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I N T R O D U C T I O N

This thesis deals with some fundamental aspects of the dissociation

of a diatomic molecule. The experimental technique used, translational

spectroscopy, makes it possible to measure features, which are not so

easily to obtain in another way. A translational spectroscopy experi-

ment is performed with a fast ion beam (e.g. 10 keV) in an apparatus

that is very similar to a mass spectrometer. In a field-free region a

part of the primary ions dissociates - spontaneously, by absorption

of a photon or otherwise - and subsequently the fragments are momen-

tum or energy analysed. The velocity V of the parent ion with mass M

and energy E is given by

2E .

The excess energy of the molecule above the dissociation limit e, is

converted into kinetic energy of the fragments. The fragments fly apart

in the centre of mass system with equal but opposite momenta. The cen-

tre of mass velocity v of the fragment, with mass m, follows from

imv2 - ̂ 2 ed (2)

The final laboratory velocity V, then follows from (1) and (2) pro-

ed that V and v have 1o
and the backward spectra)

vided that V and v have the same or opposite directions (the forward

/(M-m)ed

±y—ens )mV«m(V + v) *mV (1 . , M „o — o — n £•o

For a mass spectrometer with a resolution of 1 : 3000 and a primary ion

energy of 10 keV,e . values of 3 meV are just measurable (assuming m «

I M).
This method has been applied to study dissociation phenomena. The

momentum distribution of the fragments is measured in the laboratory

system and then transformed to the centre of mass system of the origi-

nal molecule. In this way information is obtained about the dynamics of

the dissociation. As is apparent, the centre of mass momenta of the

fragments give the energy release ed, which is directly related to the



14

(ed) released kinetic
energy
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L
H+H

R

Figure 1 - Potential energy curves and nuclear wave functions involved

in the photodissociation experiment.
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energy of the excited molecule prior to dissociation. For a spontaneous

dissociation this energy corresponds to one of the (almost) discrete

eigen energies of the original molecule. Moreover, the experiment at

the same time gives an upper and a lower limit for the lifetime of the

state involved. In the case of photodissociation e. is connected to the

repulsive potential energy curve of the excited state. From the angular

distribution of the fragments, the symmetry of the optical transition

can be determined. Concluding it can be stated that the information ob-

tained in translation spectroscopy in the case of dissociation is more

detailed than the information obtained from optical spectroscopy, where

only a broadening of the absorption bands can be observed. Both methods

are complementary. In the work described in this thesis, two kinds of

experiments have been performed: photodissociation and rotational pre-

dissociation.

In the first chapter some fundamental theoretical aspects of disso-

ciation have been discussed. In this treatment the formalism of modern

scattering theory is used. A method is given to take into account the

symmetry requirements that hold for the dissociation of a homonuclear

molecule.

Chapter two deals with photodissociation of H„ and D?. The parent

ions which are initially in some vibrationally excited state of the

electronic groundstate undergo, after absorption of-a photon a trans-

ition to the first excited electronic state. This excited state is a

repulsive one and the molecule dissociates. This is illustrated in

fig. 1. At a fixed photon energy each initial vibrational state corres-

ponds to a discrete e, value (as shown in fig. 1) and results into a

peak in the fragment spectrum. In this way translational spectroscopy

enables us to measure separately the fragments originating from dif-

ferent initial states T.n the present experiment an argon ion laser is

used as photon source. This laser is a continuous one which has availa-

ble several spectral lines in the blue and green part of the visible

spectrum. One other experiment of this kind has been done by Ozenne et

al. [!]• In this work a pulsed ruby laser has been used and the same

ions have been measured as those described in the present thesis. In

both experiments different vibrational states are dissociated and.thus

are complementary to each other. •-,:.
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The cross section for this process is determined by two quantities:

the electronic transition dipole moment which approximately can be con-

sidered as a constant factor and the Franck-Condon factor which almost

exclusively determines the photodissociation cross section as a func-

tion of wavelength. This fact provides a method for the measurement of

the Franck-Condon factors for the transition from a bound state to a

continuum state. These Franck-Condon factors are very sensitive to the

shape of both potential energy curves and their relative position. Com-

parison with theoretically calculated factors thus forms a sensitive

test for the shape of the theoretical curves and their relative posi-

tions.

An approximation frequently made for the continuum nuclear wave

function is to substitute a delta function at the classical turning

point for this wave function. Cross sections calculated with this ap-

proximation strongly deviate from those calculated with the exact func-

tions, as has been pointed out by Dunn [2]. The experimental data in

chapter two very well agree with Dunn's exact calculations and thus

show that the delta function approximation is a rather poor one.

The method described in chapter two is applied in the third chapter

that deals with photodissociation of HD . For both outgoing channels

(H and D ) the cross section for photodissociation is measured as a

function of wavelength. For each vibrational level measured, this

function shows how the Franck-Condon factor from that level to a con-

tinuum state depends on e,. The experiments have been done with an ar-

gon ion laser, and only five wavelengths were available. A tunable dye

laser will give a large extension to this method and it will then be

possible to measure Franck-Condon factors over a whole range of e,

values. In the experiments of chapter three there was found no differ-

ence between the H and D outgoing channels.

In chapter four we deal with the He Hè ion. Normally in a homo-

nuclear molecule two' different electronic states converge to the lowest

dissociation limit. In this case, however, the degeneracy is removed,

the lower one dissociates into He + He and the higher one into
3 4 +He + He . The splitting is very small, only 1.1 meV and therefore both

states are coupled. Due to this coupling both outgoing channels are

open, but with different probabilities. The distribution over both chan-

nels is studied as a function of the velocity of the two separating
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Figure 2 - The situation for the rotational predissociation experiment.

Lower curve: The normal potential energy curve for J = 0.

Dashed curve: The centrifugal contribution for J«50,

ï „ ! The effective potential energy curve för J • 50 showing

the rotational barrier. , - - , '

The energy level indicated by e, is metastable to dissocia-

tion.
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fragments. Rotational predissociation is used in this study. The poten-

tial energy curve for the "Tie He i«n in its electronic groundstate is

given in fig. 2 (lowest curve). However, this curve governs the nuclear

motion only in the case of a non-rotating molecule. For a rotating mo-

lecule there also is a centrifugal contribution, given (in a.u.) by

J(J + 1)

2u R 2

where J is the rotational quantum number, u is the reduced mass of the

nuclei and R is the internuclear distance. By adding both energy contri-

butions, the effective curve is obtained (fig. 2). In general the effec-

tive curve has a well below the dissociation limit but also a barrier

above that limit. In this situation it is possible, that vibrational

levels exist above the dissociation limit, but below the top of the

barrier. These states are metastable to dissociation, because they can

tunnel through that barrier. Otherwise stated;molecules in such a state

have a finite lifetime.

Dissociation through this mechanism is called rotational predissocia-

tion. This feature is difficult to observe in optical spectroscopy and

only a few cases are known,. [33. In translational spectroscopy however

it can be very easily observed. In such an experiment only those states

are measured, of which the lifetimes have the same order of magnitude

as the time of flight through the apparatus [43, which is in the micro-

second range. Rotational predissociation not only makes it possible to

study a coupling between two electronic states, but it also forms a

very sensitive test to the shape of a potential energy curve. Especial-

ly the lifetimes strongly depend on this shape as is demonstated in

chapter three of reference [53. Experiments of this kind have been used

to improve an ab initio curve for He, (chapter four of reference [535•
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C H A P T E R I

THEORY OF THE DISSOCIATION PROCESS

ABSTRACT

In this chapter the formalism of Metier operators and channel Samil-

tcnians, originating from scattering theory is used for the description

of the dissociation process. The proper choice of the initial state

wave function is discussed. A method is given which accounts for vHe

symmetry requirements, which appear in the case of a homonuclear mole-

cule , where identical particles are present. . . ?

1. INTRODUCTION

In a quantum mechanical treatment of dissociation processes, we have

to deal with a system which is prepared in a state, which is strongly

localized in configuration space at some initial time. The subsequent

time development shows a continuing delocalization in the course of

time, because the system is breaking up into fragments. Such a process

can be studied by detecting one or more of the fragments formed at

asymptotically large times. In general there may be more than one open

channel, i.e. there is a finite probability for the decay into more

than one set of fragments. The number of open channels of course de-

pends on the actual situation e.g. the total energy involved.

Comparing this situation with a scattering experiment, we note that

although the final detection of the system is the same, its initial

preparation is different. In a scattering experiment, we initially have

two well separated particles, which collide with each other. The effect

of the collision is studied by measuring the probability density (in

momentum space1 of one or more of the products. In this situation, both

the initial state and the detection apparatus are described by an eigen-

state of some channel Hamiltonian, whereas in the case of dissociation
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only the latter is. In a time dependent formalism the difference be-

tween both processes is introduced .by the fact that in a scattering

process, we relate the situation at time t«-°» to the state at t" + °»,

whereas in a dissociation process we relate the situation at some fini-

te time (e.g. t»0) to the state at t « + « .

2. THE M0LLER OPERATOR

V', now turn to a more explicit description of a dissociation process.

I', the first place we suppose that the centre of mass motion has al-

ready been separated off. Let H be the full Hamiltonian for the rela-

tive motion of the system under consideration, and let H be the chan-

nel Hamiltonian for channel a. H is obtained from H in the usual way

by deleting all interaction terms between the fragments associated

with this channel. The corresponding Miller operators are then defined

as the strong limits [1,2].

