(10 kN rn 2). Intermediate states appear weakly as 
the pressure is raised but there is also a broad semi-con-
tinuous background fluorescence. This may be due to 
unstructured fluorescence from a wide range of vibronic 
states and requires further investigation. It is significant 
that emission from the 32g  state at low He pressures 
is broader and blue shifted, by a few nanometers, rela-
tive to its appearance at higher pressures and this is 
consistent with emission from higher vibrational levels 
of the 32g  state being important under these condi-
tions. 

4. Conclusion 

Optical excitation of Br2  at 158 nm, with an F2  laser,  

produces fluorescence from three electronic systems. 
The dominant fluorescence is from a bound upper state 
to unbound regions of the lower states which produces 
a characteristic oscillatory structure superimposed on 
the continua. The new fluorescence systems for Br2  cor- 
respond closely with known systems of 12  originating 
from the D 1  E state. 

Collisional interstate transfer from Br2(K) closely 
parallels the behaviour of 12(D 1 ) and leads to effi- 
cient population-of the lowest ion-pair (32g)  state. 
This suggests that the construction of an optically 
pumped laser, similar to that described [51 for  12, 
should be feasible. Further spectroscopic work at higher 
resolution is planned. 
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OSCILLATORY CONTINUUM EMISSION FROM IBr 
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Optical excitation of [Brat 193 nm(ArF laser) leads to strong fluorescence in the region 280-460 nm. This fluorescence 
is dominated by two oscillatory continua resulting from bound—free radiative transitions. 

1. Introduction 

A number of oscillatory emission continua [1,21 
have been observed from diatomic halogen molecules 
[3-6] and these have recently been employed to de-
rive interatomic potentials [2,6]. 

Two oscillatory continua have been observed pre-
viously from discharges through IBr and less complete 
data have been obtained using optical excitation [7,8]. 
However, the agreement between these studies was 
not good, probably due to the wide range of vibra-
tional levels populated in the discharge studies which 
results in the overlapping of many individual spectra. 
We have shown previously that selective excitation, 
using laser lines or other discrete excitation sources, 
results in good quality spectra which can then be used 
to derive interatomic potentials. In the present work 
we show that excitation of IBr with the output of an 
ArF laser (193 nm) produces two oscillatory contin-
uum systems in the region 460-320 nm. 

2, Experimental 

IBr vapour was optically excited at 193 nm by an 
ArF laser. The resulting fluorescence was observed at 
right angles to the laser beam and dispersed with a 

s Present address: Department of Physics, University of Crete, 
Iraklion, P08 470, Crete, Greece. 

* Present address: CSIC. Instituto de Quimica Fisica, 
"Rocasolano", Serrano 119, Madrid 6, Spain. 

Jobin—Yvon (HRS 2)0.3 m monochromator (resolu-
tion 2.6 nm), equipped with an EG&G optical mul-
tichannel analyser (OMA) at the exit port (4]. Two 
types of OMA head were employed: for work above 
400 rim an intensified vidicon detector (type 1254 
SIT) was used: wider spectral coverage was obtained 
with an intensified silicon photodiode array head 
(type 1420). 

IBr was prepared by addition of equimolar amounts 
of Br2  to 12.  The reaction to form lBr is rapid and 
leads to an equilibrium mixture which is predominantly 
IBr (9096) but contains small amounts of 12  and Br2 . 
In order to reduce further the 12  present, which leads 
to strong fluorescence in the same region as IBr, excess 
Br2  was added to most of the samples used to record 
spectra in this work. 

3. Results and discussion 

The oscillatory continuum emissions, excited 
the ArF laser line at 193 nm, from both IBr and 12,  in 
the region 390-490 nm, are compared in fig. 1. Even 
small pressures of 12  (26 N m 2) give rise to intense 
fluorescence [4] and it is necessary to suppress the 
12, present in equilibrium with IBr, to obtain good 
spectra. This can be readily achieved by adding an ex-
cess of Br2  to the equilibrium mixture as fluorescence 
from Br2 , excited at 193 nm, is very much weaker 
than that from either lBr or 12. 

By examining the fluorescence from a range of 
equilibrium mixtures and from pure 12  and Br2 , over 
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a range of total pressures, we have shown that the 
oscillatory continua shown in fig. 2 are due to IBr 
(the solid line in fig. 1 is predominantly due to IBr 
but contains some fluorescence due to residual 12). 

