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De waarde van een statistisch onderzoek is twijfel-
achtig indien geen wetenschappelijke verantwoording
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INTRODUCTION

The study of dissociation of molecular ions applying mass spectrom-

etric techniques, as they are employed in the present investigation,

has a long history. Already in 1920 diffuse peaks were observed in mass

spectra [ 1] appearing mostly at non-integral mass locations. It was

understood that the occurrence of these "Aston bands" is in general

caused by molecular ions extracted from the ion source of the mass

spectrometer, which decompose either in the field-free region or in an

electrostatic lens. For the origin of these decompositions one can

point to two different possibilities: (i) spontaneous dissociations [2]

and (ii) dissociations induced by external interactions.

Dissociations induced by electric fields [ 3] or by collisions [ 4] have

been studied by several research groups. Some authors claimed to

observe a spontaneous process too [ 5] , but the experimental conditions

(background pressure) did not allow for an unambiguous interpretation.

The first author who reported a "clean" mass spectrometric experiment

on spontaneous decomposition was Schopman in 1969 [6]. Moreover, it was

an experiment in which the velocity distribution of the charged frag-

ments was measured with high accuracy. The distributions showed 5

clearly dissolved peaks, all corresponding to energies less than 0.5 eV.

These results concerned the unimolecular dissociation of HeH , extracted

from a monoplasmatron ion source, and it was reported that only the

decomposition into H and He occurred spontaneously. Since the ground-

state of HeH corresponds to H and He at large internuclear distances,

the author suggested that the experimental results originated from

quasiresonant "levels" just above the dissociation limit.

Peek [ 7] , having calculated the level positions and widths of all

vibrational-rotational levels of HeH , concluded that rotational p're-

dissociation was responsible for the observed phenomena. Indeed the

large set of calculated quasistable levels reduced to the experimentally

observed 5 species, using a lifetime criterion appropriate for the

experiments. The proof was conclusive when it was shown that all

isotopic combinations of HeH obeyed the theory [ 8].

The actual method of using a mass spectrometer to study predissoci-

ation of molecular ions will be explained in detail in chapter 2.

Moreover, in the last chapter it will be demonstrated that this type of
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Figure I - Potential energy curve for a rotating system.

The effective potential V „„ results as the sum of the

rotational energy and the groundstate (i.e. J • 0)

potential.

For a given metastable vibrational level the three

classical turning points are indicated. The barrier

maximum is located at R .



15

measurements has evolved to a new kind ox spectroscopy: the transla-

tional spectroscopy.

Since it is assumed in the next chapters that the reader is familiar

with the subject of rotational predissociation and connected calcula-

tional methods, we will present here a short survey.

The mechanism of rotational predissociaticn is demonstrated in fig.1.

The upper curve represents the centrifugal energy J{J+\ )/2\iR , in which

J strands for the rotational quantum number, u for the reduced mass of

the two nuclei and R for the internuclear distance. Adding the

centrifugal energy to the potential energy of the molecular ion,

generally results in an effective potential with a hump, as is indic-

ated. This means that while all vibrational energies are shifted

upwards, some vibrational levels may be positioned between the dissoci-

ation energy and the potential energy maximum of the barrier. These

levels will have a finite lifetime with respect to dissociation,

because of the finite probability for tunneling through the barrier.

To explain the mechanism, we will first examine the elastic scattering

of a particle with mass y by a central potential V(R). It shall be

apparent that the Schrodinger equation describing such processes is

equivalent to the equation which should be used in the case of rota-

tional predissociation. Both situations have in common that positive

energies are involved.

Considering the elastic scattering, the wavefunction *(]?) may be

written as

nfl)= exp(iK.JS) + I /(fl)exp(iKfl) (I)

I
K being the wave vector, /(ft) stands for the scattering amplitude into

the solid angle Ü: so |/| =a, the differential scattering cross section.

Taking into account the cylindrical symmetry of this situation one

can expand ¥ according to

4-($)- ÏO?,9)= I XjVt) Pj(.cos 6)- I 4^0?,8) (2)
J J
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'HeH*

E «XT a.u.

4 +
Figure 2 - 6j versus E for HeH , taken from ref. 7.

The numbers in the figure indicate the various J values.

V(R' ) is represented by the vertical dashes.
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After normalizing, by putting

D - <2 = 2£ E , (3)

U(R) - % P(i?) and (4)

tr

Sj (R) = /? Xj W (5)

the Schrödinger equation reduces to

[ i-, + (o-j/(B)-'iOiy)] c <*> - o (6)

The asymptotic solution of this problem then can be expressed as

, R -* « (7)

in which aT is a constant and 6r is called the phase shift of the
tl J

partial wave cT• Both a. and ST are depending on the energy E. Now it
d d d

is easily shown (by expanding the exponentials in (1) in a series of

legendre polynomials)that one has for the total scattering cross

section

o = /a(fi)dn - 4TI_ I (2/ + l)sin2S (8)

So a will take maximum values for
tot

SJ - (v+J)ir, v - 0,1,2,... (9)

The occurrence of these resonances in the total scattering cross

section as well as the behaviour of ST(E) around the resonance energies
d

E is well known [ 9] .
The energy dependence of &, at resonance is:

5j.CE) - B^CB) + arctan L f & j (10)

8j(E) being a continuous, slowly varying function of E, while r

represents the full energy width halfway, the maximum (FWHM) of the

resonance. A typical behaviour of the phase shift 6j taken from Peek

[7] is shown in fig. 2.'One observes sudden jumps of it in S , which
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ÜJ*

'o
g[

-6-

-9-

-12

-15

v=5

O 2 A 6 8 10 12 IA 16 18 20 22
E xi03au.

Figure 3 - T. (E,J) versus E for H on H, as calculated in ref. 10.

The dashed vertical indicates V{R ). The metastable

vibrational levels are indentified by v.
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for a fixed J become less sharp at higher energies. This general effect

will be explained later. (The slope at the jumps is in the figure

indicated only qualitatively.)

If one now constructs a wave packet consisting of different T. (fixed J)

the solution of the SchrSdinger equation in the asymptotic region (fi**)

appears to consist of two wave packets: on<s incoming and one reflected.

The reflected packet has a velocity equal but opposite to the incoming

packet and its center appears to have left the origin a time T later

than the moment t=0 at which the center of the incoming wave packet

arrived there. One calculates this delay time straightforwardly to be:

T d(£V) = 2 E dój(£) (IJ)

dE

Using eq. (10) it is easily verified that the maximum delay time

T. is related to r as
d max

T - ^
Td max ~

while this value is reached for E -• E .
v

So the occurrence of a scattering resonance at (E ,J) coincides with a

quasistable level at E . On the other hand, the reduced Schrödinger eq.

(6), which has been used to describe an elastic scattering is identical

i:o the equation describing a vibrating diatomic molecule in the rota-

tional state J. In which case v represents the reduced mass and F(i?)

stands for the interatomic potential energy. E will be the vibrational

eigenenergy of the system. Negative eigenvalues characterize bound

states whereas positive eigenvalues will represent quasibound states

which have lifetimes T related to r by

T " 7 • * Td max <13>

An example of the dependence of T (E,J) on E is shown in fig. 3, which
d

was taken from LeRoy and Bernstein [10]. These authors studied the

elastic scattering of H on H. The figure demonstrates the results for

J » 26. The dashed vertical at 11.4 x 10 atomic units (MJ.31 eV)

indicates the maximum value of the effective potential energy for this

rotational state V^^AR), see fig. 1 . So even above this energy a
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netastable vibrational state may exist (i.e. v - 6).

With the presentation of fig. 3 we arrive at the last topic of this

section: how does one actually calculate E and r for a given system?

We will discuss here 2 methods:

I. Calculation of E and r from the asymptotic behaviour of ¥(*).

As shown before, the asymptotic behaviour of f̂ . is governed by the

parameters a, and &. (eq. 7). Evaluating V in the JWKB approximation
tj d V

[ 11] yields

in which

- £ + arctan ( - ^ tg U/<2ff)]| (14)
4 Ue 2 1

Rs .„ _ _
6 - exp ƒ ^ V 2ul I/(i?)+«7(«7+l)/(2u/f )-£J (15)

and

i?l

if) , i?2 and i?a are the classical turning points at the energy S( f ig . l ) .
Apparently the resonance behaviour of 6. (see eq. 10) is observed at
E values which satisfy:

A/{2ÏÏ) - IT (v+J), v = 0 ,1 ,2 , . . . (17)

Since A can be identified as the action integral, calculated for the

effective potential, v labels the vibrational levels for this system in

the rotational state J. This is in accordance with the JWKB results for

a true bound system. In that case the vibrational levels are also found

for E values at which eq. 17 is satisfied.

Using eqs. 11-12 the level width is calculated:

• -4- 08)

T 1 represents the classical vibrational period [ 11] for which we

have:

t -̂  n m f tLii ƒ ^ ^ ^
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The integral eq. 17 can be solved using standard computer techniques.

The resulting E values are then used as input in eqs.19 and 15 to

evaluate F through 18.

At this point it is important to note the restricted validity of the

JWKB-method. Defining a wavelength, associated with the motion of the

mass y as:

X - i , (20)

the formalism can be used if, over several wavelengths, V ~~{R) is a

reasonably linear function of R at the turning points R\, flj and R3 .

This is equivalent to

4

Since, for the cases presented in this thesis T , i 10 a.u., we can

apply this formalism for

In practice we have found these conditions not to be too stringent.

This is demonstrated in chapter I where a comparison is made between

the JWKB results and the results of the more accurate approximation

discussed below.

IX. The boundary value method.

This method consists in solving the Schrödinger equation for the

three turning point problem (see fig. 1) by imposing an extra boundary

condition in addition to the already existing one (i.e. ¥(0) - 0). For

this second condition is often used

In this way the Schrödinger equation is reduced to an eigenvalue

problem to which ordinary discrete-state methods can be applied [ 10].

However, the thus obtained eigenvalues e may deviate from the true

resonance energies E since e depends implicitly on a in eq. 23.

Qualitative arguments show that a < 0 for a resonant "state", while
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e > E for a * - °° and e < E for a - 0 [ 7] . In order to arrive at a

reliable value for a, a quantitative treatment was developed by Peek

[ 7] , who approximated the solution of the SchrSdinger equation around

the outer turning point R~ putting

» * * , (24)
3

i.e. the centrifugal energy determines the effective potential. This

author also evaluated a formalism to obtain r, remaining within the

framework of the boundary value method. Since this treatment is rather

elaborate [7] we will not attempt to discuss it here. The data obtained

with the boundary value method certainly are more accurate than the

JWKB results [12] . However, compared to the accuracy of the experiments

presented in this thesis, the two methods are equivalent, since
•—7

r < 10 a.u. Both methods have in common that the metastable "state"

is treated as a true discrete state. Apparently this allowed due to the

fact that we are considering long lifetimes, hence the widths are small

compared to the energy of the levels. This is contrary to the situation

with orbital resonances.

In chapter I of this thesis the results of both formalisms are

compared for H„ , HD and D„ . These ions were chosen because the

potential energy curves (of the groundstate) of these systems are

accurately known [ 13].

In the second chapter measurements are presented on tue rotational

predissociation of these species. Only the energies of some metastable

levels above the dissociation limit have been established. Moreover,

it is demonstrated how the experimental results are influenced by

apparatus effects. A computer program has been developed to simulate

the experiments in order to avoid questionable deconvolution

treatments.
4 +

The third chapter deals with measurements on HeH , in which case

both E values and relative rvalues were obtained. Especially the

determination on r made it possible to discriminate between two

accurate potential energy curves differing less than 1 meV. This shows

how sensitive such measurements are to the actual shape of the

potential curve over a large range of internuclear distances.
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In the final chapter the acquired know-how is employed to the study

of H e * and the two other isotopic combinations. Since the potential

curves for these species are not accurately known, the experimental

data are applied to optimize the best potential curve available. The

changes in potential energy needed are less than 20 meV. This is the

first time that data provided by "translational spectroscopy" (see

chapter IV) are used to the evaluation of an accurate potential energy

curve, defined over a large range of internuclear distances

(1.30 a.u. < R < 10.00 a.u.).
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C H A P T E R I

METASTABLE_STATES_OBSERVABLE_IN_THE_MASS_SPECTRUM_OF_H2

J . M . P e e k ( J . G . Maas and J . Los

ABSTRACT

Various states of Ho metastable with respect to dissoaiation are
considered in an attempt to explain non-integral peaks observed in the
mass spectra of H„ and its deuterium isotopes. The energies and widths
for all metaatable vibrational-rotational (VR) states in the electro-
nic ground state of Ho , HD and Do are presented. Two approximate
calculation methods, the JWKB method and a method developed elsewhere,
are used to generate the energies and widths. These methods are
compared with each other and with the standard phase shift technique.
The metaatdble VR states agree better with experiment than do electro-
nic metastdble states or one other proposed model.

1. INTRODUCTION

The appearance of non-integral mass peaks in mass spectrometers has

provided a large quantity of useful information since their nature was

first interpreted by Hippie and Condon [ l]. Examples include the

determination of the reaction sequence for decomposing gaseous ions

and the energetics associated with these dissociative processes [2,3].

Theoretical tools capable of describing the dissociation of the

antecedent molecular ions in even the most complicated systems exist

[4] although only modest success has yet been achieved [5]. In fact,

several detailed experimental studies of simple diatomic molecules can

be cited where specific theoretical results have not been available

either for testing or providing a guide in interpreting the resulting

data. This paper is concerned with one such system, the peaks of

metastable origin in the mass spectrum of H»> for which considerable

experimental data are available [ 6-9]. The structure of H, and its

only possible molecular ion with positive charge, H„ , is of
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such simplicity that any appeal to statistical arguments [4] would be

inappropriate. Also, the structural information required for a

detailed analysis is either available or is within present-day

computational capabilities.

The various restraints imposed by experiment on the properties of

the metastable ions observed in H2 mass spectra will be outlined in

the following section. Metastable electronic states and the one

previous attempt [7,8] to construct appropriate states are considered

and found to be either highly improbable or incompatible with experi-

ment. This section ends with the conclusion that continuum vibration-

rotation (VR) states in the electronic ground state of H * having a

finite lifetime with respect to dissociation is the most promising

alternative. The remainder of the paper is devoted to the analysis of

this proposal.

The third section contains a tabulation of the energies and widths

for all VR states, metastable with respect to dissociation, in the

electronic ground state of H2 , HD and I>2 molecular ions.

