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Abstract

In this thesis, dissociative recombination of molecular ions has been studied
both experimentally and theoretically. The experiments are performed using the
ion storage ring CRYRING in Stockholm. The total cross sections for
dissociation in electronic recombination with CH , CH  and D  are measured.5 2 3

+ + +

For CH  and CH  also the branching ratios for the different fragmentation5 2
+ +

channels are measured. It is shown that the three-body breakup dominates
significantly more than previously believed.

From the theoretical studies of dissociative recombination of HeH  and HD+ +

it becomes clear that the dynamics during the dissociation is very critical for the
branching ratios. It is important to find an accurate model of the potential energy
curves and the couplings between the curves. The dynamics have been treated
using both a time-dependent wave packet approach and a time-independent
Landau-Zener-Stückelberg approach.

Ion-pair formation in electronic recombination with HD  has for the first+

time been measured  in an ion-storage ring. The measured cross section shows
peaks over a wide range of energies. The theoretical studies of the dynamics
found that the peaks can be explained by quantum interference between
competing path ways to the ion-pair limit.
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1

Introduction

1.1 Description of dissociative recombination and related processes

Dissociative recombination (DR) is the process where a molecular ion
dissociates by recombination with an electron at low collision energy. Denote
the molecular ion by AB . For simplicity, in the following AB+ will be assumed+

to be a diatomic molecule. The extension to polyatomics is obvious. After the
collision with the electron, an excited neutral state, AB , will be formed. If thisùù

state is a repulsive state, the neutral atoms will repel each other and the molecule
will dissociate into neutral fragments. The DR process is then complete. Thus,
the process that will be studied here is the following

 AB e AB A B.      (1.1)+ -� � � �ùù

In the following chapters it will be shown that the cross section for this process
is large, with a rate coefficient  at room temperature of approximately� �� ���

���(cm /s. The cross section of DR is especially large at low electron collision3

energies.
It is not difficult to understand that the for a long time it was assumed that

the DR process could be neglected. Remember that the mass difference between
the lightest molecular ion (H ) and an electron is 3680. The dissociation energy2

+

for molecular ions is usually of the order of a few eV. When the tiny electron
collides with the molecular ion, with a collision energy far below the
dissociation energy, the DR process will break the molecular bond. How can this
be possible ? In 1950, Sir David Bates first suggested that dissociative



2

recombination of molecular ions could explain the decay of ionization from the
ionosphere [1]. The current belief was that physical electronic states of
molecules are  states. By using , non-crossing states, the DRadiabatic adiabatic
rate becomes impossibly slow. However, by using a new set of states, the
diabatic states, that are allowed to cross each other, he was able to estimate the
rate coefficient of the DR process. The potential energy curves relevant for the
process (1.1) are schematically shown in figure 1.1 below.

 Figure 1.1. Schematic potential curves for the  ofdirect mechanism
 dissociative recombination, suggested by Bates. The potential
 curve of the repulsive resonant neutral state AB  is crossing theùù

 ionic state potential close to its minimum.
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The process starts with the collision between the molecular ion and the electron.
Since there is a Coulomb attraction between the two reactants, it is easy to
understand that the scattering cross section is large at low collision energies. In
1948, E. P. Wigner showed that, for the same long-range potential, the reaction
between particles with very low relative velocities has a cross section with the
same function of energy, no matter what particles collide. For a Coulomb
attraction between the colliding particles, he found that the cross section is
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proportional to  at small collision energies [2]. The electronic recombination��	
with the molecular ion will form the neutral state AB . This is a doubly excitedùù

state, since its potentials energy curve is situated above the ionization limit. This
is therefore not a stable state in the normal sense, it is a resonant state. The
neutral molecule can autoionize, that is, re-emit the incoming electron. However,
if this neutral state is repulsive, the molecule will start to dissociate. When the
molecule has an internuclear separation larger than the position of the crossing
point between the potentials of the repulsive neutral state AB  and ionic stateùù

AB , autoionization is no longer energetically possible. The molecule will then+

continue to dissociate into the atomic fragments A B. This is usually called�
the direct mechanism of dissociative recombination. To summarize, the DR
cross section obtained from this mechanism is assumed to be large at very small
electron collision energies and then it falls off like . If there exists higher��	
excited neutral states, a broad peak can be observed in the total DR cross section
at larger collision energies (typically above a few eV).

 Figure 1.2. Schematic potential curves that are relevant for the
  direct mechanism of dissociative recombination when there
 are no neutral diabatic potential energy curves crossing the ionic
 state potential. Here, the DR process can instead be explained
 using adiabatic potentials coupled by the non-adiabatic couplings.
 This is sometimes referred as the  of DR.tunneling mode
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For some molecular ions, such as HeH  and H , there are no doubly excited+ +
3

neutral states crossing the ionic ground state potential close to its minimum.
Therefore, for a long time, the DR rate of these molecular ions was believed to
be very low. However, experimental measurements found a surprisingly high
DR rate of HeH and H  (   cm /s respectively   cm /s at room+ + 3 7 3

3 
 �� 
 ���) �

temperature K) [3,4]. Theoretical calculations [5] have shown that for� � ��
these molecules, the  between the adiabatic states of thenon-adiabatic couplings
ion and lower lying dissociative neutral states are responsible for the observed
high DR rates. This is illustrated in the figure 1.2 above.

In 1968, Bardsley [6] proposed that DR also could proceed through a two
steps process he called the  . In the first step, a temporaryindirect mechanism
molecule AB  is formed, in which the electronic configuration is that of a highlyù

excited Rydberg state which has the initial ionic configuration as its core. The
excess energy of the incoming electron is transferred into vibrational excitation
of the Rydberg molecule. Note that this first step of the process is driven by the
same type of couplings (the non-adiabatic couplings) as are responsible for the
tunneling mode described above. The Rydberg molecule is, of course, unstable
since it can decay by emitting an electron through the transfer of energy from the
vibrational motion back to the electronic motion. However, if there is a non-
Rydberg state of the molecule whose potential energy curve crosses the Rydberg
state potential, predissociation of the Rydberg state is possible. Thus in the
second step, the Rydberg state is coupled to the same doubly excited repulsive
neutral state AB  that is responsible for the direct DR process. The indirectùù

mechanism is completed by dissociation along the repulsive potential energy
curve. The indirect mechanism of DR is thus given by the following reaction:

 AB e AB AB A B.    (1.2)+ -� � � � �ù ùù

Note that the first step of the indirect mechanism is a resonant process that
becomes important only when the electron collision energy matches a vibrational
level of one of the Rydberg states. The indirect process of DR is illustrated
schematically by the potential energy curves in the figure 1.3.
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 Figure 1.3. Schematic potential curves relevant for the indirect
 mechanism of dissociative recombination. The process starts
 by capture into a vibrational excited Rydberg state AB .ù

 This state will then predissociate along the doubly excited
 potential denoted by ABùù�
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Whenever there is a doubly excited repulsive neutral state crossing the ionic
state potential, this repulsive potential will also cross the Rydberg state
potentials situated below the ionic state potential. Thus, when the direct process
of DR is open, the indirect process will be present too. How much it will
influence the DR cross section depends very much on the magnitude of the non-
adiabatic couplings to the Rydberg states. The indirect mechanism will occur
together with the direct mechanism and the two processes have to be treated
simultaneously. Using a multi-channel quantum defect theory (MQDT), Giusti
[7] was able to show that the interference between the direct and the indirect
mechanisms of DR will produce structure in the DR cross section at low electron
collision energies. (The first step in the indirect mechanism, the capture into
vibrational excited Rydberg states, is only possible for collision energies below
the dissociation energy of the molecular ion).