Starting with the shortest-wavelength emission 
(fig. 2) the broad peak at 200 tim is assigned to 
bound—bound fluorescence originating from the ini-
tially populated upper state and terminating on 
bound levels of the ground electronic state. There is 
also a component of scattered light from the laser 
(193 nm) at this wavelength and work at higher reso-
lution will be needed to derive any further useful in-
formation from the spectrum in this region. The 
boundary between bound—bound and bound—free 

-I Fig. 1. Oscillatory continuum emission from IBr (solid line: 
iBr = 400 N m 2) and 12 (dotted line: P12 = 26 N rn 2) 

following excitation at 193 nrn (ArF laser). The spectrum has 
not been corrected for detector response which decreases very 
rapidly below 390 rim. It should be noted that there is some 
slight contamination of the IBr spectrum by fluorescence from 
residual 12. 

400 	 500 

400 
	

300 
	

200 
K/nm 

Fig. 2. Fluorescence fromlBr following exaltation at 193 nm.(ArF laser). The spectrum has not been corrected for detector response 

(PIBr 5.3 N m 2 ;P8r2  = 290 N m 2 ). 
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fluorescence lies at 270 run and the emission on the 
long-wavelength side of this limit resembles that ob-
served previously [2-4] from 12  and leads to the cha-
racteristic broad oscillatory (structured) continuum 
in the region 320-380 rim. The system must be the 
equivalent of the McLennan system of 12  and will 
thus be of great value in providing a means by which 
the upper state potential, associated with this fluores-
cence, can be obtained [2,6]. 

Between 390 and 460 rim a second oscillatory con-
tinuum is observed (figs. I and 2) and by analogy 
with 12  we assign this to a transition terminating 
on a repulsive lower state [6]. Once the upper state 
potential has been derived, using the spectrum below 
380 nm, the lower (repulsive) state, associated with 
the 390-460 rim oscillatory continuum, can be deter-
mined [61. 

Up to this point we have tacitly assumed that the 
upper state associated with the observed oscillatory 
continua is an ion-pair state similar to the D 1 	state 
Of 12. However, the dominant absorption feature in 
the spectrum of IBr at 193 rim is associated with a 
transition to a low vibrational level of a Rydberg state 
[9,10]. This type of state could not give rise to the 
extensive oscillatory continua observed here, although 
it could yield bound—bound fluorescence to low vi-
brational levels of the ground electronic state and 
possibly some narrow regions of continuum emission. 
No such emissions could be identified from our spec-
tra and it appears that the fluorescence yield from 
this Rydberg state is low. The broad emission systems 
shown in fig. 2 are characteristic of transitions from 
high vibrational levels of a broad ion-pair state and, 
by analogy with 12  and Br2 , we would expect absorp-
tion to such a state to occur at 193 nm. The highly 
congested structure associated with absorption to ion-
pair states of the halogens makes their observation at 
low resolution very difficult and only broad "contin-
uous" absorption, underlying the Rydberg features, 
would be apparent under such observational condi-
tions. Further work at high resolution is thus needed 
if the absorption spectrum of IBr, in the region below 

200 rim, is to be fully characterized. 
In the absence of a high-resolution spectrum, we 

have adopted a different approach in order to con-
firm the involvement of an ion-pair state in the ab- 

sorption process at 193 nm. By using the 184.9 rim 
line of Hg, which does not coincide with any of the 
Rydberg absorptions of IBr, we have been able to 
produce analogous oscillatory continua to those shown 
in figs. 1 and 2. Furthermore, the monochromated 
output from a xenon continuum lamp at 200 rim (A 
= 5 nm) also leads to similar fluorescence spectra, 
although with much weaker overall intensity (due to 
very weak absorption in the tail of the system). It is 
clear from these observations that an absorption sys-
tem underlying the longest-wavelength Rydberg 
bands of lBr is responsible for the excitation process 
which leads to the fluorescence systems described 
above. This work is continuing and will be reported in 
greater detail elsewhere. 
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Reaction between ground-state Xe and electronically excited lBr (optically excited at 193 nm) is shown to yield elec-
tronically excited XeBr(B), which is observed in fluorescence at 280 nm. 

I. Introduction 

The reactions of electronically excited rare gas atoms 
with halogen and halogen containing molecules [1, 2], 
e.g. 

At* +Cl2_ArCl*+CI 	 (1) 

have been studied extensively due to the importance of 
excited rare gas halide molecules in the development 
of high-power laser systems. It has also been shown 
that reaction of electronically. excited halogen mole-
cules with ground-state rare gas atoms can lead to the 
formation of excited rare gas halide molecules, e.g. 