Two approximate methods and the Breit-Wigner phase shift formula

are used in this study. A short discussion of the relative merits of

the different computational techniques is presented.

The final section presents a critical assay of these states'

ability to rationalize the experimental facts. It is noted that study

of systems with this simplicity can provide useful information on the

collision processes occurring in the ion source.

2. PROPERTIES OF METASTABLE STATES

From the appearance of particles in the mass spectra of H„ with

mass to charge ratios equal to J it is evident that metastable, or

quasibound, H2 ions have dissociated in the field-free drift spacf

[ 10] between the ionization chamber and the magnetic analyzer [6-9] .

The lifetime or, equivalently, the width of the quasibound state is a

fundamental parameter since the typical experimental apparatus can

observe decay products with only a restricted range of widths. All

experiments under consideration provide data of this nature. Other

restrictions are provided by the measurement of the center of mass
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dissociation energy [7-9], by Che study of the HD and D. mass spectra

[7-9], and by appearance potential measurements [7,8]. Our discussion

of the published data, refs. [6-8] , is followed by a brief summary of

new data, ref. [9] .

The lifetimes reported in the H, mass spectra are 3 « 10 s [ 6] and
—6

3 x 10 s [7,8], respectively. For the D- case the lifetime was

2.3 x 10 s and for HD the lifetimes were 4.6 *I0 s for the appearance

of H+ and 4.2 x 10 s for D [7,8]. As the lifetimes from the two

experiments are not consistent for the H, case, they probably represent

measurements of different quantities. The result from ref. [6] is

attributed to metas table states formed by the initial ionization event

and not one created by subsequent collisions. In refs. [7,8] it was

shown that the metastable H„ ions depended on the square of the ion

source pressure, hence the authors drew the conclusion that metastable

formation must involve the ionization process followed by collision(s)

with the residual gas. Although questions about the analysis of either

experiment could be raised, see the discussion in ref. [6] for

example, that is not the purpose of this paper. Certainly, taken

together, these data define a range of lifetimes that must be spanned

by the calculated quasibound states.

The appearance potential measurements show that electrons with

energies in the range 15-19 eV are required to produce the metastable

ions [7,8]. These data are similar to appearance potential meas-

urements of the dissociation fragments produced by collisions of H„

isotopes with neutral targets [ll]. Considerably more detail than

quoted here is provided [7,8] but some caution in the use of these

data seems appropriate. First, the metastable components were shown

to be second order with respect to the H, gas pressure, hence the

presumed collisions [7,8] between the H. ions and the residual gas

required to produce the metastables obscure the meaning of the initial

ionization event. Second, the pulsed electron source was shown to

produce no ions between pulses but the presence of an electron beam,

with insufficient energy to ionize the target gas, between pulses

seems possible. If there is such a beam, the target gas may be excited

in some way, say vibronically, by this beam and any ions produced from

the excited target species would have an erroneously small appearance
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potential. However, even the qualitative aspects of this measurement

will be of great value in the following arguments.

One of these experiments [7,8] reports the energy released in the

center of mass upon the decay of the metastable t>tate. This energy was

found to be about 1.I eV for each of the H., HD and 0, isotopes. The

admixture of inert gases with H„ increased this energy to about

1.5 eV.

A recently performed experiment also presents the kinetic energy

release for H. and D„ unimolecular dissociation [ 9]. Six distinct

peaks were resolved in the H, measurement and five were found in the

D case. These peaks all correspond to dissociation energies less

than 0.3 eV in the molecular ion's center of mass co-ordinate frame.

Ranges for the lifetimes associated with these unimolecular dis-

sociation events were also determined [9]. The lifetime ranges for

this experiment were closer to those of refs. [7,8] than to that of

ref. [ 6] . Additional details will be presented in the Discussion.

It should be noted that experimental data of this type were invaluable

in deciding that VR quasibound levels could explain similar spectra

observed for HeH+ isotopes [12,13].

The preceding discussion summarizes the experimental evidence with

which any proposed metastable states must be consistent. The question

of the existence of H„ metastable states possessing the appropriate

properties is now considered.

The structure of H. is sufficiently simple that only two types of

states, VR quasibound states and states radiatively metastable with

respect to an electronic transition from a bound to dissociating

state, need be considered. Radiationless transitions can be ruled out

because of the lack of appropriate curve crossings.

The arguments against a radiatively metastable state are fairly

convincing. The direct ionization of thermal H, to form a bound H.

in an excited electronic state is strongly forbidden by the Franck-

Condon principle; the relevant potential curves are shown in ref.

[ 14]. This would seem to rule out this type of state for the experi-

ment that claims to see metastables produced only by the initial

ionization event [6]. In refs. [7,8] the metastable states are

presumably created after ionization by collisions, or reactions, with
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the residual gas. The appearance potential data are consistent only

with the H„ being formed in its electronic ground state. Hence, if

subsequent collisions are required to produce the metastable

electronic state, it can be shown that at least 8.8 eV center of mass

energy is required to excite H„ (Isa ) to the next highest bound

electronic state. No electric fields are identified that would

produce the required collision energy at the pressures prevalent in

the ion source.

There are, however, some attractive aspects of states quasibound

with respect to an electronic transition. There are two states

supporting bound vibronic states, designated by the 2piT and 3do
+

orbitals, found in the electronic states correlating to H and H

(rt*2) at large internuclear separations. (Bound VR states with higher

electronic excitation, as well as the Ufa staca, undoubtedly exist

but they have as yet not been analyzed.) The 2pir state will decay to
-9 u +

the I so state with a lifetime of roughly 10 s. The resulting H_
(lsc ) will either be in a bound vibronic state [ 15] or in a continuum

g
vibronic state with very low energy. The 3da state has roughly a

-9 ë

10 s lifetime with respect to decay to the 2pa state which has only

a very few bound vibronic levels [16]. Hence, dissociation can be

expected and the maximum energy released in the center of mass will be

about 0.44 eV [ 17]. There is no optical evidence for such processes

and one is very suspicious that the probability for forming these

electronic states in bound vibronic levels is quite small. On balance,

it seems safe to rule out metastable electronic states because of

their too short lifetime and the difficulties in finding a probable

mechanism for their formation.

Only metastable VR states of the H, (lso ) ion remain for con-

sideration. Such states have been proposed [7,8] but, although many

aspects of this proposal are consistent with experiment, two features

of this model appear inconsistent with known requirements. The

essential feature of this model is the interaction between H. (Isa )
2 g

and a residual gas atom; a property consistent with second order

kinetics in the gas pressure for the formation of metastable states.

This interaction is represented by a superposition of potential curves

which can lead to dissociation of H, by a tunneling mechanism.
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Stich tunneling due to the H. -gas atom interaction could occur but the

molecule produced by the reaction must have a binding energy equal to

the H- dissociation energy for a particular VR state plus the excess
+

energy imparted to the free H ion. This statement is based solely on

energy conservation requirements and the fact that extremely slow

collisions between Hj and the residual gas atom are required by this

tunneling mechanism. There are no known reactions available to the

systems being discussed [7,8] that can satisfy the energy conservation

requirement. The second objection is that the H. (lsa ) decay takes

place in the field-free drift space and not in the ionization chamber.

Since the proposed metastable state exists only in the ionization

chamber, the applicability of this model seems suspect.

Metastable VR states of H„ (lsa ) can exist, however, which can be

created in the ionization chamber, survive the acceleration process,

and dissociate with excess kinetic energy in the field-free drift

space. These "states" in the H. (Iso ) vibronic continuum are trapped

by virtue of the angular momentum barrier. Such states have been

successful [13] in interpreting a study [12] > f the H dissociation

product from HeH isotopes. The mechanisms responsible for the appear-

ance of such rotationally activated sp.'cies must be electron ioniza-

tion, subsequent collisional processes during the extraction process,

or ion-molecule reactions in the ion source. Reactions certainly play

a role in the monoplasmatron ion source used in ref. [9] , which uses

relatively high gas pressures (> 10 torr).

3. COMPUTATIONAL RESULTS

Two approximate methods and the Breit-Wigner phase shift formula

are used to characterize the H„ (lsa ) , HD (lsa ) , and Do (Isa ) VR
1 % & 2 g

metastable states. All three methods have been discussed elsewhere and

the following information is given to define the necessary terms and

approximations. This discussion is followed by a short comparison of

the different methods and a presentation of the numerical data.
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It was shown in ref. [ 13] that a solution of the equation

y"(/?,e)+{(2liM2)[e-K(/?)] -cf(«7+l)fl-2}V(fl,e)-0, (1)

for 0 < R < p3, subject to the conditions

ï(0,e)-0 (2)

and

| ~ I ) 2 / 3 ] (3)

could only exist for discrete values of e and that these values of e

accurately represent the energies of the quasibound states. Here B is

the internuclear separation, primes on the wave functions indicate

derivatives with respect to R, u is the reduced mass of the two nuclei

making up the diatomic molecular ion, V(R) is the potential consisting

of the clamped nuclei electronic eigenvalues and internuclear

coulombic repulsion, and J is the quantum number describing nuclear

rotation. (There is no electronic angular momentum in this problem but

it could easily be incorporated [ 18] if there were.) The quantity pa

is defined below, and tlie ratio of proton to electron mass was

assigned the value 1836.096.

Eq. (1) is based on the Born-Oppenheimer approximation. This is the

so-called clamped nuclei version; the full adiabatic potential is

known for this system but a study of bound vibronic states indicates

this refinement would be negligible [18] in the context of this study.

The full VR continuum wave function for a given e is of course an

appropriate superposition of f(.R,e) for all J values. However, the

full continuum wave function is not needed, as was shown in ref. [13].

A quasibound state is not completely characterized by its energy e

since its width F, or equivalently its lifetime T • tlT , is an

important property of decaying states. An estimate of r consistent

with eq. (3) has been constructed [ 13] and this approximate result,

which has the form

r * 1.06ft v"2ME" I *<P3,e)l 2 x (u(./+0.5)1/3J cLff I ¥(J?,e) I 2 ) ~ ' , (4)

will be used.
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Eqs. (l)-(4) represent some implied restr ict ions. Most important,

the quantity

7(er+l)i?"
2 (5)

must vanish for at least two distinct and non-zero values of R. For

the case under consideration V(R) has repulsive Coulomb behavior for

small R, is attractive for intermediate R, and has attractive R

behavior for large R. In this case a third zero of p can occur and

these zeros of p are designated pi < pj< p3. A situation of just this

nature is required for the existence of a quasibound VR state and we

note that p>0 for pi< R < pi and p<0 for P2 < R < P3. These require-

ments of course greatly restrict the range of E for a given V(R) and

value of J.

The JWKB formula for the eigenenergy is well-known and can be

written as

P2

5- ƒ dRy/p(R,e) » (v+J)ir, (6)
Pi

where v is the radial quantum number or, equivalently, the number of

zeros in f for pi< i? < P2 . A solution of eq. (6) for e>0 defines our

JWKB approximation to the energy of a quasibound state. An alternative

definition of the JWKB quasibound energy has been used [ 19] . The JWKB

approximation to the width used here is discussed in many places, see

ref. [ 19] , and can be written as

r = [2e2(d5/de)]"i, (7)

where

6 = exp( ƒ dRy/-p(R,c)), (8)

P2

and the derivative of 5 with respect to energy is evaluated at a value

of E which satisfied eq. (6).

The Breit-Wigner parameterization of the energy dependence of the

phase shift 6,

~ h E ) ] , (9)
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will be taken as the standard definition of a quasibound state. The

quantity &(E) is obtained by substituting E for e in eq. (I), removing

the requirement of eq. (3), and analyzing the behavior of y(R,E) as R

becomes large. In eq. (9) 6_ is some constant.

There is always some question about whether or not a broad state

with energy near the top of the trapping barrier is a true quasibound

state or resonance. The enumeration technique discussed in ref. [ 13]

provides the number of true resonances, which implies they are well

described by eq. (9), and the following definition. The top of the

trapping barrier £ ,. is given by

e<7-/(^)+(»
2/2u)J(J+l)^"2, (10)

where R. is the value that maximizes the right side of eq. (10)

subject to the condition that RT is greater than the R for which V(R)
d

assumes its minimum value. If the condition

<i'(RJ,£j)/'i(RJ,tJ) < 0 (11)

is found for a particular value of J, then a state is added to the

number of expected quasibound states. This added state was termed a

false resonance [ 13] since eq. (9) will not provide an arbitrarily

accurate fit to the phase shift behavior. Either the range of E must

be restricted or terms linear in E must be added to eq. (9) to obtain

a good parameterization of the phase shift near a false resonance.

Both changes in the use of eq. (9) were employed in this study.

The quasibound energies and widths were calculated for H. (Iso ),
+ + * 6

HD (lsü ) and D2 (lso ) using the boundary value method, eqs.(l)-(4),

and the JWKB method, eqs. (6)-(8). All false resonances were

characterized by the modified version of eq. (9) discussed in the

preceding paragraph. A number of true resonances were also studied

with eq. (9). The V(R) required by this study is quite well-known.

The boundary value and Breit-Wigner calculations were based on the

potential given in the first article cited in ref. [ 17] and the

JWKB calculation used the potential given in ref. [20]. The two

potentials are identical to the accuracy required by this study.

Agreement between the boundary value method discussed here and the

Breit-Wigner method was similar to that found in the study of quasi-
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Ijbk- 1
l oniparison between the energies and widths tor some IltUsag) quasibound levels calculated by the boundary value method,
irqs. (I) -i4K and the JWKB method, eqs. (6) - (8). Tnc quantity r* is the JWKB width evaluated at the boundary value energy.
flic Hartree unit of energy is indicated by the tyinbnl M («27.21 eV). The sign and integer following the width entries define an
e\pt»ncni of JO

••

0
1
1

3
4
5
6
7

8
9

ID

./

41
39
37
35
33
31
29
27
25
23
21

< x 103 (ll)a>

13.3700
111 160
9.1040
7.3062
5.7069
4.2987
3.0781
2.0433
1.1929
0.5246
0.0344

TOD a)

8.7- 6
6.6- 6
2.5- 6
5.4- 7
6.7- 8
4.5- 9
1.4-10
1.5-12
2.2-15
2.2-20
5.9-42

tx 103 (H)b>

13.40
11.14
9.13
7.32
5.72
4.31
3.08
2.05
1.20
0.53
0.037

I' (H) b>

1.1- 5
8.6- 6
3.0- 6
6.2- 7
7.4- 8
5.0- 9
1.6-10
1.6-12
2.4-15
2.6-20
3.0-41

l*(H)W

9.8- 6
7.4- 6
2.8- 6
5.6- 7
6.8- 8
4.6- 9
1.5-10
l.S-12
2.2- 15
2.2-20
6.2-42

a ) HKSC are boundary value data.
b> Those arc JWKB data.