6

The electronic recombination of molecular ions may not only produce
neutral fragments, but also charged fragments can be produced. One such
reaction is  the .ion-pair formation

 AB e AB A B .     (1.3)+ - + -� � � �ùù

This process is sometimes referred as resonant ion-pair formation (RIP). In this
reaction, the first step of the process, the electronic recombination, is identical
with the first step of reaction (1.1). The difference is that the dynamics of the
neutral molecule will here result in the formation of the ion-pair.

Dissociative excitation (DE) is the process where the electron is scattered on
the molecular ion and a part of the kinetic energy of the electron is transferred to
electronic excitation of the molecular ion. If the molecular ion is excited into a
repulsive state, the dissociation will produce neutral and ionic fragments

 AB e (AB ) e A B e .    (1.4)+ - + - + -� � � � � �ù

An onset of the DE cross section is observed when the molecular ion gets
enough energy to reach the excited ionic state.

Ionic fragments can also be produced by the so-called resonance-enhanced
dissociative excitation process. In this process, the electronic recombination will
form a doubly excited neutral state that is a Rydberg state with an ionic core
with a configuration of the excited ionic state involved in the DE reaction in
equation (1.4) above. This neutral state may autoionize back to the ionic ground
state. If the autoionization goes into the vibrational continuum, dissociation of
the molecular ion will follow. Thus, the reaction can be described as:

 AB e AB AB e A B e .   (1.5)+ - ** + - + -� � � � � � �

This process will start at electron collision energies smaller than the threshold of
the process of direct dissociative excitation. The two pathways of DE are
illustrated in figure 1.4.
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 Figure 1.4. The direct (solid arrows) and indirect (dotted arrows)
 mechanisms of dissociative excitation.
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1.2 The experimental procedure

Since 1992 storage rings have been used for experiments involving molecular
ions. The experimental part of this thesis is carried out using the storage ring
CRYRING situated in Stockholm [8]. In the storage ring, molecular ions can be
stored circulating for several seconds. Usually during each injection, the ions are
stored for some seconds prior to the experiment. This allows the molecular ions
to cool down vibrationally before the experiment starts. Thus, in the storage-ring
experiments, when the experiment starts, the electronic and vibrational states are
well defined. In order to allow long storage times, the vacuum system is kept at a
very low pressure. In one section of the ring, a beam of electrons is merged with
the ionic beam. Here, the collisions between the electrons and molecular ions
will take place. By changing the electron velocity, different collision energies
can be studied. In dissociative recombination neutral fragments are produced. By
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detecting these neutral fragments the cross section of DR is measured. The
storage rings have several advantages in the study of dissociative recombination.
For example, both the ionic and electron beams have very well defined velocity
distributions and therefore, the electron collision energy will be well defined.
The CRYRING storage ring has been used for experiments on DR since 1993. In
the beginning, the total DR cross sections were measured.

A development of an imaging detector system has made it possible to also
measure the final state distributions of the atomic fragments [9,10]. That is, for
DR of a diatomic molecule, AB  it is possible to measure the electronic states of+

the fragments A B . These types of imaging experiments have been��� � �� �w

carried out since 1996 in CRYRING.
By using a technique with a grid with a known transmission in front of an

energy dispersive particle detector it is possible to measure the branching ratios
of different fragmentation channels. For DR of  a triatomic molecular ion ABC ,+

it is thus possible to measure the probabilities for decaying into the channels ,�
� � and :

 ABC e     (1.6)
A B C

AB C
A BC .

+ -� �
� � � �

� � �
� � �

�
�
�
�

In these measurements, the electronic or vibrational states of the fragments are
not measured, only the different fragmentation channels are separated.

The first three papers that this thesis is based on, are experimental studies of
dissociative recombination performed using the CRYRING ion-storage ring. In
paper I and paper II, the grid technique was used to study the branching ratios in
DR of CH  and CH . In these two papers, also the total DR cross sections are5 2

+ +

reported. In paper III, the DR cross section of D  is measured. By comparing this3
+

cross section with measured cross sections for DR of H  and H D , isotope3
+ +

2

effects in DR can be studied. The effects from on DR from an external electric
field is also studied in paper III.

By inserting a new energy-sensitive particle detector in the dipole chamber
behind the electron beam, negative fragments formed by the electron
recombination can be detected. This has made it possible in 1999 to use the ion-
storage ring to measure the ion-pair formation in electronic recombination [11].
Paper V is a joint experimental and theoretical paper about the ion-pair
formation in electronic recombination with HD  and OH .+ +
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In chapter 2 a brief description of the experiments will be given. Since I
wrote my licentiate thesis in February 1999, I have concentrated on the
theoretical calculations. I have not participated in the experiments on
dissociative recombination. Therefore the following discussion about the
experiments will be a shorter version of the experimental section in my licentiate
thesis [12].

1.3 Theoretical study of the dynamics

The final state distribution formed in DR is very dependent on the dynamics of
the molecule after the molecular ion has recombined with the electron. After the
electron has been captured, the molecule AB starts to dissociate along theùù

repulsive potential. Autoionization is possible until the internuclear separation is
larger than the crossing between the resonant repulsive and ionic potentials. At
larger separations, the repulsive potential may couple to other neutral states,
such as the Rydberg state with potentials situated below the ionic ground state
potential. These couplings may then redistribute the population from one
potential to the other. These couplings are very important for the final state
distributions formed in dissociative recombination. In papers IV, V and VI
theoretical studies of the dynamics in DR of diatomic molecular ions are
reported. Mostly the electronic couplings between the states are studied.
However, in Paper IV also the rotational couplings are included. Two different
approaches to the problem are used. In papers IV and VI the time-dependent
approach, using wave packets, is applied. In paper V a semi-classical time-
independent approach is used. Both models are based on the solution of  the
Schrödinger equation for coupled potentials. In doing this, it is very important to
find an optimal representation for the potential curves and couplings. In this
thesis, chapter 2 will try to answer some difficult but very relevant questions:

� What is a potential curve of a molecule ?

� How are the potentials coupled ?

� What different representations of the curves and couplings can be used ?

� How do we find the optimal representation ?
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The potentials relevant in dissociative recombination will also be discussed in
more details. In chapter 3, the two models used for studying the dynamics of the
molecule on the coupled potentials will be described.

In Paper IV wave packets are used to study dissociative recombination of
HeH  at high electron collision energies ( eV). From these calculations,+ � ��
also the cross section for ion-pair formation is obtained. In this paper two
different representations of the potentials have been used.

The time-independent approach is used to study the ion-pair formation in
electronic recombination of HD  in Paper V. The same process is studied using+

wave packets in Paper VI. However, from this paper also the DR branching
ratios and cross section are obtained.

1.4 Motivation for the research

During my Ph.D. studies I have several times been asked: why are you doing
this? This is a very important question to answer. Dissociative recombination is
about basic reseach. For me, personally, I want to understand how the molecules
behave and why. The theoretical studies reported in papers VI, V and V are
about DR of the simplest of molecules, HD  (it is just an isotope of H ) and+ +

2
HeH . The theory behind the paper, the quantum mechanics, has been known+

since 1926. However, the calculations reported here show that even for these,
the simplest of all molecules, it is not easy to understand and model the
dynamics for molecules when the potentials are coupled. The questions listed in
the section above, are not easy to answer. Do we really know the answers yet
and will we ever be able to answer those questions ? For me, that somehow lives
in the world of wave packets, this work is about answering those questions.
However, this might not be a satisfying answer when people ask me why I am
doing this.