Ö* - lim expCiHt3 exp C-iH t] (1)
a

(This definition needs modifications if long range forces are involved,

see reference C3].) The scattering process can now be described in

terms of matrix elements of the S-operator, which in the multi-channel

case is actually an array of operators.

s^-o^of (2)

(ft is the operator adjoint to fl.) However, in a dissociation process

one exclusively deals with ft+. This can be explained in the following

heuristic way. Let ¥(0) be the initial state of the system (t-0) and

$ the state associated with the detection apparatus, so 4> is an eigen-

function of the channel Hamiltonian H at energy E. In general $ will

be a procent of a plane wave eigenstate for the relative motion and

bound eigenstates of the internal Hamiltonians in this channel. The

probability amplitude f for finding the system which was originally in

state ¥(0) in the state <f> at time t is
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using:

and

we obtain:

f(t) «expL-iEtDOKO), expCiHt]exp[-iHat]<j) ) (3)

He now define

aa(t) =exp[iHt]exp[-iHat];

and equation (3) becomes:

f(t) =exp[-iEt](1'(0),fia(t)<(>) =exp[-iEt]f(t) (4)

(The inner product introduced here is linear in its first and anti-

linear in its second entry.) Since î  ;;he probability distribution asso-

ciated with f the phase factor expC-iEt" cancels, we will restrict our

attention to f (t) and its liiait for t tending to infinity

f- lim f(t)-(V(0),a?4.) (5)
t •*•»

By taking this limit, the Miller operator Ü enters into equation (5).

The derivation given above is ot a rigorous one, due to the occur-

rence of the non-normalizable state 4>. In a proper treatment along the

lines, developed in scattering theory (see e.g. reference [2]), we en-

counter an existence problem. The state f is a dissociative one for a

channel a if there exists a normalizable state <j>, such that

lim | lexpOiHt] V(0) - expC-iH t] • | | -0 (6)

in which case ¥(0) »8*$. (j| <f>|| is the norm of <jw) Not every state can

be a dissociative one. If ¥(0) is a bound eigenstate of H, then it can-

not be a dissociative state for any channel a. Since the range of ft*

is orthogonal to the discrete spectrum of H (reference [1]), this would

mean that f defined in equation (4) vanishes for such ¥(0). At this
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point we conclude our short excursion to the more fundamental aspects

of the dissociation process, since most of the concepts introduced

here have already been discussed in the context of scattering theory

(see e.g. references [1,2]). From now on we accept equation (4) for f

as our fundamental formula.

It is important to note that the form of (4) implies, that the sym-

metries, included in the initial s_ate ¥(0) do not necessarily carry

over to f. This is due to the presence of ft" and 41, which need not to

have the same symmetry as H.

An aspect, which has not been taken into account so far has to do

with the modifications needed when identical particles are present. The

introduction of MjSller operators is not so straightforward in that case.

In the definition of the channel Hamiltonian the various otherwise iden-

tical particles have been assigned definitively to either one fragment

or another in the channel Hamiltonian. This problem, however can be

easily overcome by various more or less sophisticated methods. See e.g.

Chapter 22 of reference [1] or Rys [4]. In the next section we shall

treat the problem more directly. The relatively simple case of a disso-

ciating diatomic homonuclear molecule as described in section 3 allows

for such an approach.

S. THE INITIAL STATE

3.L Fhotodissoejation of the hydrogen positive ion

In this subsection we first have to discuss the actual form of the

initial state y(0), introduced before. In this thesis we consider the

dissociation of H», D» and HD . The ions are originally in a bound

state; the electronic ground state with excited vibrational and rotatio-

nal degrees of freedom. The ions are brought into a dissociative state

through optical excitation by means of a laser beam. The overall pro-

cess of laser excitation.and dissociation can be considered as a single

scattering process, associated with the combined matter-field system.

The full Hamiltonian,consists of Uie molecular Hamiltonian, the free

field Hamiltonian and the Hand.Itonian which describes the interaction

between both subsystems. The channel Hamiltonian for the initial chan-
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nel is composed of the molecular Hamiltonian and the free field Hamil-

tonian, the initial state being the product of the molecular ground

state and the initial field state. In the final channel we again have

the free field Hamiltonian, but tho molecular Hamiltonian must now be

replaced by the channel Hamiltonian for the dissociation channel under

study. In the final state, we have one photon less than in the initial

state. In the present situation, however, drastic simplifications can

be made. Firstly, we can restrict ourselves to an electric dipoïe tran-

sition and secondly we use the Franck-Condon principle C53. As a result

the scattering process breaks up. into a sequence of optical excitation

to a well defined dissociative state, followed by the dissociative de-

cay of that state. • .

3 4 +
3.2. Vnimleaulca» dissociation óf Hé He

3 4 +In the present work we also report about the dissociation of He He .

The initial state is prepared through ion molecule reactioas caused by

a collision mechanism. This initial state, which is a metastable one,

in principle is less well defined than in the former case. The situation

is corrected to some extend by the detection method employed. This

method selects a certain life time window out of the metastable states

formed in the ion source.

4. SYMMETRY CONSIDERATIONS

We now continue with the description of the initial state for the

dissociation of H« and its isotopes. The initial state can be written

as
N

II ¥11 (7)

where the V.'s are the orbital functions and the x^'s are the nuclear

spin functions, which form an orthonormal set» In the Hamiltonian, we

neglect all spin-dependent interaction terms, so we can exclude the

electron spin from our considerations, whereas the nuclear spin func-

tions only play a role in the book-keeping. For the homonuclear mole'-
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cules H, and D« a proper symmetrization of the wave function is needed.

The final state associated with the detection apparatus has a similar

structure and can be written as

->. ->. - •••

-*• — 3 / 2 ->•->•Here fö(r.) • (2TT) expCik . r,] is the plane wave ei gens tat e of the

Hamiltonian, associated with the relative notion of the fragments and

$ (r,) is the bound eigenstate of the atonic fragment; in the present

case a hydrogen or a deuterium atom in its ground state. The vector r,

stands for the distance from the proton (or deuteron) to the centre of

mass of the atom (Z), while r« is the internal coordinate of the atom.

This is illustrated in figure 1. How the probability amplitude for fin-

ding the system in the state <f> . at time t is given by

falCt) - (f(t),*oiXl) (9)

where

- exp[-iHt] V(0) (10)

After substitution of (7) and (10) into (9) and using the orthogonali-

ty of the nuclear spin functions and the absence of spin dependent

terms in the Hamiltonian we obtain

fai(t) - (^(t),^) -(11)

f. (t) is defined as expOiHtB. (0). If we now assume that all states
x -A

in T. in (7) have equal weights, i.e. II*.If - N J, then the probability

w .(t), associated with f .(t) is given by

The total probability for the channel a is obtained by summation over

the final spin states.

wa.(t) - I |(*i(t),(>ai)r (13)

We now consider the three different cases HD , H„ and D, separately,
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Figure 1 - The vector diagram for the dissociation of the diatomic

molecular ion. r. indicates the vector from the centre of

mass of the atomic fragment (Z) to the charged fragment and

r« is the internal coordinate of the atomic fragment from

the nucleus to the electron.
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and concentrate ourselves mainly to photodissociation.

a) HD : The total nuclear spin is either F » J (doublet) or F - 3/2

(quartet) and as a consequence there are six independent spin

states. The orbital part of the initial state ¥(0) consists of

the product of three functions:

el +

Here ¥ is the adiabatic electronic wave function, having E

symmetry. In the case of photodissociation, the corresponding

adiabatic potential energy curve is repulsive, in the case of

rotational predissociation the curve is attractive. ¥ is thevibrational wave function in this potential and ¥ * T is the

wave function that describes the nuclear rotation with the quan-

tum numbers J and M. In this case where the nuclei are not iden-

tical, ¥. is the same for all spin states j:

¥.(0) - »elTvihftot,M (14a)

In principle many rotational states are possible. We shall as-

sume that only the rotational states labeled with 2J and 2J+1

contribute to w and with equal probabilities. This assumption fa-

cilitates a comparison with the HL and D. cases, described below.

The extension to more rotational states is trivial. As a result

we obtain:

E' (expC-iHt]
M

M

The factors i derive from the averaging over the rotational

states 2J and 2J+1.

b) H2 * In this case the nuclei are idential (fermions). The total wave;

function has to change its sign upon interchange of the nuclei..

The total nuclear spin is either F-0 (singlet) or F»l (triplet),
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so there are four independent spin states. The orbital parts

¥. have to be properly symmetrized. The adiabatic electronic

state is the same for both the singlet and the triplet. In the

case of photodissociation this is the repulsive E state, which

means that for the triplet state the rotational wave function

must have even parity (2J) and for the singlet the parity must

be odd (2J+1). in the rotational predissociation experiment the

electronic state is attractive and has E symmetry, so the rota-

tional functions must now have odd and even parity for the tri-

plet and singlet respectively. The explanation for this can be

found for instance in reference [6]. The same symmetry require-

ments also hold for the final state <j> , which also must be sym-

metrical or antisymmetrical for the singlet and triplet state

respectively. Once the correct states have been introduced in

w(t), the ensuing formula can be decomposed in terms of the

unsymmetrized contributions.

The final result in the case of photodissociation becomes:

w(ti=2 < * T 4 J W * I <e*p£-iH« <*e V
M

>|2> (16)

In this formula the factor 2 comes from the symnetrization of

the final state <j> . • fö$ and the factors i and I are the sta-

tistical weights of the singlet and triplet states respectively.

In the case of rotational predissociation we obtain a similar

formula only the factors | and | are interchanged.

a) DQ .* The situation is similar to that of H,, except that the nuclei

are bosons in this case and the wave function does not change

its sign upon interchange of the nuclei. The total nuclear spin

in this case may have three possible values; F « 0 (singlet),

F • 1 (triplet) and F» 2 (quintet), so there are eight indepen-

dent spin functions. Symmetrization in the case of photodisso-

ciation requires, that the rotational wave function has odd

parity (2J+1) for the singlet and quintet, whereas for the tri-
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plet the parity must be even (2J). Also in this case the adia-

batic electronic state is the same,for all three spin states

(£u). The final result for D 2 becomes:

w(t)-2
~ M

(17)

2 1
The factors y and -~ are the statistical weights of the singlet

plus the quintet and the triplet states respectively. Again

for rotational predissociation the adiabatic electronic poten-

tial has £ symmetry, so the rotational wave function must
O

have even parity for the singlet and quintet and odd parity

for the triplet. The final result is the same as equation (17)
1 2only the factors •=• and -j are interchanged.