I able 2
Remainder ut the quaübound spectrum for HjOsog)- See table 1. The energy c and width P are based on eqs. (])~(4> while the
parenthciicjl entries are based on eq (9). The Hartree unit of energy is indicated by the symbol H. The sign and integer following
the width entries define an exponent of 10

i '

0
1
2
3
4
5
6
7

(1

1
2
3
4

5

0
1
2

3

./

40
38
36
i 4

32
30
28
26

39
37
35
33
31

29

38
36
34
32

< X 103 (H)

11.0685
8.9207
6.9931
5.2734
3.7S47
2.4337
1.3091
0 3806

S 5789
6.5308
4.6958
3.O6S2
1.6455
0.4272

5.9452
3.9961
2.2589
0.7320

1(11)

3.4- 8
1.1 - 8
1.3- 9
6.2-11
8.7-13
1.9-15
8.2- 20
2.4 30

9.0 12
6.6 13
8.4 15
9.8 lü
8.5-23
3.1-36

4.6 - 17
1.0 19
1.4 24
1.5 36

V

0
1

0

17

(18)

(0)
(1)
(2)
(3)

4
5
6
7
8
9

J

37
35

36

7

(4)

(42)
(40)
(38)
(36)
34

32
30
28
26
24

tX 103(H)

3.1892
1.3410

0.3255

0.0534

(0.0091)

(15.42)
(13.03)
(10.92)
(9.06)
7.4196
5.9539
4.6664
3.5500
2.6034
1.8253

3.8-

)

26
3.0-35

6.7-

1.1-

(1.2-

(2.3-
(2.5-
(1.5-
(8.8-
3.S-
1.1-
2.3-
3.6 -
4.1 -
3.S -

61

6

6)

4)
4)
4)
5 j
5
5
6
7
8
9

V

10
11
12
13
14
15
16

(6)
(7)
8
9

10
11
12
13
14

(15)

J

22
20
18
16
14
12
10

(31)
(29)
27

•25
23
21
19
17
15

(13)

cX 103 (H)

1.2122
0.7578
0.4509
0.2743
0.2019
0.1953
0.1974

(5.95)
(4.79)
3.7944
2.9367
2.2291
1.6632
1.2293
0.9117
0.6866

(0.517)

F (H)

2.3-10
1.4- 11
1.2-12
5.9-13
1.4- 11
1.3- 8
5.2- 6

(1.8- 4)
( 9 . 5 - . >
4.4 5
1.9- 5
8.3- 6
4.4- 6
3.5- 6
5.0- 6
1.3 5

(4.1- 5)
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bound states of HeH isotopes [13,21]. Briefly, the boundary value

method gave quasibound energies within ± O.1ST of the Breit-Wigner

resonance energy and the widths differed by no more than 10%. These

tests in both the HeH and H cases were restricted to several
—9

states with r>10 H because of the difficulty in evaluating eq. (9)

if r is much less than this figure. Here the Hartree unit of energy is

designated by H « 27,21 eV.

The agreement between the boundary value aud JWKB methods is

typical of that shown in table 1, which contains partial results for

the H (lso ) case. The JWKB energies exceed the more accurate values

uniformly by more than the width. This is unsatisfactory performance

from an abstract point of view but for most practical applications,

including the present, this accuracy is adequate. In fact, the JWKB

energies are remarkably reliable when one notes the JWKB method should

be restricted to states with v S> 1 and with energies well below e .. It

must be emphasized that the oft-used device of replacing J{J+\) with
2

(«7+0.5) in the definition of p, sea eq. (5), will degrade the JWKB

energies by making them even larger.

The JWKB method located all of the quasibound levels and many of

the false resonances predicted by the enumeration technique. The

differences between the JWKB and boundary value or Breit-Wigner

energies for all states calcu!ated were bounded by 3 x 10 H for H. ,

k x 10~5H for HD+ and 5 x 10~5H for D +.

The JWKB widths exceed the boundary value widths in all cases. See

the sample data in table 1. This is consistent with the requirement

that an increase in a state's energy requires the state to increase in

width. The JWKB widths are in error but do not fail by so much as an

order of magnitude if one excludes the extremely narrow states. The

primary reason for the observed differences between the two methods

lies in the differences in e. If one defines r as the JWKB width

evaluated with the JWKB energy replaced by the boundary value energy,

see eqs. (5)-(8), much better agreement is obtained. See the examples

shown in table 1 where the differences are reduced to 5% or less.

A part of the remaining discrepancies for P>10 H is probably due to

the violation of the JWKB criteria mentioned above.
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1dble3
Qiusibound spixtrum lor HD*( Iso^). The energy t- and width V arc based on cqs. ( l ) - (4) while thu parenthetical entries are
ba^cd on cq. (9). TK' Hartree umi of energy K indicated by the symbol H. Tlw sign and integer following the width entries define
jn exponentuf 10

{)

1
2
J
4
5

6
7

8
9

10
11
12
13

0
1

3
4
5
6
7

H
9

10

li

1

J

48
46
44
42
40
38
36
34
32
30
28
26
24
22

47
45
43
41
39
37
35
33
31
29
27

46
44

. X IU3 (II)

14.3319
12.3071
10.4815
8.8301
7.3343
5.9833
4.7721
3.6985
2.7611
1.9589
1.2907
0.7541
0.3458
0.0600

12.4159
10.4826
8.7237
7.1257
5.6806
4.3835
3.2318
2.2242
1 3599
0.6382
0.0581

1Ü3360
8.4814

1MH)

2.2 5
2.3 5
1.4- •>
5.2- 6
1.4- 6
2.4 7
2.7- 8
2.0- 9
8.7-11
1.8-12
1.3-14
1.5 17
2.4 - 22
1.6 -35

2.6- 7
1.6- 7
4.4- 8
6.5 9
5.2 10
2.1- 11
3.2-13
1.3 IS
4.0-19
2.7 25
6.0-50

3.4 10
8.8-11

i '

2
3
4
5
6
7

0
1
2
3
4
5

0
1
2
3

0
1
2

0

(3)
(4)
J
6

J

42
40
38
36
34
32

45
43
41
39
37
35

44
42
40
38

43
41
39

42

(43)
141)
39
37

e X 103 (H)

6.7910
5.2580
3.8781
2.6489
1.5697
0.6401

8.1330
6.3536
4.7346
3.2722
1.9648
0.8118

5.8272
4.1226
2.5774
1.1902

3.4313
1.8023
0.3339

0.9543

(10.28)
(8.746)
7.3790
6.1279

1(11)

7.7-12
2.5-13
2.2-15
3.0-18
1.0-22
1.1-31

3.8-14
2.2-15
2.1-17
2.1 -20
3.4-25
5.1-35

9.8 -20
2.2-22
6.2-27
6.2-36

1.1-28
4.9 -36
1.7-60

6.4-51

(2.0- 4)
(1.2- 4)
5.2- 5
1.9-5

u

7
8
9

'0
11
12
13
14
15
16
17
18

(19)

(8)
(9)
10
11
12
13
14
15
16

( 1 7 )

18
19

(20)
20
21

J

35
33
31
29
27
25
23
21
19
17
15
13

( 1 1 )

(34)
(32)
30
28
26
24
22
20
18

( 1 6 )

12
10
(8)
7
4

eX 103 (H)

5.0127
4.0235
3.1584
2.4169
1.7977
1.29110
0.9127
0.6341
0.4505
0.3454
0.2955
0.2675

(0.2215)

(5.053)
(4.154)
3.3725
2.6925
2.1210
1.6524
1.279?
0.9924
0.7752

10.6046)

0.0(1134
0.08029

(0.0858)
0.01496
0.000722

V (H)

5.6- 6
1.2- 6
2.2- 7
3.4- 8
4.7- 9
6.7-10
1.2 10
4.0-11
4.8-11
4.3-10
2.7- 8
2 .3 - 6

(3.4- 5)

(1.2- 4)
(6.2 - 5)
3.0- 5
1.4- 5
7.3- 6
4.6- .'
4 .0- 6.
5.6- 6
1.2- 5

(3.3- 5)

2.3-33
5 . 1 - 8

(2.2- 5)
2.6 - 9
1.3-10
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[jblL-4
Qujsibound spectrum tor Dt(lsug). The energy e and the width t' arc based on cqs. (1)- (4), while the parenthetical entries are
ba>rii on eq. (9). The Hartree unit of energy is indicated by the symbol H. The sign and integer following the width entries define
an e\ponent of 10
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Table 5

Experimentally [ 9] identified quasibound levels of H. and D„ ,

Ae=e(theor.) -e(exp.) after the theoretical values were corrected for

convolution effects due to the experimental geometry [ 9]
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.05
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The remaining quasibound states for H, (Isa ) are listed in table

2. These data are provided for the HD (Isa ) case in table 3 and the

D„ (Isa ) case in table 4. The precision of the calculation is thought

to be ±1 in the last figure quoted for both e and T. These data are

based on eqs. (l)-(4) so the accuracy may be less than the precision.

See the preceding discussion. False resonances demanded by the enumera-

tion procedure and the condition stated by eq. (11) are listed as

parenthetical entries. These data were generated via eq. (9) and the

entire last figure may be in question.

4. DISCUSSION

Only the experimental results in ref. [9] permit a detailed

comparison between theory and experiment as the other experiments lack

the resolution to resolve the narrowly spaced energy spectra. Moreover,

the experimental conditions in ref. [9] allow the detection system to

accept only restricted ranges of lifetimes or, equivalently, euergy

widths. For H? , HD and D„ these ranges were quoted [9] respectively

as 2.4 x 10~lèH < T < 7.7 x 10~"H, 1.9 x 10~12H < r < 6.3 x 10~ HH,
— to —M

and 1.7x10 H < r < 5,3 « 10 H. These r windows severely limit

the number of states eligible for the explanation of the experimental

data. See tables 1-4. Ref. [9] presents data for the unimolecular

dissociation of H and D but notes that the HD spectra were not

sufficiently intense for a reliable identification.

Another experimental problem was caused by the convolution effects

of the apparatus [9]. A computer program was written by the experi-

mentalists to simulate these effects [9] and, using the eligible

theoretical states shown in tables 1-4, a convoluted theoretical

spectrum was generated. In this manner it was possible to identify [9]

the experimentally observed spectra. It is noteworthy that the convolu-

tion effects tend to make a given feature appear in the apparatus with

a lower energy than that imparted to the charged fragment resulting

from unimolecular dissociation.

The states thus identified in ref. [9] are shown in table 5. For the

H. case the deviations Ae • e(theor.) -e(exp.), after correction for

the convolution effects, are given. The deviations Ae in the D. case
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are similar to these values. In both cases there are no excess theoret-

ical quasibound levels with widths in the right ranges. Apart from the
_3

experimental indication that at extremely low energies (E < 0.2 x 10 H)

theoretical values are missing [ 9] , no other quasibound levels are

needed to explain the experimental spectra. As the largest part of the

contribution to Ae data probably is due to experimental uncertainties,

these VR quasibound states appear to be the most likely origin for the

experimentally observed fragments.

Admissible ranges for the widths, which would be consistent with the

other experiments [6-8], were not given. Moreover the calculated states

given in tables 1-4 have dissociation energies much too small tc

explain all of the kinetic energy releases experimentally observed

[7,8]. It seems not unlikely that a contribution from collision induced

dissociation on the background gas has influenced the measurements in

these [6-8] experiments. See the discussion and results reported in

j ref. [9] . Only ref. [6] comments on the background pressure and reports

a source gas to background gas ratio of 10, which indeed would allow

for relatively high background pressures. No attempt will be made to

correlate the appearance potential measurements for the reasons given

in the preceding discussion. Ref. [ 22] did identify dissociation

fragments from H, , which were produced by collisions with the back-

ground gas in the field-free drift space, with vibrational-rotational

dissociation. These fragments appeared as a narrow peak with very

little excess kinetic energy. High resolution study of this peak for

structure due to quasibound states, similar to the study of HeH [ 12],

would be very useful for understanding the role of collisions in the VR

excitation of this system. However, even the resolution obtained in

ref. [9] proved to be inadequate to resolve any structure for the col-

lision induced case.

High resolution studies [9,12] coupled with a wide range of

parametric studies [ 6-8] would provide not only data to test the

proposals made here but could answer many questions concerning the ion

source and the various processes occurring therein. The high resolution

technique offers a unique ability to quantitatively study the vibra-

tional-rotational dissociation mechanism.

There is one remaining aspect that must be discussed. How, if at all,



do the states with such large «7 values, which correlate bp.st with ex-

periment, get created in the ion source? Two experimental measurements

of the VR distribution of H. (lscr ) are consistent with little or no

? 8 +
rotational excitation of H. (Isa ). The first [23] produced the HL by

direct ionization of H. and the second [ 24] produced the H, in a

plasma ion source. In both experiments a large fraction of the

H (Isa ) thus formed apparently reflects the rotation distribution of

the initially thermal H. and could not have the necessary large J

values. The large J values then must be created in the ionization

chamber after ionization and represent a relatively low intensity in

the extracted ion beam. Collisional processes are the most likely

candidate although the presence of various electric fields and the ion-

extraction process could also play a role. Other mechanisms, such as

ion-molecule reactions, especially in the case of a plasmatron, would

add another dimension to both the problems and potentialities of this

problem.
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FOM-Instituut voor Atoom- en Molecuulfysica, Kruislaan 407, Amsterdam

ABSTRACT

Measurements are presented on the momentum distributions of

fragments coming from unimolecular dissociation of Ho and Do . The

observed spectra exhibit discrete peaks, correlated to excess energies

"less than 0.3 eV in the center of mass of the fragments. This feature

could be explained as caused by rotational predi&sociation of high

rotational states of the lowest electronic configuration of #„ and D .

After applying corrections for convolution effects by means of a

computer simulation, the agreement between experiment and theory is

very good, concerning both the energies and energy widths of the levels.

1. INTRODUCTION

Some years ago experimental evidence was found for the rotational

predissociation of HeH [ l] into H and He. Velocity spectra of the H

dissociation fragments were taken at two different conditions: with and

without a target gas in the collision chamber. These spectra showed

respectively 8 and 5 pronounced peaks, all corresponding to energies

less than 0.3 eV above the dissociation limit. In both cases pre-

cautions were taken that only fragments originating from the collision

chamber contributed to the spectra. The background spectra corresponded

to relatively long living metastable states (i * 6 » 10 s) and the

collision induced ones to shorter lifetimes (T < 2.4 «10 s).