A more satisfying motivation for my work might be that studying DR is
important for understanding the chemistry in space. Between the stars, there are
giant clouds of gas (interstellar gas clouds). These gas clouds with diameters of
the order of light years are very cold, with temperatures 2  K. In� 
 �� � ��
some parts of the clouds, where the density is  large, the gas will collapse and
form stars. An example of a interstellar gas cloud is the Orion nebula. In these
clouds more than 100 different types of molecules have been observed, mainly
via rotation emission spectroscopy. Simple molecules as diatomics, but also very
complex species as HC N have been found [13]. The molecules in the11
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interstellar cloud will be important for the star formation, since they will cool
down the cloud by sending out radiation from the rotational relaxation. For more
than 60 years, astrophysicists have tried to understand how these molecules can
be formed. The temperature of the cloud is very low, the density is low
(  cm  and there is also the ionization from the bright ultraviolet� � �� � �� �$ ' -3

starlight. The gas is not in thermodynamic equilibrium. In the models it is
mainly assumed that the molecules are formed by two-body reactions between
ion and neutrals. Generally these reactions have very low activation barriers.
From these reactions, more complex molecular ions will be formed. The neutral
molecules are then believed to be formed through dissociative recombination of
the molecular ions with electrons. Therefore, dissociative recombination is a
basic step in the complex chemistry of the interstellar cloud. In order to model
the chemistry, rate coefficients and branching fractions have to be known. This
is one of the practical applications of my research.
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2

The experiment

2.1 The ion-storage ring CRYRING

The experiments are performed in the ion-storage ring CRYRING (CRYogenic
ion source RING) in Stockholm. A schematic view of the ring is shown in figure
2.1.

 Overview of the CRYRING facility.Figure 2.1 
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The molecular ions are created in an electron impact ion source called MINIS.
They are extracted from the ion source at an energy of 20 - 40 keV. The ions are
then mass selected in a bending magnet. If the ratio between the charge of the
ions  and the atomic mass number  of the ions fulfills , they can� � ��� � ����
be further accelerated in a radio frequency quadrupole (RFQ) accelerator to an
energy of 300 keV per atomic mass unit. The ions are then injected into the ring.
The ring has a circumference of 51.6 m and dipole magnets are used to keep the
ions in the ring. Quadrupole and sextupole magnets are used for focusing of the
beam. In the ring, the ions are accelerated to an energy of 	 � ��� �7+B

;
E

#

(MeV/u). It is very important that the ring system is kept at very low pressure
( 10  Torr) in order to reduce the collisions with rest gas (mainly hydrogen).
 -11

One of the straight sections is equipped with an electron cooler. In the
cooler, a beam of electrons is merged with the ion beam. This is done both for
phase-space cooling of the molecular ions (therefore the name electron cooler)
and for using the electrons as targets in the DR reaction. The electron cooler
produces electrons with very well defined velocities. Let  denote the electron��/

velocity in the ionic rest frame. The electron velocity distribution is given by a
product of two Maxwell-Boltzmann distributions

   (2.1) �� � � ���/
� �

� �� � �� ��� ���
� � � �

/ / /¤

/¤ /¤/� /�
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exp � �

where and are the electron velocities perpendicular and parallel to the ion� �/¤ /�

beam and  and  are the transverse and longitudinal electron temperatures.� �/¤ /�

The electrons are accelerated in the longitudinal direction. This acceleration will
decrease the longitudinal electron temperature. In CRYRING, the transverse
temperature is reduced by letting the electrons pass a magnetic field which is
decreasing in the longitudinal direction. This will cause an adiabatic expansion
of the electrons which will induce a cooling of the transverse velocity spread.
Typical values of the electron temperatures in CRYRING have been a transverse
temperature of meV and a longitudinal temperature of �� � �� �� � ���/¤ /�

meV [14]. In 1997, further developments of the electron cooler decreased the
transverse temperature to 1 meV.�� �/¤

When the electrons are used to cool the molecular ions, the average velocity
of the electrons is matched with the ion velocity. The ions will interact with the
cool electrons through the Coulomb interaction. This interaction will create a
drag force that will try to reduce the velocity difference between the electrons
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and ions. Heat will be transferred from the hot ions to the cool electrons. Since
the electrons are continuously renewed, each passage through the electron cooler
will phase-space cool the ions. This cooling will diminish the velocity spread of
the ions and it will also reduce the ionic beam radius.

After injection of the ions into the ring, the ions are first accelerated to the
desired beam energy. Then we let the ions cool down during 5-10 seconds. The
ions are circulating in the ring with the electrons in the electron cooler having
the same average velocity as the ions. Since the electron beam is much colder
than the ion beam at the time of injection, the passage of the ion beam through
the electron beam transfers heat from the warm ions to the cold electrons. This is
called electron cooling and will result in an increase of the ion density in phase
space. That is, the divergence and cross-sectional area will reduce and a narrow
momentum spread is obtained. The cooling time is also enough for the ions to
cool down vibrationally by means of radiation (see section 3.5.1). When the
measurements start, molecular ions having a permanent dipole-moment will be
in the lowest vibrational level.

By changing the cathode voltage of the electron cooler, the average electron
velocity can be changed. The velocity difference between the average velocitites
of the electrons and the ions is usually called the detuning velocity . If we�.
assume that the mass of the electrons is much smaller than the mass of the ions,
the detuning velocity is nonrelativistically related to the electron collision energy
by

 .        (2.2)	 �
� �

�
/ .

#

Assume that the velocity spread of the ions can be neglected. The relative
velocity relative the ions for an electron with the detuning velocity  and the�.
velocity spread   is given by��/

  .     (2.3) � �< �� � �� � � � !
�

"  #
�    

The ions will experience a drag force that will try to eliminate the velocity
difference between the electron and ion beams also during the measurements.
Therefore, the cathode voltage is switched back and forth  from the cooling
voltage to the measuring voltage.

Behind the electron cooler, the charged particles are bent away by a bending
magnet. The neutral particles formed in the dissociative recombination will
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follow a straight line and hit an appropriate detection system. The different
detection systems are described in the next section.

2.2 Measurement and analysis of the data

Here I will describe how the important quantities relevant for the dissociative
recombination process can be measured using the ion storage ring. One
important quantity is the total cross section for dissociative recombination. This
is the cross section for dissociating into all neutral asymptotic channels. From
the cross section, the thermal rate, that is the rate of the DR process in an
isotropic velocity distribution, can be obtained. It is also important to measure
which fragments are formed by the dissociation. By using a grid technique, it is
possible to measure the branching ratios for polyatomic molecules. For diatomic
molecules, the final electronic state distributions can be measured using an
imaging technique.