Cl +Kr.KrQ +Cl. 	 (2) 

In one case synchrotron radiation, in the vacuum 
ultraviolet (l35 nm), was employed to excite molecu-
lar chlorine [3]. The excitation of XeC12  collision com-
plexes using vacuum ultraviolet laser radiation (158 
nm) has also been employed [4]. In a third example 
laser multiphoton excitation of Br2  was used to pro-
duce excited XeBr [5]. 

In the present work we show that XeBr*  can be 
readily produced by reaction of optically excited IBr 
(A = 193 nm) with ground-state Xe atoms. This is a far 
simpler experimental method than any of those dc. 
scribed previously.  

Experimental 

IBr was excited using the 193 nm output of an ArF 
laser (Lambda Physik EMG 201) [6]. The fluorescence 
was dispersed with a small optically fast monochroma-
tor (0.3 m, Jobin—Yvon URS.2) and detected with an 
optical multi-channel analyser (Princeton Applied Re-
search/EG&G, OMA2). The signal-to-noise ratio was 
sufficient to record a full spectrum from a single laser 
pulse but in general several (20) pulses were averaged, 
on the detector head, to ensure that weaker features 
were clearly observed. IBr was prepared and handled as 
described previously [6]. At (B.O.C. high purity grade) 
and Xe (B.O.C. spectroscopic grade) were used directly 
as received. 

Results and discussion 

The fluorescence from IBr following excitation at 
193 nm is illustrated in fig. la. The main features have 
been described [6]. Briefly, two oscillatory continua 
are seen between 300-380 nm and 390-460 nm. 
Below 270 nm the spectrum is discrete but is not re-
solved with our present instrumentation. The spectrum 
shown in fig. Ia was recorded at slightly higher resolu-
tion than the spectrum reported previously [6] and 
distinct structure is now observable on the short-wave-
length side of the intense band at 450 nm. Structure is 
also now apparent on the long-wavelength edge of the 
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Fig. 1. Fluorescence observed following excitation of IBr at 193 
nm (ArF laser) (a) IBr (IBr = 173 N m 2,PB 2  = 176 N m 2). 
(b) IBr + Ar (IBr = 160 N m-2, PBr2  = 147 N m 2,PAr = 
7.45 kN rn 2 ), (c) IBr + Xe (IBr = 173 N m2, PB12 = 176 N 
m 2',PXe = 7.09 kN m 2). 

band centred at 370 nm and the oscillatory structure' 
extending to shorter wavelengths (360-300 nm) is 
more fully developed. 

As IBr exists in equilibrium with both 12  and Br2, 
and because 12  gives rise to intense fluorescence when 
excited at 193 nm, an excess of Br2  was added to sup-
press 12:  the partial pressures used were PlBr =z  "Br 
170Nm2. 	

2 

Addition of Ar to this system results in efficient in-
terstate transfer and strong fluorescence from the D' 
state (i.e. D' 3fl -vA'3 fl) at 385 nm. This is illustrated 
in fig. lb. As the pressure of Ar is raised from Ito 80 
kN m 2  the D'- A' system sharpens considerably due 
to vibrational relaxation within the D' state. Quenching 
into the D' state of IBr by Ar is very efficient in con-
trast to its removal which is extremely inefficient, ex-
cept for radiative processes. This behaviour is directly 
analogous to that observed for 12(D 1 	and its col- 
lisional transfer into the close lying D' 32g  state [7]. 
Clearly an optically pumped IBr laser, analogous to the 
efficient 12  laser system reported previously [8],  could 
be readily constructed. 

Quenching of excited IBr by Xe is illustrated in fig. 
ic. In addition to the D'- A' emission at 385 nm a 
second strong emission feature is observed at 280 nm. 
This is readily identified as due to XeBr*(B -* X) ex-
ciplex emission [9] and must result from the reaction 
of electronically excited IBr with ground-state Xe 
atoms. Energy transfer from IBr*  to Xe followed by 
reaction of excited Xe atoms with ground-state IBr can 
be excluded as there is insufficient energy available to 
populate even the lowest excited state of Xe. We can 
also exclude reaction of translationally hot Br atoms, 
formed following bound-free fluorescence, as the en-
ergy available is again insufficient to reach the observed 
emitting state of XeBr*.  We therefore conclude that 
XeBr(B) is formed by reaction of electronically excited 
IBr with ground-state Xe atoms. Furthermore, as the 
XeBr(B) fluorescence increases in parallel with the 
IBr(D' - A) emission, while the initial IBr fluorescence 
(fig. la) is quenched, we can assign the state involved in 
this reaction as IBr(D 11), i.e. 