The explanation of these discrete spectra, sustained by theoretical

calculations, has been given by Peek [2] . Peek showed that vibrational

rotational metastable stctus with high rotational quantum numbers

fitted the experimental data on the energy values and lifetimes.

A careful examination of the velocity spectra of the H. and D,



45

unimolecular dissociation fragments revealed similar experimental

features as found in the HeH measurements.

The same arguments, which in the HeH case pointed towards rota-

tional predissociation, hold for our experiments.

Firstly there is no kinetic energy loss detected within the experi-

mental error (1.5 eV) in measuring the fragment velocity spectra of H,

and D- . So for instance slit-surface excitation does not interfere.

Secondly no experimental evidence is found that any of the bound

higher excited states of H. and D. are populated in the primary ion

beam. This excludes the possibility of spontaneous deexcitation from

metastable electronic states [ 3] .

Thirdly the fact that only a few discrete peaks are observed

suggests that a limited number of quasibound levels exists above the

dissociated limit of the KL and D„ (ground)state.

Finally, theoretical calculations by Peek et al. [3] on the energy

and lifetimes of the metastable states of H. , (HD ) and D„ are in

good agreement with the experimental measurements.

Section 2 deals with the experimental arrangements and the meas-

urements. The correlation between the measured peaks and the calculated

levels is difficult to establish, as the number of calculated levels

largely exceeds the number of observed peaks. As in the HeH case we

had to develop selection criteria to the accepted lifetimes. The deriva-

tion of these criteria is also given in section 2.

In section 3 the theoretical values are compared with the experi-

mental results, corrected by the data coming from a computer simulation

of the momentum analysing system. This simulation gave us a better

understanding of the observed features in the spectra and formed a

profound base for the evaluation of these features. The reasons for

using a convolution procedure rather than a deconvolution treatment are

explained in the appendix.
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b-

Y" T TM
F 6 H ! K

Figure 1 - Schematic outline of the apparatus.

A: ion source, B: 20 preselection magnet, C: Einzellens,

D: deflection plates (two pairs in each direction),

E: collimation hole with pumping resistance, F: collision

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,

Q: laser.
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2. EXPERIMENTAL

2.1. Apparatus

The experimental equipment (fig.I) consists of a monoplasmatron ion

source (A) followed by a primary magnetic mass-selector, lenses (B and

C) and a field free collimator (E-F) which allows an angular spread of

1.3 x 10 rad. The ion beam then passes a collision or interaction

chamber (F) where target gas can be introduced. The fragments reach the

analysing magnet (M) which focusses the ions on a narrow slit (N) ,

(0.3 mm x 18 mm) just before a Bendix magnetic multiplier (F). The

laser (Q) intersecting the ion beam in the interaction region I was

used in earlier experiments [4,5]. At different places deflection

plates (D,G,KJ have been mounted to adjust the beam in two directions.

For the present measurements an extraction and accelerating voltage of

lOkV was used. Higher values were not yet feasible and at lower values,

e.g., 3kV, the intensity of the primary beam was too low to obtain

reliable spectra.

Just before the analysing magnet a rotatable disk (L) was mounted,

containing holes of various diameters (0.3 mm to 5 mm 0). So one can

change the angular acceptance of the analyser. This momentum analyser

is the same one as used by Schopman [ l]. It operates with an inhomoge-

neous magnetic field, shaped by special pole shoes [ 6] . This field

causes the dispersion to be 11 times larger than when using a similar

magnet with a homogeneous field. In fact at the distances applied,

demanded for proper imaging the collision chamber exit slit (0.3 sa ?

6 mm) onto the detector slit, the momentum resolving power amounts to
-4

2.5 x 10 fwhm. This value was reached for the total system, i.e.,

energy spread of the primary ion beam and magnet instabilities included.

To reduce the energy spread in the ion beam, the source conditions

were chosen such that the amplitude of the plasma oscillations in the

monoplasmatron was as low as possible (<100 mV). This was achieved by

stabilizing the source gas flow coming from the anode hole of the

monoplasmatron. Moreover the plasma oscillations were constantly

monitored in the megacycle range.

The working pressures were in the primary selection region:

O x 10 torr; and in the collimation tube and interaction chamber (F):

•v3 x 10 torr. The pressures in the regions around the momentum



Figure 1 - Momentum vector diagram. See text.

Internuclear separation

Figure 3 - Example of a potential system with rotational barrier.

The indicated level is metastable to dissociation. The

released total kinetic energy is also indicated.
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analyser were always better than ̂ 3 x 10 torr.

For the measurements reported here we made sure that fragments from

collision induced dissociation occurring just after the primary mass

selector did not interfere with the spectra.

2.2. Measurements

Before discussing the measured momentum distributions, the momentum

vector diagram for the charged fragments has to be considered (fig.2).

A lower case k always denotes a laboratory momentum, k. indicates the

momentum of the fragment prior to dissociation and k, stands for the

total momentum as it is observed by the analyser, when fragments are

dissociating under the angle <j> in the center of mass.

The acceptance angle 6. restricts the momentum analysis of the, in

the center of mass, backward flying fragments, to k . and k , as
min max

indicated, K denotes the momentum released to the fragments in the

center of mass system, due to an excess energy e , above the dissocia-

tion limit. For one specific released energy, a sphere with radius K

will result.

In fig.3 is indicated how some vibrational level with high rota-

tional quantum number will give rise to an excess energy after

tunneling through the centrifugal barrier. The broadness and the height

of the barrier above this level determine the lifetime for predissocia-

tion.
As to ê., for these systems (diatomic molecular ions>K • y/2.)ie, holds,

a a

V being the reduced mass of the two separating fragments.

Now, the variable measured by the magnet is the projection of k.

onto the median plane of the magnet. The difference in length between

k. and its projection falls far outside the resolving power of this

instrument and therefore has no physical meaning. However, the fact

that the projection of the angle 6 onto the median plane is measured

rather than 6 itself, has to be taken into account in describing the

measuring properties of this apparatus. As the magnet was designed to

focus the exit slit of the collision chamber (F in fig.1) onto the

detector slit, the angular spread of the fragments originating from

other points in the apparatus will cause a broadening of the peaks in
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c

2-
fO

2

x 1/2

4 2 O 2 4 (au.)

Figure 4 - Typical measured momentum distribution of H fragments

from unimolecular dissociations of H_ . No tension was

applied to the interaction (collision) chamber.(V = 0.)
cc

x 1/1.5

(a.u.)

Figure 5 - Typical momentum distribution for D. experiments,

see caption of fig. 4.
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the velocity spectrum. For fragments created in the neighbourhood of

the entrance hole of the magnet (L in fig.l) this distortive effect

will be amplified, because 6. is inversely proportional to the distance

between the point of creation of the fragments and L. Due to this

effect the first measurements on the momentum distributions of the

fragments from unimolecular dissociation of H. and D„ demonstrated a
+

relatively poor resolution (figs. 4 and 5), especially in tba H, case.

Indeed, the accepted fragments proved to be created along the field

free "object distance" before the analysing magnet. Moreover, as is

shown in the appendix, a computer simulation of these experiments

displayed the same asymmetric shape as occurs for the pronounced peak

at 3.8 au (of momentum) in the H spectra (fig.4).

In order to avoid these distorting effects, we wanted to suppress

the first measured spectra and adjust the apparatus to reproduce only

the momentum distributions of the charged fragments originating in the

collision chamber. Because in these experiments the number of detected

fragments will decrease as the "viewed" length decreases, the intensi-

ties of these spectra are lower than the former ones. Therefore the

original collision chamber which had a length of 5 cm, was replaced by

an interaction chamber of 17 cm length. In order to maintain a

sufficiently low background pressure in such a chamber, perforated

walls were used.

The experimental procedure to suppress the first spectra and enhance

a second set, consisted in applying a voltage of +500V or more to this

interaction chamber. A positive voltage causes a decreasing of the

primary ion beam energy in this region. If these ions indeed dissociate

inside the chamber, the charged fragments will be accelerated by the

same voltage after leaving the chamber. However, because of the smaller

masses, such fragments gain kinetic energy with respect to fragments

originating outside this region. For fragments flying off in forward

and backward directions in the center of mass, this shift equals (in

first order Taylor approximation):

2m, Eo

where EQ stands for the accelerating voltage, LE for the voltage

0)
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k-

dl

4 2 0

- • X

(au.)

Figure 6 - Solid curve: measured momentum distribution in the H„

experiraents, collision chamber voltage V = +500 V.

Dashed curve: computer simulated momentum distribution,

shifted to lower intensities. The arrows point to the

positions of the experimental peaks.

n
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Figure 7 - Momentum distribution for the D. case.

See caption of fig. 6. (V = +700 V.)
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applied to the chamber, M and m, denote the primary and secondary

masses respectively. The spectra coining from unimolecular dissociation

fragments of H and D. , and measured with a voltage on the collision

chamber, did show a better resolution indeed (solid curves in figs. 6

and 7). Also the asymmetric peak in the H- case (fig.4) has changed

its shape.

Because of the better quality of the last spectra, only these are

used for comparison with theory [3] in section 3.

2.3. Experimental lifetime ranges

It is clear that in the experiments performed with several hundreds

of volts applied to the interaction chamber, only relatively long

living metastable states will survive the flight time, necessary to

reach the chamber (e.g.,MO s for 10 keV H, ions).

To calculate the number J~ of metastable molecules with lifetime t,

which decay per unit time within the interaction chamber, one has to

integrate the rate of decay between t. and £., the flight times

respectively to enter the chamber and to leave it again. Now for the

rate of decay holds:

dJ(t)/dt - -I(t)/T, (2)

where I(t) stands for the beam current of the metastable ions with

lifetime x. After integration follows:

JQ - 2Joexp(-to/T)sinh[it/(2T)] , (3)

with 1-1(0), At*t2~t. and t -i.+jA*, the flight time to reach the

center of the collision chamber. Then J. versus T has a maximum

M « e~ IQhtltQ at T «" tQ, for tQ>M. In fig.8, the behaviour of the

normalized function J mJne/(J.At/t.) versus tnlx is indicated. Forn U U U u

t./x-K) the function J approaches et_/T(if t->t). J approaches

(etQlLt) exp(-t./x) for tQlv* °° and t->At. Consequently, not only the

metastable states with lifetimes T approximately equal to tQ will be

detected, but other lifetimes are also accepted. From the results

given in section 3 it appears that the different detected metastable



Figure 8 - Plot of the function J.e(JQit/i~) versus

for the H, case.
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states all have population factors of the same order of magnitude.

Therefore it is allowed to pose one criterion as to the range to which

T should be confined, for all the detected states. In view of the low

intensities measured in the momentum distributions - 300 cps at

maximum - 30% limits on J were adopted. Thus the following ranges were

obtained: for H„

and

1.

for

1.

3 x

9 x

10

10

10< T

T

< 4

< 5

.2 >

.9 >

t 10

< 10

11

11

au

au

(to

%

I

-6

.6 x

.5 x

10

10

10

10

au) ,

au).

In the comparison between experiment and theory, primarily those levels,

were considered, which obeyed the criterion.

3. DISCUSSION

As mentioned in the first section, there are far more calculated

vibrational rotational quaaibound states [3] than there are observed

peaks in the spectra. For H. about 60 levels and in the D case even

more than 100 metas table states were calculated, while in the H.

fragment momentum spectra 6 peaks and for the D„ system only 5 peaks

were found.

Due to the influence of the apparatus effects, no direct linear

functionality existed between the widths of the peaks in the spectra

and the energy width T (*A/T) of the levels. So, only the above derived

selection criteria could reduce the number of the possibilities to the

number of experimental peaks. In table 1. the averaged experimental

values and related absolute errors for e , (the released kinetic energy)

are assigned to the calculated VR metastable states, according to the

criteria on x, both for the H. and D. unimolecular dissociation

patterns. Only for the peaks at 2.56 and at 1.56 au (H, ) the proposed

30% bounds on J (section 2) proved to be too stringent. Here th» best

possible choice was made, considering both T and e,.

So, the number of selected calculated levels fits the number of

measured peaks, but the measured e, values differ substantially from
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Table 1

Experimental results and comparison with theory.

H +

J x(au) e, ,.xlO3(au) e. xlO3(au) Ae,x]03(au)
a,tn d,exp a

Eel.
pop.

0

3

6

7

11

14

39

34

29

27

20

14

1.

1.

7.

6.

7.

7.

1(11)

6(10)

1(9)

7(11)

1(10)

1(10)

8.58

5.27

3.07

2.04
0.76

0.20

7.49 ± 0.06

4.45 ± 0.04

2.56 ± 0.03

1.56 ± 0.03

0.43 ± 0.03

0.13 ± 0.05

-0.06 ± 0.06 2.9

-0.07 + 0.04 0.5

-0.13 ± 0.03 12

0.01 + 0.03 2.9

0.05 ± 0.03 1.5

-0.06 + 0.05 1.0,«0

r(au) ed,thXl° <au>
Ae,xlOJ(au)
a

Rel.
pop.

2 53 9.1(10) 8.09

6 46 3.4(11) 4.76

9 41 8.3(10) 3.:i

13 34 5.9(10) 1.78

21 18 1.2(11) 0.19

6.98 + 0.07

4.10 + 0.05

2.65 + 0.03

1.19 ± 0.03

0.1 ± 0.05

-0.17 ± 0.07 0.4

-0.27 + 0.05 1.0a

-0.08 ± 0.03 0.5

0.10 ± 0.03 1.3

-0.03 ± 0.05 1.3

v and J represent the vibrational and rotational quantum numbers of the

identified levels. The numbers between brackets denote an exponent of

10. Atomic units (au> are used. All e, , values are rounded to the
a, tn

second decimal number. Ae, denotes the difference between the e, values
d . d

obtained from the convoluted spectra and e, . The marked relative
d.exp

population factors are normalized to 1.0.
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the predicted ones. The computational errors are estimated [3] to be

much smaller than these differences.