* + ' •

After comparison of the expressions for H ? and for a hypothetical

HD with equal nuclear masses it is easily observed that, assuming

the various matrix elements to be nearly independent of J (which be-

comes asymptotically correct for large J), for H~ w(t) will be twice

as large as for HD . This result is expected because for H, the proba-

bility for proton formation is twice as much as for HD .

In equations (16) and (17) we have obtained formulae for w(t) in

terms of the unsynmetrized contributions and it is now possible to take

their long time limits in terms of Miller operator matrix elements. For

H» and D, this was not possible in an earlier stage, since the introduc-

tion of the channel Hamiltonian requires a distribution of the identi-

cal particles over the fragments, and the possibility to interchange

them is lost. The final expressions for w * lim w(t) for HD , H- and D,

are respectively:

M
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w » i
(5JÏ3) J'

and
w - A * E|fyel vib rot.M

3 (4J+3) M

(20>

The above formulae hold for photodissociation. In the case of rotational

predissociation equations (19) and (20) have to be modified in the same

sense as (16) and (17). For HD the index a is needed, since there are

two possible channels, one associated with a proton and a deuterium atom

and the other associated with a deuteron and a hydrogen atom.

For the molecules having more than one electron (e.g. He») the for-

mulae are more complicated, because the total wave functions for both

the initial and final states have to fulfil the symmetry requirements

not only for the nuclei, but also for the electrons. The calculations

in this case are more tedious, but straightforward.

5. OUTLOOK

For a given initial state ¥ - ï
e l

y
v i b

ïr
r o t

 the expressions (18)-(20)

are exact. However, in an approximate evaluation of their numerical

values, one encounters the problem that the states Y and $ have a

different nature. ¥ is a typical molecular state, whereas $ * <J>i*J> is

a product of a plane wave that describes the relative motion of the se-

parating fragments, and a bound state of the atomic fragment.

For small values of k the relative motion of the nuclei is slow and

it is useful to employ a molecular framework. In that case <j> is expan-

ded in terms of molecular wave functions. A corresponding expansion of

fl+ however is not that simple. The operator is built up from the full

Hamiltonian and the channel Hamiltonian H and we now need a picture

where H is decomposed into an adiabatic part H and a perturbation

H - H a d.
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As an alternative it is also possible to go back Co the (fine depen-

dent Schrödinger equation for ¥(t) and to expand T(t) in adiabatic aole-

cular states. This expansion is truncated iu order to obtain a finite

set of equations for the nuclear notion. '
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C H A P T E R II
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FOM-Instituut voor Atoom- en Molecuulfysica, Rruislaan 407» Amsterdam

ABSTRACT

Photodi88oaiation of Ho and Do has been observed in a crossed beam

experiment. A laser is used as photon source. The ion and laser beam

cross each other inside the laser cavity. The momentum spectra of the

resulting H or D fragments are recorded with a mass spectrometer.

From the spectra the excess kinetic energy is calculated. These values

agree with the theoretically expected ones within the experimental

error. From the measured intensity distribution the relative population

for several vibrational states in the primary ion beam is calculated.

Our values deviate from the usual assumed Franck-Condón pattern as well

as from the values reported by Dunn. The angular dependence of the

fragments is also measured. This dependence indicates a polarization

of the primary beam perpendicular to its direction.

1. INTRODUCTION

The dissociation of the H~ ion, the most simple molecule» has

already been investigated for a long time. Because of its simplicity

many of its properties can be treated almost exactly within the Born

Oppenheimer approximation. From an experimental point of view it is

interesting to test these theoretical predictions. The photodissoci-

ation of H„ has been treated by several authors:

1) Oksyuk [ l] did calculate the cross section for photodissociation as

a function of wavelength, using several approximations for the

potential curves as well as for the wave functions <

2) Dunn (2] did use in his calculations the exact potential energy

curves and wave functions. These calculations are almost exact
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within the Born Oppenheimer approximation, including the dependence

of the electronic transition moment on the internuclear distance R.

Complete tables of the cross section for photodissociation as a

function of wavelength and for all vibrational levels are now

available. These tables include H_ as well as D_ between 500 A and

15000 8. and are given by Dunn in [2b].

3) Peek and Ramaker [ 3] have calculated cross sections for all vibra-

tional and rotational states of the EL ion.

The experimental work concerning photodissociation in ionic beam

experiments has been reviewed recently by Durup [4]. The most important

work untill now is done by Von Busch and Dunn [ 5] . In this experiment

an 8 keV EL or D„ beam is crossed with a light beam generated by a

conventional Hg-Xe lamp with a monochromator. The total cross section

for proton formation was measured as a function of wavelength between

2472 %. and 13623 £. For a comparison with theory knowledge of the

population distribution over the various vibrational levels of the

electronic (lso ) ground state of EL (D~ ) is needed. It is generally

assumed that this distribution follows a Franck-Condon pattern [6].

Von Busch and Dunn modified the Franck-Condon principle in order to

obtain quantitative agreement between theory and experiment. From their

data the authors could calculate a vibrational distribution slightly

different from Franck-Condon.

A novel type of experiment is introduced by Ozenne, Pham and Durup

[ 7] and the present authors [ 8] . This method attacks the problem from

another side. In this experiment an ion beam is crossed by a laser beam

at a fixed wavelength. The energy or momentum spectrum of the proton

fragments formed has been measured.

The high resolution of the spectra obtained in the present work gives

the possibility to measure the intensity distribution over several

vibrational levels. From this distribution and Dunn's cross sections it

is possible to calculate directly the relative population for these

vibrational states. The experiment can be repeated for all the available

laser lines. The calculated populations must be identical for all the

wavelengths used. If this is observed, then Dunn's calculations given in

[2] are at least internally consistent.
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In this paper results will be reported on H, and D. . The first

results on HL have already been published [8] ,and spectra of HD will

be presented later on.

2. PRINCIPLE OF THE MEASUREMENT

H„ and D2 molecular ions are formed in a monoplasmatron and

accelerated to 10 keV. The ion beam is crossed by a laser beam and

dissociation takes place by absorption of a photon

H2
+(lso )+hv ->• H2

+(2pau) + H(Is)+H
+

The relevant potential energy curves are given in figure 1, a sketch of

the apparatis is drawn in figure 2. The ions formed in the source are

distributed over the various vibrational levels of the electronic

ground state (I so ). It is most generally assumed that this distribu-

tion follows the Franck-Condon factors between these states and the

ground state of H„ [6] . This assumption is based on the approximation

that the electronic matrix element involved in the electron impact

ionization of H. is independent from the internuclear separation R.

During the interaction with the laser beam a photon is absorbed and

excitation takes place to the first excited state (2po ) of H, .

The 2po state is repulsive and th« excited molecule dissociates. The

excess energy e, above the dissociation limit is devided equally

between the two fragments. Only the charged particle can be momentum

analysed and detected.

The Franck-Condon principle for this transition to a vibrational

continuum, can be formulated most easily in a classical way. Position

and momentum of the nuclei are conserved during the transition. This

means that the two transitions indicated in figure 1, are vertical

(conservation of the position R). Secondly for each R, the kinetic

energy of the nuclei is given by the difference between total and

potential energy, as is denoted by e in figure 1. Thus the kinetic

energy must be the same in the upper and lower state, because conserva-

tion of momentum means conservation of kinetic energy.
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>•o»
(ed) released kinetic g f i j

energy

H+H

Internuclear separation •

Figure I - Scheme of the energy levels involved in the present

experiment. The released kinetic energy (e,) is also
a

indicated.

Figure 2 - The apparatus. A: ion source; B: 30 preselection magnet;

C: Einze1-1ens; D: deflection plates (two pairs in each

direction); E: collimation hole with pumping resistance»

F: collision chamber with collimation hole; 6: deflection

plates; H: pumping resistance; I: Brewster angle windows;

K: deflection plates; L: entrance hole» of the magnet;

M: analysing magnet; N: entrance slit of the multiplier;

P: Bendix electron multiplier; Q: laser. The collision

chamber is not used in the present experiment.
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In quantum mechanical terms the wavelength A of the wave function is

given by

A -
•2y(E-P)

where E and P are the total and potential energy of the nuclei, and the

other symbols have their usual meaning. Conservation of kinetic energy

(E-P) implies that A is the same for the upper and lower state and the

overlap integral 13 maximal.

The velocity vector diagram of the dissociation is depicted in

figure 3. The molecule enters the interaction region with the initial

velocity V . After dissociation the proton formed gets an extra velocity

v in the center of mass system with an angle $ with respect to the

original beam direction. The resulting laboratory velocity V has an

angle 8 with V . Only particles which have a small angle 6 (dependent on

the aperture used) are accepted by the analyser and detected.

With the deflection plates K (figure 2) particles that leave the

interaction centre under a certain laboratory angle 6 can be deflected

in such a way that they pass through the analysing magnet and are

detected. The angle 6 depends on the deflection voltage at K. This

technique has been used before in collision experiments [9]. The angle

8 depends linearly on the deflection voltage U., and according to {9]

it is given by the formula

ue - cv
2e

where c is the calibration constant.

The transition moment in this case (a o~a transition) is directed

parallel to the molecular axis. As a consequence the intensity pattern
2

is proportional to cos a, a being the angle between the molecular axis

and the polarization vector of the laser beam. In the present situation

this polarization vector is directed parallel to the ion beam, so a

equals 4 in this cage, when the so called axial-recoil approximation is

made. In this approximation [10] it is assumed that the fragments

depart from each other with a kinetic energy large compared to their

rotational energy and are thus ejected in the direction of the molec-

ular axis at the timt of the excitation. The intensity will have a

maximum for • equals zero or IT; the forward-backward direction. On the
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Figure 3 - Velocity vector diagram of H„ dissociation. See the text.
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other hand, the protons will not be scattered perpendicular to the beam

(in the centre of mass system) because <f> equals {it in this case.
2The measured angular pattern differs from a cos $ distribution

because of convolution by the apparatus even when the angular distribu-

tion in the primary beam is isotropic. However, anisotropy can change

the expected pattern (including apparatus effects) considerably.

