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INTRODUCTION

Most of what is known about molecular potentials concerns bound

states. This is remarkable since most electronic states in mo-

lecules are repulsive, and such repulsive potentials often play

an important role in chemical reactions. The reason that bound

states are studied much more extensively than unbound ones is

pf experimental nature: bound molecular states .lead to discrete

energy levels« and therefore they are accessible to high resolu-

tion spectroscopy. On the other hand unbound states at best

lead to broad continua, from which little information can be

derived. Therefore most work on such states has been in the

field of collision physics, which has its own limitations. Only

ten years ago the first experiments were reported in which re-

pulsive potentials were studied with a new technique: photo-

fragn;=nt spectroscopy.

In this rechnique, molecules in a beam are photodissociated by

a laser, and the resulting photofragments are analysed for mass,

kinetic energy and angular distribution with respect ot the

light vector. Also the wavelength is sometimes varied. From

such data two types of information can be obtained. The "spec-

troscopic" question that can be answered is "to what dissocia-

tive state does excitation take place?". The answer gives infor-

mation about repulsive potentials in the Franck-Condon region.

One can also ask the question "what happens during dissociation?"

This is relevant -^ a wider range of internuclear distances.

In particular this aspect is stressed in this thesis. The dis-

sociation process itself can be viewed as a half collision, in

which the optical excitation is considered as preparing the

system right in the middle of a full collision. It does so in a

very selective way. Not only the energy is specified - by the

use of a laser -, also the angular momentum is selected - by

the nature of the process of optical excitation -.

These features are nicely demonstrated in our studies of po-

tential curve crossings. It Is instructive at this point to

make a comparison with full collisions on the one hand and with

spectroscopy on the other. In both cases we will find that dis-

sociation or "half collision" studies have certain advantages.
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(i) In full collisions curve crossings often are important.

The outcome of a collision event is affected by them each time

the crossing radius R is passed, i.e. on the incoming and on
c

the outgoing part of the trajectory. One of the attractive fea-

tures of using a dissociation process is that R is passed

only once. This permits a direct observation of the behaviour

at the crossing, in particular the ratio of diabatic and adia-

batic behaviour. Such observations can be made as a function

of radial velocity vr. For radial coupling Landau-Zener theory

predicts an exponential behaviour of the diabatic crossing

probability with v~ . Not only can these measurements confirm

that dependence, they also permit a simple measurement of Lan-

dau-Zener exponential parameters.

(ii) In spectroscopic experiments curve crossings may be ob-

served by their influence on predissociation of quasi-bound

states. Comparison with data from dissociation experiments is

possible for a crossing with intermediate coupling strength.

However, in such case the interpretation of spectroscopic data

is far from straightforward. The only two molecules known to be

amenable to such studies are IBr and IC1. In those two cases

the agreement between spectroscopic and dissociative experiments

is quite satisfactory. This justifies the application of the

half collision approach to other cases without predissociation.

Photofragment spectroscopy can also be applied to other fields,

such as multiphoton ionization. With the advent of powerful

lasers more and more experiments are reported in which ion

yields are measured as a function of wavelength. In many cases

the results indicate the presence of resonant intermediate

(bound) states, and information about these states can be

gained. However, in the final steps of the process repulsive

states often play a role. Therefore additional information can

be gained in the same way as before by observing photofragments.

In fact a variety of dissociation processes can occur here.

Heavy photofragments can result from ion pair formation, dis-

sociative (auto)ionization and neutral fragmentation. Each of

those processes is observed in the example of multiphoton ioni-

zation of Iodine. Those experiments give insight into excitation

processes as well as into dissociative states.



This is another example of the fact that the technique of

laser induced half-collisions can elucidate processes involving

repulsive states.

Chapter I contains a review of the subject. The concept of half

collisions is introduced, theoretical aspects are discussed

as well as their implications for actual experiments. Practical

experimental considerations are discussed in chapter II.

In chapter III the experiments are reported on IBr and IC1 in

which curve crossings are measured and repulsive potentials are

studied. Another example of a more general case of a study of

curve crossings is the work on TlBr of chapter IV. Finally in

chapter V we show the application of these ideas to multiphoton

ionization, as demonstrated on I2-





I THEORETICAL CONSIDERATIONS n

1. INTRODUCTION

I,1. Background

Discrete molecular states are extremely well studied by a

wide variety of spectroscopic techniques. This was already

the case in the beginning of the century and the introduc-

tion of lasers has only meant an even further refinement.

However, molecular continua are not accessible by high reso-

lution spectroscopy. Yet they are of importance since they

are caused by repulsive potentials that also play a major

role in the dynamics of molecular reactions. The conventional

way of obtaining information on such electronic states is by

scattering experiments. The outcome of a collision depends

upon the potentials which the colliding particles experience

during the event. More recently a promissing technique

started to develop: laser induced half collisions. Restrict-

ing ourselves to diatomic molecules for simplicity, the pro-

cess can, be understood as taking place in two steps:

AB + hv -»• AB* ->• A + B (1)

The first step is the absorption of a photon hv which excites

the molecule AB to a state AB*. The second step is the - di-

rect or indirect - dissociation of the excited molecule. This

latter step represents the actual half collision since it is

equivalent to the second half of a "full" collision.

Of course this is not the only possible type of a half col-

lision. A case that recently got much attention is the decay

of exciplexes. By means of a high voltage discharge a mole-

cular complex is created in an excited state, of which the

ground state is repulsive. Decay therefore leads to dissocia-

tion. This ensures 100% population inversion and is the basis

for the powerfull rare gas halide lasers which are recently

developed. Half collisions can also be induced by electron

impact [ID. This - in comparison to photon impact - permits

excitation to states within a wider range of energies and

quantum numbers. On the other hand the resolution is much
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lower. It is stressed that this review deals only with optic-

ally excited half collisions. It is noted that in fact also

an other restriction is made. One could consider processes

in which the photofragments are electrons. Photoelectron

spectroscopy is the established technique in which recoiling

electrons are measured. However we will be concerned with

processes in which - in-stead of electrons - heavy photofrag-

ments are involved. It is this type of process which can give

information on molecular potentials over a wide range of in-

ternuclear distances and on dynamical effects. For measuring

these processes various experimental techniques are available

that will be discussed in section five. In its most general

form observation of a half collision comes down to measuring

the kinetic energies and angular distributions of photofrag-

ments .

The first pioneering experiments on neutral molecules were

those by Bersohn and coworkers, who measured angular distri-

butions in bulk by Photolysis Mapping [2]. In order to be

able to measure energies and angular distributions simulta-

neously molecular beams had to be introduced. This was done

by Wilson and coworkers [3], who invented the term photo-

fragment spectroscopy, by Diesen and coworkers [31] and also

by Bersohn and coworkers [4]. Parallel to this similar expe-

riments developed on molecular ions [5]. The use of ion beams

here brought with it the employment of different detection

schemes. For a review of dissociation of molecular ions the

reader is referred to Los and Govers [6]. The further dis-

cussion of experimental details will be the subject of the

next chapter, while in this chapter we will consider some

theoretical aspects.

1.2. Information

The concept of a two step process is also reflected in the

two types of information which one can hope to extract from

it. They could be considered as of spectroscopic nature on

the one hand, and of "collisional" character on the other

hand.



13

AB • hv

AB\e

\

Figure 1

Schematic diagram showing possible ways to excite a molecule

from a bound ground state to a continuum, (a) Photoionization.

Excess energy is carried away by a photoelectron. (b) Disso-

ciative photoionization. Excess energy is carried by a photo-

electron and by heavy fragments, (c) Photodissociation (possi-

bly into an ion pair). Heavy photofragments carry the excess

energy. Each of these processes can also occur indirectly.

They are then called autoionization and predissociation res-

pectively.
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(i) Information on electronic states can only be obtained

from continuum photoabsorption when the excess energy is

known that goes into the continuum. (See figure 1). This is

the well known basis of photoelectron spectroscopy. The ki-

netic energy that is carried away by the electron is measured

in order to recover the electronic state of the ionized mo-

lecule. Exactly the same situation holds when the excess

enercjy is carried away by other fragments than an electron.

Examples are:

+ B
photodissociation

ion pair formation

B + e~ dissociative ionization

In the last case one would in principle have to measure the

kinetic energy of both the electron and the fragments in or-

der to obtain the complete picture [423.

Additional information about the symmetry of the upper elec-

tronic state is derived from angular distributions of photo-

fragments. This is possible since the orientation of the

transition dipole moment with respect to the molecular frame

depends upon that symmetry. In fact - as will be pointed out

in section 3 - the angular behaviour depends both on symmetry

and on lifetime of the upper state. Either one must be known

in order to facilitate a straightforward interpretation,

(ii) Observation of dynamical effects - like curve crossing

- is possible through the second step, the actual half col-

lision. Figure 2 schematically describes the situation. The

molecule is prepared in the middle of a collision, at the

distance of closest approach and with an angular momentum

within a "selected" narrow range. In a quantum mechanical

picture this means that - while the description of a full

collision requires a complete range of partial waves - the

half collision has only three contributions: J,J+1 and J-l.

Now the J values are confined to a small range and can, in

the case of indirect dissociation, sometimes even be pre-

cisely selected. These considerations will be described in

more detail below. In addition to this some other advantages
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\

Figure 2

Classical trajectories of a half collision, occurring when a

rotating molecule AB dissociates. The dotted line shows the

incoming part of the equivalent full collision. Both trajecto-

ries are the same as result of conservation of angular momentum.
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over a "full" collision are also obvious. Only the outgoing

channel plays a role in the event and states correlating

with electronically excited fragments are easily observed.

In contrast to spectroscopy half collision reflect the po-

tential energy at the full range of internuclear distances,

and not only those in the Franck-Condon range for optical

excitation. That is why observation of half collisions is

more than just a trick for decomposing and classifying con-

tinuum absorption.

In this review we restrict ourselves to diatomic molecules

because the aspects that we are concerned with are then

brought out in the most transparant way. By this restriction

we leave out a large and interesting field connected with

larger molecules. Experiments on their photodissociation pro-

vide clues about the dynamics of the fragmentation and are

of great photochemical interest [8]. Much of the theory of

photodissociation has been worked out originally by Zare [9]

and later by Lin [103 and coworkers. We will not try here

to repeat its rigorous formulation. Instead it is our aim

to underline some of the particular aspects which have led

- or may still lead - to instructive experiments.

In section two a distinction is made between direct and in-

direct photodissociation and its merits are discussed. In

section three the subject of angular distributions of photo-

fragments is reviewed classically, and in section four quan-

tum mechanically. Practical implications are discussed.

In section five experimental examples are given to illustrate

the major aspects and to show the present state of the art

of half collisions by photodissociation.
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2. PHOTODISSOCIATION

It is practical to distinguish between direct and indirect

dissociation processes. In the first case the excited state

is a repulsive one. In the second case it is a discrete one,

which predissociates. That implies that rotational quantum

numbers can be selected and that a certain lifetime is in-

volved .

2.1. Direct Photodissociation

Figure 3 schematically depicts the situation. We consider the

transition from the electronic ground state of a molecule to

a repulsive excited state. Starting with one vibrational

level and one photon energy we must consider the Franck-

Condon factor, which is the overlap of the ground and upper

state wavefunctions [113. The important approximation that

is often made at this point is based on the fact that the

upper state wavefunction is oscillating very fast compared

to the ground state one. As a result of this the only impor-

tant contribution to the overlap integral stems from the

part right at the repulsive potential. This is the so called

delta function approximation since it suggests that the up-

per state wave function can be replaced by a delta function.

This approximation obviously breaks down for high ground

state vibration (fast oscillation) and for low upper state

energy (slow oscillation). For most common cases of disso-

ciation of thermal molecules it is a very useful simplifica-

tion a which leads to the so called Condon reflection method.

To relate a continuum absorption spectrum to a repulsive

electronic state it can be thought to be the result of "re-

flecting" the ground state probability function against the

repulsive curve, just as is indicated in figure 3. Of course

the absorption spectrum is the superposition of the contri-

butions from all ground state vibrational levels. This im-

plies that the excited state potential can be retraced if

both the continuum absorption and the ground state are well

known. In particular so when absorption data are available

at different temperatures, that is at different vibrational.
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Figure 3

Schematic potential energy diagram of a diatomic molecule for

the explanation of absorption probabilities to a repulsive ex-

cited state. In the ground state the probability functions

(squared wavefunctions) of the lowest three vibrational levels

are indicated. In the excited state some wavefunctions are

sketched. Along the verical axis a resulting absorption profile

is shown, as a function of energy of excitation, for absorption

from each of the vibrational levels.
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population distributions. An example of such attempt is the

work of LeRoy en Br2 [12]. However in general the absorption

may well be the superposition of several continua. Indeed

this is often the case.

Although Sulzer and Wieland [13] have developed a method to

decompose an absorption continuum into its different contri-

butions this is not very satisfactory.

Transitions frcm a discrete vibrational level to a repulsive

curve can be observed nicely in emission in suitable cases

[7], but generally not in absorption.

Photofragment spectroscopy can accurately distinguish be-

tween different repulsive potentials that contribute to the

same absorption continuum. The condition is that the poten-

tials either have different symmetry - producing different

angular distributions - or correlate with fragments with

different internal energy - producing different kinetic ener-

gies -. Indeed this classification of repulsive states has

been one of the tasks with which photofragment spectroscopy

of diatmics has been concerned extensively.

The outcome of such experiments can be altered by dynamical

effects during the half collision, such as curve crossings

[34a].

2.2. Photopredissociation

In photopredissociation the process is indirect. First exci-

tation takes place to a specific discrete rovibronic upper

state. This state may then couple with one or more continua.

Of course the information that one would wish to obtain now

concerns the continuum state(s) and the effects which cause

the coupling. Its most immediate result is the shortening

of the lifetime of the excited state. Of course this effects

the fluorescence from that state. This fact is utilized in

the beautiful work by the Paris group of Lehmann [14], who

studied the predissociation of the Iodine B state. They ob-

served different effects responsible for the predissociation,

such as rotational coupling, hyperfine coupling and magnetic
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field induced coupling, and interferences between those ef-

fects. The results of line broadening due to predissociation

was studied by Child [15J. However, in addition to observa-

tions of such spectroscopic nature also measurement of photo-

fragments can yield information on this type of process.

Examples are the work of Los and co-workers on the special

case of rotational predissociation [16] and that of Durup

and co--workers on predissociation of precisely selected

states in O 2
+ [37gJ.

3. CLASSICAL DESCRIPTION

Much of the dynamics the half collision itself is contained

in the differential cross section, e.g. the angular distri-

bution of photofragments with respect to the quantisation

axis. In the case of an optically induced half collision the

quantisation axis must be taken as the light vector: e_.

Much of the theory has been given by Zare [9] and by Lin

[10] and coworkers for photodissociation of neutrals and

similarly by Dunn [17] for molecular ions. All we will at-

tempt to undertake here is to describe the main characte-

ristics of the problem. To this purpose first a classical

picture will be sketched. Its quantum mechanical formulation

will be discussed in the next section.

description

The most simple case is direct dissociation (dissociation

takes place immediately after .xcitation), especially when

axial recoil of the fragments may be assumed. After a de-

scription of this simplified picture the approximations will

be subsequently dropped to yield a more realistic - though

still classical picture.

Since the molecules are in principle randomly oriented - all

m levels are equally weighted - one might expect an isotopic

production of photofragments. However the excitation does

not have equal probability for all molecular orientations.

The transition probability P is proportional to the squared
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inproduct of the transition dipole moment^ and the light

vector:

P = (3.1)

where 9 is the angle between £ and e_. in what follows we

will always use 9 with a relevant subscript to denote an

angle with the light vector. The angular distribution of

transition dipole moments can be written in a form that will

prove to be convenient:

1(9 ) = l/4ir [1 + 2 P 2 ( C O S 9 I J ) ] (3.2)

where we have used

2
•r, / A \ 3 c o s 9 - 1 /o -3\

P2(cos6) = 2 (3.3)

and l/4ir is a normalization factor.