2.2.1 Cross section of dissociative recombination

The dissociative recombination cross section is measured using a surface barrier
detector. This surface barrier detector will create a current pulse with a height of
the pulse proportional to the energy of the particles hitting the detector. The
energy of the particles is proportional to the mass of the particles. A multi-
channel-analyzer (MCA) card connected to a PC is used for collecting the
number of pulses hitting the detector at each pulse height. In a DR event, all the
atomic fragments are neutral and will hit the detector. Then a peak at full beam
energy is observed. Because of the high particle energy, we assume a quantum
efficiency of unity, that is all the particles formed in DR are detected. In
collisions with rest gas molecules, usually ionic fragments are formed. Only the
neutral fragments will hit a detector and therefore only a part of the full beam
energy will be detected. The background collisions thus create peaks at
fractional values of the DR peak. Hopefully these peaks are well separated. The
DR cross section is proportional to the ratio between the DR peak and the
background peaks. Examples of MCA spectra are given for CH  and CH  in5 2

+ +

papers II and III.
The count rate recorded by the surface barrier detector is proportional to the

rate coefficient of DR. The rate coefficient is defined as
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 d .    (2.4)� � ��� � $ �� �� � �� �� �� � �. < < < < /@
$� �

/

	 ��/

The relation between  and   was given in equation (2.3). The electrons in the� ��< /

cooler are not monoenergetic, but have a certain velocity distribution ��� ��
/  as

described in the section above. The averaging therefore has to be performed over
this velocity distribution. Note that the rate coefficient is a quantity that strongly
depends on the experimental circumstances (e.g. the longitudinal and transverse
electron temperatures).

The count rate recorded by the surface barrier detector will also be
proportional to the electron and ion densities. Thus, in order to obtain an
absolute DR cross section, the electron and ion currents have to be measured.
For more details of the procedure to obtain the experimental rate coefficient, see
[12,15].  When the electron collision energy is large, the velocity distribution of
the electrons can be neglected  and the DR cross section is obtained�	 % �� �/
by dividing the experimntal rate coefficient with the detuning velocity of the
electrons

 ��	� �
� ���� ��

�

< < @/

.

.       (2.5)

For smaller collision energies, the electronic velocity distribution can not be
neglected. By using the approximation eV it can be shown [15,16]�� � �/�

from  the definition of the rate coefficient that the DR cross section becomes a
convolution between the cross section and an experimental function. By using
the fact that the Fourier transform of a convolution is a product of Fourier
transforms, the cross section can be obtained. This Fourier transformation is
carried out numerically. In papers I, II, the cross sections for DR of CH , are5

+

CH  are reported. In figure 6 in paper I and figure 3 in paper II, the cross2
+

sections calculated directly using equation (2.5) is shown as filled squares and
the deconvoluted cross section is shown as a line. Below 0.05 eV the velocity
spread of the electrons become important.

In paper III, the rate coefficient for D  is reported (figure 1) and compared3
+

with the rate coefficients for DR of  H  and  H D .3
+ +

2
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2.2.2 Thermal rate coefficient

In the interstellar molecular clouds it is often assumed that the electrons will
have an isotropic velocity distribution. The electron temperature in the clouds
varies from 10 K to 200 K [13]. In order to model the destruction of molecular
ions by collisions with the electrons, the important quantity is the thermal rate
coefficient . The thermal rate coefficient is obtained by using the definition��� �/
(2.4) and assuming an isotropic distribution of the electrons.

 d   (2.6)� � ��� � � � ��� & � �/

$¶#

!

_
#� � � �� � �

� �� ���
/ /

/ /

#

�
	 exp �

Bardsley was in 1968 [6] able to show that in the  mechanism of DR,direct
the thermal rate should be basically proportional to  In deriving��� � ' � �/ /

�½

this result, he assumed that the incident electron energy is less than about 1 eV,
the life time of the resonant state against autoionization is long compared with
the time for effective dissociation to take place and finally he also assumed that
the molecular ion is initally in its ground vibrational state. Since then it has
become common to present the thermal rate in the form:

 ,                 (2.7)� ��� � �/ !� �300
�
/

�

where  is a constant close to ½. The thermal rate coefficients were calculated�
from the measured cross sections in papers I and II for DR of CH  and CH .5 2

+ +

2.2.3 Branching ratios for polyatomic molecules

When dissociative recombination of a polyatomic molecule is studied, different
fragmentations of the molecule are possible. In Papers I and II, the branching
ratios for DR of CH  and CH  were measured in ion-storage ring experiments.5 2

+ +

For example, at zero electron collision energy, the following channels are
energetically open in DR of CH :2

+
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 CH  + e               (2.8) 
C + H  + 6.8 eV          
CH + H + 5.8 eV  
C + H + H + 2.3 eV

2
+ -

2

�
� �
� �
� �

�
�
�
�

Here, it is assumed that only the lowest atomic and molecular states of the
fragments are formed. The branching ratios of the channels are called ,  and� �
�. The experimental technique is to use a a grid in front of the surface barrier
detector. The grid is made if stainless steel, 50 m thick and contains�
electroetched holes with a diameter of 70 m. The transmission of the grid has�
been measured [17] to be  (The value of the transmission has� � ����(������
later been remeasured giving  [18].)� � ����)(�����

 .Figure 2.2. The principle of the translucent grid method

CH

H

grid
Surface barrier
detector

If a particle hits a hole, it will be transmitted. The probability for this is The� �
particle will be stopped by the steel with a probability of  Assume that�� � ���
CH  is dissociating 2

+ to C + H  (channel ). Both particles will then be2 �
transmitted with a probability of  A pulse height corresponding to the full� �#

beam energy would then be detected (DR-peak). An event when only the carbon
atom is detected has a probability of , and part of the original DR��� � ��
signal will then result in a relative increase of the counts in peak C. Carbon
being stopped and H  passing through a hole having the same probability,2
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��� � ��, and likewise the 2H peak will increase. Thus, the DR signal obtained
when the grid is placed in front of the detector will be distributed over all the
peaks in the spectrum. This distribution of the "DR-counts" will be dependent
both on the transmission of the grid and the branching fractions of the different
channels. When the background spectrum is subtracted, we get the following
linear system of equations for the branching ratios


 � 
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     (2.9)

where , ,  and  are the number of counts in each peak after� � � �G�#L G�L G #L

background subtraction. The  peak is not used, since it is hidden in the�L

electronic noise of the detector. The branching raitios are obtained from the
normalization, that is:

                  (2.10)� � �
*

* �* �* �
!

! #"�

As mentioned before, the background spectrum has to be subtracted. For CH ,5
+

this was not difficult. A background spectrum was obtained from a measurement
with no electrons in the cooler. We know that at zero collision energy, no open
channel results in C-atoms. We therefore know that the counts in the C-peak can
only originate from collisions with rest gas.

For CH  it was somewhat more complicated to obtain the background since2
+

no real measurement was carried out. Instead, we used a spectrum from a
measurement at 60 eV. The DR cross section is then very low, but we cannot
neglect the DE cross section. Therefore, the background spectrum had to be
corrected for dissociative excitation. Another problem was that at zero energy
there are contributions from the DR signal in all the peaks. The background
spectrum could therefore not be subtracted in the same way as for CH . Instead5

+

we multiplied the background spectrum by an unknown factor. This factor could
then be determined by extending the linear system of equations for the branching
ratios to include this unknown factor.
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2.2.4 Final state distributions for diatomic molecules

In general it is possible that the dissociative recombination of a diatomic
molecule will produce fragments in different atomic states.