In the ion source region the pressure is relatively high and

collision induced dissociation may occur. Theoretical calculations on

this subject are done by Zare [ 10] for electrons and by Green and Peek

[ 11] for noble gases. In both cases an angular dependence of the cross,

section is predicted; resulting in a nonisotropic distribution of the

position of the molecular axes relative to the primary beam.

In another paper [ 12] Peek predicts also a dependence of this cross

section on the vibrational quantum number of the initial Iso ground

state. This effect can change the distribution of the various vibra-

tional levels in the primary beam.

3. EXPERIMENTAL ' . :\

The apparatus used in the present experiment is already described '\

briefly in [8]. For a schematic drawing see figure 2. j

In principle it is a double mass spectrometer, which pierces the \

laser in such a way that the laser beam crosses the ion beam in vacuum. j

The ions are formed in a monoplasmatron ion source A, and mass selected j

by a thirty degrees sector magnet B. The ion beam is focused by two ï

electrostatic lenses, corrected by deflection plates (D,6) and finally ?i

collimated. The collimator consists out of two holes: E (.6 mm) and f

F (.3 mm) at a distance of 350 mm. After collimation the ions enter the S

interaction region with the laser. The fragments formed there are 1

momentum analysed by the magnet M and collected on a Bendix electron ;|

multiplier. The particles are counted and this signal is fed into a ':\

ratemeter of which the output is connected to the Y input of an XY |

recorder. The X input of the recorder is proportional to the magnetic v|

field. ' . ' . ||

Something must be said about the intracavity experiment. In order to l/j

get a measurable signal, one needs a high photon density and a :-|
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background as low as possible. The laser used here is a Spectra Physics

model 164 argon ion laser. In the normal mode of operation with an

outcouple mirror with a transmission of 4%, the output is 1.3 Watt in

the strongest line (5145 X).

In the present experiment the vacuum system is provided with two

fused quarz windows» placed under Brewster's angle with respect to the

laser beam. In order to reduce the intracavity losses as much as

possible the outcouple mirror is replaced by a high reflective one. The

laser power available in the green line (5145 A) is estimated to be

20-25 Watt. The laser beam is polarized parallel to the ion beam. Thé

ion current is of the order of 3 * 10 A*

The background signal (collision induced dissociation) is reduced by

using ultra high vacuum conditions. Typical working.pressures are:

source region 3 * 10 torr; collision chamber region 5 x 10 torr;
-9

interaction and analyser region 1 * 10 torr.

The fragments are formed in the drift region between the acceleration

system and the analysing magnet. They have approximately the same

velocity as the parent ion and therefore they have a non-integral

apparent mass number [13], given by

2

apparent M

where M is the mass of the parent ion and m is the fragment mass. In the

present experiment this formula is exact, because there is no inelastic

energy loss as in the case of collision induced dissociation.

4. CALIBRATION OF THE SPECTRA

The X-scale of the spectra is proportional to the magnetic field

strength and therefore also to the momentum k of the fragments. The

initial momentum k. is given by

k. - S (2 M e U>*
1 M

where U is the acceleration voltage. A change in U causes a shift in

the position of the peaks which can be calculated. This shift gives the

momentum scale. The zero point of the scale in the centre of mass



system is situated exactly half way between the corresponding forward

and backward peaks.

There is a systematic error in the measured momentum values» due to

the angular spread in the primary beam. This is illustrated in figure 4.

A k always refers to a momentum in the laboratory system, and K to a

momentum in the centre of mass system in atomic units. This spread

causes for example the recording of k values greater than k', the

momentum in the backward direction» but no smaller ones (the centre of

mass momentum K is fixed here). Therefore ths apparent centre of mass

momentum < is smaller than the real one. As a consequence the middleapp
of the peak is shifted to a lower K value.

2

The measured intensities have to be corrected by a factor (v/V) due

to the transformation from laboratory to centre of mass coordinates.

For the e, values in this process, where v is far from zero, this is 4

valuable approximation. The Jacobian of this transformation is derived

in [14]. This correction was not used in [ 8] .

5. RESULTS AND DISCUSSION

S.I. The forward-backwapÊ- spectra

Spectra have been recorded for several of the more intense laser

lines in the blue and green part of the visible range. The spectra in

the backward direction of the ion beam are reproduced in figure 5 for

H. and in figure 6 for D . In figure 7 a complete spectrum for HL

at 5145 A* is given. The peaks with a momentum close to 10 atomic units

are caused by photodissociation in the backward or forward direction

of the ion beam, while the central peak around zero momentum is due to

rotational predissociation. Rotational predissociation is recently

observed for HeH [15,16]. A more detailed treatment of this feature

for H will be published later on [17]. The different peaks in the

laser spectra correspond to the vibrational levels of the electronic

ground state of H_ according to the Franck-Condon principle as

described above. The measured momentum spectrum is equivalent with the

excess energy spectrum. The momentum shift caused by changing the

photon energy can be seen clearly in figures 5 and 6 .
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Figure 4 - Momentum vector diagram, showing the influence of the

angular spread in k.. See the text.

I

V.MTC5 WM$7*S

I
Hj—• \f

i IS
X(«u)

X.4TM»

i

Figure 5 - Momentum spectra for the H fragments coming from H„ ,

obtained at different laser lines in th« backward

direction.
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Figure 6 - Momentum spectra for the D fragments coming from D2

obtained at different laser lines in the backward

direction.

Figure 7 - A complete momentum spectrum of H from H„ at 5145 A.

The peaks at about 10 a.u. originate from photodissocia-

tion in backward (left) and forward (right) direction.

The central peak originates from spontaneous dissociation.
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MA)
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4765
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-

1.26 1
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.16

1.06
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.22
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1.23
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1.17
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1.36
1.26
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1.46
1.42

M«7

•

1.36
1.41

I.S3
1.42
1.40
1.63
1.51

t

1.35
M l
1.54
\M
1.41

1.65
1.60

i»-t

«

1.52
1.63
—

1.57
1.56
-
-

t

1.52
1.65
1.71

1.61
IM
1.12
1.77

»»9

•

U I
1,79

1.15
1.74
1.72

1.95
-

t

1.61
1.11
1.17
1.76
1.74
1.97

1.9}

• - 10

t

-

2.00
—
—

2.M
-

t

1.S2
1.95
Z01
1.9C
1.N
2.12
2.07

Table I The excess kinetic energy e, for the peaks found at

different wavelengths for H_.

(e: experimental; t: theoretical for J-0).

Wavelengths in Angstroms. Energies in electronvolts.

The experimental values are corrected for the systematic

error due to the angular spread.

MA)

5145
4880
4765

4965
5017
4579
4658

u - 8

e

K07
1.21
1.26

1.17
-

1.38 1
1.35 1

L.07
1.20
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.16

.33

.37

.33

u»9
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1.33
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1.29
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.50 1
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1.21
.34
.40
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.27
.51
.46

u» 10

e

1.33
1.45
1.52
1.40
1.39
1.62 1

1

1.34
1.47

.53

.43

.40

.64

.71

w II

e

1.44
1.56
-

1.51
1.50

1.84

t

1.46
1.59
1.65
|.55
f.52
1.76

.83

v 12

e t

1.SS 1.58
1.68 1.71
1.74 1.77

1.64 1.66
1.63 1.64
1.86 1.87

- 1.94

» - 1 3

e

1.65

- ]

1.97 1

t

.68
1.81
1.88
.77
.75
.98

- 2.04

u-14

e I

1.75 1.79
- 1.92
- 1.98
- 1.87
- 1.15
- 2.01
- 2.13

Table 2 The excess kinetic energy for the peaks found for D_.

(See table 1).
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The experimentally observed e. values are given in tables 1 and 2

together with the theoretically expected values. The vibrational

eigenenergies are taken from [ 18] for 1L and [ 19] for D. . A computer

simulation of the spectra based on the method described in [ 17] predicts

the shift due to the angular spread in the primary beam (as mentioned

above) to be in the order of 0.02 eV. The experimental values are

corrected for this effect. After this correction the experimental and

theoretical values generally agree within the experimental error,

which is estimated to be 0.02 eV.

In some cases for a weak peak (e.g. v*8 at 4965 X for H. ) the

deviation is greater. This is caused by convolution with a more

intense peak (v-7 in this case). The e, values given in [ 8] are not

corrected for this effect, and for this reason the measured values are

consistently low in [ 8].

The intensity of each peak is proportional to two quantities: The

cross section for photodissociation and the population of the initial

state. The cross sections are tabulated in [2b]. They depend strongly

on the wavelength as can be seen in figures 3 to 6 in I 2a]. Therefore

the measured intensity pattern may undergo a big change by altering

the wavelength. This change can be observed clearly in figures 5 and 6.