IBr(D 	+ Xe - XeBr(B) + I. 	 (3) 

From the available thermodynamic data it is clear that 
reaction (3) is close to thermoneutral and the narrow 
emission band observed confirms that XeBr(B) is formed 
with very little excess vibrational energy. The overall 
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quantum efficiency from formation of XeBr(B) appears 
to be quite high (i3017S), however, further quantitative 
studies are required to define this figure more precisely. 
Never the less it suggests that optical pumping of lBr 
with an ArF laser provides a relatively efficient method 
for achieving laser action from XeBr*  at 280 rim. 
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The fluorescence lifetime for the first optically accessible ion-pair state of IBr (E 50000 cm 1) has been, determined 
using pulsed synchrotron radiation (single bunch mode: At = 200 ps). These data are used to convert relative rate data for 
quenching by N2, 02  and CH4  into absolute data. 

I. Introduction 

The ion-pair states of the halogens (E 50000 
cm-1) exhibit a number of interesting chemical and 
physical properties. Chemically they are very  aggres-
sive, reacting readily with hydrocarbons [I ,2] and 
attacking even perfluorinated hydrocarbons [3]. It has 
also been shown that they can react with rare-gas 
atoms to yield electronically excited rare-gas halide 
molecules [4]. 

The ion-pair states of the halogens are also interest-
ing spectroscopically as their main fluorescence systems 
are generally structured (oscillatory) continua [5-10]. 

We are currently engaged in a systematic study of 
the spectroscopy, physical quenching and chemical 
behaviour of the ion-pair states of 12  and IBr. During 
the course of this work, we have determined a number 
of relative quenching efficiencies using steady-state 
fluorescence techniques. In order to convert these rela-
tive data into absolute quenching rate constants, we 
require the fluorescence lifetime of IBr under the con-
ditions of our experiments. The fluorescence lifetime 
is expected to be of the order of a few nanoseconds, 
and thus fast excitation and detection systems are es-
sential for this measurement. In this communication  

we describe the use of pulsed synchrotron radiation in 
conjunction with single-photon counting to determine 
the fluorescence lifetime of IBr. This provides an ideal 
method for this type of determination. 

2. Experimental 

Synchrotron radiation from the electron storage 
ring at the SERC Daresbury Laboratory was used for 
the time-resolved studies reported here. The storage 
ring was operated in single bunch mode, giving 200 ps 
duration light pulses with a repetition time of 320 ns. 
The radiation, dispersed by a Spex 1500 SP Czerny—
Turner monochromator, excited samples of IBr con-
tained in a Spectrosil cell mounted in a sample chamber. 
An excitation wavelength of 188 nm (bandpass 3 nm) 
was used in these studies. Fluorescence, after passage 
through an LF30 filter (A> 300 nm), was detected by 
a Mullard XP2020Q photomultiplier at right angles to 
the excitation beam. The fluorescence lifetime was 
determined by measuring successive time intervals be-
tween photomultiplier pulses (after constant fraction 
discrimination) and the zero time reference signal from 
the storage ring, using a time to amplitude converter 
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(TAC) Output pulses from the TAC were accumulated 
in a multichannel analyser. Time spectra were recorded 
locally on a PDP 11/04 and also transferred to the 
AS7000 mainframe computer at Daresbury for data 
storage and analysis. 

Relative fluorescence quenching data were obtained 
using a Perkin—Elmer 650/40 fluorimeter. A standard 
1 cm2  Spectrosil fluorescence cell was fitted with a 
greaseless tap and filled from a conventional vacuum 
line. 

3. Results and discussion 

The fluorescence from IBr, excited at 200 nm, is il-
lustrated in trace (a) of fig. 1. Two oscillatory con. 
tinuum systems are observed as described previously 
[7]. Care must be taken to suppress 12, which exists 
in equilibrium with IBr, as 12  also gives rise to strong 
fluorescence in this same region. Suppression in 12,  to 
an acceptable level, can be achieved by adding excess 
Br2  and in the work reported here an equal pressure 
of Br2  was added to all samples of IBr: this reduced 
the 12  partial pressure to approximately 1% of that for 
IBr. 

Addition of a quenching gas reduces the oscillatory 
continuum emission (fig. 1) however some interstate 
transfer is observed and emission from the D' state of 
IBr occurs at 383 nm [4]. With CH4  and 02  as quench-
ing gases the D' state is also rapidly quenched and the 
peak at 383 nm is only observed weakly at intermediate 
pressures (see traces (b) and (c) of fig. 1). With N2  the 
emission from the D' state increases steadily with in-
creasing pressure and eventually dominates the spec-
trum. The behaviour with N2  is directly analogous to 
that observed previously for quenching by At [4]. 