 AB  + e + A  + B + .              (2.11) + - 	 � ��+� �� + � 	w w
538

Depending on which atomic states are formed, different amounts of kinetic
energy is released. When the fragments are hitting a detector the distance
between the fragments will depend on the kinetic energy released. A position
and time sensitive imaging detector records the separation between the
fragments and their arrival-time interval. From this information it is possible to
extract the atomic states of the fragments. The DR fragments hit the first of three
multi-channel plates. The electrons from these plates will produce flashes on a
phosphor screen, and these flashes are recorded using a CCD (charge couple
devise) camera [9,10]. The largest separation is observed if the molecule is
dissociating with the molecular axis perpendicular to the beam direction. When
the molecular axis has an angle  to the beam axis, the distance between the�
fragments will be

 .              (2.12), � + � ,
m" # 538

" # ,/+7

��
� �

	
	� � sin sin� �7+B

Here,  is the distance between the position in the electron cooler where the+
molecule dissociated and the detector,  is the released kinetic energy, and	538

	,/+7 is the beam energy. The maximum distance between the fragments is
called . The dissociation takes place in all possible directions. Various,7+B

angular distributions are possible. In general, in the molecular rest frame, the
differential cross section is given by

 
                (2.13)� � � �.300 #.300

!� �� � - � ��cos

where  is called the anisotropy coefficient. is the Legendre� � . . � -� #

polynomial of second order . For , an isotropic�- � � � � � � �#
$ "
# #

#cos cos� � �

distribution is obtained.  is called a distribution and  is� � �� � � � � �sin#

called a distribution.cos#� �
If we assume that all the fragments are detected, independent of the time of

arrival at the detector, the distributions of fragments hitting the detector will be
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given by the projection of equation (2.12) on a plane. In the experiment, we do
not know exactly where the dissociation takes place in the electron cooler. The
electron cooler has an effective length of approximately 0.85 meter. In order to
get the real distance distributions, as measured by the imaging detector, an
integration of the projected distance distribution over the length of the cooler has
to be carried out. The total distance distribution spectrum will be given by a
superposition of several peaks, corresponding to different atomic final states
produced in the dissociative recombination process. By comparing the integrated
areas of these peaks, the branching ratios for the different atomic limits are
obtained.

In Paper IV, the branching ratios for DR of HeD  are calculated3 +

theoretically. These branching ratios are then used to model the distance
distributions spectra measured in CRYRING [19]. In this modeling, it was
assumed that the angular distributions were the same as used in the fitting of the
experimental spectra.
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3

Potential energy curves and their
couplings

The main goal of this thesis is to study the dissociation dynamics of diatomic
molecules. This is carried out using both a time-dependent and a time-
independent approach. Before using these models, the potential energy curves
and couplings of relevant electronic states have to be calculated. As will be
described below, potential energy curves and electronic couplings originate from
approximate solutions of the electronic part of the time-independent Schrödinger
equation. The separation of the electronic and nuclear part of the Schrödinger
equation is called the Born-Oppenheimer approximation and is one of the most
important approximations in molecular physics.

There are different representations used for describing the electronic states of
the molecule. The most common is the adiabatic representation, where the
electronic equation is diagonalized. However, as will be shown, in dissociative
recombination it is sometimes more convenient to use a non-diagonal  diabatic
representation. The differences between these representations will be described,
and the electronic states relevant for dissociative recombination discussed.  For
simplicity, only diatomic molecules will be considered and atomic units will be
used.

3.1 The Born-Oppenheimer approximation

In order to solve the time-independent Schrödinger equation for a diatomic
molecule, approximations must be made. The essential approximation in
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molecular physics is the Born-Oppenheimer approximation, that is the
separation of the electronic and nuclear motion [20]. This approximation takes
advantage of the extreme difference in masses between electrons and nuclei and
hence the difference in their velocities. Even the lightest atom H is 1836 times
heavier than the electron. The non-relativistic molecular Hamiltonian is given by
a sum of the nuclear and electronic kinetic energy plus the potential energy

       (3.1)   ./�0� � 1 2� � � �0� � � � � �2� � 3 �0� 2�4 4 4� � � �R /

Here,  is the internuclear distance,  and  specify the orientation of the0 � �
internuclear axis. All the coordinates of the electrons are represented by . The2
nuclear kinetic energy operator in the center of mass frame of the molecule is
given by
       

 �4R�0� � � � � 5 � � � 4� � 	
� � " �
� � "0 � 0� � �

#
V
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# # ,  (3.2)

where  is the reduced mass of the nuclei  and  is the angular momentum� 	4

operator. The nuclear kinetic energy operator can be divided into vibrational and
rotational terms:

 �4R R <9>�0� � � � � �0� �/ �0� � �4 4� � � � .    (3.3)

The electronic kinetic energy operator is given by

 .       (3.4)� �2� � � 54
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The electrostatic potential energy is given by a sum of the nuclear-nuclear and
electron-electron repulsion energies and the electron-nuclear attraction energy

 3 �0� 2� � 3 � 3 � 3RR // /R
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where  and  are the charges of the nuclei. The next step is to approximate6 6E F

the total molecular wave function by a product of an electronic wave function
and a nuclear wave function. This is called a Born-Oppenheimer product

 .    (3.6)
 � � � � � �FS
R�0� � 1 2� � �0� 2� �0� � �

Note that here the nuclear wave function  depends only on the nuclear�R

coordinates while the electronic function  depends on the electronic�
coordinates  and, parametrically, also on the internuclear separation distance .2 0

The Born-Oppenheimer approximation is now obtained by substituting the
Born-Oppenheimer product into the full Schrödinger equation and neglecting the
contributions from the nuclear kinetic energy operator acting on the electronic
wave function. Then the full Schrödinger equation can be separated into two
equations, one equation for the electrons and another one for the nuclear motion.

The electronic equation is given by

 ,    (3.7)� �� � 3 �0� 2� �0� 2� � 	 �0� �0� 2�4
/

/6� �

where  is the electronic Hamiltonian. Often this equation is/ � � � 3 �0� 2�4 4
/6 /

diagonalized. The energy eigenvalues obtained, , are then called the	 �0�/6

Born-Oppenheimer potential curves and may be viewed as the potential energy
curves on which the nuclei move. Within this approximation, the electrons react
instantaneously to changes of the nuclear positions, that is the nuclei can be
treated as stationary when the electrons move around them. This approximation
is often a good approximation for electronic ground states, but as will be seen
that this does not hold true for molecular excited states where the electronic
were electronic states often are not well separated and therefore will interact
more easily. In small molecules, the coupling of nuclear and electronic energy is
responsible for couplings between different neutral electronic states, and also for
autoionization and predissociation. These couplings are very important for the
description of dissociative recombination.

The nuclear Schrödinger equation becomes

 .     (3.8)� �� � 	 �0� �0� � 	 �0�4
R R R

/6 � �

This equation describes the nuclear motion, such as the vibrational and rotational
motion of bound electronic states, but also the dissociation dynamics on
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dissociative states. A major part of the thesis is devoted to solving the radial part
of this equation. This will be done using wave packets describing the
dissociative molecule.

3.2 The adiabatic representation

In the Born-Oppenheimer approximation, the potential energy curves are
obtained as the eigenvalues of the time-independent Schrödinger equation,
assuming that the nuclear kinetic energy operator, , does not act on the�4R

electronic wave function. Actually  are functions of the nuclear coordinate�+.
3

0. The adiabatic potential energy curves are obtained by adding the diagonal
contribution from this operator to the Born-Oppenheimer potential curves:

 .    (3.9)	 �0� $ 	 �0� � �4+. /6 +. +.
3 3 3 3R <

� � � �� �

The second term can be seen as a perturbation and gives a much smaller
contribution to the energy than . It is important to note that, in the adiabatic	/6

representation, the electronic part of the Hamiltonian is diagonalized,

                (3.10)� � � �� � +. +. /6
3 4 3/6 34<

/ � 	 �0�4

which makes it easier to calculate adiabatic potential energy curves. This will be
described in the following section.