At this point the importance of a computer simulation of the ex-

periments becomes evident, because the apparatus effects are expected

to have a strong influence on the quality of the spectra. The

laboratory angular acceptance 6. is correlated to a large angular

acceptance in the center of mass system of the dissociating fragments,

at these extreme low e values. This causes the predicted peak to shift

towards the center of the spectrum, i.e., towards lower e, values.
a

A computer simulation was carried out, which converted by convolution

the predicted e, values to a theoretical spectrum (dashed curves in

figs.6 and 7; see further appendix). Then the experimental g values

observed with the collision chamber respectively at 500 V and 700 V,

were compared to the values observed in the theoretical spectra of H„

and D. : the differences are listed as Ae in table 1. The agreement

between experiment and theory is now very satisfactory. As the

theoretical e , values were calculated witn an accuracy much better than

the experimental precision [ 3] , these deviations originate from experi-

mental errors only. The most probable cause is found in the focussing

properties of the collision chamber, which could not be calculated

accurately and which may effect the positions of the peaks.

From the fitting procedure in the simulation program, weight factors

for each decaying level were determined. As levels with shorter life-

times will have lower apparent intensities in these experiments, correc-

tions on these factors were made, using relation (3), in order to

calculate the relative population factors of the all observed levels,

as they will occur just after the extraction from the ion source. These

figures, which are normalised to the population factors, respectively

connected to the most pronounced peaks in the H and D spectra, are

given in the last column of table 1. The expected accuracy of these

population data is ̂ 507., because firstly the statistics were not very

good (low intensities) and secondly the shape of the background was

unknown. Especially at K-*0, the contribution of a background signal,

due to dissociations occurring after vibrational excitation [7], in-

duced by the background gas, can be responsible for the observed flat

central peak, where simulations predict a double central peak.
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As to the origin of these figures, it is most probable that ion

molecule formation reactions in the ion source cause the ions to be

created in the high rotational vibrational levels.

Firstly, in the used ion source (a monoplasmatron) high source gas

pressures are required (> 10 torr). Moreover the ratio of the intensity

of fragments and the intensity of the primary beam decreased strongly

when the source gas pressure was lowered.

Secondly, also experiments were performed to measure the unimolec-'

ular dissociation of HD , while in the source only ion molecule

reactions could take place to produce HD because a mixture of H_ and

D, was introduced in the source.
+ +

The expected ratio for the primary beam intensities of HD and H„

is 0.5, which indeed was approached experimentally. But, as the

dissociation of HD leads either to H or D , while H always gives

H , another factor 2 is lost in measuring the momentum distribution.

So the observed spectra were of too weak intensities to make accurate

measurements possible, but the same features as in the H„ and D

cases did arise.

As stated earlier, our measurements; have delivered results, similar

to those obtained by Schopman et al. [ 1] measuring HeH and its

isotopes. However, Schopman also observed structured spectra, introduc-

ing collision gas in the interaction chamber, while the collision

induced dissociation of H_ , D. and HD yielded momentum distributions
—7

without any structure. Even at very low gas pressures (s 10 torr)

these spectra resembled the spectra measured by Gibson and Los [8].

Apparently, for H„ and its isotopes the cross section for the

electronic transition from the lsa groundstate to the first excited

state (2po ) is much larger than the cross section for vibrational-

rotational excitation. At last, it is important to point out that the

experiments reported here, generally will allow for an accurate test of

the potential energy curves of molecular ions. Especially the long

range forces can be studied because both the energies and the lifetimes

of the high rotationally excited vibrational levels are very sensitive

to the internal energy of these ions over a large range of interatomic

distances.
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APPENDIX

A.I. Apparatus effects

The experimental equipment, described in this paper, is used for

research on momentum distributions of fragments coming from unimolec-

ular dissociations as well as from collision induced [ l] and laser

induced [5] dissociative processes. Therefore it was very usefull to

develop a generally applicable treatment to correct the experimental

data for the apparatus effects, before comparing with theory. In this

section this treatment will be demonstrated only in connection with the

measurements on unimolecular dissociations. For the two other types of

experiments generally the same formalism is valid.

Firstly one has to derive an expression for the fragment intensity

as the detector. To simplify matters, confinements are made, easily Co

be removed later on: the energy and angular spread of the primary ion

beam are set to zero. Additionally the collection efficiency and the

rate of dissociation are assumed to be constant over the interaction

volume or the "viewed" length of the ion path. Now, the next formula

gives the intensity of the (charged) fragments from unimolecular

dissociations, arriving at the detector at a fixed setting of the

momentum selector:

Jfr - I ƒ ƒ nViJ(E')d* die', (4)Jfr
AK r Au T
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in which n J(K) stands for the intensity (per unit solid angle in the

center of mass system) of charged fragments from a «juasibound level

with vibrational quantum number v and rotational quantum number J', as

it is to be collected over the interaction length, as indicated by

relation (3); n T behaves as a 6-distribution function at K T, the
V,e/ —V,e/

momentum in the center of mass of this particular fragment; A< , and

Aw . denote respectively the accepted momentum range and the accepted
v ,J

solid angle in the center of mass system for the level (y,J).

In order to correlate the center of mass variables Ac r and Au ,

to the laboratory variables, one has to consider the momentum vector

diagram in fig.2. It implies [9] :
2 2 2

c. + K cos 1)1) + K sin <J>, (5)
j. i

6 = arcsin [ (</k )sin ij>] . (6)

From the properties of the analysing magnet one can calculate Afe

(connected with the resolving power through fe.) and the angular

acceptance A9, and hence AK T and Au T. At this point the energy and

angular spread of the initial ion beam are easily incorporated in hk^

and A8.

Two ways are open to apply relations (4), (5) and (6) in comparing

theory with experiment: convolution and deconvolution. Generally

speaking, convolution means to evaluate the integral in (4) with

certain assumptions for n ,. In doing so for different settings of the

analysing system, one may construct a "theoretical" spectrum.

Comparison of the calculated and measured spectrum, enables better

estimates for the assumptions involved. Deconvolution means to evaluate

the integral in (4) via

I* = I ƒ ƒ n J-Ü.x(.k ,Q)] D df! dk , (7)

where D stands for transformation determinant (jacobian):

D - I 8(u
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The next step then is to take n AK) outside the integral (regarding

it as an unknown constant) and to divide the measured spectrum point by

point by:

A = I ƒ ƒ D dn dk{ (8)

ending up with « ( K ) , a composition of the different n T. Now the

leading term in D for all the mentioned processes is (fe-/ie) . Therefore

D has a singularity at K=0, which inhibits the transformation of an

interval A< containing K~0. SO any measurement containing an interval

A/c, or AK around K«0 should be treated without making use of relation

(7) or an infinitesimal area around K=0 should be excluded. This

problem was recognised by Fournier [ 10] and Anderson [11]. They both

derived a "spectrometer efficiency" function, analogous to relation (8),

without a transformation to laboratory variables. If, however,

different excitation energies simultaneously may give rise to one e ,

value (e.g., in the case of collision induced dissociation) severe

difficulties are met in explaining spectra by deconvolution. For,

analogous to (7) and (8) the next formula will hold:

I f r - I A' a., (9)

CK being the different cross section for reaching a particular e, value.

It is evident from relation (9) that such cases as collision induced

dissociation are to be treated by convolution rather than by deconvolu-

tion techniques. So the application of the "spectrometer efficiency"

functions of Anderson and Fournier is not justified for collision

induced dissociation spectra.

Another point in favour of convolution is the fact that the

discriminatory effects of the ion optics in the analysing system can be

accounted for in a straightforward way. The most important effect is,

that while in general dissociation mechanisms have rotational symmetry

around the primary beam direction, the collection efficiency of a

velocity or energy analyser has generally mirror symmetry with respect

to the median plane. Only two-directional focussing instruments have a

rotationally symmetric efficiency function. So apart from the last

mentioned instruments just the projection of k. and 6 on the median



62

Hz— H* ,
ed=8.58x1ö"

3a.u

1 (au.)

Figure 9 - Computer simulated peak shapes for H •*• H ,
—3

e,m 8.58 x 10 au. The corresponding K value is indicated

by < . Curve I: dissociations occurring only at the laser

interaction chamber (see fig.l). Curve II: dissociations

occurring only halfway the entrance L (fig.l) of the

analyser and the laser interaction chamber. Curve III:

dissociations occurring only at L.
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plane gives the relevant quantities to which the resolving power and

the therewith interfering angular aberration effects applicate. These

features can play an important role, especially when the ion beam is

deflected behind the interaction region. Such experiments are perforued

to investigate the angular distribution of the dissociation fragments.

In view of these facts and of the demand for one treatment applicable

to all experiments on this apparatus, the convolution technique was

preferred to the deconvolution treatment.

A computer program was developed, using convolution to simulate the

experiments. This program basicly consists in evaluating relation (4),

making use of the results of an ion trajectory calculation to establish

which fragments can pass the defining slits of the analyser. The ion

optical properties of the double focussing mass spectrometer were

treated in matrix notation, giving criteria for the ion paths which are

easy to handle.

A.2. Results

As mentioned in section 2, the influence of the apparatus effects on

the measured distributions is particularly strong in the case where

fragments originate in the neighbourhood of the momentum analysing

magnet. This is demonstrated in fig.9. The simulation program was run

three times for one e, value of H (8.58 x 10 au, the pronounced peak

in fig.4), but each time a different place of creation of the fragments

was chosen. Curve I represents the peak to be measured if the fragments

would originate from the laser interaction chamber, curve II is

calculated for fragments created halfway the entrance of the magnet

(marked L, in fig.l) and curve III is valid for fragments created at

the entrance L. Only those fragments are shown, which fly backward in

the center of mass system. The influence of the apparatus effects shows

up very clearly: the combination of increasing angular acceptance and

incorrect imaging (section 2) for the situations I to III does shift

the right side of the peak upwards. Additionally the peak itself is

shifted to lower < values. So the apparatus effects are responsible for

the tail of the pronounced peaks observed in fig.4. In order to

diminish these effects experiments were performed, in which only the
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fragments were accepted, originating from the collision chamber, as

mentiont i before. These experiments were simulated by the computer and

the results are shown in figs.6 and 7. The solid lines represent the

experimental measurements, the dashed curves represent the simulated

spectrum (for clearity shifted to a lower intensity). As input for

these two simulations, the theoretical expected e, values were used,

while the relative weight of each peak was found by a fitting procedure.

The criterion for selecting these levels from a larger set was based on

the acceptance of a relatively narrow range of lifetimes (section 2.3).

So the comparison between experimental and theoretical e, values

results in a comparison of the experimental and convoluted spectra.
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FOM-Instituut voor Atoom- en Molecuulfysica, Kruislaan 407, Amsterdam

ABSTRACT

'Relative lifetimes and energies above the dissociation limit have

been determined for the rotational predissoaiation of several quasi-

bound levels of the X'Z+ state of HeH*'. In particular the lifetimes

are very sensitive to the shape of the potential energy curve.

These measurements are used to discriminate between two ab initio
potential curves, which differ by only 0.00004 a.u. (*> 1 meV). Using

the lifetime data, relative population factors were determined for the

observed levels.

1. INTRODUCTION

.The spontaneous dissociation of 10 keV HeH ions into He and H has

been investigated first by Schopman et al. [1]. This work was extended

to isotopically labeled molecular ions [2]. The proton momentum dis-

tribution spectra showed 5 discrete peaks, which have been interpreted

by Peek [3] in terms of rotational predissociation (i.e. tunneling

through a rotational barrier) of the molecular ion. This author calcu-

lated the energies and energy widths of all possible vibrational-

rotational levels of HeH and its isotopes. Taking into account the

experimentally accepted lifetime range, a very reasonable correspon-

dence between theory and experiment was found. Recently, Kolos and

Peek [4] reinvestigated the potential energy curve of HeH and calcu-

lated again the energies and widths of the levels.

On leave from Institut de Chimie, Sart-Tilman par B 4000 Liëge 1,
Belgium.
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Figure 1 - Schematic outline of the apparatus.

Details are explained in the text.
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The new energy values did not differ much from the former work.

Consequently the discrepancies between theory and experiment remained

in the same order of magnitude, which suggested now the occurrence of

an error in the experiment. To check this, new experiments were perfor-

med by a French group and by this group independently [5], This time

the influence of apparatus effects was accounted for by introducing a

simulation of the experiments with the computer. Now good agreement is

found between theory and experiment. Secondly, as a comparison between

the two calculations demonstrates that the energy widths are much more

sensitive to the shape of the potential than the energies, measure-

ments were performed to determine relative lifetimes of the observed

levels.

2. EXPERIMENTAL

2.1. Apparatus

The experimental set-up (see fig. 1) used in this work has been des-

cribed previously in detail [6]. Briefly, HeH ions are created in a

monoplasmatron ion source (A). The energy spread of the ion beam is

reduced by monitoring and keeping constant (i) the gas flow of the

90% He - 10% H- gas mixture and (ii) the plasma oscillations which are

maintained as low as possible. The primary ion beam is mass-selected by

a 30 preselection magnet (B). Lenses (C), deflection plates (D) and

collimator (E) focus the ion beam on the entrance hole of a 17.5 cm

long collision chamber (F), in which a target gas can be introduced.

The ion path length between the source exit and the center of the

collision chamber is 110 cm. By means of the plates G and K the ion

beam is directed on a 0.25 cm hole L. The energy excess of some quasi-

stable vibrational-rotational level abore the dissociation limit will

be released as kinetic energy of the two dissociating fragments. The

hole L is used to skim off the larger angles in the center-of-mass

system, permitting only a recording of the forward-backward momentum

distribution by the scanning magnet M. This inhomogeneous magnet

focusses the ions on a narrow (0.03 cm) slit (N), before reaching a

Bendix electron multiplier. A laser (Q), not used in these experiments

[7], crosses the ion beam in a 3 cm long chamber (I), at 160 cm from
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the aperture of the ion source. To either the collision chamber or the

laser chamber a voltage can be applied (see section 2.2.1). In this

series of experiments an ion extraction voltage of 10.6 kV is used

whereas 10.6 kV and 15.8 kV accelerating voltages are applied to the

ion beam. Negative voltages of respectively 200 V and 300 V are applied

to the collision chamber and the laser chamber. The working pressure

in the primary selection region is 3 x 10 Torr. In the interaction

region F a pressure of 3 x 10 Torr and in the momentum analysing
-9

region a pressure of 3 x 10 Torr is measured under normal operating

conditions.

2.2. Principle of measurements

2.2.1. L^eHmejneasurements

The relative lifetime measurements are made possible with the in-

strument just described, by changing the flight time of the ionized

species. This can be achieved by (i) altering the accelerating high

voltage and/or (ii) changing the position of the interaction chamber

where metastable decomposition is observed. The procedure consisting

by applying a voltage to either the collision or laser chamber allows

to separate the fragment momentum distribution spectrum observed in

the interaction chamber in question from those resulting from dissocia-

tions occurring along the whole ion beam path between the preselection

magnet and the momentum analysers entrance hole [1,6].