Now an angular distribution of photofragments must result if

the angle, say \r between the internuclear axis and the tran-

sition dipole moment is fixed. In order to derive the re-

sulting angular distribution of intermolecular axes a simple

transformation of coordinates is to be carried out, which is

outlined in appendix A. It yields:

I(6a) = 1/4TT [1 + 2 P2(cosx)P2(cos6a)] (3.4)

At this stage the angular distribution provides information

about the angle between the transition dipole

internuclear axis. This in fact implies that the symmetry is

revealed of the states between which the transition took

place. When the orbital angular momentum for both states is

equal (AA = 0) the x and y components of _̂  vanish such that

X = 0. This is called a parallel transition. However when

iA = + 1 it is the z component of ^ which vanishes such that

X = ir/2. This case is for obvious reasons called a perpen-

dicular transition. Evaluating expression (3.4) it is seen



22

that a parallel transition yields a cos 0 distribution while
2

a perpendicular one leads to a sin 0 behaviour.

The factor P2(cosx) is an anisotropy parameter. It can run

from -k (perpendicular) to +1 (parallel) . Values in between re-

sult when the angular distribution is produced by a mixture

of transitions with different symmetries. It is zero (iso-

tropic distribution) when the perpendicular transitions are

twice as strong as the parallel ones. The factor two is the

result of the different normalization of the two cases.

Now the approximation of axial recoil is dropped. The frag-

ments may now recoil at an angle V with the original posi-

tion of the internuclear axis. Once more the coordinate

transformation from appendix A [18] is performed yielding:

I(6r) = l/4ir [1 + 2 P2(cosi')P2(cosx)P2(coser)] (3.5)

8 is the recoil angle with respect to the light vector. We

must now evaluate the angle i|» which will turn out to be small

in most practical cases. This indicates that the axial re-

coil approximation is often an useful one. The situation is

depicted in figure 2. There classical trajectories are

sketched for both a full and a half collision. They are found

to coincide since they are both determined by conservation

of angular momentum, while the particles are in each others

potential field. So the recoil angle ¥ can be calculated

straightforwardly, just like the deflection angle <5 in the

equivalent full collision. The crux of the matter is that y

will be small provided the rotational velocity is small com-

pared to the velocity of dissociation. In most practical

cases this will be true since vertical transitions usually

take the molecule up to a strongly sloping part of a repul-

sive potential, while rotational energies are only thermal.

For comparison we note that on the average a rotational pe-
— 12

riod is on the order of 10 sec. while a vibrational pe-

riod (dissociation is half a vibration) is on the order of
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-14
10 sec.

So it is seen that the factor P2(cos^) usually adds only a

small correction to the anisotropy parameter. Moreover this

correction can be calculated when the distribution of angu-

lar momenta ;Ln the dissociating molecule is known.

Lifetime

The final step to be taken is to include in the model the

possibility that the excited molecule has a certain lifetime

before it starts to dissociate. It can then rotate ever an

angle n prior to dissociation. Once more application of the

coordinate transformation yields:

K6 r) = 1/4TT[1 + 2 P

: : : 1 _ (3tu
Of course the probability for a given angle n to occur de-

pends upon the lifetime of the excited state.

Jonah [19] has shown that for a molecule with a rotational

frequency u in a state with a lifetime T the averaged P~
2 2 2 2

(cosn) reduces to 3 = (1 + ID T )/(l + 4u T ). Equation
(3.6) is generally written in the familiar form (with 9 for 6 )

1(6) = l/4ir [1 + 3 P2(cos6) ] (3.7)

We know that - apart from a small correction for non axial

recoil - 0 may contain two unknowns: a contribution 6 re-
s

fleeting the symmetry of the transition, and a contribution

BT reflecting the lifetime of the upper state. An assump-

tion about either one of the two is required in order to be

able to deduce information about the other. In particular, if

the symmetry is known the rotating molecule acts as a clock

for measuring the lifetime. In that case very short life-

times can be measured very accurately. However in most prac-

tical cases there turns out to be either one of two extremes.

Either dissociation takes place directly, or after at least

several vibrations. The latter case appears to approach al-

ready the limit of infinitely long lifetime. In that case
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eT approaches the value \.

At first sight it may seem odd that even after an infinite

number of rotations anisotropy will be observed. However it

must be realized that the dipole excitation in fact selects

orientations of the angular momentum. An isotropic distri-

bution results only when the recoil angle - be it as a re-

sult of lifetime or as a result of rotational energy - is

exactly 54.7°. This is the so called magic angle which causes

a second order Legendre polynominal to be zero, (see appendix B)

It is instructive to compare this model of optically induced

half collisions with other situations. First of all, the

analogy with full collisions is striking and will also be

emphasized in the next section. It is brought about clear-

ly by the schematic classical trajectories of figure 2. The

optical excitation just prepares the system in the middle of

a collision at the distance of closest approach. The fact

that we assume nearly axial recoil implies a nearly head-on

collision. This in other words is a collision with a select-

ed impact parameter! The difference lies in the laboratory

frame of reference. In the one case it is the light vector,

in the other it is the incoming beam of particles.

For comparison note the angular distribution of electron im-

pact induced half collisions El]. The distribution in that

case must be taken with reference to the momentum transfer

vector. After proper averaging the angular distribution is

obtained relative to the direction of the incoming electron

beam.

It was the purpose of this section to sketch a classical

model of photodissociation which in particular illustrates

the meaning of the anisotropy and the information that can

be derived from it. Of course the step by step treatment

given here is basically incomplete. It would require exact

knowledge of both position and momentum at all times. A

more adequate treatment is also available. In the next sec-

tion its implications will be discussed.
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4. QUANTUM MECHANICAL TREATMENT

4.1. Direct dissociation

For giving a intuitive idea of the quantum mechanical formu-

lation of differential cross sections we make use of the ana-

logy with the full scattering problem. There the situation

is described by an incoming plane wave plus outgoing (scat-

tered) spherical waves. In our case we have the second part

of the event only. The continuum wavefunction is therefore

chosen to have the asymptotic form of an outgoing plane wave

plus outgoing spherical waves. It will be seen that while

the full collision is described by an infinit expansion in

partial waves, in the present case the optical transition

"selects" only three waves: J=J' , j'+l. This is what in clas-

sical terms was called dealing with a selected impact para-

meter.

Instead of repeating the full derivation here, which is given

extensively elsewhere [9,10,203, we will only indicate major

steps. The main purpose is to note some of the approximations

used and to note its implications.

Basically we are dealing with a transition from a bound

ground state |g;vJ'M'A > to a continuum dissociative state

|d;KJMAd>.

In what follows the quantum numbers will be omitted for bre-

vity. v,J and M have their usual meaning as vibrational and

rotational quantum numbers, K denotes the energy of the con-
2

tinuum state: E=K /2m' (m1 is reduced mass). A ± is the total
electronic angular momentum.

The states are coupled by the optical interaction H , which

equals y.e.(p = e£ r^. Now we can write for the differen-

tial cross section, in accordance with Fermi's golden rule

9, <j) are polar angles of recoil relative to e) :

a(e,*) * |<d| H o |g>|2. (4.1)

The Born-Oppenheimer approximation is used by separating the

electronic and nuclear motions, such that the ground state

wavefunction becomes:
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1^ = <geRvJ'(r) V . M - ' W

R and Y are the radial and angular part of the nuclear func

tion. This is recast into a useful form with the aid of the

Wigner rotation matrix D: [21]

l*> = *geRvJ'(r) n2J' + l)/4iT]^ DJ5.0(*o»eo,0) (4.2)

6 and (|) are the angles between E and the molecular axis at

the moment of excitation.

The continuum wavefunction is the set of partial waves ful-

filling the boundary conditions for scattering as described

above [22].

|d> = \\>deZ Aj Rj (Kr)P2(coS(o) .

where R_ (Kr) is a solution of the radial Schrodinger equa-

tion and Aj is a function of J and 6 which is the phase-

shift. Now ID is the angle between the original position of

the molecular axis and the final direction of recoil at in-

finity. Note that this expression already contains the ef-

fect of rotation after dissociation, which indeed cannot be

treated separately as we did in the classical description.

We must relate all angles to the axis of quantization. This

is done by the application of the addition theorem for sphe-

rical harmonics:

'd> = A AJ RJ ( K r) DM^*o' eo' 0 ) DMA(*' 6'

Finally we also need an expression for y. e which turns out

to have an angular behaviour in the form D_, with X=|A,-A I
OA ' d g •

This must now be combined with equations (4.1), (4.2) and

(4.3) to yield a general expression for the differential

cross section:

o(e,*) = |jZM (2J+1) Rj Cj DJJA(4,,e,O)|
2 (4.4)
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R_ is the radial part governing the bandstrength:
J

Rj = (i)
J e~i6J j RvJ,(r) ,gd Rj(Kr)r

2dr

*de v *ge

C T is the rotational part governing the rotational line

strength:

C T = C(J'1J ;M'O) C(J'1J ; OA) (4.5)

where we inserted Clebsch-Gordan coefficients. They infer

the selection rules AJ = 0, +1. and M'=M.

If all M sublevels are equally populated the general expres

sion (4.4) can be summed over M and averaged yielding an ex

pression that can be cast in the familiar form:

a
a(e) = ~ [i + e p-(cose)]. (4.6)

4 77 Z

For a parallel transition the anisotropy parameter is given

by:

3 J ( J + 1 } (RJ-HRJ-I+RJ+IRJ-I) + ( J + 1 ) (J+2)

_
|RJ+1|

2

we will now make some comments on the derivation presented

above.

In most general form the anisotropy parameter of equation

(4.6) is dependent upon J and in fact also upon v. However,

if this dependence is small an approximation can be made

which is equivalent to the axial recoil approximation in

the classical picture. In particular if 6_-̂ Jir is indepen-

dent of J and |RJ+1I = l
Rj_il then it is seen that 8 reduces

to the value 2, yielding a cos 8 distribution. This was to
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be expected when the effect of rotation is small.

It should be noted that the Born-Oppenheimer approximation

is the only one made in the general derivation. It was for

instance not required to make the Franck-Condon approxima-

tion. Of course the latter one can be applied in an actual

calculation of the matrix elements Rj.

Another approximation is also quite useful in the actual cal-

culation of matrix elements R_ : It is common practice to

replace the radial part of the upper state function by a

delta function, as described in section 2.1. A comparison

between this approach and exact calculations is given by Dunn

for photodissociation of H 2 . Especially for lower ground

state vibrational levels the delta function proves to be a

good and useful simplification [17].

The angular distributions are cylindrical symmetric with

respect to the light vector since 41 drops from the final

expression with summation over M. The P2(cos6) term results

in forward backward symmetry. In the case of unpolarized

light similar symmetries exist relative to the direction

of the light beam.

e££e_atsi

While the differential cross section for full scattering may

show interference effects from different partial waves the

situation is quite different in the present case. The only

interference in formula (4.6) is that between J+l and J-l

waves. Without axial recoil approximation an elaborate cal-

culation is required. An example is the angular distribution

of photoelectrons, treated on the basis of the same forma-

lism by Cooper and Zare [231. The situation appears to be
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more subtile in the case of predissociation, since quantum

numbers - such as J - may be selected. However, in order to

point out the basical steps of the theory we have sofar

treated the simpler case of direct dissociation. This did not

include the possibility of the excited state having some

lifetime before breaking up. Now we will proceed with a brief

account of the formalism for indirect dissociation. 4

4.2. Indirect dissociation

A description of angular distributions of predissociation

fragments is given semiclassically by Jonah [19] and leads

to the lifetime formulation of section 4.1. A quantum mecha-

nical formulation was given by Mukamel and Jortner [20].

They also discussed the interference between direct and in-

direct dissociation [24]. Their treatment was extended to

the general case of arbitrary coupling schemes by Beswick

and coworkers [37g]. The model considers optical excitation

H from a ground state IgJ11!!1^ to an excited state |eJ'M'>,

which couples through a coupling H with a dissociative state

|dJM>.

Now there are three states instead of two, and the differen-

tial cross section can be shown to be:

h. -ET,+ i?

to is the light frequency, rJt is the width of the interme-

diate state. E_, is the energy of the intermediate stajte.

The lifetime is now implicit in r _,, which is of course
j

larger for shorter lifetimes. It can be compared with the

rotational period v ., which is of the order of

|E J | + 1 - EJ,I. The limit of fast dissociation is obtained

when Tj, » v r o t.

One now can proceed in the same way as for direct dissocia-

tion. For the optical coupling between discrete states we

get:

<e|Ho|g> * R^f Cj, (4.8)
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and the electronic coupling can be written as

<d|Hc|e> (4,8,0) (4.9)

where we have used a similar upper state function as before,

Rr.e contains the electronic coupling term:

• I *e Hc

exp(-i dr (Kr) RvJ(r)

Combining (4.7), (4.8) and (4.9) provides the general ex-

pression:

a , C(J"lJl;M"0)C(J"lJl;0A)D;JA($/e,0)
. . „ R9 P — —e

oie ,$j j / j
l =j"+o f +l J1 J ho)-Ej, + ^i Tj,

(4.10)

The evaluation of this formula is far from straightforward.

In a real situation summation must be performed over M le-

vels. In addition to that the band width of the exciting ra-

diation must be taken into account, since either one or se-

veral rotational lines may be excited. Finally different

cases must be distinguished according to different values of

the level width. Here we will only mention the major results

and implications, for the elaborate calculations the reader

is referred to the work of Mukamel and Jortner.

Lifetime

Our first concern is to check how the angular distribution

behaves in the limiting cases of fast and slow recoil. An

instructive expression can be derived within the framework

of axial recoil. That means in this case the assumption that

the radial wavefunction of any of the three states does not

vary significantly with J. The formula for the angular dis-

tribution can then be cast in the following form:

1(6) D J X U , 6 , 0 ) |
2 - OjP2(cos8) (4.11)
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in which a-, contains the crucial ratio Cj = v
r o t /

r j ' ^ e

first term on the r.h.s. of equation (4.11) describes the

direct dissociation, the second term shows the erosion of

the direct distribution as a result of the molecular rota-

tion before dissociation. For direct dissociation £_ tends
•j

to 0. a-, tends to zero and the angular distribution reducesu
to the one obtained before for direct dissociation. In parti-

cular for a parallel transition it can be derived that:

For infinite lifetime and high J values the angular distri-

bution

result.

2
bution tends to 1+cos 6, in accordance with the classical

£];evels

An intriguing feature of photopredissociation is the possi-

bility to select a single rotational level. With fast pre-

dissociation the level width is larger than the spacings be-

tween neighbouring levels such that P, Q and R lines can not

be resolved. For slow predissociation this possibility does

exist and the angular distribution reduces to:

1(6) * Zm Rj?C(J"U
I;M"0)D^'lA(<(>,e,0) (4.12)

Remarkebly enough the result does not depend upon the paral-

lel or perpendicular character of the optical transition, but

only on its P, Q or R character, (see Appendix B)

The only aspect or the ground state that enters the expres-

sion is the rotational quantum number. The expression that

results from (4.12) is tabulated by Zare and assumes a simple

form for higher J values.

For Q branches 1(9) = (3/8ir) sin26

For P and R branches I(e) = (3/16TT) (1 + COS 2G)
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Resonances

So far possible variations in &j have been neglected. However

the phase shift can vary continuously over a level w. ith in

a range of v. Upon inspecting the above expressions for 1(6)

it is seen that this can strongly affect the angular distri-

butions. Observation should be possible in an experiment that

would permit scanning through a rotational line. The pheno-

menon is in principle very general. It is analoguous to re-

sonances in low energy elastic scattering by a spherical po-

tential well.

Another assumption that was made throughout is the random

orientation in space of all molecules. In a beam experiment

in which M levels could be selected the averaging over M is

no longer required. Both theoretical and practical work on

this topic is currently under way [25].

Mukamel and Jortner have also studied the case in which tran-

sitions take place simultaneously to a continuum and a pre-

dissociating state. In that situation interference effects

are anticipated in the cross section.