Also the off-diagonal matrix elements of the nuclear kinetic energy operator
are non-zero

 .                 (3.11)� � � �� �+. +.
3 R <

� 7 �4
j

These off-diagonal elements will, in the adiabatic representation, cause
electronic couplings between the states. In section 3.2.2 the calculation of these
coupling elements will be described.

The character of the adiabatic wave functions is dependent on the
internuclear distance. In 1929 von Neuman and Wigner [21] showed that for an
infinitely slow change (adiabatic change) of internuclear distance, two adiabatic
states of the same symmetry cannot cross. This is called the Itnon-crossing rule. 
can be shown that when two adiabatic states come close together the non-
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adiabatic couplings will cause a repulsion between the states and an avoided
curve crossing is formed (see figure 3.1).

3.2.1 Electronic radial couplings between adiabatic states

As described above, the adiabatic states are defined as the energy eigenstates of
the electronic part of the Hamiltonian. When a model beyond the Born-
Oppenheimer model is applied, the adiabatic states are coupled by terms
neglected in the Born-Oppenheimer approximation. That is, the adiabatic states
are coupled by the nuclear kinetic energy operator,

 �4R R <9>�0� � � � � �0� �/ �0� � �4 4� � � �  

            .    (3.12)� � � 4� "
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The first term gives rise to non-adiabatic couplings between states of the same
symmetry. These couplings are sometimes called radial couplings and they will
be discussed here.  The second term will give rise to . Thisrotational couplings
term couples electronic states of different symmetries (see section 3.2.3). The
total Hamiltonian discussed here does not include the relativistic part of the
Hamiltonian. This contribution to the Hamiltonian will give rise to spin-orbit
perturbations.

In dissociative recombination, the off-diagonal coupling matrix elements of
the nuclear kinetic energy operator might be important in two different ways.
First, it may control the electronic capture process. When there is no neutral state
crossing the minimum of the ionic ground state, the DR process is driven by the
nuclear kinetic energy operator. There are always neutral Rydberg states with
potential energy curves situated below the ionic ground state potential. When the
molecular ion captures the electron, a neutral state in the continuum (above the
ionization limit) is formed. This state will then couple, by the nuclear kinetic
energy operator, to the Rydberg states. This is the case for the low-energy DR of
e.g. H  and HeH . Second, the non-adiabatic couplings might also be3

+ +

responsible for a redistribution of probability among the Rydberg state potentials
during the dissociation of the neutral molecule. Generally, whenever two
adiabatic states of the same symmetry are close in energy, they will be coupled
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by non-adiabatic couplings. The off-diagonal matrix element for the radial
coupling between two electronic states  and , is given by:8 9

 � � � � � � � �� � � �3 4 3 4
+. +. +. +.
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                     (3.13)

Assume, for example, that the radial couplings between two Rydberg states are
studied (see section 3.5.3 for a discussion of Rydberg states). For Rydberg states
with high quantum numbers, the potential energy curves are almost parallel to
each other (and to the ionic potentia). A transition from one adiabatic electronic
state , to another state , with lower potential energy, requires that the potential8 9
energy difference between the states is converted into an energy increase in the
internal degree of freedom  of state . This can be vibrational or rotational9
excitation or potential energy stored in the molecular skeleton. Since the
potentials of the high Rydberg states are very similar for different quantum
numbers, the ionic core keeps its shape during the transition . Therefore8 � 9
there cannot be any energy stored in the molecular skeleton. The energy must be
converted into vibrational or rotational excitation. Since the vibrational
� �0�� � � � ��� � � �8Ç@ 8ÇN and rotational wave functions of two different Rydberg
states are very similar, the off-diagonal matrix element of the first term of the
radial coupling can generally be neglected.
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Therefore, generally the second term of the radial coupling is considered to give
the strongest contributions to the couplings between the adiabatic states [22]
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The contributions from the rotational couplings is generally small compared
with the contribution from the radial couplings. This will be discussed in section
3.2.3 below.

The approximation that the radial non-adiabatic coupling is given by the
"�"0 coupling is generally assumed, not only for Rydberg states of high
quantum numbers, but also for electronic states with no parallel potential energy
curves.

The problem remaining is now to calculate the off-diagonal matrix
elements . � � � �� �3 4

+. +..
.V <

This can be performed using the electronic wave
functions obtained from the quantum chemical calculations. However, since the
derivative of the wave functions with respect to the internuclear separation  is0
needed, this calculation is very complicated. These matrix elements can be
approximated. Using the commutator relation

 � �" "3
"0 "0�/ �4

/6 ,                 (3.16)
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 � � � � � �� �� �� � � �3 4 3 4
+. +. +. +.

< </6
"3 "
"0 "0� �/4

   � / � /4 4� � � � � � � �� � � �3 4 3 4
+. +. +. +.

/6 /6< <

" "
"0 "0

   .                          � 	 �	� �� � � �4 3 3 4
+. +.

<
� �"

"0 (3.17)

That implies

 � � � � � � � � � �� � � �3 4 3 4
+. +. +. +.

< <4 3
�"" "3

"0 "0� 	 �	              (3.18)

This is the well known Hellmann-Feynman relation first derived in 1939 [23]. In
1971, V. Sidis derived another useful expression of the non-adiabatic coupling
matrix elements [24]. Using a relation between spherical coordinates and prolate
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spherical coordinates and a series of commutator relations, he was able to show
that

 � � � � � � � � ��� � � �3 4 3 4
+. +. �" +. # +.

< <
"
# 3 4

5
5

"
"0 � 0 �	 � 	 � 2 �

    .� �	 � 	 � �43 4 /6
�" +. +.

3 4 <
� � � �� �               (3.19)

In the expression above, the first matrix element contains a summation over the
coordinates of all electrons in the molecule and  is the electronic kinetic�4/6

energy operator. These matrix elements can easily be computed using standard
techniques [25]. However, the equation (3.19) above is derived for exact wave
functions. Therefore it is important to use a large basis set for the calculation of
the electronic wave functions.

3.2.2 Rotational couplings between adiabatic states

In the previous section, the couplings from the radial part of the nuclear kinetic
energy operator was considered. It was shown that the radial non-adiabatic
couplings connect electronic states of the same symmetry. Here, the rotational
part of the nuclear kinetic energy operator will be studied. It has the following
form

 / �0� � � � � �4 4 4 4
<9> � � 	 	 	

� �
� 0 � 0� �# #

# # #

B C
� �             (3.20)

where  is the nuclear rotation angular momentum operator. The nuclear	4

rotation for a diatomic molecule is in a plane containing the internuclear axis.
The total angular momentum ; ; $ � <� = < =4 4 4 44 4 4 is defined by , where  and 	
are the total orbital angular and spin momentum. By using the definition of the
ladder operators ,  and , the rotational; $ ; ( 8; < $ < ( 8< = $ = (8=4 4 4 4 4 4 4 4 4

÷ C ÷B B ÷ B CC

Hamiltonian can be re-expressed as

 / � ; � ; � < � < � = � = �4 4 4 4 4 4 4
<9> D D D

�
� 0� #

�� � � � � �# # ## # #

 � < = � < = � ; = � ; = � ; < � ; <4 4 4 4 4 4 4 44 4 4 4� � � � � ��
� � �� � � � � � � � � .  (3.21)
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The first three terms of  have diagonal matrix elements only and will be/4 <9>

discussed further in section 3.5.1. The final three terms of the rotational
operator, which couple the orbital, spin and total angular momenta, are
responsible for rotational couplings between different electronic states. In paper
IV, the last coupling operator was considered. The operator
� ; < � ; <4 4 4 4"

# V � � � �. #
� � is called the <4-uncoupling operator and it causes

perturbations between electronic states of different , but identical and� � and =
� � � �. As usual ,   denote the projections of ,  and  on the molecularand ; < =
axis. In paper IV, the rotational couplings between states of  and # #� 	
symmetries in the HeH molecule are studied. This will be discussed further in
section 5.3.

