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ABSTRACT

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

originating from rotational predissociation of Re He has been measured.

There is a pronounced difference between the intensity distributions in

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

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

The rotational quantum numbers of the states involved are calculated

from the spectra.

1. INTRODUCTION

Coupling between electronic states in a non crossing situation has

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

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

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

classical trajectories and the electronic motion was treated quantum

mechanically in a time dependent description. Using an exponential

dependence of the electronic interaction matrix element of the inter-

nuclear distance, Demkov obtained an analytical expression for the

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

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

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

described as a radial or angular coupling. Both methods essentially

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

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

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

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

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

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

probability for the two outgoing channels. This effect is studied

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

The advantage of a rotational predissociation experiment is the

availability of several rather low and discrete velocities of the

separating fragments in the centre of mass coordinate system of the

molecule.

The first heteroisotopic molecule which comes into consideration for

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

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

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

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

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

2. THEORY

The phenomenon of rotational predissociation has already been

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

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

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

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

groundstates.
3 4 +

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

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

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

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

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

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

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

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

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

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

Without any splitting, there should be an equal probability for

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

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

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

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

outgoing channels. The coupling between the adiabatic functions

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

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

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

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

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

Molecular wave functions and potential energy curves are usually

calculated only for intermediate internuclear distances around the

equilibrium configuration. Starting with the Born-Oppenheimer

approximations, the eigenf unctions of the electronic Hamiltonian are

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

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

symmetry with respect to the electrostatic centre of the molecule.

At larger internuclear distances, however, these electronic wave

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

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

final state function.

Unfortunately a complete solution of the problem of constructing

molecular wave functions with the correct asymptotic behaviour has not

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

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

solution of the complete Hamiltonian for the total system of electrons

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

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

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

Hè obtained an approximate solution by simply connecting the molecular

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

solution for large R.

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

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

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

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

calculated the electronic-vibrational wave functions for H_ in a

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

dissociation problem.

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

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

culated nonadiabatic energies for the first few rotational levels of

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

difference between the adiabatic and nonadiabatic energies was very

small for these low-lying states.

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

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

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

transition region. In this region where the splitting between both

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

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

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

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

of Demkov, that the electronic interaction matrix element is an

exponentially decreasing function of R, holds:

H12 • eexp^/TÏ R) (4)

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

the charge transfer probability in a process like

3He+ + 4He -• 4He+ + 3He



71

In the present case we have to do with a dissociating molecule, so our

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

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

in a time dependent form

H12 - Sexp (-Yt)

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

f(t) - a(t)'F, + b(t)¥2

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

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

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

Wj = | a(») |2 and w£ « | b(») \
2

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

equations

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

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

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

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

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

function as

- V

for ü)(t) we obtain

t

u>(t) » | H12(t')dt'

—00

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

2 sech S . (5b)

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

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

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

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

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

functions, and treating the coupling as a radial one.

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

limiting cases.

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

(the lowest state) is formed.

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

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

equal probability.

3. EXPERIMENTAL

The apparatus used in the present experiment has been described in

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

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

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

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

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

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

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

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

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

opportunity to discriminate between fragments formed inside and outside

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

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

direction); E: collimation hole with pumping resistance;

F: interaction chamber with collimation hole; G: deflection

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

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

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

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

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

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

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

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

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

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

4. RESULTS AND DISCUSSION

The spectra obtained in the present experiment, are reproduced in

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

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

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

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

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

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

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

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

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

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

convolution method are also given in [ 8] .

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

apparatus effects, we compared the results with experiment and

corrected the starting values. This procedure was repeated until the

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

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

agreement between the simulated and measured spectra. The numerical

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

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

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

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

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

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

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

strongly favoured, which is in qualitative agreement with formulae

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

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

mental spectrum and the dashed curve is the computer

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

See caption of figure 3.
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Table 1.

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

paak

no

1

2

3

4

5

6

e

0

0

0

0

0

0

1)
d

.015

.041

.062

.108

.185

345

e

0

0

0

0

0

0

2)
d

.012

.038

.057

.102

.178

.336

3He+

ed

(experimental)

0.

0.

0.

0.

0.

0.

011 ± 0

035 ± 0

055 ± 0

100 ± 0

178 ± 0.

336 ± 0.

.001

.002

.002

002

003

004

1

0

0

1

1

peak

ratio

.34

.47

.97

.47

.37

± 0.12

± 0.04

± 0.10

± 0.11

± 0.14

1

ed 2 >

0.012

0.037

0.055

0.100

0.174

0.331

*He1

ed

(experimental)

0.013

0.036

0.058

0.101

0.176

0.329

±

±

±

±

±

±

0.

0.

0.

0.

0.

0.

001

002

003

003

004

004

0.

0.

0.

1.

1.

peak

ratio

42

22

70

14

26

± 0.02

± 0.02

± 0.04

± 0.04

± 0.05

1

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

correct level position.

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

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

values for He and He are slightly different, because the

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

of the metastable states is difficult, because a very accurate

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

However, a recent calculation of Peyerirahoff and Buenker has resulted

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

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

assignment of the rotational and vibrational quantum numbers for the

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

e, values [ 9] .
a

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

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

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

tional energy can only be calculated if the rotational quantum number

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

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

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

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

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

r3

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

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

so:

From (5a) and (5b)



78

The rotational quantum numbers for the first five peaks can be

calculated, provided we know J for peak 6

w (1) /w (1)

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

measure relative intensities.

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

in the present work.

Firstly we used a semi-empirical relation originating from Olson

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

original parametrization, including a correction factor 0.86 for Y

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

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

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

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

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

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

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

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

The J values calculated from experiment are systematically too high.

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

and the choice of the parameters.

Therefore we also tried another method. Approximate calculations for

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

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

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

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

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

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

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

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

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

The rotational quantum numbers calculated for the first 5 peaks.

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

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

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

of a theoretical assignment described in [9].

Peak
no.

1

2

3

4

5

6

22

35

43

57

69

58

J

± 4

± 4

± 4

± 5

± 9

*)

J

18 ±

29 ±

35 ±

47 ±

58 ±

58 *)

4

4

4

5

8

J

37

42

49

58

In the calculation the following quantities are used

a = 2.026 x io"5 a.u.

For the second column: R = 11.64 a.u.
o

Y = 1•156 x v a.u.
K
O

For the third column: R * 9.35 a.u.
o

Y • 1.649 * v ' a.u.
K
O

) This J-value is used as normalization.
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column of table 2. A variation of J for peak 6 from 56 up to 64 does

not change the results.

From the data presented in this table it appears that we now have

a better agreement between experiment and theory. The deviations are

almost within the experimental error.

The accuracy of our method depends on the applicability of formulae

(5a) and (5b) in this case. From the work of Olson [3] we know that the

Demkov treatment is very accurate at low impact parameters, relative to

R . In our experiment, the distance of- closest approach is much smaller
o
than R . Consequently also the impact parameter is much smaller than

R so we believe that (5a) and (5b) are valid in this case,
o

5. CONCLUSIONS

For the rotational predissociation of a heteroisotopic molecule like
3 4 + 3 + 4 +

He He , the probabilities for the formation of He or He are not

the same, especially not at low e, values.

The results are at least in qualitative agreement with the theory

of Derakov.

From the peak ratio's it is possible to calculate the rotational

quantum numbers of the metastable levels involved.

A correct choice for the interaction matrix element is important.
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