Finally for an extension of the theory to dissociation of

polyatomic molecules the reader is referred to the work of

Yang and Bersohn [26]. Obviously the main complications in

that case are (a) the increased amount of possible positions

of the transition dipole moment within the molecular frame

and (b) the increased degrees of freedom for energy parti-

tioning, both before and after dissociation.

5. EXPERIMENTS

The most simple experiment on photodissociation is measure-

ment of total extinction coefficients. However, as we have

seen, not much information can be extracted from it. In the

case of predissociation sometimes detailed information can

be obtained from observation of the fluorescence of the re-

maining molecules. The studies of Ij by Lehmann and coworkers
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are an example [14]. Since this type of technique is rather

spectroscopic and does not work for direct dissociation, we

will now sum up some typical experiments in which the photo-

fragments are observed and analyzed. Usually those techniques

are in principle applicable both to direct and to indirect

dissociation. Generally in bulk experiments it is possible to

observe only one feature of the fragments at the time. Photo-

lysis mapping tracks down the angular distribution but does

not discriminate between different kinetic energies [2],

Laser induced fluorescence to detect fragments gives detailed

information about internal energy distributions of molecular

fragments. An example is the work by Welge on N0 2 [27].

Measurement of the degree of polarization of the emission

of metastable molecular fragments allows determination of the

orientation of the absorption dipole moment in the parent mo-

lecule. This is demonstrated by Zare on ICN and HgBr2 [28],

However, more general schemes - involving also diatomics -

require the possibility to observe simultaneously angular

distributions and kinetic energies. This requirement calls

for beam experiments. For indirect dissociation a beam has

the additional advantage of suppressing Doppler widths. Two

classes of beam configurations are common in this field,

each with their own experimental advantages and disadvantages.

Either a high energy ion beam is employed or a thermal (or

nozzle) neutral beam. The former setup is sometimes known as

translational spectroscopy and has the advantage of a small

velocity spread in the beam. The merits of this will be dis-

cussed further in chapter two. The neutral beam setup was

introduced in 1970 by Wilson under the name photofragment

spectrometry 131. Let us consider the type of information

that can be obtained from these experiments.

One of the earliest experiments on ion beams were those of

von Busch and Dunn on H 2 [17]. They observed dissociation

into one outgoing channel (ground state fragments) and used

their measurements to derive the population of vibrational

states of the H* molecules. In H* visible light will not

excite higher dissociative states. In most heavier molecules,
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TABLE Id.

Reference

K.R. Wilsor

29 a

b

c

d

e

f

g

S. Riley et

30 a

b

R.W. Dieser

31 a,b

R. Bersohn

32

Stone et al

33

M.S. de Vri

34 a

b

c

To be publ.

Chem.Phys.

T. Rose et

35 a

b

molecule

I et al.

C12
IBr, I2

h
HI, DI

H
Br2
IBr

. al.

Til

Alkali-
Halides

et al.

C12

et al.

Til

°2
es, N.J.A.

IBr

KI

Alkali-
Hal ides

IBr, IC1

Alkali-
Hal ides

Thallium
Halides

X2

al.

KI

Nal

experimental

parameters

E

X

X

X

X

X

X

X

X

X

X

X

X

e

X

X

X

X

X

X

X

X

X

X

X

X

van Veen

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

A (nm)

347

531

465

266

x 531+Dye

remarks

Two photon, lifetime inter-
mediate state

531,466,347

532

266

266

347

299,380

UV lamp

et al.

x 480-530

x 265-335

x 'v 300

x 480-350

x ^ 300

x 193-360

x 595+248

347

347

Alignment

Bond energies

Detection by chemiionization

Curve crossing

Bond energies

Curve crossing, vibration
levels

Multiphoton Ionization

Angular distributions only
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TABLE lb.

Reference

J. Los et

36

molecule

al.
+ + +

Moseley, Durup et al.

37 a

b

c

d

e

f

g

h

i

Carrington

38 a

b

c

Thomas et c

39

H2

HJ,D+,HD +

~;

o+2

o+2

, Sarre et al

i
a.

experiments

pa

E

X

X

X

X

X

X

X

X

X

X

X

X

X

ramet

e

X

X

X

ers

A (ran)

466-514

693

x 693,^ 580

x 693,^ 580

x 458-799

x 468-799

x 575-587

x -v 580

x ^ 580

x 488,514

x 496

x 496

300-600

remarks

Vibrational population

Fine structure

Intermediate coupling case

Lifetimes, Doppler tuning

All quantum number specified

Branching ratios

Doppler tuning

TABLE 1: Major beam experiments, studying the photodissocia-

tion of diatomic molecules. Updated until February

1980. (a) Neutrals, (b) ions.
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however, several states can be reached in the visible or near

UV; Indeed the task that sofar has been the major goal of

photofragmentation experiments is the classification of those

states. Of course the information follows from determination

of the outgoing channel through kinetic energy measurements,

sometimes supported by simultaneous measurement of angular

distributions in order to determine the upper state symmetry.

A nice example of an early experiment is the one on I~ in

1971 by Wilson [29c]. It led to reinterpretation of the vi-

sible continuum and showed why attempts to make a photoche-

mical Iodine laser had failed; not enough excited I atoms

are formed. Since then photofragment spectroscopy developed

into a useful tool for classifying the potential curves that

cause continuum absorption. A variety of molecules has been

studied in this way, neutrals as well as ions, all listed in

table 1.

In addition to this sometimes more detailed information can

be obtained, of which we now give examples. The interpreta-

tion of observed symmetries is usually straightforward and

depends upon the Hund's coupling rules. An intermediate case

was studied by Moseley and coworkers in Ar_ E37e].

The angular distribution was used to measure a predissocia-

tion lifetime in 0_ by Stone and coworkers [33]. They em-

ployed a flashlamp as a UV source, making up for the lower

signal by using a special detection technique: chemiioniza-

tion. Using the molecular rotation as a clock they found a

lifetime of 2x10 sec. Another parameter to be varied in

these experiments is the excitation wavelength. This in par-

ticular is important in predissociation. By observing a

distinct outgoing channel a line spectrum is obtained for a

specific predissociation. Examples are the work on ions by

the group of Moseley and of Durup and coworkers [37] and of

Carrington and coworkers [38]. In the case of 0* angular dis-

tributions were also obtained, testing and confirming to high

accuracy the theories on photopredissociation [37g]. High re-

solution in the excitation step, due to Doppler tuning, per-

mit observation of fine structures [37c,38b]. Direct disso-

ciation can be a tool to observe curve crossings, as demon-



37

strated on IBr [34a]. Also rather complicated diatomic sys-

tems are amenable to study by these techniques as can be seen

in the studies of Thallium-halides. A byproduct of photofrag-

ment spectroscopy is the possibility to obtain dissociation

energies from the energy balance. This can be done the more

accurate the smaller the kinetic (excess) energy is with

respect to the dissociation energy [34c].

Of course this type of experiment is not restricted to the

absorption of one photon. In a two laser two photon experi-

ment Wilson has measured the lifetime of the intermediate

state in an experiment on Iodine [29e]. Although this life-

time was measured more accurately in fluorescence the expe-

riment is still of interest since states can be reached that

are inaccessible by a one photon step. An experiment that has

not yet been performed, but would be very elegant is one in

which a first step would select J levels, which would serve

as a starting point for subsequent continuum absorption.

The possibility to orient molecules by photodissociation was

also studied by Wilson, be it in an indirect way [29g3.

Molecular orientation by optical excitation has been utilized

with discrete transitions. However, the potentially powerful

method of depleting M levels by photodissociation has not yet

been employed. The method is in particular effective with

slight saturation of the transition.

Not so much work is done in the field of dissociative ioni-

zation with observation of ionic fragments. An example is

the work of Gardner and Samson who measured kinetic energies

of ionic fragments for CO and N 2 as well as H- [41]. They

could also observe electron energies, but no angular distri-

butions. Photoion-photoelectron coincidences are measured by

Gyon and coworkers [42]. We should also mention the poor

man's synchrotron of van der Wiel and coworkers [43]. They

measure fragment kinetic energies under electron impact in a

way that simulates photon absorption. Angular distributions

of H fragments are measured by Dehmer and Dill [44]. In mul-

tiphotonionization the technique can lead to observation of

different competing channels [45].



38

Finally we should mention the numerous experiments on poly-

atomics.

The type of information obtained is usually different, deal-

ing with the dynamics of dissociation. As significant examples

the work of Wilson on N0 2 and NOCl [40] should be mentioned

together with much of the work of Bersohn [8].

Just one result is mentioned here , both because it was from

one of the first experiments of this type and because of its

elegance. In 1974 Bersohn and coworkers obtained angular dis-

tributions from photodissociation of beams of aryl halides.

One of their interesting findings was an isotropic distribu-

tion from 1-bromonaphtalene in contrast to a strongly aniso-

tropic result from 1-Iodonaphtalene. Apparently substitution

of the halogen makes the difference between fast and slow re-

coil.

In conclusion one can state that the study of half collisions

by photodissociation in the course of ten years has developed

into a powerful new tool for investigating otherwise inacces-

sible potentials and decomposition processes.

Figure 4

Two sets of axes used in the appendix to show the transforma-

tion of the angular distribution. For an explanation of the

symbols see text.
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APPENDIX A

Referring to figure 4 we have an angular distribution of a

vector V with respect to £:

Dv) = 1 + a P2 (cos 0V) (Al)

We now wish to know the possibility that a vector £ is orien-

ted at an angle 0,, with respect to e, while V can be anywhere

on a cone with an angle IJJ with "L_.

The plane XOY is perpendicular to Z and cf) is the angle between

the Y axis and the projection of V. <|> can have any value from 0

to 2TT. By inspection of the figure the following transformation

relation is easily verified:

cos 0 = cos Tp cos 0 + sin ty sin (|> sin 0 . (A2)

Substitution of A2 in Al and integration over <j> yields the de-

sired distribution:

I(0Z) = a P2(cos P2(cos 0 V ) .
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APPENDIX B

If a molecule dissociates after many rotations the fragments

are still not isotropically distributed with respect to the

light vector. Figure Bl serves as a semiclassical illustration

of this fact. The light vector £ is chosen along the z axis of

a laboratory fixed frame. Any molecule dissociating at 0° with

respect to e_ must have its rotational angular momentum J in

the xy plane (Plane A in the figure; this corresponds to M = 0).

Any molecule dissociating at right angles to the light vector

must have J in a plane through the z axis (M has any value be-

tween -J and +J). For example dissociation along the y axis

requires a molecule with J in the xz plane (plane B in the fi-

gure) . The important point now is that the molecules with J in

plane A do not have the same probability to get excited as

those with J in plane B. Considering for example a parallel

transition the former ones always get parallel to the light

vector during some period of time while the latter ones do not.

So it is seen that the amount of molecules dissociating at 0°

with respect to the light vector is unequal to that observed

at 90°. This demonstrates the fact that some of the anisotropy

is preserved even after a large number of rotations.
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dissociation along "z:
dissociation along ~y:

J in plane A
J in plane B

B1
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Figure B2 serves as an illustration of another peculiarity

concerning the angular distribution in indirect dissociation.

When a single J level is excited the angular distribution no

longer reflects the parallel or perpendicular character of the

transition. It only reflects the P, Q or R character; AJ = -1,

0, +1. This is due to the fact that for AJ = +1 the transition

dipole moment ji is perpendicular to J, while for AJ = 0 it is

parallel to it. Note that for a parallel transition (like Z - E)

there is only AJ = +1, JJ is parallel to the internuclear axis

and therefore always perpendicular to J. For a perpendicular

transition (like Z - II) JJ is perpendicular to the internuclear

axis. It can then be either perpendicular to J (AJ=±1) or

parallel to J ( J = 0). Now as we have seen above for long life-

times the angular distribution is determined by the orienta-

tion of J. Figure B2 shows possible orientations of J for maxi-

mum and for minimum excitation for different cases. J is either

in the xy plane or along the z axis. It can be verified that

- after many rotations - the same angular distribution will

result for a parallel transition and for the P and R branch of
2

a perpendicular transition (of the form 1 + cos 9). In both

cases molecules with the same J orientation have the same ab-

sorption probability. Only the Q branch will produce a differ-
2

ent angular distribution (of the form sin 0).

When all branches contribute simultaneously the general rela-

tions for parallel and perpendicular transitions are recovered.

It is noted that the same results are obtained in the quantum

mechanical treatment when considering high J levels.



Transition Maximum
excitation

No
excitation

parallel

perpendicular
A J = ± 1 (P.R)

perpendicular
AJ = O (Q)

CM
CO
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II EXPERIMENTAL CONSIDERATIONS

1. GENERAL CONSIDERATIONS

In 1961 Zare and Herschbach investigated the possibilities

of a beam experiment for determining kinetic energies in

photodissociation [1]. They concluded pessimistically that

such beam studies would be possible, "but would demand a for-

midable investment in instrumentation".

The main problem which they anticipated was the signal to

noise ratio. Only ten years later powerful lasers had dras-

tically changed the picture. Between 1970 and 1980 photo-

fragment spectroscopy developed into an established technique.

In this section we present the general considerations that

play a role in designing such an experiment. We then concen-

trate on one particular approach since in section two the

apparatus is described with which the experiments are per-

formed of the following chapters.

The c m . to laboratory transformations of this set-up are

discussed in section three, while section four discusses

possible future improvements.

1.1. Kinematics

Today photofragment spectroscopy is being performed by several

groups in either one of two principal set-ups [2.3]. They em-

ploy either a thermal neutral beam or a high energy ion beam.

These two approaches also differ considerably from a kine-

matic point of view. A crucial parameter to be considered in

this respect is the ratio R between the velocity c of the pa-

rent molecule and the velocity u of the dissociating frag-

ment:

R - If I «
Figure 1 depicts three velocity vector diagrams for different

values of R: (a) R < 1, (b) R > 1 and (c) R >> 1. a and a
o



b)

c)

Figure 1

Velocity vector diagrams for different ratios of dissociation

velocity ju and molecular beam velocity £. v is the resultant la-

boratory velocity, a and a are the cm. and laboratory angle of

recoil.



47

indicate the c m . and the laboratory angle with the beam res-

pectively, v is the laboratory velocity after dissociation.

For each laboratory angle in case (b) and (c) there are two

possible c m . angles. The first one is a, the second one cor-

responds to a direction of recoil as indicated by the dotted

line.

The broken lines show the maximum possible laboratory angle.

As the problem is cylindrical symmetric with respect to the

beam, azimuthal angles are not indicated. In order to bring

out an important practical difference between the two common

arrangements we discuss here the influence of the spread in

molecular beam energies upon the energy resolution. In the

apparatus that will be discussed in more detail below this

will be seen to be one of the major limitations.

To this purpose we apply the cosine rule to figure one:

u 2 = v 2 + c2 - 2cvcosaQ . (1.1)

Initially the angle of detection is assumed to be constant,

the implications of detection over a finite solid angle are

discussed below.

For neutral beams one usually has aQ = ir/2, for beams of ions

a = 0. We shall now consider these two cases.

(a) For neutral beams (aQ = ir/2) we get:

2

A p _ de A F _ du m _ _ m . .

" dE A T T M AE ~ M AE ' (1*2)

ac

Here M,E and m,e represent mass and energy of the parent mole-

cule (in the lab. frame) and of one of the fragments in the

center of mass respectively. From equation (1.2) we see that

it is favourable to detect the lighter fragment. It is less

influenced by the molecular motion. Ae is independent of

energy. However in section 3.2 it will be shown that for

other reasons an energy dependence exists. It will be seen

to be favourable to detect low excess energies, but the reso-

lution is then limited by the energy spread of the molecular

beam, in practise the best energy resolution is obtained for

excess energies in the order of 0.1 eV.
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(b) With ion beans detection takes place in the beam direc

tion, so

a_ = 0, leading to

From this it is clear that high beam energies lead to im-

proved resolution. This is the result of kinematic contrac-

tion: for a constant energy spread the velocity spread is

proportional to v'l/2ME. A 3 KieV ion beam with a 1 eV energy

spread permits separation of excess energies of 0.05 eV [3D.

Usually the energy can be chosen high enough to make the re-

solution of the same order as that of the detection device.