3.3 The diabatic representation

The intuitive idea of a diabatic representation of potential energy curves is a very
old one, dating back to the classic paper by Zener [26] about curve crossings.
Zener assumed that the basis functions used were approximate eigenfunctions of
the electronic Hamiltonian, which however lacked the sudden "change of
character" that is typical of exact molecular eigenfunctions (adiabatic states)
near a curve crossing. Thirty years later, the states described by Zener were
called "diabatic" by Lichten [27], the name used for such states now. The name
indicates that the states do not adiabatically adjust to changes of the internuclear
distance.

The first attempt of a general definition of diabatic states was made by F. T.
Smith was given in 1969 [28]. For problems where the rotational couplings can
be neglected (see the previous section), he defined the diabatic representation as
a basis where

               (3.22)- �0� � �0� 2� � 8 �0� 2�34 3 4 <
� � � �� �"

"0

vanishes. Some years later, this definition was somewhat modified [29]. It was
found that if every matrix element  vanishes for a complete set, then- �0�34

every state in that set must be completely independent of . However, these0
states do not translate along with the nuclei. Instead, diabatic states were defined
as states where
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 .                (3.23)- �0� � � �0� � �34 34

Here,  is a matrix which identifies and cancels the portion of  that� -34 34

represents merely the translation of basis functions along with the moving
nuclei.

The diabatic wave functions are not true eigenstates of the electronic part of
the Hamiltonian. Therefore they do not obey the non-crossing rule by von
Neumann and Wigner. Diabatic potential energy curves of states with the same
symmetry are allowed to cross.

 Figure 3.1. Schematic picture of the crossing of two potential energy
 curves of the same symmetry. The full curves represent the adiabatic
 potentials and the dotted curves are the corresponding diabatic potentials.
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The possibility that a diabatic representation exists uniquely, was studied in
1982 [30]. It was found that in general, for polyatomic molecules, it does not
exists. However, the case of diatomic states of the same symmetry is an
important exception. In this case the diabatic representation can be defined.
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3.3.1 Electronic couplings between diabatic states

As mentioned above, the diabatic states are not true eigenstates of the electronic
part of the Hamiltonian. Therefore the off-diagonal matrix elements of the
electronic Hamiltonian will couple the diabatic states

                (3.24)> �0� $ �0� 2� / �0� 2� 7 ��4
34 /6

. .
3 4 <

� � � �� �

These matrix elements are usually complicated to calculate. Below it will be
explained how these diabatic couplings can be obtained, using different
methods.

When the curve crossings are well separated, it is possible to assume that for
a range of separation distances , only two diabatic states are coupled. Assume0
that the diabatic states cross at  The diabatic potential matrix for the0 � 0 �B
two states can then be written as

 ,                (3.25)� �
	 �0� > �0�

> �0� 	 �0�
� �.

" "#

"#
.
#

where the diagonal terms are the diabatic potentials and the off-diagonal terms
are the electronic couplings. The adiabatic potential matrix is, by definition,
obtained by a diagonalization of the diabatic potential matrix. For the two-state
problem, the adiabatic potential matrix becomes:

  ,� �
	 �0� �

� 	 �0�
� �+.

"
+.
#

where

 	 �0� � 	 �	 ( 	 �	 � 	 	 � >"Ç# " #
+. . ." "

# %
. . . . #
" # " # "#

#� � � � � �� .         (3.26)

We now obtain the following relation

 	 �	 � �" #
+. +. � � � � �"

%
. . . . #
" # " # "#

#
	 �	 � 	 	 � > �

   � 	 �	 � &>�� �. . #
" # "#

#
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? > �0� � 	 �	 � 	 �	 �             (3.27)"#
"
#

+. +. . .
" # " #

# #�� � � �
At the curve crossings, where , we obtain	 �0 � � 	 �0 �. .

" #B B

 > �0 � � 	 �0 � � 	 �0 � �"# B B B
"
#

+. +.
" #

� �                (3.28)

Thus, for two crossing diabatic states, the electronic coupling at the curve
crossing is obtained by half of the separation between the adiabatic potentials.
This is a very useful formula for obtaining the magnitude of the diabatic
couplings. In the Landau-Zener model (see section 4.2.2), only the magnitude of
the coupling at the curve crossing needs to be considered. When the -0
dependent shape of the diabatic coupling has to be included, as e.g. in wave
packet calculations, we have sometimes assumed that the couplings have a
gaussian shape. The width of the coupling can be estimated by carefully studying
the configuration interaction coefficients (CI-coefficients) [31]. As explained in
section 3.2.1, the adiabatic wave function will change character over the region
where the diabatic potentials are coupled.

In the two state model, it is also possible to obtain the diabatic couplings by
carrying out a transformation from the adiabatic representation to the diabatic
one [32,33]. The time-independent Schrödinger equation for the column vector,
�
�+. , with the elements given by the nuclear wave functions, can be written as

 ,            (3.29)� � � � � 	4 � � � � �
R

+. +. +. +. +." "¸"¹ ¸#¹
#� �� � � � � �

. .

where the non-adiabatic coupling matrices are given by:
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Now the transformation to the diabatic representation is carried out

 ,                  (3.30)� ��
� �

�
. +.

where the transformation matrix  is chosen such that�

 .                  (3.31)"
"0� �� �¸"¹

The coupled equation for the diabatic wave functions now becomes

 � �4 � �
R

. .�"� ��� �

 � � � �
�� "

� "0�� � � � � �� �� �¸#¹ ¸"¹ ¸"¹ �"# .

 , (3.32)� 	
�
�

.
                             

where the derivative operator has been eliminated. It is then usually assumed
that far in the asymptotic region, , the adiabatic and diabatic bases are0 � @
identical. It can be shown that the transformation matrix  has to be orthogonal�
and for the case of two coupled potential energy curves, it can be written as

  .              (3.33)�
� �

� �
�

�0� �0�

� �0� �0�� �� � � �� � � �cos sin

sin cos

Integrating equation (3.31), with the condition that the two bases being equal at
0 � @, gives

              (3.34)��0� � � �0 �"0 � � �0 �"0 �	 	
V _

_ V¸"¹ ¸"¹
#" "#

w w w w

It is generally assumed that the term in the parentheses in equation (3.32)
vanishes. Then, by identifying the diabatic potential energy matrix as

                   (3.35)� ���� �"
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the time-independent Schrödinger equation for the diabatic wave function is
obtained. From equation (3.35) above, the elements of the diabatic potential
matrix becomes

 A � 	 �0� � 	 �0� �0� � 	 �0� �0�"" " " #
. +. # +. #cos sin� �

             (3.36)A � 	 �0� � 	 �0� �0� � 	 �0� �0�## " " #
. +. # +. #sin cos� �

 
 .A � A � > �0� � �	 �0� � 	 �0�� �� �0��"# #" "#

"
# # "

+. +. sin �

Thus, the diabatic coupling matrix elements are given by using the non-adiabatic
couplings to calculate the angle  as a function of , and then for each value of� 0 �
0�  performing the rotation of the adiabatic potential curves according to the
equation above.