As shown by Maas et al. [6], the number of metastable ions J with

lifetime x, decaying per unit time within one of the interaction

chambers is given by

Jo = 2IQ exp[-to/x] sinh[At/(2x)] (1)

where I is the partial primary beam intensity of metastable ions

characterized by lifetime T, leaving the ion source; At is the flight

time to pass through the interaction chamber and t is the flight time

to reach the center of the interaction chamber.

In the following discussion subscripts ^c and jU will be used for

metastable level i_ observed in the collision chamber and in the laser

chamber respectively.
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l.*hen the intensity corresponding to level i is normalized to the

intensity of level j_ as observed in the same interaction chamber, the

ratio J^ is related to x. and T. by

J. * (I ./I .)(T./T.) exp[-t ( 1 / T . - 1 / T . ) ] (2)

using the approximation sinh[At/(2t)JKAt/(2x).

The ratios J. and J., were obtained by recording the momentum dis-

tribution spectra alternatively from either the collision chamber or

the laser chamber, keeping the ion source conditions constant. Then

the ratio of J. and J., is given by:

Jic/Jil=exp[-Ctoc-tol)(./Ti-1/Tj)]

«exP[-(toc-tol)(r.-r.)] (3)

where T = 1/x represents the energy width of the level.

The same ratio is valid for 10.6 kV and 15.8 VV accelerating potentials,

differing by the t and the t . values only. For those levels ob-

served for two acceleration potentials in the same chamber, the same

type of equation as (3) holds, i.e.:

providing the population factor ratio I ./I . is constant in both ex-
oi oj

perimental conditions. This assumption is reasonable because we main-

tained the ion extraction voltage at 10.6 keV and controlled the plasma

conditions as well.

Moreover, the value of (r. -r.) thus determined in these experiments

can be used in eq. (2) to calculate I ./I . which represents the rela-

tive population factor of level i upon leaving the ion source. The

ratio T./T^ in eq. (2) then is calculated using a theoretical r. value.

2.2.2. Energy measurements

As shown earlier by Maas et al. [6] the experimental data have to be

corrected for the apparatus effects. A general treatment of this

problem has been proposed by these authors and a computer simulation
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of the experiment has been developed. This procedure has been applied

successfully to the case of the unimolecular dissociation of H. and D„

[ 6] in order to obtain corrected e, values (excess energy above the

dissociation limit). The computer program has been changed in order to

account better [6] for the ion-focussing properties of the chambers,

so the shift and the change of scale (expanding) introduced by the

negative voltages on the chambers are automatically been taken into

account.

2.3. Data analysis

On the quantity to be measured, the lifetime T^ resulting from the

measurement of relative intensities, the major error source is the

intensity measurement. The error in the flight time difference t ^ - tQ

is negligible, being one order of magnitude smaller than the former.

One has

A(Jic
J ic '

1 J

r j i l

} ( J i c

*Joi
J .
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il
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the summation being extended ove' the measurements made in the two in-

teraction chambers.

The magnitude of the ratio /)JQ̂ /J . , where AJ . is given by the

standard deviation of the mean, ranges from 1-3.5% and thus the value

of A(Jic/Jil)/(Jic/Jil) is 2-7%. Using equation (4) one calculates

A(l\-r.) = (0.8 to 3) x 10"12 a.u., "

which will be reduced averaging the data taken at 10.6 kV and 15.8 kV.
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WT-» H'
Vcc»-200V

au.

Figure 2 - Example of a forward-backward momentum distribution of H

fragments from HeH , measured in the collision chamber.

tc stands for the center-of-mass momentum of H . The forward

direction is on the right side. The voltage was V c c = - 200 V.

Figure 3 - Example of a momentum scan measured in the laser interaction

chamber. See caption fig. 2.
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peak nb

1

2

3

4

5

ed(a) x 10
3

5.84 + 0.16

4.01 + 0.12

2.69 + 0.09

1.83 + 0.09

1.29 i 0.09

ed.corr(b)

X 103

5.44 + 0.16

3.79 + 0.12

2.54 + 0.09

1.76 + 0.09

1.25 +_ 0.09

Cd.th<c>
x 103

5.44

3.78

2.57

1.76

1.25

ed.th<d>
x 103

5.39

3.71

2.50

1.69

1.20

V

0

1

2

3

4

J

25

23

21

19

17

Table I - Comparison of measured and theoretical energy values. All

figures are rounded off to the second decimal place and are

given in atomic units (1 a.u. = 27.21 eV).

a) apparent e, values, direct from spectra.

b) energies correctei for convolution effects.

c) values calculated by Peek.

d) values presented by Kolos and Peek.

v and J represent the vibrational and rotational quantum

numbers assigned to the levels (identical for both calcula-

tions) .
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3. RESULTS AND DISCUSSION

Forward and backward .".r-'nentum distribution spectra have been recor-

ded for the fragment H , formed by dissociation of HeH in the collision

chamber and in the laser interaction chamber at residual gas pressure.

These spectra are reproduced in figs. 2 and 3. They exhibit respec-

tively five and four well resolved peaks.

As indicated in section 2.2.2., a computer simulation of the experi-

ments was carried out to eliminate the influence of apparatus effects

on the energy and lifetime measurements. By a recursive convolution

method the energy values e, above the dissociation limit were esta-

blished which generate the observed apparent e, values. One should com-

pare only these "deconvoluted" e, values with theory. To stress the

importance of this procedure, the uncorrected as well as the corrected

e values are listed in table 1, together with the theoretical values

by Peek [33 and Kolos and Peek [4], taking into account a lifetime

criterion as proposed by Schopman [2] and Maas C6].

This criterion makes use of relation (1). First the lifetime T is

calculated at which J is at maximum (J ). This lifetime approaches
o nisx

tQ if t >> At. Then it is accepted that only those levels will be ob-
servable for which T. yields a value of J > aJ . The choice of a

l o — max

is somewhat arbitrary: we have used a = 0.1. Taking either theoretical

sets of r values, only 5 levels lay within the thus obtained window.

Even by lowering the a-value with a factor 2, just the same levels obey

the criterion.

Using the experimental data on e, alone, it is difficult due to the

experimental inaccuracies, to reject one of the two calculations. They

lead to the same assignment of v and J, the vibrational and rotational

quantum numbers to tlK. •ïxperimental peaks, together with only little

different e, values (see table 1). This is in agreement with the ob-

servations of Bernstein [8~l. Considering the measurements of Schopman,

he used a Stwalley-Dunham fit to the experimental e, values and proved

the internal consistency of the assignments of the vibrational and rota-

tional quantum numbers, as proposed by Peek. So only minor inaccuracies

are expected to occur in the theoretical results.

However, theory should not only predict the correct energies e,, but

also the widths (or lifetimes) must be considered. The relative life-

times are determined using the formalism developed in section 2.2.1.
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i

1

2

3

4

5

< r i - V e x p X l ° 1 2 •

(a)

-3 .7 + 0.6

- 3 . 3 _+ 1.9

-2 .9 +_ 0.7

0

(b)

- 3 .7 *

- 2 . I +_ 1.3

- 1.9 +_ 1.1

0

+ 11.6 jf 4 . 7

( r . - r 4 ) t h x , o 1 2

[ 3 ]

-7.0

-6.3

-5.5

0

+83

[ 4 ]

-2.7

-2.5

-2.4

0

+41

V

0

1

2

3

4

J

25

23

21

19

17

TABLE II - Energy widths differences r^ - r^ in atomic units.

a) calculated using equation (3),

b) calculated using equation (31).

* normalized, see text.

i

1

2

3

4

5

f.

3.2

2.3

1.6

1.0 *

0.1

TABLE H I - Relative population factors f. determined from the experi-

mental data on

from [4].

* normalized.

and the value V^ = 2.4x 10
-12

a.u.
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The intensity ratios J., corrected for apparatus effects and normalized

with respect to the most intense peak 4 were determined as an average

over 11 measurements. The energy widths differences V. -T. deduced from

these data at the two accelerating voltages, then were averaged and

are presented in table 2. The errors indicated stand for the standard

deviation of the mean. These results were first calculated using

equation (3). However, in the present experiment (at residual pressure)

the peak corresponding to the lowest e, value can be measured accurate-

ly only in the collision chamber at both accelerating voltages. So, to

this particular peak 5, only equation (3') could be applied. Now the

time difference t - t was difficult to establish, as a change in
oc oc

the lens voltage causes a change in retardation or acceleration of the

ions. Therefore we calibrated this time difference by putting

T| - r^=-3.7 x 10 a.u., the average value obtained using eq. (3).

These results also are presented in table 2. In the last columns the

theoretical values calculated by Peek [3] and Kolos and Peek [4] as

well as the quantum numbers (v,J) corresponding to each observed level

are listed.

From the comparison of the theoretical T values and the experiment we

conclude that fairly good agreement is found within the experimental

error limits for at least 3 experimental values of r. - r, (1 through 3)

and those predicted by Kolos and Peek [4]. The deviation for F, - T^

may be caused by errors in the experiment aé well as in the theory. The

strong variation of this value from the first calculation to the second

one suggests the occurrence of a large error bar here. Secondly, from an

experimental point of view, peak 5 is rather small and close to peak 4

(see fig. 2). So, a relatively large systematic error caused by an

overlap of intensities is possible, even when the computer simulations

have small absolute errors.

Finally, we are now able to calculate the relative population factors

I ./I ,, using the P, value of Kolos and Peek in eq. (2). The experimen-

tal data presented in table 2 were used: for i = 1 through 3 we took the

values from the first column, the value for i = 5 from the second. Due

to the relatively large error bars in the data r. ~V,, the estimated

error in the calculated population factors amounts to a factor of 2.

The results are listed in table 3. No calculations exist to our knowledge

which predict population factors of these vibrationally and rotatior.ally

highly excited states.
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Concluding, we remark that it is clear from tables 1 and 2 that the

lifetimes are far more sensitive to the exact shape of the potential

energy curve than the energy values e,, especially considering the dif-

ference between the two potential energy curves: i.e. 0.00004 a.u. [4].

The expression which gives the energy width r of a vibrational

rotational state above the dissociation limit in the JWKB approximation

(see e.g. [9]) accounts for this effect: then r depends exponentially

on the integrated (imaginary) momentum of the particle with mass u

(the reduced mass of the HeH system) under the rotational barrier.

This exponential amplifies small changes in the potential energy curve

to distinctive changes in r.

So the mass spectrometric study of dissociation fragments enabling

relative lifetime measurements together with accurate energy determina-

tions is a powerful technique, capable of sensing minimal potential

energy differences (»1 meV).
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ABSTRACT

Results of ab initio Cl calculations ave presented for the ground

state potential energy ouwe of He*. In addition all possible quasibound

vibrational rotatio'ial levels have been aaloulated. A eomparison with

experimentally observed levels for all isotopio combinations of Re^ at

first showed.relatively large discrepancies, especially for the level

widths (one order of magnitude). Using several tentative assignments

of vibrational and rotational quantum numbers to the observed levels,

a procedure was developed to adjust the ab initio potential to fit the

experimental data on both energy and lifetimes of the levels. The chan-

ge in the dissociation energy necessary to accomplish this is less than

20 meV.

1. INTRODUCTION

Translational spectroscopy is the method to obtain spectroscopie in-

formation from dissociative states of molecules by measuring the momen-

tum distribution of (charged) fragments. This method requires that the

momentum of the molecule before the dissociation is accurately known,
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which implies the use of beam techniques. In order to reduce the influ-

ence of the initial thermal energy distribution of the parent molecules

on the determination of the small energies released in the center of
Q

mass system, these measurements are performed using fast beams (~10

cm/sec).

The first studies in this field concerned mass spectrometric inves-

tigations. Due to lack of resolution only the widths of "metastable"

peaks were studied. From this kind of data it has been possible to es-

timate the corresponding dissociation energies, as done e.g. by Beynon

et al. [1].

Since experiments involving the use of a target gas necessarily im-

ply tne occurrence of an energy loss, which is in most cases a conti-

nuous and indeterminable variable, the resulting spectra will suffer a

strong convolution [2]. Therefore vibrational structure can only be ob-

served in experiments carried out without the use of a target gas. More-

over the background pressures should be maintained at very low values

( ~ 10~8 Torr) .
4 +

A first example is the study of rotational predissociation of HeH

and its isotopes by Schopman et al. [3]. Studies on the predissociation

of N_ [4] and NO [5] have been carried out in which translational spec—

troscopy provided information complementary to data from optical spec-

troscopy. Recently laser-induced photodissociation of H, and isotopes

[6] was observed using the same technique.

The measurements of Schopman stimulated the interest of theoreti-

cians for the calculation of the potential curve of HeH , because rota-

tional predissociation appeared to be an extremely sensitive test for

potential energy curves, over a very large range of internuclear dis-

tances [7], As the calculated quasibond states [7] with appropriate

lifetimes did show a consistent, although small, discrepancy with the

experimental results, Kolos and Peek [8] presented a new ab initio cal-

culation for HeH together with a calculation of the energies and widths

of all metastable vibrational and rotational levels. At the same time,

two experimental groups independently reinvestigated the rotational

predissociation of HeH [9]. Indeed, the new experimental results de-

viated slightly from the older ones. However, due to experimental uncer-

tainties, it was not possible to decide which theoretical curve should

be preferred. Therefore lifetime measurements were performed [10],
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which now distinctly favour the recent calculation of Kolos and Peek.

It should be emphasized that the potential energy differences with res-

pect to the older calculation are less than 1 meV.

Hitherto the experimental work on translational spectroscopy has

been of a descriptive nature, although Bernstein [11] suggested short-

ly after the work of Schopman that these measurements be used not only

to test a given potential energy curve but also to evaluate same first

hand.

In this paper we shall present the first efforts in this direction.
4 + 3 + 3 4 +

Measurements of the rotational predissociation of He„, He„ and He He

were carried out and these results were, found to be inconsistent with

any known theoretical potential curve for these systems [12,13]. This

observation provided a stimulus for the calculations of a new, more

accurate, ab initio potential, the details of which are given in the

next section.

In section 3 the experimental study is described and its results are

discussed, while in section 4 procedures are indicated which provide the

energies and energy widths based on a given potential curve. Secondly,

the discrepancies between experiment and theoretical predictions are

demonstrated.

Finally a method is presented, which, starting with the ab initio

potential of section 2, constructs a potential more consistent with the

experimental data.