The population over the various initial states is generally assumed

to follow the Franck-Condon pattern as is already mentioned in the

introduction. However Von Busch and Dunn found small deviations [ 5] ,

which recently have been confirmed by Peart and Dolder [20]. From our

measured intensity distribution and Dunn's cross sections we are able

to calculate the relative population for those vibrational levels which

are involved in our experiment. These values are given in tables 3

and 4 together with Von Busch and Dunn's values and the Franck-Condon

population taken from [ 19] . The measured intensities are corrected by
2

a factor (v/V) , being the Jacobian for transformation from laboratory
to centre of mass coordinates as mentioned above. There is a good

agreement in our calculations between the populations found at

different laser lines. This agreement can be considered as an experi-

mental verification of Dunn's tables [2b]. From the populations found

at different wavelengths for one vibrational quantum number we have

taken the weighted average which is also given in tables 3 and 4.
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s
c
7
>
9
10

5145

1.35 * 0.01
1

0.(4 1 0.01
0.46 * 0.01

—

4880

1.5210.02
1

0.98 ± 0.05
0.4? ± 0.01

4765

_

1.58*0.02
1
—

0.44 t 0.01
0.37 10.03

4965

1.51 * 0.01
1

0.67 * 0.03
0.4810.01

—

5017

_

1.55 ±0.04

1
0.76 10.02
0.4710.02

—

4579

2.39 * 0.25
1.56 10.03

1
-

0.49 t 0.02
0.44 t 0.03

4658

1.61

_

±0.03
1
-
-

—

Avcnfe

2.3910.25
1.53 ±0.01

1
0.67 ± 0.04
0.46 ± 0.01
0.41 * 0.03

F C a )

2.03
1.44

!
0.69
0.47

•0.32

You Butch

SL»
2.17
1.48

1
0.68
0.46
0.32

V I M Butch
awl %

Duimc)

2.03
1.41

1
0.68
0.46
0.31

Table 3 Vibrational population factors for v»5 to v-10 for

H_ as calculated from Dunn's tables and our measured

intensity distribution, compared with other work.

) Franck-Condon population using the Franck-Condon

factors calculated in [19].

) Distribution calculated by Von Busch and Dunn [ 5]

using their formula (12). (Table IIC from [5]).

) Calculated by the same authors by fitting formula (6).

(Table IIA in { 5] ).
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For the higher vibrational quantum numbers, especially for D.

convolution of a weak peak with a more intense one causes a systematic

error which is different at different wavelengths. As a consequence

the deviations between the calculated populations at different laser

lines are greater than the experimental error. Therefore these values

are less reliable than the experimental error indicates.
2

The correction (v/V) brings our results closer to those obtained

by Von Busch and Dunn, and to the Franck-Condon ones, then was stated

in [8]. However, especially for the lower vibrational quantum numbers

there is still a deviation. This effect can possibly be explained by

the fact that collision induced dissociation in the ion source region,

where the pressure is relatively high, depopulates the higher vibra-

tional levels stronger than the lower ones, in agreement with Peek's

calculations [ 12] .

Another possibility has to be mentioned. If one expects the

population to have the Franck-Condon pattern, one assumption is

implicitly made. Ionization of the hydrogen molecule only takes place

from its electronic and vibrational ground state. This is certainly

true for hydrogen gas in thermal equilibrium at room temperature. In a

plasmatron ion source however, the conditions are different from

thermal equilibrium. Especially ion-molecule reactions take place. For

instance, when the ion source is operated with a mixture of H_ and D»
+ + +

gas in equal amounts, HD as well as H_ and D, can be extracted from

the ion source with intensities in the same order of magnitude.

A similar feature is observed with a He-H. mixture where HeH is formed

[21] . Nevertheless the measured distribution, not only in this work but

also in [5,20], is close to Franck-Condon.

5.2. Angular dependenoe

The angular dependence of the intensity of the fragments coming from

the v»7 level for H, and the v«10 level for D. is measured for the

5145 A laser line. The results are given in figure 8. In figures 9 and

10 the change of the spectra as a function of the centre of mass angle

$ is illustrated.
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Figure 8 - Angular dependence of the intensity of H (D ) coming

from v»7 (10) in the centre of mass system.
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Figure 9 - Spectra shox-ring the intensi ty of H from H, at

and <j>»7°3'.

U'13'
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-(au)

• -21*36-

\ï
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Figure 10 - Spectra showing the intensity of H from H„ at

and 4>-=21 °36'. The intensity scale is the sane as in

figure 9.
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As expected the intensity decreases as <t> increases. A computer

simulation [ 17] of the apparatus indicates, that the measured intensity

falls dom slower than is expected for an isotropic beam. We therefore

have to conclude that our ion beam is polarized perpendicular to the

beam direction, for the vibrational levels involved.

6. CONCLUSIONS

The intensity distribution of the photodissociation spectra gives

the opportunity to measure population factors in the primary beam after

extraction from the ion source (a monoplasmatron), provided that the

photodissociation cross sections are available. For a more complete

measurement of all the levels a more extended range of wavelengths is

necessary. We still believe in a deviation from the Franck-Condon

pattern and from Von Busch and Dunn's measurements; though the

differences are smaller than suggested previously [ 8] .

Additionally this work gives an experimental check on Dunn's

calculations [ 2]. We can draw the conclusion that at least the relative

values of these cross sections are correct, within the experimental

error.

Our ion beam is polarized perpendicular to the beam direction for

the measured vibrational levels.

We have here available a method to determine the position of the

vibrational levels in a molecular ion.
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ABSTRACT

Photodissociation of HD ions has been observed in a crossed beam

experiment. The D and H fragments ejected in the forward and backward

directions of the primary ion beam have been recorded. From the

measured intensities* photodissociation cross sections are determined.

This method is not limited to ED . Our cross sections are compared with

recent calculations of Tadgeddine and Parlant. From the theoretical

cross sections and the measurements described in this paper we also

obtained relative vibrational population factors for the primary ion

beam.

1. INTRODUCTION

Photodissociation of H~ and its isotopes in a crossed beam experi-

ment have been observed by several authors. Total cross sections as a

function of wavelength have been measured by Von Busch and Dunn [ 1] .

Photo-fragment spectroscopy experiments have been done by Ozenne et al.

[2,3] and by the present authors [4,5]. Recently also negative ions

have been investigated by the same method [6,7] . In the present work

phocodissociation spectra of HD are presented. The H as well as the

D fragments have been measured. Comparison of the intensities measured

at different wavelengths for the same vibrational level offers the

possibility to determine the relative cross sections for photodissoci-

ation as a function of wavelength. The intensities of the different

laser lines have been calibrated, by using the H„ and D. spectra and

the theoretically calculated photodissociation cross sections from

Dunn [8]. The internal consistency of Dunn's calculations were already
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proved in our former experiment, as described in 15].

Photodissociation cross sections for HD have very recently been

calculated by Tadjeddine and Parlant [ 9] . These authors used the same

method as Dunn in [ 8]. Our results are compared with these calcula-

tions .

Using the theoretical cross sections we are able to determine the

population factors for the various vibrational levels in the primary

ion beam from the intensity pattern at each wavelength. We have done

this before for H and D in [4,5].

2. PRINCIPLE OF THE MEASUREMENT

A monoplasmatron ion source is operated with a mixture of H, and D»

in equal amounts. HD ions are formed in the source by ion molecule

reactions. These ions are extracted and accelerated to 10 keV. After

a primary mass selection and collimation the ion beam is crossed by a

laser beam as described in [ 5] . After absorption of a photon,

dissociation takes place:

+ +
HD (lscr) + hv -> HD (2pCT)

H(ls) + D +

H+ + D(ls)

The two relevant potential energy curves for this transition are

reproduced in figure 1. The excess energy e, above the dissociation

limit is distributed over both fragments, taking into account the

conservation of momentum. The charged fragments ejected in the forward

or backward direction of the ion beam are momentum analysed and

detected. Only four vibrational levels are actually dissociated with

the wavelengths available for our laser according to the Franck-Condon

principle as explained in [5].

Now the intensity of the forward (or backward) going fragments I.
A,V

for a fixed vibrational level v of the electronic groundstate at

wavelength X is given by
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I
released kinetic energy *>„]

H%0

Internuclear separation •

Figure 1 - Potential energy curves for the lowest two states of HD

The released kinetic energy (e.) is also indicated.
a
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I. - ka, I f L.t (1)
A,v A,v o v A s /

where j. is the cross section for photodissociation; I is the
. —8 o

primary ion current (1x10 A); f is the population factor of v; L

is the laser intensity in photons/cm .s; t is the time ah ion needs to

cross the photon beam and k is a proportionality constant, k accounts

for the overlap between laser- and ion befjn and also for the efficiency

of the analyzing system. At two different wavelengths A. and A„, the

fragment intensity ratio is given by:

(2)

provided that the primary ion current is the same in both cases. By

measuring I, / I. y a, / a. can be calculated if L. / L%
1 'V ^2' v *i»v 2'v 1 2

is known inside the laser cavity [ 5] .

In principle the intracavity intensity is a quantity which is not

easy to measure. However, we developed a measuring procedure that is

independent of the overlap between ion- and laser beam. The light

transmitted by the highreflective endmirror of the laser (transmission

^0.4 /oo) is recorded by a photodiode. The photodiode is calibrated '

by measuring the intensities of the photodissociation fragments coming

from Ho and Do . In these cases L. / L. can be calculated from (2),

using Dunn's values for the cross sections. The consistency of Dunn's

calculations has already been checked in our earlier work [ 5] .

From the ion source we extract succesively with the primary mass

selector H_ , HD and D_ ions and record the various fragment spectra

during the same run of the experiment. Following this procedure the

overlap of the ion- and the laser beam does not change during the

measurement. The advantage of this method is that it is unneccesary to

know the beam profiles and we also do not need to know the fraquency

dependence of the photodiode and of the transmission of the mirror.

During each measurement the laser intensity is monitored constantly and

the ion current is measured before and after the recording of each

spectrum. Corrections are made for fluctuations of both quantities.
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3. RESULTS AND DISCUSSION

S.I. The momentum spectra

Momentum spectra of H and D are recorded for the five most intense

laser lines, in the forward and backward directions of the primary beam.

The backward spectra are reproduced in figures 2 and 3 for the H and

D fragments respectively. A comparison between experimental and

theoretical e, values is made in table 1. The experimental values are
a

corrected for convolution effects discussed in [10]. This correction is

0.01 eV for H+ and 0.02 eV for D+. The experimental error is ± 0.02 eV.