In this case a problem arises as a result of the finite an-

gular acceptance. In the laboratory the velocity component,

along the beam is observed; v = c + u cosa. So if the full

range of c m . dissociating angles is observed v can run from

c-u to c+u. This leads to broadening of the peaks in the ve-

locity spectrum (or momentum spectrum).

In order to attain a resolution as quoted above, a must be

limited, which puts a stringent limitation to o . It may

have to be confined to about 10 rad. One is then left with

a spectrum of forward-backward recoil. It is also seen from

(1.3) that the best resolution is obtained with the lowest

excess energy (threshold dissociation) and that - if possible -

the lighter fragment should be detected.

Angular distributions

The angular distribution that one wishes to obtain concerns

the angle between the light vector and the direction of re-

coil in the center of mass. In the case of a slow molecular

beam the angular distribution can be deconvoluted fairly

well. The relevant c m . to laboratory transformations are

treated in section three and impose only a small correction

on the measured distribution.

In this case all one has to do is to vary the angle between
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the light vector and the detector. This is most conveniently

done by rotating the polarization of the light. In such a way

integrated intensities can be obtained as a function of angle.

By fitting the data to the functional form 1+2 gP2(cos(0-0Q))

[4] accurate values can be obtained for the anisotropy para-

meter g. It can easily be determined with accuracies of a

few percent, even in experiments with a fairly poor signal

to noise ratio. Similar measurements are possible with fast

ion beams. Again the limitation in angular spread is requir-

ed in order to have a known c m . direction of recoil. In

threshold dissociation (very low excess energy) this condi-

tion is not met. However, in that case the angular distribu-

tion will affect the peak shape of the momentum measurement.

By comparing the experimental result with computer simula-

tions it is still possible to determine the anisotropy para-

meter with high accuracy. An alternative technique in which

the angular distribution is obtained in a different way is

mentioned in section 4.

It should be remarked that in the case of slow beams measure-

ment of the angular distribution does not impose severe ex-

perimental requirements. In particular it is not necessary

to employ an extremely small solid angle in order to obtain

adequate angular resolution.

1.3. Signal to noise ratios

The S/N ratio is limited by the low density of a fast ion

beam or by the background in a neutral particle detector.

Especially if one requires angular distributions saturation

must be avoided. At best one csn therefore dissociate a few

to ten percent of the particles present. The cross section

for photodissociation is usually in the order of 10~ cm .

In a pulsed experiment a light source should therefore have

a pulse energy of several milli Joules. Of course pulsed ex-

periments are common for t.o.f. measurements, although a

correlation method might in principle also be applied.
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2. THE APPARATUS

With the apparatus described here the experiments of the fol-

lowing chapters were carried out. Apart from a few modifica-

tions it resembles the original design of Wilsons photofrag-

ment spectrometer [2 3. Similar set-ups have been used by

Diesen [5] and by the group of Bersohn [61 and more recently

also by Stone [73 and by Lee [83.

The apparatus consists of a vacuum chamber, which contains

three compartments (fig. 2):

a) The source chamber

b) The interaction chamber

c) The detection chamber

The three compartments are differentially pumped.

a) The source chamber

The source chamber (2) is built on the top of a six inch oil

diffusion pump (pumping speed 2000 liter/second). It con-

tains a gas inlet pipe (1) with an interchangable hole on

top, which usually was 1 mm in diameter. The inlet is posi-

tioned 5 mm under the collimator (3) which separates the

source from the interaction chamber. Also this distance can

be changed if necessary. For the current experiments the
2

collimator was 1 mm in diameter. Assuming a cos 0 angular

distribution for the gas leaving the pipe, and assuming the

gas pressure in the pipe to be low enough to maintain a mean

free path of more than 5 mm this configuration implies that

1% of the gas passes through the collimator into the inter-

action chamber, and 99% of it is pumped away in the source.

With a pressure of about 100 Pa in the pipe, a pressure of

about 0.1 Pa is maintained in the source chamber. The es-

timated equivalent pressure in the interaction center (4)

is then 0.1 Pa, amounting to about 10 molecules/cc. The

gas inlet can be heated up to about 200°C. Instead of the

gas inlet other sources, like an oven, can be mounted.
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Figure 2

Schematic cut-away drawing of the apparatus. 1 : source; 2 : cham-

ber; 3 : collimator; 4 : interaction center; 5 : cold trap; 6 : inter-

action chamber; 7 : pumping resistance; 8 : detection chamber;

9 : laser entrance port; 10 : polarisation rotator.
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b) The interaction chamber

The interaction center (4) is positioned 5 mm above the col-

limator (3). The interaction center is determined by the

beam configuration and by the dimensions of the focussed

laser beam. It is about 3 x 3 x 3 nun. The molecular beam is trap-

ped by a liquid air cold trap (5), keeping the pressure in

the interaction chamber in the order of 10 Pa. The entrance

window for the laser beam (9) can be mounted at Brewsters

angle. It can be rotated to maintain the proper position with

respect to the polarisation vector. Opposite the entrance

window an identical window can serve not only as an exit win-

dow, but also as a second entrance window for two laser ex-

periments. Both windows are made of suprasil (fused silica)

quartz.

c) Detection chamber

From the interaction chamber a pumping resistance of 45 mm

long an 6 mm diameter (7) leads to the detection chamber.

This connection can be closed by a valve to prevent conta-

mination of the detection chamber. An Edwards CCT-100 baffle

in combination with a 4 inch oil diffusion pump is used to
— 8

reach a background pressure of 2-3 * 10 Pa. During measure-

ments an additional liquid air cold trap is used to maintain

this pressure. The chamber is bakable at 250°C. The detec-

tor consists of a RIBER QS-200 quadrupole mass spectrometer

with a crossed beam electron bombardement ionizer followed

by a BENDIX 4700 electron multiplier, operated at -3 KV to

yield 10 mV pulses. The electron beam has a width of 3 mm.

This is important in order to keep the uncertainty in the

flight path small.

The mass filter is set to minimum resolution in order to

yield maximum transmission. The overall detection efficiency

is estimated to be in the order of 10~7. The distance from

the interaction center to the electron beam is carefully

measured to be 100 + 1 mm. This makes the solid angle extend-

ed by the detector 10~ Sr. The time it takes for an ion to

be detected after it has been formed in the ionizer has been
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measured by pulsing the ionizer. It amounts to 3 * v̂n s. m

is the mass of the ion in amu. Fig. 3 shows a spectrum of

mass 80 residual gas atoms as a function of time after turn-

ing on the ionizer. The counts from the electron multiplier

are amplified and pulse shaped before being fed into the com-

puter.

An additional detector for detection of ions can be mounted

opposite to the one for neutrals on an extra flange, not in-

dicated in figure 2. It consists of an electron multiplier

in a well shielded compartment. We observed equal energies for

positive and negative ions form ion pair formation, proving

that the field from the multiplier does not penetrate into

the interaction region.

The on-line connection between experiment and the laboratory

PDP-11 computer is realized by a CAMAC interface. Each

laser firing is recorded by a photodiode generating a start

pulse for a multi-channel analyzer, which is part of the

CAMAC system. Pulses from the detector are then stored in 512

time channels of minimal 1.5 us. They are stored in a local

buffer, periodically dumped into the computers disk memory

and displayed on a local television display, allowing the

experimenter to follow the development of the experiment.

During the experiment it is possible to inspect on the dis-

play the contents of any channel and to integrate between

any desired pair of channels.

Two lasers are available for the experiments,

a) A CHROMATICS CMX-4 flash lamp pumped dye laser for visible

light of about 1 mJ. per pulse of 1.5 ys, in the wavelength

range of 450-700 nm, and UV light of half the wavelength af-

ter frequency doubling with an average 0.1 mJ. per pulse.

Repetition frequencies range up to 25 Hz., depending upon

the dye. In particular coumarin dyes require lower repeti-

tion frequencies, in order to prevent them from being broken
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down too quickly by UV light from the flashlamp discharge.

Light from this laser is polarized. The electric vector is

rotated by two back to back Fresnel rhombs, mounted in a spe-

cially designed rotator, which is set by computer control.

The setting is checked by a potentiometer readout,

b) A LAMBDA PHYSIK gas discharge laser, delivering 20 nsec.

pulses of 75 to 200 mJ. per pulse, depending upong wavelength,

at various lines, obtained by different rare gas halide mix-

tures. The main lines are: 193 nm, 248 nm, 308 nm and 351 nm.

Light from this laser is not polarized. For many experiments

it was polarized by a stack of 10 Brewster angle mounted

suprasil quartz plates.

Both lasers are focussed by suprasil quartz lenses to a spot

of 3 mm in diameter and can be turned on and off by computer

control. The gas laser can run at frequencies up to 20 Hz

though only at a frequency of under 10 Hz no loss of intensi-

ty was suffered. The dye laser wavelength was checked with

a LEITZ monochromator; the pulse intensity by a Molectron

pyroelectric detector. In experiments with two lasers the

delay between the lasers can be continuously varied by a trig-

ger unit that triggers both lasers.

Fig. 3 - Detection of mass 80 particles as a function of time after tur-

ning on the ionizer. This shows the time between ionization ;.nd

detection. The slope results from the finite width of the electron

beam in the ionizer.

Fig. 5 - Computer simulations of arbitrary time of flight spectra, showing

the effect of molecular beam temperatures. The broad peak is cal-

culated assuming a beam temperature of 750 K, for the narrow peak

a temperature of 50 K was used.
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3. TRANSFORMATIONS

We will now evaluate the center of mass to laboratory trans-

formation for the configuration with detection perpendicular

to the molecular beam. This is done with reference to figure

four. v points in the direction of the detector and the

angles Q are those with respect to the light vector £:

°lab " Gc.m. + a'

3.1. Angular distribution

We consider the c m . angular distribution which is given by:

>cm.> = °o[ P 2 ( c o s 0 cm. ) ] (3.1)

To obtain the laboratory distribution we write:

beam

4 - Schematic diagram showing the kinematics of the photodissociation

experiment, u is the center of mass dissociation velocity vector;

c is the velocity vector of the molecule in the beam. The resul-

tant laboratory velocity v_ points towards the detector. £_ indica-

tes the position of the light vector. Angles are as indicated.
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(3'2)

dto = sinG'dO'dij) is a solid angle element. 0' is the angle be-

tween the recoil direction and the molecular beam. With y as

the angle between the beam and the light vector (3.2) can be

recast into:

Since d<f>, . = d(^cm t h i s r e s u l t s i n :

1 < ( 0lab ) = I ( 0cm ) c o s a = I(0lab " a) C O S a ' (3*3)

cosa is the Jacobian that comes in as a result of the trans

formation of the solid angle of detection.

Since a = arctg(v/c) equation (3.3) has to be weighted with

a thermal distribution f(c)dc of molecular speeds. Taking

into account a 1/v velocity dependence of the detection

system, we obtain the following expression for the probabi-

lity to detect a fragment at a laboratory angle Q for a

given c m . distribution I(© ) :

P(0) = [ 1(0 - a) cosa - f(c)dc. (3.4)

Following a treatment by Wilson [9] and by Rose [103 this

expression can be recast in the familiar form:

P(0) = 1 + 2 3 ' P2(cos(0-0Q)) . (3.5)

0' contains the original anisotropy parameter 3 plus the

corrections necessary because of the c m . to lab transforma-

tion. 0 is an average transformation angle.

3.2. Energy distribution

In section 1.1. we have seen with what resolution the c m .

fragment energy e can be obtained depending upon the spread

in molecular translational energies. In addition to this we
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must consider the resolution with which e can be measured by

the apparatus. The measurement is a time measurement. From

equation (1.1) we can derive that

i e = 2 ( e - j E ) ^ . (3.6)

So for a given time resolution the spread in e is smaller for lower

e and for larger E. Unfortunately At/t is not independent of t.

In the apparatus just described the relative uncertainty in time

- mainly due to uncertainties in the flight path-is 3%. The

minimum channel width is 1.5 us. Thus for arrival times lar-

ger than 50 ys. At/t is 3%, for times shorter than 50 us.

At/t = 1.5/t (with t in ys) . This leads to an extremely poor

resolution for higher energies (usually over a few eV). The

best resolution would be obtained at the lowest excess ener-

gies, but then it is limited by the energy spread of the mo-

lecular beam, as follows from equation (1.2). That is also

the reason that the best resolution is obtained when detect-

ing the lighter fragment, contrary to what appears from ex-

pression (3.6). This can also be seen by considering the frag-

ment energy in the laboratory:

_ (M-m) _m
Elab" M ed M E'

e, is the excess energy.

So the light fragment sould be detected when the energy

spread in the beam is large. In order to demonstrate the ef-

fect of the distribution in molecular translational energies

figure 5 shows simulations of spectra with different beam

temperatures.

The effect of a finite solid angle of detection is negligible

for the small solid angle viewed by the detector in this con-

figuration. In the apparatus described in the previous sec-

tion it has been possible to resolve dissociation channels

35 meV apart in the center of mass of Cl fragments recoiling

from IC1 at an average energy of 0.1 eV.
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3.3. Rotation energy

So far it has been assumed that the cm recoil velocity is con-

stant. Actually it depends upon the ground state vibrational

level and slightly upon the rotational level J. Also the c m .

anisotropy parameter 6 is a function of J. We first of all

consider excitation from a single vibrational level.

The angular distribution of equation (3.5) can be calculated

for each value of J and weighted with a Boltzmann distribu-

tion. One thus obtains the factor that relates the measured

value B1 to the c m . anisotropy parameter 6. The correction

usually is small. 0 is close to the angle for the most pro-

bable molecular velocity and the most probable dissociation

velocity. For a typical case 0 is in the order of 15 .

Simulations of time of flight spectra can now be obtained

taking into account the above considerations.

In general one can state the following. The probability P v

to detect a fragment with laboratory velocity between v and

v+dv depends upon the probability to have the proper combi-

nation of three factors, (i) The molecular velocity must be

between c and c + dc. The probability for this is P . (ii) The

dissociation velocity must be between u and u + du. This depends

upon the probability Pj for having the appropriate rotational

level, (iii) The angle of recoil must be such that sin a = c/u.

The probability P for this depends upon the angular distribution

and therefore also slightly upon J. We can write:

Pv(J,c) = P c Pj Pa J(c,v).

J(c,v) is the Jacobian relating a change in c to a change in

v. It equals c/v.

Taking into account the 1/v detection probability a velocity

spectrum can now be simulated by integrating over c and J.

It is easily transformed to a time spectrum with the aid of

the proper Jacobian. This Jacobian equals 1/v .

The procedure can be followed for all (Boltzmann weighted)

vibrational levels. Such simulations provide us with an ap-

paratus function in order to interpret the measured peaks.

The simulations generally agree well with experiment except

for tails on the slow side of some peaks. This phenomenon
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is observed by us as well as by other workers [11]. It can

be attributed to effects in the detector. This was demon-

strated in experiments on ionic fragments. Without quadru-

pole sharp peaks were observed, with the quadrupole tails

were seen. The effect is more dramatic the slower the ions

entering the quadrupole. Also in experiments with surface

ionization for detection no tails are observed.

4. OUTLOOK

Although the field of photofragment spectroscopy has been de-

veloping rapidly in the past ten years its progress has by no

means come to an end. This is not only due to the advent of

new lasers like the excimer lasers that give access to new

molecular systems. It is also due to the development of new

detection schemes. An example is the application of position

sensitive detection, as is currently under investigation in

the group of Los in Amsterdam [13]. In combination with de-

layed coincidence it offers the possibility to detect all

dissociation events, thus gaining orders of magnitude in

signal to noise ratio.

We have shown that the fast beam approach has the advantage

of enhanced resolution thanks to kinematic contraction. It is

therefore a logical step to proceed to fast neutral beams

through charge exchange. However this has not yet been at-

tempted. Another approach to limit the energy spread in the

beam is by applying nozzle techniques. This has the additional

advantages of reducing both the rotational and the transla-

tional energy spread. Use of this has been made recently by

Lee in his investigations of O, [8]. His apparatus -

originally designed for multiphoton dissociation in the IR -

has a rotatable detector for observation of very slow re-

coil. Unfortunately the major problem in detecting slow neu-

trals is still the time of flight method. It has a poor re-

solution for higher energies, it necessitates a small solid

angle and requires a low partial background. All of these

disadvantages could be overcome if field free ionization
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were possible (e.g. photoionization) followed by electro-

static energy resolution.