2. CALCULATIONS

The basis set used for the calculation of the He^ (X E*) potential

curve consists of 37 gaussian lobe functions (35 groups) as given in

Table 1. The exponents for the s functions are taken from the work of

Whitten [14]; a contraction, however, is used for the two short-range

species. Additional exponent variation for the most important s function

did not turn out to be effective. The exponents of all p functions and

those of the polarization bond and d-type functions have been optimized

(or approximately so) at R = 2.0626 hohr at the CI level of calcula-

tion; the lobe separations r are chosen in the usual manner f 15] as

r = 0.03 a~*.
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TABLE I

AO Basis Set

Type

s

s

s

s

s

px.py.pz

px.py.pz

px.py.pz

s

px.py

px.py

Origin

He

He

He

He

He

He

He

He

bond(center)

bond(center)

d-ir-type

Exponent a

21.44363 a )

142.51596

4.858643

1.358886

0.432320

0.152494

0.65

1.60

3.20

0.95

1.60

0.60

a)

b)

Both functions are employed with fixed

coefficients: 0.233843 and 0.0314105

respectively.

These functions are placed at the quar-

ter position of the He-He bond for all

R <_ R and remain 0.50 bohr away from

the respective He-nucleus for all

R > R .
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TABLE 2

Cl Expansion of the £ wave function at two internuclear distances

a)
Configuration

!ag2'au

i V u ( X )
2

'Vu(y)2

lo 22a
u u

la 23a
u u

la 4a
u u

la la 2a (2) b )

laglau3ag(2)

iffglauAffg(2)

laglau5ag(2)

Total configurations(T=0)

Configurations (T=l vih)

Energy(hartree)

Coefficients

Re

0.9907

-0.0202

-0.0202

-0.0361

-0.0198

-0.0203

0.04216

{ -0.02815

-0.049596
{ 0.035379

0.0432917

* -0.0230059

0.029604

{ -0.016338

1596

414

-4.98904

R = 10 bohr

0.9854

-0.01430

-0.01430

-0.08014

0.00141

-0.04441

0.07441

^ -0.06160

-0.00152
{ 0.00124

0.00990
{ 0.00538

0.05272

{ -0.02545

1596

353

-4.89870

a)

b)

Given are results for all configurations with expansion coeffi-

cient of 0.02 or greater for at least one of the two geometries

considered.

Two raultiplets for each configuration.
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The SCF calculation carried out at each point of the potential curve

considered is always followed by a CI treatment, the general procedure

for which is given elsewhere [16,17]. All single- and double-excitation

species with respect to 10 main configurations are generated within the

framework of the SCt-MO basis set, and all species contributing more

than 10 hartre.e were directly processed via the normal secular equa-

tion route; the contribution of the remaining (unselected) species is

then evaluated by means of an extrapolation technique as in previous

cases [17]. A typical example of the resulting CI expansion is given in

Table 2. Increasing the number of generating (main) configurations only

alters the total energy (in hartree) in the fifth decimal place and

hence such improvements in the treatment were rot explored any further.

The resulting CI procedure aan safely be assumed to correspond quite

closely to a full CI in the present A0 basis.

The efficiency of the A0 basis set itself has been tested via calcu-

lations in which a variety of additional gaussian species are consider-

ed. Furthermore, a set of cartesian gaussians was employed in a paral-

lel manner in order to ensure the equivalence of the d-type functions

of Table 1 with the full set of cartesian d species on each helium atom.

The results of these studies are contained in Table 3. First it is seen

that as usual [15] the cartesian and the lobe representation are equi-

valent for all practical purposes (lines 1 and 3) .

Secondly, adding the outside complement of the d-type bond function

(line 2 of Table 3) is found to have relatively little influence on the

total energies, and more importantly, affects the bound molecule and

the separated species to practically the same extent (0.00003 hartree

and 0.00004 hartree respectively). Addition of the full set of d func-

tions (and p-bond species) increases the number of AO's to 44 and re-

sults in an energy lowering of 0.0004 hartree (line 4 of the table).

Since this energy lowering is again practically the same for He- at

This comparison has also been made for a few other internui'.lear
He-He distances, for example 1.3, 1.5, 2.5 and 5.0 bohr, and the ener-
gy difference between the two representations is always found to be
less than 5.0 x 10"^ hartree. The cartesian set yields higher values
around the equilibrium geometry but yields the lower of the two re-
sults at larger R values.



TABLE 3

Effects of AO basis on calculated dissociation energy

(absolute energies in hartree)

Basis

Standard treatment

Standard plus comple-
ted dir-species

Standard basis simula-
ted with cartesian
functions (partial d

set on He)

Cartesian (full d set)

Ref. [13]

Ref. [12]

B. Liu [18]

Exact (estimated in

ref. [18])

Number

of

groups

35

39

35

44

Energy at

2.0626
bohr

-4.98904

-4.98907

-4.98903

-4.98941

-4.98594

-4.92109

-4.99385

-4.99439

+ 0.0002
at R

separated
atoms

-4.89866

-4.89871

-4.89870

-4.89911

-4.90316

-4.90372

E (eV)

2.4592

2.4587

2.4576

2.4569

2.468

2.467



TABLE 4

Calculated SCF and CI energies for the
2 + +
Eu state of Itej at various values of

the internuclear distance R.

(Energy values in hartree)

85

R (bohr)

1.30

1.40

1.50

1.75

1.90
1.975
2.0626

2.15
2.25
2.50

2 .75

:.oo
3.50

4.00

5.00
5.50
7.50

10.00

E(SCF)

-4.78282

-4.83118
-4.86568

-4.91083

-4.91995
-4.92136
-4.92109

-4,91926
-4.91578
-4,90344

-4.88944
-4.87620
-4.85528

-4.84J99

-4.83002

-4.82773
-4.82534

-4.82511

E(CI)

-4.84382

-4.89293
-4.92823
-4.97572

-4.98634
-4.98848
-4.98904

-4.98801
-4.98540
-4.974*6

-4.96241

-4.93015
-4.93020

-4.91702

-4.90450
-4.90190
-4.89899

-4.89870

AE

0.06106

0.06175
0.06255

0.06489

0.06640
0.06712

0.06795

0.06875
0.06962
0.07152

0.07297

0.07395
0.07492

0.07503

0.07448

0.07417
0.07365

0.07359
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equilibrium as for its separated species, i t is assumed that enlarge-

ment of the AO basis in this manner will merely result in a very nearly

parallel downward (and relatively minor) shift of the entire potential

curve, so that the additional computational effort required to process

the 44 basis functions (instead of the 35 actually used) does not seem

to be justified.

Comparison of our data with the previously calculated potential

curves L 12,13] shows a deeper minimum, i .e . a larger dissociation ener-

gy for the present treatment. The best estimate for the dissociation

energy to date has been given by Liu [18], who carried out a very ela-

borate calculation for the He_ equilibrium conformation (employing 15

MO's of o, 10 of IT, 6 of 6 and 1 of <j>-type) and combined the results

with known correlation energies; his calculated and estimated exact

values are also contained in Table 3. Since the presently calculated

dissociation energy of 2.459 eV is in very good agreement with Liu's

value of 2.467 ÜV i t seemed quite plausible that the potential curve

calculated in the 35 AO basis should represent i t s exact counterpart

Lo quite high accuracy. The actual CI (and SCF) results obtained are

given in Table 4 and will be discussed together with experimental in-

formation in section 4.

o.. EXPERIMENTAL

The apparatus used has already been described in several papers

i6,!9], It consists of a tandem magnetic mass spectrometer, of which

the first magnet is used to select the primary ionic species and the

second one analyses the momentum distribution of any charged fragments

originating along the ion beam. To simplify the interpretation of the

measurements the ion beam is strongly collimated (5 * 10 rad) through-

out the entire apparatus, so that only those fragments escaping nearly

parallel to the beam axis can be analysed; in the center of mass system

these are the forward and backward flying fragments.

Note that 'he correlation energy (difference between SCF and CI values
in each case) varies rather strongly with R, with maximum (R = 4.00 aQ)
and minimum (R= 1.30 a ) values differing by 0.014 hartree (0.38 eV).
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The rotationally highly excited He» ions are created by ion-molecule

reactions in a monoplasmatron ion source (p ~ 10 Torr) and are acce-

lerated to 10 keV. The energy spread of the primary ion beam is control-

led by optimizing the plasma conditions [19]. Then the momentum resolu-

tion of about 1 : 4000 FWHM is sufficient to accurately measure the

energy above the dissociation limit of the metastable levels which is

imparted to the fragments upon dissociation.

Special precautions were taken to restrict the lifetime T of the

metastable levels to be detected. An interaction chamber was introduced,

composed of grids to provide adequate pumping, which could be put at a

given potential. Using negative potentials of several hundreds of volts

for instance, parent ions are given an additional acceleration upon

entering the chamber. When molecular dissociation takes place in this

space, the fragments are decelerated as lighter masses by the same volt-

age upon leaving this region. So the corresponding momentum distribution

is shifted with respect to the background distribution originating from

other parts of the apparatus [3,19]. This procedure ensures that only

dissociations of metastable ions having a lifetime in the same order

of magnitude as the flight time from source to chamber (10 sen) can

be observed. Demanding that a certain percentage of the metastable

parent i o m in the beam should be observed, a simple calculation yields

a lifetime window [19].

We have employed 10%, a value which in the case of HeH [10] proved

to be very adequate.

Generally, with this apparatus a more accurate determination of

lifetimes is possible. In ref. [10] two chambers were used, with a se-

paration of about 40 cm. Comparing the spectra thus obtained then

leads to a relative lifetime measurement. However, since in the present

experiment the fragment intensities were very low (~ 50 c/sec), no life-

time measurements could be performed to a reasonable accuracy.

A last detail of the experimental set up which should be mentioned

is the background pressure. Working pressures were: in the source re-
—ft —ft

gion 3 x 10 Torr, around the interaction chamber 2 K 10 Torr, and
-9

in the analysing section less than 2 x 10 Torr. Collision with the

background gas did not present any problems; for more detailed informa-

tion concerning this apparatus we refer the reader to previous publica-

tions [6,19].



S \2 (< u )

4 +
Figure I - Measured predissociative momentum distribution of He

4 r
fragments from He,-

K indicates the center of mass momentum of the fragment in

atomic units (a.u.)-

The potential V of the interaction chamber was + 400 V.

i F ü u

Figure 2 - Momentum distribution of He fragments from He„. See

caption fig. 1.
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In Figs. 1 to 3 forward-backward fragment momentum distributions are

shown of the three respective isotopic combinations of He,. Only one

dissociative channel of He He is depicted, but both He+ and He+

production was studied. Ail asymetry detected between the two channels

is discussed in a separate paper which explains this phenomenon in terms

of a Demkov coupling between the two lowest electronic states [20].

The scale indicated in the figures represents the center-of—mass

momentum of the detected fragments. However, the momentum values and

the peak heights which one reads from the spectra are influenced by

apparatus effects. The required deconvolution was replaced by a convolu-

tion procedure: al l experiments were simulated with the computer, using

a program formerly tested [19].

The resulting data on the center of mass energies are presented in

Table 5. The energy values from the He He were first averaged over

both channels (all errors given are standard deviations). We require

that a potential curve describing the X I of He, reproduces this set

of energies. To this we can add the lifetime criterion mentioned before.

A fundamental condition is that the assignment of vibrational and rota-

tional quantum numbers (v,J) must obey the ortho-para rules, where
4 +

applicable. This means that for He, only odd J values are allowed,

while in the case of He, the population of even J levels should be

favoured by a factor of three over the population of levels having odd

values [2U

4. EVALUATION OF A NEW POTENTIAL CURVE

As outlined in the previous section, we now have to calculate the

energies E and widths r(= tf/t) of all possible quasistable levels for

a g-iven potential energy curve. In order to compare with experiment,

the appropriate levels must then be selected using the lifetime cr i te-

rion. According to this criterion, the experimentally observable V win-

dows for the present experiments are:

* + +
For H, a ratio of odd to even of 3 : 1 is expected, and for D, a ratio
of 1 : 2 is calculated. This effect shows up qualitatively in Table 1
of ref. [19].
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3 + 3 4 +
Figure 3 - Momentum distribution of He fragments from He He . See

caption fig. 1.

TABLE 5

Experimentally observed energy levels, corrected for

apparatus effects (energies in hartree)

Peak

number

1

2

3

4

5

6

0.

1.

4.

13.

-

-

4

E x

106

85

41

13

He
+
2

103

+

+

+

+

0 .

0 .

0 .

0 .

004

03

06

20

3

E x

0. 147

1.29

2.21

3.60

6.78

13.38

! 0 3

+ 0.005

+ 0.02

+ 0.04

+ 0.05

+ 0. 10

+ 0.17

3He4

E x

0.55 +

1.51 +

2.28 +

3.97 +

6.80 +

12.68 +

103

0.04

0.07

0.07

0.07

0. 11

0.15



1.2 x 10~12 < f < 4.9 * 10 " for 4He 2
+,

1.4 x 1O~12 < r < 5.6 x 10~" for 3He 2
+ and

1.3 x IO~12 < r < 5.2 x io~" for 3He4He+

(all figures in hartree)

The calculations of E and r were performed applying the JWKB method

[22]. The results of this semi-classical treatment have been tested

earlier against a more accurate quantum-mechanical treatment, developed

by Peek [23]. In that case the following relations have been demonstra-

ted to be valid:

and

^ 5 2M < 12% for ] x 10"12 < r < 6 x 10' U
12% for ] x 10"12 < r < 6 x 1 0 U hartree,

QM

the range we are interested in.

It is clear that the accuracy of this method is better than that of

the experimental data, hence there are no objections to use this rela-

tively simple formalism.

We will not present here the details of the method itself: an exten-

sive analysis is given in ref. [23] and references therein.

As a first attempt we have calculated the positions and widths of

the quasistable levels using the potential energy curve of Reagan et al.

[13]. No correspondence between the calculated and the experimentally

ohserved E values could be established, within the V windows listed

above. It was already shown in the case of HeH that especially r is

very sensitive to the exact shape of the potential curve [8,10], Thus

it is expected that an inaccurate curve yields reasonable E values,

while, because of the defective r values, the whole picture is distor-

ted. Apparently something of this nature has happened in this instance.

This situation did not change much when semi-empirical potential curves

were used, fitted by several authors to explain elastic scattering data

[24,25].

As the experimental procedures as well as the program which calcula-

tes E and V have been tested thoroughly [23], new ab initio calculations
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logrj »-a-

»•"-

Jouw

I !