The theoretical values for the vibrational eigenenergies are taken from

Cohen et al.[11]. In general the agreement between H and D and

between experimental and theoretical e values are within the experi-

mental error.

Comparison of figures 2 and 3 makes clear that the H spectra are

better resolved than the D spectra. This can be explained by the

following arguments. During the dissociation process both fragments are

travelling with the same velocity, so the momentum of the D fragment

in the laboratory coordinate system in twice the momentum of the H

fragment. Additionally both fragments obtain an extra momentum (caused

by e.) in the centre of mass coordinate system of the molecule, which
a

is the same for both particles. So relative to their laboratory

momentum this extra momentum (the quantity actually measured) is twice

as much for H as for D . Therefore, because the analyzing magnet is

essentially a momentum analyser, the H spectra are better resolved

than the D spectra. On the other hand, the Jacobian for transformation

from laboratory to centre of mass coordinates given approximately by

(v/V) [5] (v is the centre of mass velocity of the fragment and V is

its total laboratory velocity) causes the D intensity to be four times

che H intensity. This allows for a smaller entrance hole in front of

the magnet for D (1 mm 0 ) , than for H (2.5 mm 0 ). This apparatus

effect is due to the finite angular resolution in the laboratory system.

The opening angle in the centre of mass system increases with decreasing

v at a fixed laboratory angle.
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Figure 2 - Momentum spectra for the H fragments coming from UD ,

obtained at different laser lines in the backward

direction, K represents the centre of mass momentum.
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Figure 3 - Momentum spectra for the D fragments coming from HD ,

obtained at different laser lines in the backward

direction.
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Hl)

5145

5017

4965

4880

4765

v - 7

H+ D+ t

1.18 1.19 1.17

1.23 1.27 1.23

1.26 1.27 1.25

1.29 1.34 1.30

1.36 1.37 1.36

v - 8

H+ D + t

1.34 1.35 1.33

1.39 1.40 1.39

1.42 1.42 1.41

1.45 1.49 1.46

1.51 1.53 1.52

v » 9

H+ D+ t

1.49 1.49 1.48

1.52 1.53 1.54

1.56 1.57 1.56

, 1.59 1.63 1.61
!

1.65 1.65 1.67

v - 10

H+ D+ t

1.64 1.63 1.61

1.68 1.69 1.68

1.72 1.71 1.70

1.74 1.78 1.74

1.80 1.82 1.81

v - 12

H+ D+ t

1.85 1.88 1.86

Table 1 The excess kinetic energy for the peaks found at different wavelengths.

(The entries H and D give the experimental values,

t gives the theoretical value for J-0).

Wavelengths in Angstroms. Energies in electronvolts.

The experimental values are corrected for convolution effects.
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V

7

8

9

10

A (A)

5145

5017

4965

4880

4765

5145

5017

4965

4880

4765

5145

5017

4965

4880

4765

5145

5017

4965

4880

4765

H+

1.18

1.90

2.06

2.61

3.81

9.71

10.03

11.19

13.99

13.12

9.29

6.72

5.87

4.08

2.37

2.39

3.60

4.25

4.68

5.60

D+

1.18

1.54

2.06

2.64

3.55

9.71

10.29

10.85

12.98

11.96

9.29

5.07

4.30

3.23

1.90

2.39

3.07

3.55

3.98

4.89

Average

1.18

1.79

2.06

2.63

3.68

9.71

10.16

11.02

'.3.49

12.54

9.29

5.90

5.09

3.66

2.13

2.39

3.34

3.90

4.33

5.24

Theoretical

J-O

1.18

1.78

2.09

2.68

3.68

9.71

11.21

11.74

12.45

13.04

9.29

6.64

5.52

3.76

1.70

2.39

4.25

4.98

6.02

6.85

Table 2 The cross sections for photodissociation calculated

from the present experiment, compared with the

theoretical values from [ 9]. Experimental and

theoretical values are arbitrary set equal at 5145 A.

H : cross sections calculated from the H spectra

D : cross sections calculated from the D spectra

Average : the average value for H and D
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3.2. Calculations of the gross sections

For the vibrational levels 7, 8, 9 and 10 the intensities are

measured, and from these the cross sections for photodissociation are
2

calculated. The correction factor (v/V) for the intensity distribution

is used in all the calculations. The results are collected in table 2

together with the theoretical values calculated by Tadjeddine and

Parlant [9] at the rotational quantum number J»0.

The experimental values at 5145 X are normalized to the theoretical

ones. The experimental error is estimated to be 15%. In figure 4 the

theoretical and averaged experimental values are plotted as a function

of wavelength. In general the agreement between theory and experiment

is within 15%, though for v»10 the deviations are larger. For this

level the intensities are the lowest ones, as can be seen from figures

2 and 3, and therefore the intensity measurements are not very accurate.

The same holds for v»9 at 4765 X. From the present experiment it is not

possible to compare the cross sections measured for different vibra-

tional quantum numbers, as the population factors in the primary ion

beam are not known.

3.3. Calculation of the population factors

From the measured peak ratio's, it is possible to determine the

population factors f for v-7 to 10 like we did in [5] for H. and T>2 .

The theoretical values of Tadjeddine and Parlant [ 9] are needed for the

cross sections, at least at one wavelength. As we believe that the

theoretical cross sections are more reliable than the experimental ones,

we used the theoretical values. The results averaged over the five

wavelengths and the H and D spectra are given in table 3, together

with the Franck-Condon factors for direct ionization of HD to HD

obtained from [9,12] . The experimental error is 15%. As we are not able

to measure absolute intensities, only relative population factors can

be obtained.

The experimental values deviate considerably from the Franck-Condon

factors. This is not surprising because our plasmatron ion source is

supplied with a mixture of H, and D. in equal amounts, so HD can only

be formed by ion molecule reactions and not by direct ionization of HD.
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Ut

12

OxKfW

6

V a 1 °

5100 4900 4700

Figure 4 - The cross section tor photodissociation as a function

of wavelength with the vibrational quantum number as

parameter. The solid lines give the theoretical curves

calculated in [9] at our five laser wavelengths only.

The experimental points are also indicated. These points

are normalized to the theoretical values at 5145 A.
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V

7

8

9

10

f
V

1

0

0

(exp)

.72

1

.66

.66

V

1.

0 .

0 .

(F.C.)

34

1

74

55

b > f
V

1.

0 .

0 .

(F.C.)

40

1

71

50

Table 3 Population factors (f ) calculated from the present

experiment (exp) using the cross sections from [9]

for J-0, compared to the Franck-Condon factors

(F.C.) fQ is arbitrary set equal to I.o

a) Franck-Condon factors calculated by Tadjeddine

and Parlant [ 9] .

b) Franck-Condon factors calculated by Peek quoted

in [12].
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4. CONCLUSIONS

Measurement of the fragment intensity as a function of wavelength

allows for the determination of cross sections for photodissociation.

For the measurement of the intensity of the light a molecule with known

cross sections can be used. This method is not limited to HD .

Especially the use of a continuous tunable dye laser' can extend meas-

urements of this kind considerably. Recently an experiment of this kind

has been performed by Cosby and Moseley [ 13] .

The population distribution in the primary beam for ions that can

only be formed by ion molecule reactions deviates much more from the

Franck-Condon pattern than for ions that can be formed by direct

ionization.
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ABSTRACT

The momentum distribution of the He and the He fragments, both
3 4 +

originating from rotational predissociation of Re He has been measured.

There is a pronounced difference between the intensity distributions in

both spectra. This difference is explained as the result of a Demkov

coupling between the tioo lowest electronic states of the molecular ion.

The rotational quantum numbers of the states involved are calculated

from the spectra.

1. INTRODUCTION

Coupling between electronic states in a non crossing situation has

been treated by several authors. Among the first, a description has

been given by Rosen and Zener [ l] . Later on a similar model was proposed

by Demkov [ 2] . In this model the nuclei were assumed to move along

classical trajectories and the electronic motion was treated quantum

mechanically in a time dependent description. Using an exponential

dependence of the electronic interaction matrix element of the inter-

nuclear distance, Demkov obtained an analytical expression for the

transition probability. This method is also used by Olson and Smith

[3,4]. Other authors have used the molecular wave function for the

solution of this problem [5)6,7]. The interaction in this case is

described as a radial or angular coupling. Both methods essentially

lead to the same result, as is shown by Melius and Goddard [5] .
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In the present paper we discuss the rotational predissociation of
3 4 +

the He He molecular ion. Two outgoing channels are possible.

3He4He+ -> 3He+ + 4He (1)

3He4He+ -> 4He + + 3He (2)

As we shall explain in the next section two electronic states in close

resonance are involved in this process and this results in an unequal

probability for the two outgoing channels. This effect is studied

experimentally as a function of the velocity of the separating fragments.

The advantage of a rotational predissociation experiment is the

availability of several rather low and discrete velocities of the

separating fragments in the centre of mass coordinate system of the

molecule.

The first heteroisotopic molecule which comes into consideration for

this experiment is HD . However, as appears from reference [8], the

peaks in the H_ and D9 spectra are closely spaced and the resolution
^ +

is not so very good. The same argument holds for HD . On the other hand,
4 + 3 +

the spectra of He_ and He„ are much better resolved [ 9] , so we
3 4 + ' .

decided to use the He He ion in the present experiment.

2. THEORY

The phenomenon of rotational predissociation has already been

explained in an earlier paper [ 8] . For He„ two molecular states

converge to the lowest dissociation limit: the stable groundstate and
2 + 2 +

a repulsive excited state. These states have Z and E symmetry
+ u 8

respectively [ 10] and decompose into He + He in their respective

groundstates.
3 4 +

For He He however, the dissociation limits of both states are no

longer degenerated. Instead there is a small splitting A between them,
3 4

because the ionization potentials of He and He are not exactly the

same. The reason of this difference, is the different nuclear mass.