A most crucial improvement in pulsed experiments has recently

been made possible by the development of very fast pulsed mo-

lecular beam sources [14]. Any molecule that can be frag-

mented by photons will also dissociate under electron impact

in the detector. This is a problem of unwanted background,

in particular for highly voltile gases. Orders of magnitude

in S/N ratio can then be gained by introducing gas into the

system only during a few microseconds for the laser shot.

In addition to these technical improvements there is of

course also the possibility to measure other physical quan-'

tities. One could think for example of the simultaneous

measurement of competing decay by fluorescence. This could

be particularly helpful in understanding multiphoton proces-

ses, since it gives information about intermediate states.

Another possibility is the observation of ionic fragments.

This can be done with electrostatic energy analysis. Such

experiments can give insight in ion pair formation and dis-

sociative ionization processes. This in particular is promis-

ing in view of the current interest in multiphoton ionization

[15].

It is remarkable that the study of photopredissociation sofar

has been limited to molecular ions.

The choice of diatomic neutrals for photofragmentation expe-

riments has thus far been limited by two experimental re-

strictions, (a) The molecule must absorb into a continuum in

the visible or near UV, and (b) it must not be too volatile

in order that a low background pressure can be obtained by

cryopumping. For these reasons such experiments have prac-

tically only dealt with halogens and with salts.

With the introduction of UV lasers and pulsed beam sources

other systems come within reach now. It seems therefore safe

to state that the rapid development of photofragment spec-

troscopy has not yet come to an end.
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CURVE CROSSING AND REPULSIVE POTENTIALS PROBED BY

LASER INDUCED HALF COLLISIONS: IC1 AND IBr

ABSTRACT

IBr and ICl were studied by photofragment spectroscopy in the wave-

length range 480 - 530 nm. The experiments provide Landau-Zener parameters

for an avoided crossing in two excited states.

In the case of ICl transitions are resolved that originate from differ-

ent vibrational levels of the electronic ground state. This leads to know-

ledge of the repulsive part of the II + potential curve in the Franck-

Condon range.

1. INTRODUCTION

Photofragment spectroscopy i s a technique, by which in for -

mation can be obtained about repuls ive po t en t i a l curves of

molecules CiD. This i s achieved by measuring the k i n e t i c

energy and the angular d i s t r i bu t ion of fragments formed by

photodissociat ion. We have explored two new appl ica t ions of

the technique, tha t can provide de ta i led information on two

speci f ic pa r t s of molecular po t en t i a l curves: (i) the curve

crossing region in the case of a Landau Zener type cross ing,

and ( i i ) the region of the repulsive curve near the ground

s t a t e equilibrium in te rnuc lear d i s tance . The former type of

experiment i s bes t described as a l a se r induced half c o l l i -

s ion. The l a t t e r type i s an example of spectroscopy in a con-

tinuum s t a t e : i t involves resolu t ion of the d i f fe ren t con-

t r ibu t ions to continuum absorption from d i f fe ren t ground

s t a t e v ibra t iona l leve ls [ 2 ] . As model examples for these

two techniques we have chosen mixed halogens: ICl and IBr.

Not only do they show continuum absorption in a convenient

v i s i b l e par t of the spectrum [ 3 ] , but they a l so are known t o

have a curve crossing of intermediate coupling s t rength [ 4 ] .

A nQ+ s t a t e with electron configuration a2 TT3 TT4 a1 cor re -

l a t e s with ground s t a t e atoms, while another 3n + s t a t e with

configuration a2 J ^ a1 cor re la tes with one ground s t a t e

and one sp in-orb i t excited atom. These s t a t e s , having the



64

same symmetry, show an avoided crossing. Semiemperical cal-

culations on the crossing parameters are available for com-

parison with our experiments [5,6 3. They are based on line

broadening due to predissociation in the discrete absorption

spectrum. In addition to these features IC1 has a favourable

ratio between fragment mass and molecular mass, which is

necessary for resolution of vibrational levels, as will be

shown.

Some photofragment spectroscopy experiments have been per-

formed earlier on IBr at 18830 cm" and at 18780 cm"1 [7].

In the present experiments a much broader wavelength range

is employed. This is required for obtaining data on the curve

crossing parameters C8].

ioniser, mass
spectrometer and
multiplier

laser beam
detector

pulsed laser

polarisation
rotator

molecular
beamsource

Figure 1

Schematic drawing of the apparatus.
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2. EXPERIMENTAL TECHNIQUE

Molecules in an effusive beam are photodissociated by a

pulsed dye laser. The fragments are analysed for mass by a

quadrupole mass spectrometer, for kinetic energy by time of

flight, and for angular distribution with respect to the

light vector by rotating the light vector. A schematic draw-

ing of the apparatus is given in figure 1. The apparatus

consists of three differentially pumped compartments: the

source chamber (1) containing the effusive molecular beam

source (1), the interaction chamber (2) and the detection

chamber (3). The detection chamber is separated from the in-

teraction chamber by a pumping resistance permitting the

pressure to be maintained at a few times 10 Pascal during

the experiment. The vertical molecular beam is crossed at

right angles by light from a Chromatix CMX-4 flashlamp pump-

ed, pulsed dye laser. Laser pulses are plane polarised,

about 5 milli Joules in intensity and 1.5 us in duration.

They are focussed down to a spot of 2-3 mm in diameter. The

repetition frequency is typically 10 Hz. The light passes

through two back to back Fresnel rhombs which can be rotated,

thus allowing to choose the direction of polarisation.

Detection takes place at right angles with respect to both

the molecular and the light beam. The flight path from the

interaction center to the ioniser is 100 mm with an uncer-

tainty of less than 3 mm in the interaction zone and less

than 3 mm in the ioniser. The latter uncertainty (due to the

geometry of the electron beam) was measured by chopping the

ioniser and observing the arrival time of ions at the count-

ing system. At the same time this provides us with the tran-

sition time it takes for particles to be detected after

having reached the ioniser. This time is 25 us for mass 80,

mainly due to the length of the quadrupole.

Data acquisition is performed by a multichannel analyser

which is coupled to the laboratory PDP-11 computer by a

CAMAC system. The lock-in is triggered by each lasershot, as

observed by a photodiode. The minimal channel width is 1.5

us.



66

3. PRINCIPLE OF THE EXPERIMENT

The basic principles of photofragment spectroscopy have

been outlined extensively elsewhere [1,9], therefore only a

brief description will be given with emphasis on the features

relevant to the present experiments. Simultaneous measure-

ment of both kinetic energy of photofragments and their angu-

lar distribution with respect to the light vector provides

the following information about the dissociation process:

1) From the fragment kinetic energy one obtains the outgoing

channel by using the energy balance:

Eexc - h v " Dn,l " Eav ( 1 )

E is the excitation energy of the fragments which one
6XC

wishes to obtain in order to deduce the outgoing channel, hv
is the photon energy, D -, is the dissociation energy from

n, i

the n'th vibrational and the l'th rotational state of the

molecule and E is the energy available for translation of

the fragments, which is obtained by measuring their kinetic

energy.

2) From the fragment angular distribution one obtains the

symmetry of the state to which the absorption took place

(and which serves as a starting point for the subsequent dis-

sociation) as follows: The absorption probability P is pro-

portional to the square of the inproduct of the electric

light vector £ and the transition dipole moment v.*,

P = '-if * -I = yif e cos ©

G being the angle between JJ_. f and £.. For clarity we assume

that the fragments separate in line with the original posi-

tion of the internuclear axis at the moment of excitation.

Under this assumption, known as the axial recoil approxima-

tion, the angular distribution in fact reflects the orienta-

tion of u.f with respect to the intramolecular axis. This

orientation can only be either parallel or perpendicular to the

axis depending upon whether the change in angular momentum •



67

E(eV)

0.457eV

0 0.4 05 R(nm)

Figure 2

Schematic drawing of low lying adiabatic energy curves of IBr.

For the sake of clarity the energy separation between the

curves in the crossing region is strongly exaggerated. The

shaded area indicates the experimentally studied Franck-Condon

region.



68

in the optical transition was either 0 or 1. The relevant

quantum number for the halogens, being Hund's case c mole-

cules, is a. So for AJ2 = 0 (termed a parallel transition) we

obtain a cos 0 distribution of fragment with respect to the
2

light vector. For Afi = 1 (perpendicular transition) a sin ©

distribution must be observed. In most practical cases the

axial recoil approximation is a good one, since usually the

recoil velocity is large compared to the tangential velocity

of the rotating molecule.

These data can be used to probe repulsive potential curves

in detail.

a) Curve crossing

Figure 2 shows a diagram of the relevant potential energy

curves in IBr. In order to obtain information about the

crossing parameters the molecule is "prepared" in a repulsive

electronic state (i.e. the n . state) from which it subse-
0

quently dissociates. During dissociation the crossing region

is passed, which influences the amount of excited and ground

state fragments formed. Both features of photofragment spec-

troscopy must be employed. For observation of the selective,

excitation use must be made of the angular dependence of the

absorption. With the excitation wavelengths used simultaneous

excitation is possible to both the lower one of the 0 curves

and the II curve. The former transition however is a paral-

lel, the latter a perpendicular one. Therefore it is possible

to adjust the light vector with respect to the detector in

such a way that only dissociation from the desired II + curve

is observed. For observation of the behaviour at the cros-

sing use is made of the measurement of fragment kinetic

energy. The adiabatic channel leads to ground state fragments.

On the other hand the diabatic channel leads to formation of

iodine plus spin-orbit excited bromine. Therefore less ener-

gy is available for translation. So by comparing the inten-

sity of the slow and the fast channels a direct measurement

is made of the crossing probability. The radial velocity at

the crossing is influenced by varying the excitation wave-
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length/ which in fact determines the starting point of the half

collision. We performed these experiments both for IBr and

for IC1.

b) Repulsive state speotrosaopy

Equation (1) indicates that excitation to a repulsive elec-

tronic state from different vibrational levels of the elec-

tronic ground state leads to different amounts of excess

energy (E ) available for fragment translation, the diffe-

rence being the energy difference of the vibrational levels.

Therefore measurement of the fragment translational energy

with adequate resolution permits observation of these sepa-

rate transitions. This provides one with the ratios of the

Franck-Condon overlap for the different vibrational wave-

functions with the upper state wavefunction. When this is

done for various wavelengths it is possible to reconstruct

the relevant part of the repulsive potential curve. This is

demonstrated in the case of IC1. It is easier to obtain the

required resolution when detecting a light fragment from a

heavy molecule, as can be seen as follows: The kinetic ener-

gy E K. in the laboratory frame of fragment A dissociating

from molecule AB is given by

a mB mA
Jcin ~ m &+ mfi rel m~f"in_~ p '

mA and mfi are the masses of atom A and B respectively, E is

the kinetic energy of the parent molecule and E , is the re-

lative kinetic energy of the fragments. From this formula

it is clear that the influence of the kinetic energy distri-

bution of the molecular beam is smallest when m, is small

compared to m_.

4. RESULTS FOR IBr

Time of flight spectra for 0 degrees in the c m . frame

are given in figure 4. The wavelength region covered is 480-

530 nm and experiments were done at 10 nm.intervals. The
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ratios of the integrated peaks lead to a knowledge of the

potential curves near the crossing. However, in order to

compare the measured ratio R with theoretical crossing pro-

babilities from the Landau-Zener theory, corrections have to

be made for the detection efficiency of the atoms. The real

branching ratio R, equals RC, in which C, a correction factor

which has to be calculated. C does not only include the

1/v detector response, but also requires the proper c m . to

laboratory transformations.

Referring to figure 3 it is seen that the probability that

a fragment with a c m . velocity u reaches the detector de-

pends upon the proper combination of molecular velocity v

and angle a. In turn both the c m . velocity and the angu-

lar distribution slightly depend upon the rotational quantum

number 1. The latter dependence arises since with faster ro-

tation the distribution is more isotropic (which is a small

effect in the present case of relatively high recoil velo-

cities). In this way detection probabilities (C factors) as

well as peak shapes depend upon the distributions of mole-

cular velocities and rotations [10]. The proper weighting

and averaging, using Boltzmann distributions, is performed

by a computer program yielding simulated spectra as well as

correction factors. The simulations are indicated in figure

4 as solid lines. The real branching ratio R, is thus given

by:

Rb = R.C = (1- P)/P (2)

P is the Landau-Zener crossing ratio for crossing diabatic-

ally. From (2) we get: P = 1/(1+RC).

Values of P obtained in this way from the experiment are

tabulated in table 1 and are to be compared with the Landau-

Zener formula:

P = exp(-2TrH^2/vradAFh) (3)

Hj^ is the electronic coupling term, v , is the radial ve-
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TABLE 1.

Diabatic crossing probabilities for IBr and IC1, obtained

from the experiments as explained in the text.

Wavelength

(nm)

530

520

510

500

490

480

experimental diabatic crossinq probabilities

IBr

0.62

0.67

0.72

0.74

0.77

0.78

IC1

0.66

0.71

0.73

0.75

0.79

0.80

beam

Figure 3

Schematic picture of the kinematics of the experiment, v is

the fragment velocity in the laboratory frame. It is pointing

towards the detector, perpendicular to the molecular beam direc-

tion. £ represents the beam velocity, u is the dissociation

velocity in the cm. frame. The light beam is perpendicular to

the drawing. £ indicates the position of the light vector.
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Figure 4

Flight time spectra of Br fragments from IBr photodissociation

at six wavelengths: from 480 nm (A) to 530 nm (F) at 10 nm in-

tervals. The light vector is parallel to the direction of de-

tection in the cm. Points are experimental data, lines are

computer simulations.
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Figure 6

Flight time spectra of Cl fragments from ICl photodissociation

at six wavelengths: from 480 nm (A) to 530 nm (F) in 10 nm in-

tervals. The light vector is parallel to the cm. direction

of detection. Points are measured data, lines are computer simulations.
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.-2Plot of (In P) against E for the curve crossing in Br, ap-

proached from the II + curve. P is the Landau-Zener probability

for passing the crossing diabatically, E is the excitation

energy, which is equal to the potential energy with which the

half collision starts on the repulsive curve relative to the

molecular state. The solid line is a least square fit through

the measured points, the dashed line is based on values from ref. 5.
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Figure 7

Plot of (In P) * against E for the curve crossing in Id. P is

the probability for passing the crossing diabatically, E is the

excitation energy. The solid line is a least squares fit

through the measured points. The dashed line is based on values

from ref. 11, the dotted line is based on the values from ref. 6.
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locity at the crossing point and AP is the difference in

slopes between the diabatic curves. Using v r a d = (2{E-Ex)/p)

where E is the potential energy at the crossing point, E is

the photon energy plus internal energy of the molecule

and u is the reduced mass, equation (3) can be rewritten:

(In P ) ~ 2 = a (E-EJ (4a)

2 -2
a =<!r> 2f ^ (4b)

_2
A plot of (In P) against E should therefore give a straight

2
line with a slope containing (Hl2/AF) and an intercept equal

to E . Figure 5 shows such a plot for IBr. The points are

from the present measurements at six wavelengths (530 - 480

nm). The solid line is a least squares fit through the points

yielding H^2/AF= (2.9 + 0.6) x 10~
14 eV . m, E x = 2.3 + 0.3

eV. The broken line is drawn using values calculated by

Child [5] and given in table 2.

5. RESULTS FOR IC1

a) Curve Grossing

The same set of measurements was performed for IC1. Expe-

rimental results and computer simulations are shown in fi-

gure 6. In this case it was possible to resolve the contri-

butions from the first two vibrational levels giving rise to

four instead of two peaks in the flight time spectra. The

correction factors for the detection efficiency were calcu-

lated as indicated before. The results are summarised in

table 1 and picturised in figure 7. The solid line is again

a least squares fit yielding H^2/AF = (3.5+0.8) x 10~
1 4

eV.m and E = 2.25 + 0.4 eV.