By careful measurement of the decrease in the oscil-
latory continuum emission from IBr, as a function of 
the pressure of added quenching gas, relative quenching 
rates are readily derived (Stem—Volmer method). These 
relative rates can be placed on an absolute basis if the 
fluorescence lifetime of IBr (under the conditions used 
for the Stern—Volmer studies), is known. By analogy 
with 12 the radiative lifetimes of the ion-pair states of 
IBr are expected to be of the order of 10 ns. This is a 
difficult time regime to work in with conventional in-
strumentation, particularly as the required excitation 
wavelength is <200 nm. However, the task is relatively 
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Fig. 1. Quenching of electronically excited IBr by CH4. Trace 
(a) shows the oscillatory continuum emission observed in the 
absence of Cl-i4. Traces (b)—(d) show the effect of increasing 
pressure of CH4: (b) PCH4 = 280 N m 2 , (c) PCH4 = 1.3 kN 
M-2, (d)CH4 = 6.7 kN m 2; in all traces IBr = Br2 = 120 
N m 2. 

straightforward using pulsed (single bunch) synchrotron 
radiation and we have therefore used this technique for 
the present study. 

The decay of [Br fluorescence following excitation 
at 188 nm (X = 3 nm), with pulsed synchrotron radia-
tion, is shown in fig. 2. These data give an excellent 
fit to an exponential decay over two and a half decades 
and the fluorescence lifetime can be obtained with high 
precision. The greatest uncertainty in these experiments 
arises from the handling of halogen molecules at low 
pressure where wall adsorption becomes a problem. 
From experience with a wide range of other experiments 
we would place an uncertainty of ± 15% on the measured 
partial pressures for the halogens. This is the main limi-
tation in the accuracy of the rate data reported here. 

We have observed the decay of IBr fluorescence over 
a range of conditions and by extrapolating plots of the 
observed fluorescence lifetimes to zero pressure we ob-
tain a pure radiative lifetime of 27 ± 4 ns. Under the 
typical conditions used for the Stem—Volmer studies 
(e.g. P1  =PBr2 = 266 N m 2) the fluorescence lifetime 
was determined as 12 ± 2 ns. Quenching by [Br and/or 
Br2  is clearly very efficient and we propose to study 
this in more detail in the future. 

For our present purposes, we require the lifetime 
under the conditions for the Stem—Volmer studies in 
order to convert the relative rate data into absolute 
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Fig. 2. Decay of IBr fluorescence following excitation at 188 nm with pulsed synchrotron radiation (PIBr = 8r2 = 133 N m 2: 
time scale,! channel = 0.1132 ns). 

data. Table I gives values for the absolute rate constants 
for quenching of IBr by 02,  N2  and CH4  determined 
in this way. Quenching by all three gases is clearly very 
efficient and the rate constants are comparable to 
those observed for quenching of the D O ion-pair 
states of 12 [2]. However, they are in sharp contrast 
with the much lower efficiencies observed for the low-
lying valence states of the halogens [11]. Quenching 

Table 1 
Absolute rate data for quenching of eletronically excited IBr 

Quenching gas k (cm3  molecule' C') 

N2 	(5.0 ± 1.0) X 10-10  

02 	 (2.1 ±0.3) X 10-10  

CH4 	(9.4 * 1.0)X 10-10 
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of 12(D O) by CH4  and 02  is known to lead to bond 
cleavage and it will be interesting to see if similar reac-
tions occur with the ion-pair states of [Br. The main 
channel in the quenching of electronically excited [Br 
by N2  appears to be transfer into the lowest (D') ion-
pair state from which fluorescence to the A' state is 
the main decay process. 

Further work on the chemical and physical quench-
ing of the ion-pair states of IBr is in progress. 
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Appendix 3 

Conferences and Lectures Attended 



Lectures Attended 

In accordance with the regulations of the University of 

Edinburgh, the Department of Chemistry, the following 

lectures and lecture courses were attended during the 

past three years. 

Fortran 77 Computing Course 

Microcomputers - 1 week course. 

Lasers in Chemistry 

The Chemistry of the Photographic Process 

Least Squares Methods 

R.K.R. Theory 

In addition, many of the regular departmental seminars 

and all research group meetings were attended. 

Conferences Attended 

7th International Symposium on Gas Kinetics (August 1982). 

Two day conference on diatomic molecules to mark the 

retiral of R.F. Barrow, Oxford (April 1983). 

8th International Symposium on Gas Kinetics (July 1984). 