The ionization potential I of He and He-like ions can be calculated

(in atomic units) from:
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M [Z 2 5Z ....... 0.0086 . 0.00274

{— "~8 + °'15744 F" + ^2—
(M being the nuclear mass and Z the atomic number).

This formula was derived by Hyllerhaas [ 11] . From this formula we find

for He, A = 4 x 10 a.u. or 1.1 meV. The potential energy curves for
3 4 +

the lowest two states of He He are given schematically in figure 1.

Without any splitting, there should be an equal probability for

reaction (1) and (2). Actually, there is a splitting and the molecular

wave functions (Z , £ ) have to be connected to the asymptotic atomic
+ +

wave functions, which are superpositions of the E and E functions.

The amount of u,g mixing determines the probability for each of the

outgoing channels. The coupling between the adiabatic functions

(E , E ) is large at low nuclear velocities and small at higher

velocities, where the electronic wave function has no time to adjust

"lor" the"huclear motion. Consequently for high nuclear velocities an

equal probability for both outgoing channels (1) and (2) is expected,

while for low velocities, one of the two channels will be favoured.

Molecular wave functions and potential energy curves are usually

calculated only for intermediate internuclear distances around the

equilibrium configuration. Starting with the Born-Oppenheimer

approximations, the eigenf unctions of the electronic Hamiltonian are

determined. In the case of He_ essentially the same equation holds
4 +3 + 34 +

for He„ , He» and He He and the wave functions have inversion

symmetry with respect to the electrostatic centre of the molecule.

At larger internuclear distances, however, these electronic wave

functions do not approach the atomic wave functions. The only way to

achieve this is to take a superposition of g and u functions as the

final state function.

Unfortunately a complete solution of the problem of constructing

molecular wave functions with the correct asymptotic behaviour has not

been given up till now. Some authors have given a solution, which

indeed leads to the correct final result, but which is not a correct

solution of the complete Hamiltonian for the total system of electrons

and nuclei at all internuclear distances. We will now briefly summarize

the work of these authors.
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Figure 1 - Schematic potential energy curves for the two lowest
3 4 +

states of the He He molecular ion.
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Thorson [ 12] discussed the dissociation of an excited state of HD.

Hè obtained an approximate solution by simply connecting the molecular

wave function at small and intermediate R to the correct: asymptotic

solution for large R.

Green and Peek [13] in a discussion of the proper final state wave

function for the dissociation of H„ solved the problem by taking a

linear combination of the g and u states as final state wave function.

Kolos and Wolniewicz [ 14] have also dealed with this problem and

calculated the electronic-vibrational wave functions for H_ in a

nonadiabatic treatment. These authors, however, did not discuss the

dissociation problem.

Hunter and Pritchard [15] in a series of papers discussed the

Born-Oppenheimer separation for three-particle systems, and also cal-

culated nonadiabatic energies for the first few rotational levels of

Ho , D„ and HD . In a later paper [ 16] these authors stated, that the

difference between the adiabatic and nonadiabatic energies was very

small for these low-lying states.

In order to avoid the problems mentioned above, we have used the

method of Demkov [2]. In this treatment, the molecular wave functions

(with £ character) are connected with the atomic ones, via a

transition region. In this region where the splitting between both

states involved (figure 1) is of the order of the interaction matrix

element H „, there is a rather drastic change in the wave function.

In our case, this region occurs at internuclear distances much larger

than the dimensions of the atoms. At such large R values the assumption

of Demkov, that the electronic interaction matrix element is an

exponentially decreasing function of R, holds:

H12 • eexp^/TÏ R) (4)

Using this form of H.„, Demkov obtained an analytical expression for

the charge transfer probability in a process like

3He+ + 4He -• 4He+ + 3He
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In the present case we have to do with a dissociating molecule, so our

initial conditions are different. However, Pemkov's derivation can be

followed. In order to use a time dependent description, Demkov used (4)

in a time dependent form

H12 - Sexp (-Yt)

The wave function for the system can be written in the approximate form

f(t) - a(t)'F, + b(t)¥2

¥ is the wave function for a He ion interacting at large R with a

4 4 + 3
He atom, and ¥„ is the wave function for a He ion and a He atom.

3 + 4 +
The probabilities for obtaining He or He respectively are given by

Wj = | a(») |2 and w£ « | b(») \
2

The coefficients a(t) and b(t) are the solutions of the coupled

equations

i | | = HJJ a(t) + H|2 b(t) (Equations (1) from [2])

i f =H 2 1 a(t) + H 2 2 b ( t )

The solution in the transition region where H 2 and A • H-, - H.. are

of the same order of magnitude has to join to the molecular wave

function at smaller R. In this molecular region we can write the wave

function as

- V

for ü)(t) we obtain

t

u>(t) » | H12(t')dt'

—00

With this condition we find for the probabilities
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w, - \e™h sech 2L (5a)

2 sech S . (5b)

where a • i& and 7 is a parameter interpreted by Demkov as

•<- m I f IR,
In this equation I is the ionization potential of He in atomic units

and I — I is the relative radial velocity vD of the nuclei at R ,
ut K O

where a • H... The same formula for the transition probability has been

derived by Melius and Goddard [5] , starting with the molecular wave

functions, and treating the coupling as a radial one.

Considering formulas (5a) and (5b) we can distinguish between two

limiting cases.

1) v • 0, this means y • 0 and the argument of the exponential
3 +functions becomes very large. In thxs case w • 1 and w» • 0. Only He

(the lowest state) is formed.

2) v •*• » and y •*• »..The argument of the exponential functions

approaches zero and we obtain w. • w. » J. Both ions are formed with

equal probability.

3. EXPERIMENTAL

The apparatus used in the present experiment has been described in

an earlier paper [ 8] . A schematic drawing is given in figure 2. The ion

source a monoplasmatron is supplied with a mixture of equal amounts of
3 4 3 4 +

He and He gas. The He He ions are formed by ion-molecule reactions

and accelerated to 10 keV. The correct mass is selected by the magnet B.

Fragments are formed along the whole ion path in the field free region

between the preselection magnet B and the analysing magnet M. In order

to define the place where the fragments are formed, we use an inter-

action chamber F (with perforated walls in order to allow good pumping

conditions) on which a voltage is applied. This voltage gives the

opportunity to discriminate between fragments formed inside and outside

the chamber [ 8]. It appeared that a negative voltage gives better
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Figure 2 - The apparatus. A: ion source; B: 30 preselection magnet;

C: Einzel-lens; D: deflection plates (two pairs in each

direction); E: collimation hole with pumping resistance;

F: interaction chamber with collimation hole; G: deflection

plates; H: pumping resistance; K: deflection plates;

L: entrance hole of the magnet; M: analysing magnet;

N: entrance slit of the multiplier; P: Bendix electron

multiplier. The laser Q with windows I is not important in

the present experiment.
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resolved spectra than a positive one. The reason is that a negative

voltage expands the momentum scale, while a positive voltage compresses
3 + 4 +

the scale. We applied -700 V for He and -1000 V for He . The frag-

ment ions are finally momentum analysed with magnet M and detected with

a Bendix electron multiplier. With a primary beam current of 4 x 10 A,

we measured fragment intensities of 30 counts/s or less.

4. RESULTS AND DISCUSSION

The spectra obtained in the present experiment, are reproduced in

figure 3 for He and in figure 4 for He . The solid line gives the

experimental spectrum, while the dashed line is the result of a

computer simulation of the experiment. In the experimental spectra, the

peak ratio's, as well as the peak positions are strongly affected by

apparatus effects especially at the low e. values involved in rota-

tional predissociation (e, is the excess energy of the molecule above

the dissociation limit) [8]. In order to obtain the correct values for

these quantities the spectra have to be deconvoluted. However, for

reasons extensively discussed in the appendix of reference [8] it is

much better to follow a convolution procedure. The details of the

convolution method are also given in [ 8] .

We chose starting e, values and peak ratio's. After convolution with

apparatus effects, we compared the results with experiment and

corrected the starting values. This procedure was repeated until the

results agreed with experiment. The final result of this procedure is

indicated by the dashed lines in figures 3 and 4. There is a good

agreement between the simulated and measured spectra. The numerical

values obtained are collected in table 1. From the data presented in

this table we conclude that within the experimental error, the e, values

are the same for He and He , so the peaks in both spectra, will
3 4 +

correspond to the same metastable levels of the He He molecular ion.

From figures 3 and 4 it appears that the intensity distribution for

the He and He fragments is quite different. The peak ratio's from

table 1. also show, that especially at the lowest e, values He is
a

strongly favoured, which is in qualitative agreement with formulae

(5a) and (5b).
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Figure 3 - The momentum spectrum of the He fragments (K is the

centre of mass momentum). The solid curve is the experi-

mental spectrum and the dashed curve is the computer

simulated momentum distribution.

3He'H*-—'He'
V,.c = -WOO V

o
-M-

8 12
ft.u.)

Figure 4 - The momentum spectrum of the He+ fragments.

See caption of figure 3.
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Table 1.

e values (in eV) and peak ratio's for both fragments.

paak

no

1

2

3

4

5

6

e

0

0

0

0

0

0

1)
d

.015

.041

.062

.108

.185

345

e

0

0

0

0

0

0

2)
d

.012

.038

.057

.102

.178

.336

3He+

ed

(experimental)

0.

0.

0.

0.

0.

0.

011 ± 0

035 ± 0

055 ± 0

100 ± 0

178 ± 0.

336 ± 0.

.001

.002

.002

002

003

004

1

0

0

1

1

peak

ratio

.34

.47

.97

.47

.37

± 0.12

± 0.04

± 0.10

± 0.11

± 0.14

1

ed 2 >

0.012

0.037

0.055

0.100

0.174

0.331

*He1

ed

(experimental)

0.013

0.036

0.058

0.101

0.176

0.329

±

±

±

±

±

±

0.

0.

0.

0.

0.

0.

001

002

003

003

004

004

0.

0.

0.