The broken line is drawn using values from Child and

Bernstein [11], for the dotted line values from Gordon et al.

[6] were used, all tabulated in table 2.
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H^/AF

(eV.m x 10~14)

Ex

(eV)

IBr

2.9 + 0.6 This work

3.91 Ref. 5

2.3 + 0.3 This work

2.10 Ref. 5

IC1

3.5 + 0.8 This work

4.26 Ref. 11

3.05 Ref. 6

2.25 + 0:4 This work

2.22 Ref. 11

2.25 Ref. 11

TABLE 2.

Curve crossing parameters for IBr and IC1.

Part of the JII + repulsive potential curve in IC1, lying above

the bottom of the ground state potential well. R denotes the

ground state equilibrium distance, the horizontal line indicates

the Franck-Condon region probed in the experiment. The solid

line is constructed from experimental data, the dashed line is

from reference 11.
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b) Franok-Condon factors

The contributions from the first two vibrational levels

are nicely resolved, in particular for excitations at longer

wavelengths. In that case the contribution from the second

vibrational level of the electronic ground state v2 becomes

comparable to that of the ground vibrational state \r±. This

is due to the increasingly favourable overlap of ground and

excited state wavefunctions of V2 compared to that of vi.

Of course at the same time the total cross section for ab-

sorption decreases towards longer wavelengths making the

measurements more difficult. Knowledge about the repulsive

potential curve is obtained when transitions from at least

two vibrational levels are resolved. The ratio of Franck-

Condon factors for transitions from different vibrational

levels, excited by the same photon energy, is sensitive to

the shape of the repulsive potential, in particular to its

slope. In order to get this information we have simulated

the time of flight spectra, using the shape of the repulsive

potential as a fitting parameter. For the upper state wave

function both a delta function and an Airly function were

tried yielding practically the same result. The reconstruct-

ed part of the repulsive potential curve is drawn in figure

8 as a solid line. It is best approximated by

V(eV) = 0.55 exp(l49(R-0.232)) with R in nm and V in eV

The broken line is the potential curve from Child and Bern-

stein [11]. These curves differ significantly and produce

very different Franck-Condon factors. It is impossible to

recover our time of flight spectra using the potential of

Child and Bernstein.

6. EXPERIMENTAL CONSIDERATIONS

To test the reliability of the results a number of tests

were performed.

(i) First of all we have to show that it is indeed possible

to observed exclusively dissociation from the
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Figure 9

Time of flight spectra showing arrival times of Br fragments

upon photodissociation of IBr at 490 nm. Upper panel: light

vector perpendicular to cm. direction of detection. Lower

panel: light vector parallel to direction of detection.



79

IIn+ state by choosing the right polarisation. This can be

demonstrated by the results of two experiments, which are

given in figure 9. This figure shows time of flight spectra

from IBr at 490 nm (a) at 90° in the c m . system and (b) at

0° in the c m . system. (In the laboratory frame these angles'

are 105° and 15° respectively for the most probable events).

The slower peak in the lower pannel is due to the formation

of spin-orbit excited Br, following the diabatic' channel.

This peak, which is almost absent at 90°, can only be due

to the parallel transition and is therefore a good indica-

tion for the anisotropy, observed in the experiment. It

should be noted that the upper pannel is the result of ten

times as many shots as the lower one. For the faster frag-

ments - which can arise from both transitions - the aniso-

tropy must be even larger than for the slower fragments.

This fact, together with the fact that the perpendicular

transition is much weaker than the parallel one, leads us

to the conclusion that the faster peak at 0° is, within ex-

perimental uncertainty, entirely due to the parallel tran-

sition. The same check was performed for the other wavelengths

and for IC1, where the contribution from the II, state to

the absorption is even smaller.

(ii) In order to be certain that the excited fragments are

detected with the same efficiency as ground state fragments,

measurements were performed with the mass spectrometer

• turned to the mass of Iodine. In that case both peaks are

the result of fragments in their ground state. Within ex-

perimental uncertainty the same ratios of integrated peak

intensities were observed.

(iii) Isotope effects: The quadrupole always was tuned to

maximum transmission implying minimum resolution. For the

case of iBr the resolution of the apparatus would not have

permitted the observation of different arrival times for

the two isotopes. In our evaluation we therefore assumed
79 ft 1

equal amounts of Br and Br. For IC1 a measurement for

mass 35 was made at high resolution. Decreasing the resolu-

tion only a slight peak broadening could be observed, so

further measurements were made at maximum transmission. The
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35 37
isotope ratio was taken to be Cl/ Cl = 3.

(iv) In order to check that we have single collisions, ex-

periments were done with lower and higher beam pressures

than usual. They showed the same results.

7. DISCUSSION

The technique of photofragment spectroscopy provides the

possiblity for a very direct measurement of Landau-Zener

crossing probabilities. It is illustrative to make a compa-

rison with the conventional method of scattering experiments

[12]. Figure 10 schematically shows an example of classical

trajectories for a collision between particles A and B. The

trajectories are determined by conservation of angular mo-

mentum during the collision C13 3. The crossing distance r

is passed twice and information about the crossing region is

usually derived from observation of the scattering products

as a function of relative velocity of the colliding particles.

However the interpretation is not straightforward. The im-

pact parameter cannot be chosen, and the crossing probabili-

ty depends upon the radial velocity. Now, omitting the dashed

part of the trajectories we are left with a half collision,

which starts with the dissociation of a rotating molecule.

Again conservation of angular momentum leads to exactly the

same trajectory. Since the angular velocity is usually small

compared to the radial velocity (axial recoil approximation)

the equivalent full collision is nearly head-on. Carrying

on the analogy we could therefore speak of a selected impact

parameter. Major advantages of the half collision approach

are (i) the crossing is passed only once and (ii) the radial

velocity at the crossing can be precisely selected by varying

the laser wavelength (thus choosing the starting point of

the half collision). For IBr and IC1 a more indirect but

precise determination of the crossing parameter is available.

M S Child developed a theoretical treatment using the fact

that the curve crossing is responsible for a predissociation

in the discrete II + state causing line broadening. Therefore
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\

Figure 10

Schematic representation of photodissociation of molecule AB

as a "half collision". The dashed part of the trajectory be-

longs to the "full collision" only. 6 is the classical deflec-

tion angle of the equivalent "full collision", X *s ^ e angle

between the molecular axis at the moment of excitation and the

final direction of dissociation due to the rotational motion of

the molecule. zQ indicates the internuclear distance at which a
curve crossing can occur: it is passed twice during a full

collision and only once in a half collision, b is the impact

parameter for the full collision.
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data on the line widths in the discrete absorption spectra

can be interpreted to yield the desired information. Child

applied his method to IBr [5], while later Gordon et al. [6]

did the same for IC1. Their results are tabulated together

with ours in table 3. The agreement is satisfactory. It

should be noted that H,2/AF consists of two variables (of

which one is squared) and is therefore sensitive to a change

of any of them. Also listed are values of Child and Bernstein

for IC1, whose potential will be briefly discussed below.

The uncertainties indicated are mainly due to ambiguities

in the choice of the boundaries for integrating the spectra.

In addition to the information obtained about the cros-

sing region, a method is presented to probe the repulsive po-

tential curve at the equilibrium internuclear distance. For

the example of IC1 it was possible to separately observe

transitions from different ground state vibrational levels

into the continuum. The vibrational spacing in this case is

45 milli electronvolt. It is interesting to compare our data

with the potential derived earlier by Child and Bernstein

[113, since it demonstrates one of the major problems in

interpreting continuum absorption. What is observed in an

absorption spectrum is often the sum of a number of overlap-

ping continua. Only if separate continua are known it is pos-

sible to reconstruct the separate repulsive potential curves.

Child and Bernstein based their potential curves on total

extinction coefficients as measured by Seery and Britton

C3 3. In order to break the continuum down into separate con-

tributions a standard procedure was used [14]. This leads

to the prediction of a state - identified as n, - to which

transitions would be twice as strong as those to the higher

n Q + state. However, we observed that in the relevant wave-

length region the transition to the $2=1 state is much weaker

than that to the £2=0 state.

Besides the results obtained from resolution of the vi-

brational states this is another indication that the poten-

tial curves must be different from those obtained in the

conventional way from absorption spectra alone.
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In general photofragment spectroscopy can provide accurate

branching ratios for transitions to states with different

symmetries or dissociation limits.

In the present case the experiment permitted an even more

precise determination of the nn+ repulsive potential curve:

As demonstrated it was possible to single out one transition

out of the absorption continuum, and - by resolving vibra-

tional levels - to perform spectroscopy on this continuum

state.
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CURVE CROSSING IN PHOTODISSOCIATION OF TIBr

ABSTRACT

TIBr is studied by photofragment spectroscopy in a wavelength range be-

tween 264 and 268 nm. The results are explained by a model with two curve

crossings of intermediate coupling strength. The observed variation with

wavelength of the branching fractions of product states permits the deter-

mination of a Landau-Zener parameter.

1. INTRODUCTION

The branching ratios of outgoing channels in photodissocia-

tion do not only depend upon the repulsive electronic states

to which excitation takes place. They can be influenced by

potential curve crossings at internuclear distances outside

the Franck-Condon region. We have demonstrated this for IBr

and for IC1 [1]. Those two molecules were model cases because

comparison was possible with data obtained spectroscopically

concerning the same curve crossing. One of the reasons this

was possible is that the crossing is located in the attrac-

tive part of one of the relevant potential curves. This im-

plies that information can be obtained from predissociation

data. To this purpose Child has developed a sophisticated

technique for interpreting data on predissociation [2]. Un-

fortunately such data seem to be available only for those two

molecules. Of course the process is much more general and can

also play a role when there are only repulsive potentials in-

volved. In such cases the only way to obtain information on

the curve crossing is by observing the dynamics of a collision.

Photodissociation - being a photon induced half collision -

will then prove to be an extremely useful tool. In addition

to the above considerations the interest in branching ratios
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in photodissociation is often stimulated because of another

aspect. Excited fragments from photodissociation can lead to

population inversion as a source for photochemical lasers C3],

or Raman up converters [4].

We have studied Thallium Bromide as a molecule that is of in-

terest from both points of view, (i) Its dissociation is

likely to involve curve crossings, as will be seen below, and

(ii) it is a candidate for the production of spin-orbit exci-

ted Thallium as a medium for a Raman up converter. The latter

suggestion is mainly based on information derived from ab-

sorption spectroscopy. Davidovits and Bellisio [5] observed

several absorption continua in Thallium salts, from which

they inferred different dissociation channels. This picture

suggests the possibility to excite Tl salts into a dissociative

continuum leading to spin-orbit excited Tl and ground state

Halogen. For TIBr this continuum peaks at 269 nm. Unfortuna-

tely the information which can be derived from absorption

spectroscopy is incomplete. White and Zdasiuk [6] performed

bulk experiments to determine the branching ratio of spin-

orbit excited to ground state Thallium for dissociation of

TIBr by 266 nm radiation. Contrary to expectation they found

less than 1% of the fragments to be formed in the spin-orbit

excited state. This result was believed to be due to curve

crossing with the ionic potential.

We therefore performed photofragment spectroscopy at various

wavelengths in order to obtain detailed information about

possible curve crossings.

2. EXPERIMENTAL PROCEDURE

A TIBr beam is crossed at right angles by light from a fre-

quency double-pulsed dye laser. The resulting photofragments

are detected at right angles to both the light beam and the

molecular beam [1]. The fragment kinetic energy, obtained by

time of flight, leads to knowledge of the dissociation chan-

nel in accordance with the energy balance:

E. =hv-D(v,J) -E a i r (1)
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E. is the internal energy of the fragments which one wishes

to determine, hv is the photon energy, D(v,J) is the disso-

ciation energy of the molecule from the v'th vibrational and

the J'th rotational state and E a v is the excess energy avai-

lable for translation, which follows from the measured kine-

tic energy.

The light vector can be rotated with respect to the direction

of detection. In this way angular distributions of fragments

are obtained, which provide information about the symmetry of

the transition [1,7]. For TlBr, being an example of Hund's
2

case c coupling [8], a An =0 transition leads to a cos 0 dis-

tribution (parallel transition), while Afi=+1 gives sin 0

(perpendicular transition). Here fi is the total electronic

angular momentum and 0 is the angle between the light vector

and the direction of recoil. We found the transitions at the

wavelengths used in the present experiments to be predominant-

ly perpendicular. This will be reported in more detail else-

where as part of an extensive study of the Thallium Halides

C9]. Although most of the dissociation is due to excitation

to an ft =1 excited state, to make sure that no significant

amount of fragments is detected due to an fl = 0 excited state

the experiments have been performed at a laboratory angle of

90°.

3. RESULTS

Figure 1 shows a time of flight spectrum of Br fragments af-

ter dissociation of TlBr at 266 nm. The three peaks corres-

pond to different outgoing channels according to equation (1)

The first peak - due to the fastest fragments - relates to
2

dissociation into ground state Tl( P,) and ground state
2

Br( P, / - ) • The middle one is due to dissociation into ground

state Tl and spin-orbit excited Br( P,). The peak due to the

slowest fragments relates to dissociation in spin-orbit ex-

cited Tl( p 3/ 2)
 a n d ground state Br. The relative intensities

of the outgoing channels can be determined by integrating

the peaks, allowing for apparatus effects as outlined else-

where Cl], The result is that at 266 nm ~20% of the Tl frag-



88

fc^Wtf
WO

TO.F. (MIOWSECJ
Figure 1

200 300

Time-of-flight spectrum rhowing arrival time of Br fragments

after photodissociation of TlBr by 266 nm radiation. The first

peak is due to fragments in their ground state. Fragment excita-

tion leads to less kinetic energy. Spin-orbit excitation of Br

(0.46 eV) leads to the middle peak, spin-orbit excitation of Tl

(0.97 eV) leads to the last peak.
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Relative intensities of the outgoing channels in TlBr photodis-

sociation at various wavelengths.
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ments is spin-orbit excited. The absorption spectrum shows a

pronounced sharp peak which suggests that the main excitation

takes place to a single - rather flat - potential curve.

It should most probably correlate with the energetically high-

est possible dissociation limit: Tl +Br. The fact that the

other dissociation products are also observed must then be

caused by curve crossings, the nature of which we must now

determine. To this puspose we have obtained branching frac-

tions at different wavelengths between 264 and 268 ran. The

results are shown in figure 2. The systematic variation with

wavelength, typical for crossings with intermediate coupling

strength, will be interpreted below.

4. DISCUSSION

The fact that the excited state is found to have an ft = 1

symmetry excludes the suggestion from ref. [6] of coupling

with the ft = 0 ionic state.

Rotational coupling would be required in order to couple it

with the excited state. With only thermal rotational energy

this is most unlikely. The observed results can be explained

with the following model. Figure 3 shows schematically three

excited state potential curves - each relating to another

dissocration limit - with two Landau-Zener type crossings.

Each of these states has a total electronic angular momentum

ft = l. According to the Landau-Zener theory the behaviour at

a crossing depends upon the radial velocity. The probability

to pass diabatically is given by:

P =exp(-Vc/vrad) . (2)

V contains the coupling matrix element H,- and the difference

in slopes AF in the following way:

Vc = 2 IT H^2/h AF .