• poltn(ial.tal*4

M

0 2 4 6 8 1 0 12 14 16 . n 1 hartree
E-»-

Figure A - Partial map of calculated E,r pairs at different (v,J) for
4 +
He„; +: using the potential listed in table 4; x: same

potential except 1% more bound (see text).

(Energies lower than 2 hartree have been left out, see text)

The numbers between brackets denote (v,J) of the metastable

levels. Tb.2 dashed verticals indicate the measured energies,

corrected for apparatus effects and the experimentally accep-

ted r window is given by the two horizontal lines. The

lines connecting the + and x signs allow for interpolation.

The data presented in this graph were employed to assign

(v,J) to the experimentally observed levels.
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appeared to be the only way out of these problems. The potential calcu-

lated in section 2 has been extended for R 21 10.0 bohr using the rela-

tion:

V(R) =^L (1)

This is the polarization potential in which a stands for the polariza-

bility. The value a = 1.47 bohr was taken from Landole-Bornstein [26].

Between R = 1.30 bohr and R = 10.00 bohr additional values "were ob-

tained using a fitting procedure, over small ranges of R. The same

treatment has been employed in the study of Hj [23], for which very

good results were obtained.
4 >.

Theory and experiment are compared in fig. 4 for the He- case.

We have plotted log(r) versus E. The vertical lines represent the three

highest experimentally observed level positions. The accepted F window

is also indicated. It should be noted that still more levels (~100)

are available outside the scale limits. Only odd J values are allowed
4 +

for He-, which simplifies the problems considerably. However, even

with this fairly accurate potential an unambiguous assignment of vibra-

tional and rotational quantum numbers (\i,J) is not possible. For in-

stance, E = 4.41*IO~ hartree can be connected with (7,49) or (8,47);

exp

both levels are not far off. Similar situations occur with the other

isotopic combinations. We have tried to remove these aabiguities in an

empirical way. The main idea was to construct a norm N, a matheiatical

expression, which represents the agreement between the set of theore-

tical predicted levels and the corresponding experimental observations.

Then existent computer routines can be applied to optimize this norm

as a function of the 18 potential values presented in table 4. Bua to

the complexity of the problem, it was necessary to assign (w.J)-walues

to the experimental data beforehand. A wrong choice will cause the ori-

ginal curve to be changed considerably, or may even lead to an unsolva-

ble problem. Hence, the procedure which assigns (v,J) is of crucial in-

terest. However, the evaluation of a Stwalley-Dunham fit, as used by

Bernstein in the HeH case [II], to check the internal consistency of a

set (v,J) values did not yield very reliable results. This is probably

due to the fact that the number of levels observed per isotope is less

than the number of free parameters in such a fit (6), contrary to the



TABLE 6

Proposed assignment of vibrational and rotational

quantum numbers v,J to the experimental peaks

v*,J' denote second possibilities.

Peak

number

1

2

3

4

5

6

4H

v , J

12,37

8,47

1,63

. ;

-

7,49

-

v.J

-

10,33

7,40

4,47

0,56

. ;

v'.J'

11.30

-

-

-

-

3 4 +
-*He\e

-

10,37

8,42

5,49

1,58

-

-

7,44

4,51

2,56
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situation in tha BeH case. Another reason might be that the rotational

quantum numbers are very high (65, see fig. 4) in the present experi-

ments.

Therefore, a different solution had to be found. A first observation

which seems to be pertinent is that the well-depth of the potential de-

veloped in section 2, is probably 8 raeV too small [18]. This means that

apart from the effects on r, all calculated levels tend to have E values

which are too high. In order to understand what will happen if the well

is lowered, we have increased the potential by It (putting E(<») * 0).

This correction was made because it was noted that level (1,63) in fig.

4 lies ~ 20 meV (i.e. roughly 1% of the dissociation energy) above the

corresponding experimental energy. A similar situation occurs with the

other isotopes. It is interesting that as a result of this correction,

although the changes in E are relatively small, all I" values are shifted

by about an order of magnitude.

At this point we are able to give an assignment of (v,J) values to

the experimentally observed levels. However, as the ambiguities remain-

ed at low E values, only the higher experimental energies can be assign-

ed (table 6). In the second column for each isotope we have indicated

the probable second best choices. Thete assignments, together with the

values from table 4, were used as input in a prograa to minimize the

norm IN mentioned above:

E.
N = z R n (-1>calc)]2 (3)

i ^i,exp

This criterion was chosen because, in this way, deviations from the ex-

perimental values were treated with about equal weight throughout the

spectra. The best fit, i.e. minimal norm together with oininal adjust-

ment of the potential, was obtained with the assignments listed in

table 7. The calculated energy widths and the remitting energy differ-

ences uS - £ , - E are also shown in this table.

calc exp

It is clear that there is a vary reasonable correspondence between

calculated and measured E values. Apparently not all rvalues did fall

into the correct range. The estimated I" window proved to be too narrow
3 4 +

for level (5,49) of He He . The: energy widths of the lowest listed

levels of He and He He are probably affected by the (non-optioized)

long range part of the potential. Moreover, some extra levels could be



TABLE 7

puak
num-
ber

1

2

3

4

5

6

12,

8 ,

1,

37

47

f) 3

10

- 0 .

0 .

0.

21

06

06

' 2

<

+

+

+

At

0 .

0.

0.

03

06

20

1.

1.

2.

3

7

0

r

x I O " 1 4

* . 0 " "
x . O " "

3He*

V..I

-

10,33

7,40

4,47
0,56

10

- 0 .

0.

0.

0.

31

17

38

48

« A E

;

+ 0 .

+ 0 .

+ 0 .

±°'

04

05

10

17

1.

2.

1.

5.

3

3

4

2

r
-

x 10" 1 2

x Kf12

x , 0 - "

x 10"12

v ,

10

8

5

1

J

,37

,42

,49

,58

3

10

- 0 .

- 0 .

0.

0.

Ho'
3 >

02

II

08

06

AE

-

+ 0 .

+ 0 .

+ 0 .

+ 0 .

07

07

11

IS

4.

2.

6.

3.

4

8

0

4

r
-

x . O " 1 3

x . O ' "

x . O " "

x , 0 " "

Best f i t results .
Energies and energy widths in hartree. AE stands for
T represente) thü onargy width calculated with the fi t ted potential.
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R (bohr)

1.30

1.40

1.50

1.75

1.90

i.975

2.0626

2. 15

2.25

2.50

2.75

3.00

3.50

4.00

5.00

5.50

7.50

10.00

E (fitted)

40.05426

+0.00515

-0.03016

-0.07765

-0.08827

-0.09040

-0.09097

-0.08992

-0.08735

-0.07689

-0.06435

-0.05211

-0.03215

-0.01913

-0.00665

-0.00380

-0.0009!

-0.00007

AE

+0.00001

+0.00002 i

+0.00001

0

0

+0.00001

0 *

+0.00002

-0.00001

0 i|
-0.00001

-0.00003

-0.00001

-0.00017

-0.00022

+0.00004

+0.00001

+0.00056

Fitted potential energy curve.

E values are relative to E(<=) » 0

All energies in hartree,

normalized, see text.
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calculated, which obeyed rhe r criteria but were not detected in the ex-

periments. However, taking into account the "natural" peak shape, cer-

tainly it is possible that more levels are hidden in the recorded momen-

tum spectra than there are actually numbered peaks. The low intensities

(~ 50 c/sec) did not allow for an anbiguous interpretation.

The corrected potential energy curve is given in table S. These data

suggest that the dissociation energy D is roughly 15 oeV larger than

that obtained in the present ab initio calculation (table 4) and is

also some 8 meV greater than that given by Liu [18], thereby bringing

it to a value of about 2.475 eV. The shape of the curve calculated in

section 2 for a large range of R values around the potential minimum

(1.30 to 7.50 bohr) is ruure accurate however, as can be judged from the

last column in table 8. The values AE are calculated through AE =

E,._ - E ,, , + 0.00056. This formalism was chosen since the two po-fit table H

tentials are nearly parallel around the niniuuss, the difference at the

minimum being - 0.C0056 hartree.

The largest discrepancies are found to occur at very large int emu-

clear distances, close to dissociation; a situation which has been ob-

served earlier in other work [27,28]. It should be noted, however, that

the corrected potential energy curve, does not yet generate the right
4 +quasistable levels in the lower energy range (i.e. peak 1 for He- and

peaks 1 and 2 for tte^ and He He ). In view of the fact that the re-

quired changes in the potential were all less than 0.0008 hartree (~20

meV), we expect minor additional changes to be able to eliminate the

remaining discrepancies.
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SMMAKi

The work described in this thesis reflects the development of a nev

speccroscopy: Che translational spectroscopy. The tsethod consists in

measuring the velocity or energy distribution of fragments from dis-

sociative processes. This implies that the velocity of the parent

molecules has to be accurately known, so the use of beam techniques is

indicated. In order to reduce the influence of the initial thermal

energy distribution, fast ion beams are used in this investigation.

The analysis of the fragment velocity distribution has been performed

with a high resolution (""•1:4000) mass spectrometer.

The object of this study was to investigate the dissociation of

metastable di-atomic molecular ions in the electronic groundstate.

The molecular ions which are extracted from the ion source by 10 keV

appear to be highly rotationally excited. The centrifugal energy of

these ions generally will allow for the existence of a potential

barrier at relatively large internuclear distances ('-2.5 8 to 7 &).

This implies that vibrational levels just below this barrier are

metastable with respect to dissociation, because of the possibility of

tunneling. This process is called rotational predissociation.

The introduction deals with a short survey on rotational predis-

sociation and se. v.dly, describes a quantum mechanical and a seai-

classical method to calculate the positions and lifetimes of the seta-

stable levels.

In chapter 1 the results obtained with these two methods are compared

for H_ , HB and 0. • Experimental results on the determination of

energy values for quasibound levels of H_ and D, , and an extensive

description of the experimental seE-up are presented in chapter II.

It is concluded that theory and experimental results agree very well.

Secondly the results of the two computational methods prove to he
—/ft

equivalent for the experimentally observed lifetime range O l O sec).

Moreover, the influence of apparatus effects on the measurements first

is analysed and then eliminated by neans of a convolution treatment

(simulation).

In the third chapter energy and relative lifetine aeasucemracs are
4 +

discussed, concerning the cetastable HeH ion. It is demonstrated that

the determination of relative lifetimes is essential in discriminating
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between two accurate ab initio potential curves differing only 1 neV or

less.

The last chapter presents the first efforts in constructing a

-potential curve using translationai spectroscopie measurements in the
4 +

case of He„ and isotopic ions. The experimental data are used to

optimize an already accurate ab initio curve, alsc presented in this

chapter. The changes necessary are less thaa 20 neV, wnich again

demonstrates the extreme sensitiveness of this kind of experimental

data to the shape of the potential energy curve.
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Theorie en experiment sternen zeer goed overeen en de resultaten van

de twee berekenings methoden blijken gelijkwaardig te zijn als oen naar

dié niveau's kijkt die in het experimented toegankelijke levensduur

gebied liggen ('-10 sec). In de appendix van hoofdstuk II vordt de

invloed vac apparaat effecten op de meetresultaten geanalyseerd zodat

die daarna met behulp van een convolutie procedure (simulatie) konden

worden geëlimineerd.

Hoofdstuk III geeft de resultaten van energie én relatieve levens-
4 +

duur bepalingen aan het metas table Ie HeH . liet name de relatieve

levensduur metingen zijn essentieel gebleken om onderscheid te kunnen

naken tussen twee zeer nauwkeurige ab initio potentiaal berekeningen.

Deze potentiële energie curven verschilden maximaal slechts 11 neV.

In het laatste hoofdstuk worden de eerste pogingen beschreven in de

richting van het construeren van een potentiële energie curve, waarbij
4 +

wordt uitgegaan van trans letie spectroscopische bepalingen aan He.

en isotopen. De experimentele gegevens zijn gebruikt on een reeds

nauwkeurige ab initio curve te optimaliseren. De benodigde

veranderingen in potentiële energie waren kleiner dan 2© neV, hetgeen

nog eens de bijzondere gevoeligheid van dit soort metingen aantoont

voor de vorm van de potentiële energie curve.
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Met in dit proefschrift beschreven onderzoek toont de oacwikkelimg

van een nieuw soort spectroscopie: de translatie spectroscopie. Beze

methode beoogt het opaieten van de snelheids~ of energiedistributie van

fragmenten afkoosti» van dissociatieve processen, tet is daarmm nood-

zakelijk dat de snelheidsverdeling van de moleculen vóór die dissociatie

nauwkeurig bekend is. Dit Scan zeer goed in molecuulbundel experimenten

gerealiseerd worden. Ten einde de invloed van de initiële thermische

energieverdeling te kunnen onderdrukken, zijn in dit onderzoek snelle

ionenbundels gebruikt. Be analyse van de snelheidsverdeling van de

fragmenten is uitgevoerd met behulp van een massa spectrometer net hecg

oplossend vermogen (il: 4000).

Bet onderwerp van dit onderzoek is de dissociatie van ne tastt able Ie

2-atoaaige moleculaire ionen, die zien in de electronen grondtoestand

bevinden. 9e moleculaire ionen die uit de ionenbron met ongeveer 10 keV

geëxtraheerd worden, blijken zich in hoog aangeslagen rotatie

toestanden te bevinden.

De rotatie energie zal in het algemeen de potentiële energie curve

van het niet-roterende systeem vervormen tot één die een zogenaamde

rotatie barrière heeft. Deze "potentiaal berg"" kan zich op relatief

grote internucleaire afstanden bevinden ("t>2.5 A tat I * ) .

Door het optreden van de barrière zullen vibratie niveau's, die

boven de dissociatie liniet maar Ji«detr de barrière liggen, oetastabiel

zijn ten gevolge van het tunnel—effect. Dit proces nu wordt rotatie

predissociatie genoemd.

De inleiding geeft een kort overzicht van de theorie. Daarna wordt

een beschrijving gegeven van een quantuM-nechanische era eisn secd-

klassieke methode om de energie en de levensduur van de netastabirle

niveau's te berekenen.

In hoofdstuk I worden de resultaten van deze twee formalisaen set

elkaar vergeleken bij het toepassen op de rotatie predissociacie van

H.. , HD era O, . Be experimentele resultaten met betrekking tot de

bepaling van de energie boven de dissociatie lieiet vaa iraetastaüsiele

niveau's van H, en 0, worden beschreven in hoofdstuk II. Bovendien

wordt daarin een uitgebreide beschrijving gegeven van de experimentele

opstelling.