1.

1.

peak

ratio

42

22

70

14

26

± 0.02

± 0.02

± 0.04

± 0.04

± 0.05

1

1) Starting values for the convolution procedure. These values give the

correct level position.

2) e, values after convolution of the quantity in the second column.
d

These values have to be compared with experiment. The convoluted
3 + 4 +

values for He and He are slightly different, because the

apparatus effects are different in both cases.
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3 4 +
For He He a calculation of the theoretical positions and lifetimes

of the metastable states is difficult, because a very accurate

potential energy curve of the groundstate is needed in this calculation.

However, a recent calculation of Peyerirahoff and Buenker has resulted

in a very accurate ab initio energy curve. When this curve is used in
3 4 +

a calculation of the metastable levels of He He , an unambiguous

assignment of the rotational and vibrational quantum numbers for the

measured peaks is still difficult, especially for those with the lowest

e, values [ 9] .
a

For a prediction of the measured intensity distribution using (5a)

and (5b), the radial velocity at R is needed. In order to calculate

v we have to substract the rotational energy at R from e,. This rota-
K O u

tional energy can only be calculated if the rotational quantum number

J of the state involved is known. Because of the uncertainty in the

J values mentioned above, we used the reversed procedure and calculated
3 +

J from (5a) and (5b) and the measured peak ratio's. The number of He
fragments originating from each metastable level is proportional to

the population f of that level in the primary ion beam and to w . The
3 +

intensity ratio r„ for two peaks in the He spectrum is given by

r3

4 +
For the same two peaks in the He spectrum this ratio r, is given by

w2(l)xf]
r4 - w2(6)*f6

so:

From (5a) and (5b)
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The rotational quantum numbers for the first five peaks can be

calculated, provided we know J for peak 6

w (1) /w (1)

This normalization to peak 6 is necessary because we are only able to

measure relative intensities.

The distance R defined by a » H,„(R ) can be calculated if we knowo 12 o
H._ as a function of the internuclear distance. Two approaches are used

in the present work.

Firstly we used a semi-empirical relation originating from Olson

et al. [17]. Using R obtained with this expression and Demkov's
o

original parametrization, including a correction factor 0.86 for Y

proposed in f 17] v_ can be calculated using (6). From v_ we know the
K K
O O

kinetic vibrational energy at R . The sum of this vibrational energy
o

and the rotational energy is equal to the sum of e, and the polariza-
d

tion energy at R . From the rotational energy the rotational quantum

number J follows at once. The results are collected in the second

column of table 2. These values have to be compared with the fourth

column. In this column the results of a calculation of the metastable

states using an accurate ab initio potential energy curve [9] are given.

The J values calculated from experiment are systematically too high.

A possible reason for this discrepancy can be the formulae used for H.„

and the choice of the parameters.

Therefore we also tried another method. Approximate calculations for

the lowest two electronic states of the He. system have already been

performed by Pauling [18] in the early days of quantum mechanics.

Pauling in his paper used the valence bond method (which is equivalent

to the M.O. method in this special case). We used his wave function

in order to calculate H -. Analytical expressions for the integrals

needed are taken from Rosen [19] and Roothaan [20]. For the effective

nuclear charge of the He Is orbital we chose 1.85. The value of y in

this calculation is obtained from a least square fit of H..(R) to an

exponentially decreasing function around R . For peak 6 we accepted the
theoretical value J • 58 ± 2. The results are displayed in the third
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Table 2.

The rotational quantum numbers calculated for the first 5 peaks.

The values in column 2 are calculated with Olson's semi-empirical

H „, the values in column 3 are calculated with H.- originating from

valence bond calculations and the values in column 4 are the result

of a theoretical assignment described in [9].

Peak
no.

1

2

3

4

5

6

22

35

43

57

69

58

J

± 4

± 4

± 4

± 5

± 9

*)

J

18 ±

29 ±

35 ±

47 ±

58 ±

58 *)

4

4

4

5

8

J

37

42

49

58

In the calculation the following quantities are used

a = 2.026 x io"5 a.u.

For the second column: R = 11.64 a.u.
o

Y = 1•156 x v a.u.
K
O

For the third column: R * 9.35 a.u.
o

Y • 1.649 * v ' a.u.
K
O

) This J-value is used as normalization.
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column of table 2. A variation of J for peak 6 from 56 up to 64 does

not change the results.

From the data presented in this table it appears that we now have

a better agreement between experiment and theory. The deviations are

almost within the experimental error.

The accuracy of our method depends on the applicability of formulae

(5a) and (5b) in this case. From the work of Olson [3] we know that the

Demkov treatment is very accurate at low impact parameters, relative to

R . In our experiment, the distance of- closest approach is much smaller
o
than R . Consequently also the impact parameter is much smaller than

R so we believe that (5a) and (5b) are valid in this case,
o

5. CONCLUSIONS

For the rotational predissociation of a heteroisotopic molecule like
3 4 + 3 + 4 +

He He , the probabilities for the formation of He or He are not

the same, especially not at low e, values.

The results are at least in qualitative agreement with the theory

of Derakov.

From the peak ratio's it is possible to calculate the rotational

quantum numbers of the metastable levels involved.

A correct choice for the interaction matrix element is important.
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S U M M A R Y

Translational spectroscopy has been used in an experimental study on

the dissociation of diatomic molecular ions. In the first chapter some

fundamental theoretical aspects of dissociation are discussed. A method

is given that accounts for the symmetry requirements for the dissocia-

tion of a homonuclear diatomic molecule.

In the second chapter photodissociation experiments of H« and D„

ions are presented. An argon ion laser is used as a photon source. Our

results are in good agreement with calculations performed by Dunn. For

the explanation of the structure found in the spectra, the Franck-Con-

don principle has to be applied to a transition between a bound state

and a continuum state. Measurements of the angular distribution of the

fragments show that the ion beam is polarized perpendicular to the beam

direction.

In the third chapter, the method developed in chapter two is applied

to the photodissociation of HD . From the experimental data the photo-

dissociation cross sections for the wavelengths of the argon ion laser

could be obtained. The intensities of the laser lines have been cali-

brated using the fragment intensities measured for H„ and D_ (described

in the second chapter), along with the photodissociation cross sections

for H2 and D2 calculated byr Dunn. The experimental data agree with cal-

culations from Tadjeddine and Farlant.

In the fourth chapter the He He ion is studied. In this molecule

the degeneracy of the dissociation limits for the lowest two states

found in a homonuclear molecule is removed, because the nuclei are not

identical anymore. However, both potential energy curves are close to-

gether at large internuclear distances and are coupled by electron con-

figuration interaction. The effect of this coupling is studied as a

function of the relative velocity of the two separating fragments. In

this study we used a rotational predissociation experiment. The advan-

tage of such an experiment is the existence of several metastable

states leading to low discrete velocities in the centre of mass coordi-

nate system of the molecule. Our experimental data can be explained

with a theoretical formalism developed by Demkov. We solved the Demkov

equations using the boundary conditions that hold for a dissociating



83

molecule. There is a reasonable agreement between the theory and the

measured quantities.
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S A M E N V A T T I N G

Met behulp van translatie spektroscopie is de dissociatie van twee-

at omi ge molekuulionen onderzocht. In het eerste hoofdstuk worden enige

fundamenteel theoretische aspekten van de dissociatie besproken. Er

wordt een methode behandeld die aan de symmetrie eisen, die gelden voor

de dissociatie van een horaonucleair molekuul, voldoet.

Het tweede hoofdstuk handelt over fotodissociatie experimenten aan

H2 en D„ ionen. Als fotonen bron is een argon ion laser gebruikt. Onze

resultaten stemmen goed overeen met berekeningen van de werkzame door-

sneden, die door Dunn zijn uitgevoerd. Teneinde de struktuur te verkla-

ren, die in de spektra te zien is, moet het Franck-Condon principe wor-

den toegepast op een overgang van een gebonden toestand naar een toe-

stand in het vibratie kontinuum. Meting van de hoekverdeling van de

fragmenten toont aan dat de ionenbundel loodrecht op de bundelrichting

is gepolariseerd.

In het derde hoofdstuk, wordt de methode die in hoofdstuk twee is

ontwikkeld, toegepast op de fotodissociatie van HD . Uit de metingen

kan de werkzame doorsnede voor fotodissociatie voor de golflengten van

de argon ion laser worden bepaald. De intensiteit van de laser lijnen is

bepaald met behulp van de intensiteit van de fragmenten afkomstig van

FL en D„ (gemeten zoals in het tweede hoofdstuk is beschreven), tezamen

met de werkzame doorsneden die door Dunn zijn berekend. De gemeten waar-

den stemmen overeen met berekeningen die door Tadjeddine en Parlant zijn

uitgevoerd.

In het vierde hoofdstuk, wordt het He He ion behandeld. In dit

molekuul is de ontaarding van de dissociatie limiet voor de laagste

twee elektronen toestanden zoals die voorkomt in een homonucleair mole-

kuul, opgeheven. Beide potentiële energie kurves liggen echter dicht bij

elkaar voor grote afstanden tussen de beide kernen en ze zijn gekoppeld

door middel van het elektronen matrix element. Het effekt van de koppe-

ling is bestudeerd als funktie van de snelheid waarmee de fragmenten

uiteen gaan. Dit is gedaan door middel van een rotatie predissociatie

experiment. Het voordeel van een dergelijk experiment is de aanwezigheid

van meerdere metastabiele toestanden, die aanleiding geven tot lage dis-

krete snelheden in het zwaartepunts systeem van het molekuul. De meetre-
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sultaten kunnen worden verklaard met behulp van een theoretisch forma-

lisme afkomstig van Demkov. We hebben de vergelijkingen van Demkov op-

gelost met behulp van de randvoorwaarden die van toepassing zijn voor

een dissociërend molekuul. Er is een redelijke overeenstemming tussen

de theorie en de gemeten grootheden.