The radial velocity is given by:
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vrad

Here \i is the reduced mass, E v is the potential energy at the

crossing point and E is the excitation energy: photon energy

plus ground state vibrational energy. It is readily verified

that with higher excitation energy (smaller wavelength) the

diabatic crossing probability increases, such that the experi

mental data are in qualitative agreement with the'model. For

example it takes two adiabatic passings to produce Tl + Br ,

and this signal decreases with decreasing wavelength. For a

quantitative comparison equation (2) is rewritten:

(In P)~ 2=A(E-E X) , (3)

o
in which A once again contains Hl2/AF. The general technique

now consists of experimentally obtaining diabatic crossing

probabilities as a function of excitation energy. This leads

to a knowledge of E and - through A - of the Landau-Zener
2exponential, in particular of H12/AF. This is performed for

the crossing indicated by I in figure 3. The diabatic cros-

sing probability is obtained from the data at each wavelength

where R is the intensity of the diabatic channel (slowest

fragments) divided by that of the adiabatic channel (two first

peaks). The excitation energy must be corrected for the dif-

ferent contributions from different ground state vibrational

levels. Higher vibrational levels lead to larger excitation

energies. The differences can not be neglected with respect

to the kinetic energy at the crossing. Their relative contri-

butions depend upon the relative Franck-Condon factors which

are different for each wavelength. To correct for this an

effective excitation energy is calculated for each wavelength

in the following way:

E e = h v + E fv(v + %) hvQ/Z fy
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3/2

T, 2P 1 / 2*Br 2P 3 / 2

Internuclear distance
Figure 3

Schematic diagram of the relevant potential curves, explaining

the photodissociation of TlBr. I and II indicate curve crossing.

Ee(eV)
Figure 4

Plot of (In P)"'

lity for the crossing indicated as I in figure 3, E

-2
against E . P is the diabatic crossing probabi-

is an ef-

fective excitation energy. Data are obtained as indicated in text.
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hv is the photon energy, v is the vibrational frequency and .

f is the probability for excitation from the v'th level. fv

contains the Boltzmann weighting factor and the transition

probability, which is largely dependent upon the Franck-

Condon factor. For the calculation, knowledge is required of •

the excited state potential curve. It is taken to be of ex-

ponential form such that the absorption spectrum can be repro-

duced using the Condon reflection method [10]. The best fit

is obtained with:

VLR] = 4.33 + 0.29 exp(- 3.3 (R- RQ) ) eV.

R is in Sngstrom, R is the ground state equilibrium distance

of 2.68 X. This result is consistent with the assumption

that the excited state correlates with Tl*+Br. The energies

thus obtained are also consistent with our t.o.f. measurements,
— 2 •The data are used to make a plot of (In P) against E as is

given in figure 4. The line is a least squares fit through,

the points. The exponential behaviour predicted by the Landau-

Zener theory is clearly present. The X-intercept gives E =

4.61 eV. This is to the low energy side of the Franck-Condon

region covered by the present experiments. The slope yields
2 —14

a value for Ht^/AF of 7.5 x 10 eV.-m. In order to give an

idea of the order of magnitude we note that for a AF of 1 eV/S

this would mean an H ~ of 30 meV. In principle a similar ana-

lysis is possible of crossing II, by comparing the first two

peaks: the diabatic channel leads to ground state fragments

and the adiabatic one leads to ground state Tl and excited Br.

However, due to the small signals from ground state fragments

at some wavelengths we have not attempted this analysis. Since

the coupling would be at approximately the same internuclear

distance one expects a coupling matrix element of the same

order of magnitude.
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5. CONCLUSION

Laser induced half collisions at variable wavelengths can be

used to obtain information about curve crossings. In an ear-

lier study about IBr and IC1 we have reported about this tech-

nique. In that case comparison was possible with predissocia-

tion data. We now report about crossings in TlBr involving

only repulsive potential curves, and therefore being without

predissociation. The experimental data lead to a' model with

two curve crossings. The symmetries of the states involved

follow from the angular distributions of photofragments.

Variation of the branching fractions of product states as a

function of wavelength permits a direct measurement of the

Landau-Zener exponential. The experiments also show conclusi-

vely why it is not possible to efficiently produce spin-orbit

excited Thallium by 266 ran photodissociation of TlBr, con-

trary to indications from absorption spectroscopy.
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VMULTIPHOTON IONIZATION TRANSLATIONS SPECTROSCOPY (MIIS) OF I 2

ABSTRACT

A new technique is introduced based on the measurement of kinetic

energies and angular distributions of fragments in multiphoton ionization.

Both positive and negative ions are measured as well as neutrals. Infor-

mation is obtained about highly excited repulsive states and about the

multiphoton ion;.zation process i tself . Examples are reported for I2- In a

one laser experiment dissociative autoionization is observed. In a two

laser experiment processes are distinguished, that have different interme-

diate s tates . Lifetimes of those states are measured. Information is also

obtained about an ion pair formation process, leading to a reinterpretation

ol potential curves.

1. INTRODUCTION

Multiphoton ionization of molecules became of considerable

interest when suitable lasers made the subject experimentally

accessible [1]. The reason for this interest is not only in

the multiphoton process itself. There are also two significant

practical considerations.

(i) Multiphoton ionization is used as a new spectroscopic

tool. The ionization permits sensitive detection of

highly excited, resonant bound states,

(ii) Besides this spectroscopic interest there is also an

experimental one, since resonance enhanced multiphoton

ionization is proposed as a state selective detection

scheme.

The first experiments in the field were bulk experiments in

which the total amount of ions formed was measured as a func-

tion of laser wavelength and sometimes of laser intensity and

polarization [2]. The technique was extended by the use of two

lasers and by the introduction of molecular beams [3]. It was

further modified by the use of a mass filter in order to dis-

tinguish molecular ions from fragment ions [4]. We now intro-

duce a new approach by measuring kinetic energies and angular

distributions of ionic and neutral fragments formed.
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The basic consideration involved here is. the following. Al-

though in multiphoton ionization the intermediate states are

discrete (and sometimes resonant) the final steps always in-

volve a continuum. Excess energy can be carried away by a

photoelectron and often by fragments. Observation of those

fragments can yield information concerning highly excited

repulsive states and also concerning the process itself. For

example if different fragmentation processes occur simultane-

ously they can be distinguished by the fact that they produce

fragments with different kinetic energies.

We have chosen I~ to demonstrate the principle, both for ex-

perimental convenience and because it is a well documented

system. Much is known about its spectroscopy [5] and there are

several multiphoton experiments done on Iodine along the

"conventional" lines [6,7].

The fragmentation process is governed by an energy balance:

Efrag = * ( nl h vl + n2 h v2 " D ( v' J ) " Eint}

E f is the energy available for translation of the fragments.

The molecule absorbs n, photons of frequency v. and in a two-

laser experiment - also n~ photons of frequency v2-

D(v,J) is the dissociation energy from the v'th vibrational

and the J'th rotational state of the ground state molecule.

E i n t is the internal energy of the molecule. Measurement of

fragment kinetic energies gives insight in the processes that

occur. It yields combined information about the outgoing chan-

nels (E. .) and about n, and n v The latter information can

sometimes be derived from the dependence of the signal of laser

power, but not always because transitions are often saturated.

Denoting the total absorbed energy by E, we schematically list

the main fragmentation processes:

f I + I

1) I o + E - * ( I ~ - » - W I + I* ; ( I 1 ) I * + h v -> I + + e

U + i

2 ) I ? + E + ( I * - * ) I + + l "
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3) Io +E- •> (I* •+ ) I*+e ; (31) it ( + hv) -»• I + + I

Steps in parenthesis are optional.

In processes 1) and 2) the energy balance of equation (1)

is maintained, while in process 3) excess energy can be car-

ried away by a photoelectron. This can be observed in the ex-

periment as it leads to broader energy distributions for the

fragment kinetic energy Ef r a c T'

2. EXPERIMENTAL PROCEDURE

The apparatus is an extension of an apparatus described else-

where [8]. Figure 1 gives a schematic diagram. Two pulsed

lasers are fired from opposite directions and perpendicularly

to a thermal molecular beam, onto which they are focused. One

laser is a dye laser producing 5 mJ pulses of 1.5 us duration.

The light is polarized and the direction of the light vector

can be rotated. The other is an excimer laser producing

100 - 200 mJ pulses in 20 ns. The light was usually unpolarized

but a polarizer could be inserted. The delay between the two

lasers can be varied and the firing of the second laser trig-

gers a multichannel analyser. Kinetic energies are obtained

by a time of flight method. Fragments are detected perpendi-

cularly to molecular and laser beams. An electron multiplier

is mounted at 69 mm distance from the interaction center to

observe ionic fragments at a large solid angle. Opposite to it

there is a detection chamber containing an ionizer-quadrupole

arrangement for detecting neutral fragments. By grounding the

ionizer ionic fragments could be observed here also, but at a

flight path of 220 mm and with a solid angle which was smaller

by more than two orders of magnitude. Negative ions are obser-

ved by reversing the voltages at the detectors.

We performed two types of experiments. (I) A one laser experi-

ment was done involving two photon ionization. The dissociation

limit of I2 is 12 eV above the ground state of neutral I2-

Thus high energy photons are required for a two photon process.

We used 19 3 nm radiation from the ArF line of the multigas

excimer laser. (II) A two laser experiment was done which per-
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Figure i Schematic diagram of the

experimental arrangement.
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Flight time spectra showing the effect of space charge in the

interaction centre. Two spectra are shown (normalized to the

same maximum) of arrival times of I ions after the ionizing

laser shots. The faster ion signal is obtained with larger mo-

lecular beam density, and therefore larger ion density in the

interaction region.
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mits information to be gained about intermediate states. The

initiating laser should excite intermediate states, but should

not produce ionization. The excited molecule is then probed

by a second laser, which should ionize the excited molecule.

For the initiating steps a dye laser was employed, operating

on a R6G dye around 5 85 nm. One photon transitions were pos-

sible to the B state, as well as two photon transitions to

what is known as the Goodman band [7]. Both excited states

could be subsequently ionized by the probe laser. This was

the 248 KrF line from the excimer laser. No ionization was in-

duced by this laser alone. The high photon energy of 5 eV has

the advantage of ionizing both excited states in a few steps,

facilitating interpretation. It has the disadvantage of easier

ionizing neutral fragments while also at 24 8 nm the cross

section for photodetachment of I is high. Therefore negative

ions formed in ion pair formation often may escape observation.

Care must be taken of some experimental problems. The most

important one being the possibility of creating a space charge

in the interaction region by producing too many ions. The

result is a net acceleration of the fragments, invalidating

any measurement of kinetic energy. Figure 2 shows two time of

flight spectra for the same process, obtained with different

molecular beam densities. (Both peaks are normalized to the

same maximum). The faster fragments result from a higher ion

density in the interaction center. From our data we could es-

timate an upper limit for the maximum allowable ion density of

10 ions per cm . At higher densities space charge made deter-

minations of fragment energies unreliable. This sets an upper

limit to count rates and forced us to operate with a large

solid angle in most experiments. However, in that configuration

background ions were observed formed by the field of the power-

ful excimer laser. This poses a problem since this back-

ground is not uniformely spaced in time after the laser shot.

In the two laser experiment the initiating laser was turned

on and off alternatively by computer control. Afterwards the

sampled background measured in the "off" periods was subtrac-

ted from the signal obtained in the "on" periods. In this way

background free spectra were obtained. In the one laser experi-

ment the large solid angle was not employed.
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Figure 3a

I+ fragments as a function of their kinetic energy. The ions

are formed in the two photon (auto)ionization of 1^ by 193 nm

radiation.
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Figure 3b

Potential curve model explaining I autoionization data.
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3. RESULTS AND DISCUSSION -ONE LASER.

I2 was irradiated with 193 nm" photons (6.42 eV) . Ionic frag-

ments were observed at 220 mm distance. Large signals were ob-

tained, disturbed by space charge, that will not be regarded

here any further. In addition to those we also observed sig-

nals that were not affected by space charge. This could be

checked by varying the beam density. It follows that those

ions must have been formed after the space charge has been

carried away by the ions that created it. This time can be es-

timated to be of the order of one microsecond. This leads to

the conclusion that the observed ions are due to autoioniza-

tion from a long lived Rydberg state. No negative ions are ob-

served, which excludes the possibility of ion pair formation.

On the other hand a similar signal is observed of neutral frag-

ments, be it with poor signal to noise ratio. Figure 3a shows

the measured ion signal as a function of fragment kinetic

energy. The dissociation energy of I 2 is 12 eV above the

ground state of neutral I^. The observed excess energies

(twice the fragment energy) range from a few milli eV to about

0.85 eV. This is consistent with a two photon process with an

absorbed energy of 12.84 eV. Two peaks are observed. The high

energy peak breaks off abruptly at the maximum available

energy. This shows that dissociative autoionization takes place

through two repulsive I« curves, as indicated schematically in

figure 3b. The structure in the low energy peak might be due

to the wave function(s) in the excited neutral state but is not

well enough resolved.

The fact that different I 2 curves are involved also follows

from observation of the angular distribution of fragments with

respect to the light vector. This was measured by rotating a

polarizer, that consists of a stack of 10 Brewster angle

quartz plates. The results are shown in figure 4. The low ener-

gy ions are isotropically distributed, while the higher energy

channel is distinctly anisotropic. The interpretation of such

angular distributions of two photon dissociation is straight

forward only when axial recoil may be assumed [9]. This is

clearly not the case here because the excited molecule may
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Figure 4

Angular distributions of I fragments with rospect to the light

vector upon 193 run irradiation. A =fast ions, B =slower ions,

as indicated in figure 3a.
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rotate many times before dissociation. We therefore confine

ourselves to a simple qualitative explanation- We assume that

the angular distribution of the heavy fragments is not affec-

ted by the step involving the departure of the electron- We

then conclude that the molecule is excited to different bound

excited states with different symmetries. Also the repulsive

ionic states should have different symmetries such that differ-

ent bound states may couple with different ionic states.

4. RESULTS AND DISCUSSION - TWO LASERS

In the experiments with two lasers positive as well as negative

ions were detected with a 69 mm flight path and neutrals were

observed at 100 mm. The initiating laser was operated at wave-

lengths between 600 and 580 nm. With one step the B ( JIo+) state

can be reached, with two steps a two photon intermediate state

is reached. The probe laser wavelength was 248 nm.

A variety of outgoing channels was observed, all summarized in

table 1. The potential curves relevant to the present experi-

ments are shown schematically in figure 5. We will now underline

the major findings.

Intermediate states

Figure 6 shows a time of flight spectrum of fragment ions with

the initiating laser at 596 nm. Two peaks are distinguished

that are due to fragments formed through different intermediate

states. This can be seen from the variation of intensities

with initiating laser wavelength. The low energy channel in-

creased in intensity around 5 85 nm, which is a series of two

photon resonances, known as the Goodman band. So this channel

comes about with a two photon intermediate state. On the other

hand the high energy channel has a one photon intermediate

state. It follows in intensity the one photon absorption as

monitored by a reference cell. This is an important result

since it makes it possible to distinguish between two simulta-

neously occurring processes.
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Angle
scan
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Delay
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X

X

Remarks

autoion.

(1)

(2)

TABLE 1

Observed fragmentation processes,

a) I indicates ground state I(2P ) , i> is spin-orbit excited

K 2 P ^ ) , I + is ground state I+(3p2). states of I* and I
+* are

unknown.

b).,1, means ions are observed, N means neutrals are observed.

Remarks: (l) The extra photon dissociates I*. (2) The extra

photon ionizes I fragment.

Figure 5

Schematic potential curves of I 2 and ij. Only those curves are

indicated that are relevant to the present experiments. Solid

curves have gerade symmetry, broken curves have ungerade sym-

metry. The dotted curve is i+. Vertical lines indicate possible

transitions in the experiment, with photon energies of 2.1 eV

(initiating pulse) and 5 rv (probe pulse). I' indicates pin-

orbit excited I (2p,).
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Figure 6

Time of flight spectrum of ionic fragments upon multiphoton

ionization of !„ by 596 and 248 run. A corresponding schematic

potential energy diagram is inserted.

Figure 7

Detail of figure 6, with different time scale.

Figure 8

Diagram indicating decay from two excited states.
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Figure 7

Figure 8
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Additional information can bo obLained with the help of the

energy balance of equation (1). (a) The low energy peak is

due to ion pair formation. The negative ions are observed

equally well and at exactly the same flight times. This by

the way proves the reliability of the energy measurement. The

excess energy is 0.15 eV. This is consistent with a two photon

intermediate state plus one probe laser photon, followed by

dissociation into the energetically lowest possible ion pair

channel with a dissociation limit of 8.9 3 eV [10 ]. (b) The

peak that results from faster ions is reproduced in more de-

tail in figure 7. The solid lines are computer simulations

for excess energies of 1, 2 and 3 eV made with the assumption

that no excess energy is carried off by a photoelectron. This

assumption is clearly not valid, in particular for the lower

energies. We conclude that ionization of the molecule is in-

volved (reaction 3) in section 1). This is consistent with a

one photon intermediate state and absorption of two probe

laser photons to form bound I- (total absorbed energy 12.2 eV) .

The molecular ion is subsequently photodissociated by an

aditional photon.

Lifetimes

By varying the delay between the two lasers the lifetimes of

the intermediate states can be measured. We find for the two

photon state a lifetime of 1.1 + 0.1 ys, while the one photon

intermediate state shows lifetimes varying around 3 ys. The

B state, which is reached with one photon, has a known lifetime

of the order of 1.5 ys [.11]. However we must consider the time

evolution caused by the fact that the decay from the upper

level (level 2) can repopulate the intermediate level (level 1}

(see figure 8). A rate equation is required in order to des-

cribe the time dependent, population N(t) of level 1 after ex-

citation. Starting with N] particles in level 1 and N~ part-

icles in level 2 we write:
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in which 1/T1 and l/r2 are the lifetimes of level 1 and level

2 respectively. The solution can be written as follows:

for 1^ + T2 : N(t) = (U1 - C) e
 2 + C e 2 ,

with c = r2N2/(r1 - r 2 ) .

-r.t -r2t
For rx = T2 : N (t) = N2 e + T2N2 t e

From these equations it can be seen that for lifetimes and

populations in the same order of magnitude the apparent life-

time of level 1 can be significantly enlarged. In particular

so when the lifetime is derived from the first part of the de-

cay curve, as was the case in the present experiments. Of

course the relative population of the two levels depends upon

the laser parameters. Not only power and pulse duration are

important, but also the bandwidth, which in the present case

is 3 cm

Ion pair formation

The ion pair formation described above results from predisso-

ciation of a long lived excited state. This does not only

follow from the fact that the signal is independent of ion

density, like in the autoionization case. It also follows from

the fact that negative ions are observed. The cross section for
- —17 2

electron detachment of I at 248 nm is larger than 10 cm

[123. This implies that any negative ion that is observed must

have been formed after the gas laser pulse. Since we observe

approximately the same amount of positive and negative ions

this sets a lower limit of 20 ns to the lifetime of the disso-

ciative state, which excludes the possibility of direct disso-

ciation. The question to be answered is how can a highly ex-

cited Rydberg state couple with the ion pair forming state.

As indicated in figure 5 there are only two Rydberg states that

can cross at large internuclear distance with the ionic state.

Applying to them the scaling rules of Olson [13] we obtain the

values of table 2. Here E m a x is defined as the radial energy
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9a Time of flight spectrum of neutral fragments upon multiphoton

ionization of I, by 596 and 248 nm. Indication of peaks is ex-

plained in text.

9b Same as figure 9a, but with 248 nm light polarized with light

vector parallel to direction of detection. Also the intensity

of the 596 nm light is higher, leading to a stronger depopula-

tion of the intermediate level that leads to peak D.

Peak G is due to a perpendicular transition (the only allowed

ungerade state is 3II1) . By the choice of polarization it is

"filtered out", revealing another signal. This is the neutral

counterpart of the 1.5-3 eV ion signal reported in the text.
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at which half of the particles would follow the adiabatic

channel. It is clear that both crossings must be regarded as

purely diabatic in the present case. This calls for two pos-

sible alternative explanations. First of all there is the pos-

sibility of a crossing at very short internuclear distances.

Secondly one may assume that the Rydberg state is predissocia-

ted through a repulsive potential which crosses the ionic

state at much lower potential energy, and which therefore

correlates with one of the lowest dissociation limits of the

molecule. There are two facts to support this latter assumption.

(a) One might expect high energy neutrals as a diabatic channel

of the assumed crossing. They should have excess energies of

5.7 eV for dissociation into two spin orbit excited fragments

and 6.68 eV for one ground state and one spin-orbit excited

fragment. Indeed we observe those high energy peaks in the

neutral spectrum, as shown in figure 9. The peak designated G

is due to dissociation of the gas laser alone, via the Z.

state. The peaks designated D and DD are due to the dye laser

alone, in one step and two steps ( E ) respectively. The high

energy peaks are observed only with both lasers on.

(b) A second argument can be derived from another photofragment

experiment. Wilson et al. performed neutral photofragment

spectroscopy on I2 with two lasers at wavelengths in the visi-

ble [9], They measured the angular distribution of fragments

dissociating from the S state. The result did not agree with
2the predicted cos 0 distribution, which can be explained by the

presence of a predissociating state, in agreement with our

present model.

All these results imply that the lowest ion pair states must

come lower than previously has been assumed. At least one ge-

rade state can be reached with two times 2.1 eV and there are

indications for crossings with repulsive states.

5. CONCLUSIONS

The experiments reported here show that multiphoton ionization

translational spectroscopy (MITS) can serve to obtain informa-

tion about (i) highly excited repulsive states and (ii) the
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dynamics of multiphoton ionization. in the one laser experi-

ment dissociative autoionization is observed. The process

proceeds simultaneously along two channels that are disting-

uished by fragment kinetic energy and angular distribution.

In the two laser experiments there are two major conclusions.

In the first place two competing processes are distinguished

that proceed through different intermediate states. By varying

the time delay between initiating and probe laser we followed

the time evolution of those intermediate states and measured

their lifetimes. For future application this may offer possi-

bilities for experiments to gain information on the two photon

excitation process itself. A question to be answered might

be: what laser parameters influence the probability for either

one or two photon excitation? The second conclusion to be

drawn is based on our ability to observe both ionic and neutral

fragments. This leads to a reinterpretation of potential curves

using a model with curve crossings of the lowest ion pair

states with repulsive neutral curves.

We believe that these are the first examples of a new technique.

It is still open to refinement - for example by electrostatic

energy analysis instead of time of flight - but is should be

helpful in providing information about multiphoton ionization

processes and about the highly excited repulsive states in-

volved with them.

We are indebted to Professors M.J. van der Wiel, Y.T. Lee and

R.B. Bernstein for stimulating discussions.
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Diabatic (I+ + I~)
state and energy
at infinite inter-
nuclear distance

(eV)

IVP^+IVS)

8.93

IVP^J+IVS)

9.73/9.81

x+(1D)+r (
1s)

10.63

Diabatic
*

4p5/2

%2

4?5/2

2pV2

\n

\n
2p5/2

4 p i /2

4p3/2

TABLE

E(eV)

(a)

8.31

8.49

8.31

8.49

9.09

8.31

8.49

9.09

9.20

2

Rc(nm)

(b)

2 . 4

3 . 4

1.0

1.2

2 . 3

0 . 2

0 . 7

0 . 9

1.0

H12(meV)

(c)

5.5 xio~4

2.5 x io~ 7 -

21.6

8.5

6.9 xio"3

2.9 xio3

234.5

68.3

47.3

E (eV)
max

(d)

3.1 xio"16

5 xio"29

25.3

1.1

6.9 xio"12

4.8 xio6

7.7 x 10

1.8 x l o 3

594

Crossings of diabatic I- and (I +1 ) curves.

a) Energy of I 2 at infinite internuclear distances,

b) crossing radius,

c) interaction matrix element,

d) energy of nuclear motion, at which probabilities for diaba-

tic and adiabatic passage of the crossing are equal.

Values are calculated with scaling rules of Olson [133. Only

those states are indicated that are relevant in the case of

excitation to 9.2 eV.
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SUMMARY

This thesis deals with molecular photodissociation. In

chapter I the theoretical background is reviewed. The dynamics

of photodissociation does not only depend on the electronic

states in the Franck-Condon region, but it is determined by

potentials at all internuclear distances. The process can

therefore be viewed as a half collision. The angular distri-

bution of photofragments is discussed. It is shown that from

photodissociation studies detailed information can be obtained

about repulsive potentials. Molecular beam experiments are done

in which kinetic energies and angular distributions of photo-

fragments are simultaneously measured. In chapter II the expe-

rimental considerations are discussed. The photodissociation

of IC1 and IBr is studied in chapter III. Experiments are re-

ported at various wavelengths between 480 and 530 ran. They

provide information about two parts of the n + potential curve,

(i) For IC1 the part of the curve in the Franck-Condon region

is reconstructed. This was possible because transitions from

different ground state vibrational levels were resolved. This

is an example of spectroscopy on a repulsive state, (ii) For

both molecules information was obtained about a curve crossing

at a larger internuclear distance. The potential energy at the

crossing was determined as well as the Landau-Zener parameter.

This was made possible by measuring branching ratios of two

outgoing channels as a function o"f wavelength. Those two chan-

nels correspond to the diabatic and the adiabatic path. In

this case the concept of a half collision is fully utilized.

While in a full collision the crossing radius is passed twice,

in a dissociation this happens only once. Therefore this

approach permits direct observation of the behaviour at the

crossing. IBr and IC1 are model molecules because spectrosco-

pically obtained data are available for comparison. This is

possible since the crossing is located in an attractive part

of a potential.

This is not the case in TIBr, which is studied in chapter IV.

Photodissociation for a range of wavelengths between 264 and

268 nm leads to three outgoing channels. Branching fractions

were observed as a function wavelength and the data could be
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explained with a model with two curve crossings. This also ex-

plains why the ratio of spin-orbit excited to ground state Tl

fragments is much smaller than has been predicted on the basis

of absorption spectroscopy.

In chapter V the multiphoton ionization of Ij is studied by

observing the fragmentation processes involved. Experiments

are reported in which positive and negative fragment ions are

measured as well as neutral fragments. Processes involving

photoelectrons can be recognized since they result in broader

kinetic energy distributions of the heavy fragments. Dissocia-

tive autoionization is observed from a highly excited Rydberg

state. It proceeds along two channels, distinghuished both by

the kinetic energies of the respective fragments and by their

angular distributions. Experiments were also performed with

two lasers. The initiating laser could induce one photon tran-

sitions as well as two photon transitions. Both processes occur

simultaneously but were distinguished as they lead to different

fragmentation channels. Lifetimes of the intermediate states

were measured by varying the delay between initiating and probe

laser. Also ion pair formation was observed. In this process

once more a curve crossing was found to be involved, with a

repulsive potential, that correlates with neutral fragments.

In conclusion, by photodissociating different molecules a

variety of physical processes involving repulsive potentials

was studied.
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SAMENVATTING

Het onderwerp van dit proefschrift betreft de fotodissociatie

van moleculen. In hoofdstuk I wordt een overzicht gegeven van de

theoretische achtergrond. Het verloop van een dissociatieproces

hangt niet alleen af van de electronische toestanden in het

Franck-Condon gebied, maar is tevens afhankelijk van de poten-

tialen op alle internucleaire afstanden. Zulke processen kunnen

dan ook worden beschouwd als halve botsingen. De dynamica daar-

van heeft o.m. invloed op het hoekgedrag van fotofragmenten.

Aangetoond wordt dat het mogelijk is om uit onderzoek aan foto-

dissociatie gedetailleerde informatie te verkrijgen over re-

pulsieve potentialen.

In de volgende hoofdstukken worden experimenten beschreven, die

zijn verricht met behulp van moleculaire bundels en laser exci-

tatie. Daarin worden kinetische energieën en hoekverdelingen

van fotofragmenten simultaan gemeten. In hoofdstuk II worden

experimentele aspecten besproken.

In hoofdstuk III wordt onderzoek beschreven aan de fotodisso-

ciatie van ICI en IBr. Er zijn experimenten gedaan bij verschil-

lende golflengten tussen 480 en 530 nm. Hieruit v/erd informatie

verkregen over twee gedeelten van de n + potentiaal kromme.

(i) In het geval van ICI werd het deel van de kromme in het

Franck-Condon gebied opgemeten. Dit was mogelijk dankzij het

feit dat overgangen vanuit verschillende grondtoestand vibratie-

niveaux konden worden opgelost. Dit kan worden gezien als spec-

troscopie aan een niet gebonden toestand, (ii) Ten aanzien van

beide moleculen werd informatie verkregen betreffende een krui-

sing met een andere potentiaal op grotere internucleaire af-

stand. Dit was mogelijk omdat de verhoudingen van twee uitgaan-

de kanalen konden worden gemeten als functie van de golflengte.

Die twee kanalen corresponderen met trajectoriën langs het

diabatische, respectievelijk adiabatische potentiaaloppervlak.

In dit geval komt de idee van een halve botsing duidelijk naar

voren. Terwijl in een volledige botsing de kruisingsafstand

tweemaal wordt gepasseerd, gebeurt dit bij dissociatie slechts

éénmaal. Daarom maakt deze benadering het mogelijk het gedrag

bij de kruising direct waar te nemen. IBr en ICI zijn model
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moleculen omdat vergelijking mogelijk is met gegevens die op

spectroscopische wijze verkregen zijn. Dit hangt samen met het

feit dat de kruising plaats heeft in een attractief deel van

een potentiaal.

TlBr, waarvan het onderzoek wordt beschreven in hoofdstuk IV,

is een algemener geval. Bij fotodissociatie met een reeks van

golflengtes tussen 264 en 268 nm hebben we drie uitgangskanalen

waargenomen. Uit de verhoudingen daarvan als functie van de

golflengte volgt een model met twee kruisingen. Hieruit kon

tevens worden verklaard waarom de verhouding van spin-baan

aangeslagen tot grond toestand Tl fragmenten aanzienlijk klei-

ner is dan op grond van absorptiespectroscopie was voorspeld.

In hoofdstuk V wordt de multifoton ionisatie van I 2 onderzocht

door de daarbij optredende fragmentatie processen te bestuderen.

Experimenten worden beschreven waarin naast neutrale fragmenten

ook positieve en negatieve fragmentionen worden gedetecteerd.

Ook processen waarin fotoelectronen vrijkomen kunnen worden ge-

identificeerd aangezien zulke processen een bredere kinetische

energieverdeling tot gevolg hebben van de zware fragmenten.

Zo kon dissociatieve autoionisatie van hoog-aangeslagen Rydberg

toestanden worden waargenomen. Op grond van kinetische ener-

gieën en hoekverdelingen van fragmenten kon worden vastgesteld

dat het proces via twee verschillende kanalen plaatsvindt. Er

werden ook experimenten uitgevoerd met twee lasers. De eerste

laser kon het molecuul aanslaan naar een één- zoals als naar

een tweefoton tussenniveau. Beide processen vinden gelijktijdig

plaats maar konden van elkaar worden onderscheiden, omdat 0.e

bij ionisatie door de tweede laser leidden tot verschillende

fragmentatie. Door de tijd tussen de twee laserschoten te vari-

eren konden de levensduren van de tussentoestanden worden be-

paald. Voorts werd ook ionenpaarvorming waargenomen. Bij dat

proces bleek wederom een potentiaalkruising een rol te spelen,

en wel met een toestand die correleert met neutrale fragmenten.

Tenslotte stellen we vast, dat de fotodissociatie van een aant3l

moleculen werd onderzocht, waarbij het moaalijk was verschillen-

de fysische processen met repulsieve potentialen te bestuderen.
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NASCHRIFT

Het onderzoek waarvan dit proefschrift het resultaat is,

is verricht in het FOM-Instituut voor Atoom- en Molecuulfysica

te Amsterdam. Er zijn veel mensen bij betrokken geweest. Onder-

meer de medewerkers van de automatiseringsgroep, de biblio-

theek, de drukkerij, het electronisch lab, de instrumentmake-

rij, het secretariaat, de tekenkamer, de typekamer en het

vacuümlab. Op hen, net als op vele andere medewerkers van het

instituut, deden we vaak een beroep. Zij hebben allen tot de

totstandkoming van dit proefschrift bijgedragen. In het bij-

zonder diegenen waarmee ik dagelijks heb samengewerkt: Theun

Baller, Frank Jonker, Joop Los, Co van Veen, Dolf de Vries en

Otto de Vries. Ik wil graag iedereen bedanken voor zijn in-

breng en niet in de laatste plaats voor de prettige samenwer-

king.

Amsterdam, mei 1980.