Another method to obtain the angle  in the two state approximation is using�
the configuration interaction (CI-) coefficients. If the two interacting adiabatic
states are dominated by only two configurations, we have

               (3.37)� � � �� �� �

� �
" "
+. .

# #
+. .

"" "#

#" ##
� �

B �0� B �0�
B �0� B �0�

The fact that the adiabatic and diabatic wave functions are orthonormal, leads to
the CI-coefficients being given by

              (3.38)� � � �� �� �

� �

� �
� �

" "
+. .

# #
+. .� �

� �0�� � � �0��
� �0�� � �0��

cos sin
sin cos

Thus, the rotation angle is given by the ratio of the CI-coefficients according to

                  (3.39)tan� �0�� � �� G ¸V¹
G ¸V¹
#"

""

For the case when a potential energy curve correlated with an ion-pair
(A  + B ) crosses states with neutral atomic limits (A(n) + B(n')), semiempirical+ -

methods can be used to obtain the magnitude of the coupling at the curve
crossings [34,35]. The methods are based on the assumption that only two-curve
crossings are important.



36

All methods described above are based on the assumption that the two-state
model can be used to obtain the couplings. When a dissociative doubly excited
neutral state (a resonant state) crosses a serie of Rydberg states, another method
can be used. Scattering calculations can be used to obtain the autoionization
width of the resonant state. From this autoionization width, the diabatic coupling
between the dissociative state and the continuum states of the ion can be
obtained. Then, by scaling with the effective quantum numbers of the Rydberg
states, the diabatic coupling elements are obtained. This procedure will be
explained in more detail in section (3.5.3).

3.4 Choosing the optimal representation

Above, the adiabatic and diabatic representations have been defined. Beyond the
Born-Oppenheimer approximation, the adiabatic potential energy curves are
coupled by the non-adiabatic couplings and the diabatic curves by the electronic
couplings. An important question to ask is if there exists an optimal
representation where the coupling elements are as small as possible. To answer
this question, not only the relevant states (curves and couplings) have to be
considered, but also the propagation velocity, , on the potential energy curves.�
At low velocities, the adiabatic representation will give a better description of
the phenomenon, while at high velocities, the evolution becomes more diabatic.
By calculating the so-called Landau-Zener parameter (see section 4.2.2 for a
further discussion of the Landau-Zener model), a simple prescription can be
given for choosing a good representation [29].  The Landau-Zener parameter is
given by

 ,                 (3.40)P^
# -

@ �
�

1
45

#

.I4

.V .V

.I
5¡ ¡

where the diabatic couplings,  and slopes of the diabatic potentials are>45
estimated at the curve crossing. Now, if  1, the adiabatic representation isP^ %
the optimal representation and if  1, the diabatic representation is theP^ C
best.
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3.5 Electronic states relevant for dissociative recombination

Here some general properties of the electronic states relevant for dissociative
recombination are described.

3.5.1 Vibrational and rotational population of the ionic state

The dissociative recombination process starts with a molecular ion (AB )+

capturing an electron. Generally, the ground ionic state of the molecular ion is of
interest.

In the interstellar clouds, the molecular ions will have time to relax
vibrationally. In the ion-storage ring, the molecular ions are stored several
seconds prior to measurements (see section 2.1). Molecular ions with a
permanent dipole moment will generally have enough time to relax down to the
lowest vibrational level . Generally, if only electric dipole transitions are� � �
considered, the spontaneous transition probability for a transition from
vibrational level  to  is given by [36]� �w

             (3.41)� � B 	��� � 	�� � �0� "�0� �0�@@ @ @
w $

V

#
w w� � � � � �� �� �

where  is a constant,  is the energy difference between theB 	��� � 	�� �� �w

vibrational states and   is the electronic dipole moment obtained from"�0�
quantum chemical calculations. From the equation above it is obvious, that for a
state with no dipole moment, the transition probability will become zero.
Therefore, homonuclear molecules have very long-lived vibrational states. Also
for electronic states with a constant ( -independent) dipole moment, the0
transition probability will become zero, since the vibrational wave functions are
orthogonal. The total Einstein  coefficient for the vibrational level  is given� �
by

                   (3.42)� � �@ @@
@

�
w

w

and the lifetime is obtained by .�@
"
E�

@
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As mentioned above in section (3.2.2), the three first terms of  (see/4 <9>

equation (3.21)), have diagonal terms only. Assuming that the molecule can be
approximated as a rigid rotor, then for an electronic state of  symmetry, the"�
diagonal matrix element can be expressed as

             (3.43)D�; � � �0� �0� ; �; � �� $ E ;�; � ��� � � �� �@ @ @V
�

� 0� #

where  is called the rotational constant. This is the simplest expression for theE@

rotational levels in a diatomic molecule. For a diatomic molecule, as increases,�
�0� Eincreases and therefore  decreases.@

The thermal population of rotational levels is governed by the Boltzmann
distribution law

                (3.44)R
R

�F N¸N�"¹¶5XN @� ��; � �� ��

where
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We thus get the following population distribution

 .               (3.45)
*
*
N � ��; � ����

E
E ;�;������

@

@ �

In the interstellar space, the temperature is of course very low (typically 10 - 200
K). There only the lowest rotational levels will be populated. In the experiment,
we usually assume that the rotational population is governed by a thermal
distribution at room temperature.

The molecular ion is able to capture the incoming electron if the electron
collision energy  is transferred into some sort of internal energy of the neutral	
system. The energy can be transferred by exciting one of the bound electrons.
Then a doubly excited state is formed. Another possibility is that the energy is
transferred by vibrational excitation of the ionic core. When the molecular ion
captures the electron, a neutral state in the electronic continuum (above the
ionization limit) is formed. The electronic part of the wave function for this state
will be given by an antisymmetrized product of the wave function of the
molecular ion and the incoming electron (with a specific angular momentum ).+
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 ,              (3.46)� �%Ç6 -9</ Ç6�0� 2� � � �0� 2 �G � 2 � � �2 ��� �" R�" R%

3.5.2 Dissociative states

If the incoming electron excites one of the bound electrons of the molecular ion,
a doubly excited state is formed. This state is situated above the ionic ground
state (in the ionization-continuum) and therefore, it is not a stable state against
autoionization (re-emitting the electron). However, if the state is dissociative,
there is a possibility that the neutral molecule will dissociate instead of
autoionize. This is the so-called direct process of dissociative recombination,
illustrated in Figure 1.1. In the strict independent particle model, with no
interaction between the electrons, this doubly excited state still is bound.
However, the electron-electron interaction leads to mixing of this configuration
with configurations in which only one electron is excited and in which this
electron has sufficient energy to escape from the molecule. It is therefore not a
stable state, instead it is a resonance with a certain width given by the
autoionization width . It can therefore be described as a state with a��0�
complex potential

 ,                (3.47)3 �0� � 	�0� � 8 �0�"
#�

where the real part is the potential energy curve. The autoionization width ��0�
is connected with the matrix element of the electronic part of the Hamiltonian
according to:

               (3.48)� � � �� �%Ç6 /6 . <
�0� 2� / �0� 2� �4 � �

�
�0�
�

(Autoionization will be further discussed in section 4.1.3). Generally, standard
quantum chemistry calculations cannot be used to obtain the resonance position
and width. Instead, scattering calculations such as the Complex Kohn
Variational method are very useful [37,38].
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3.5.3 The Rydberg states

Above, it was described how the incoming electron could excite one of the
bound electrons of the molecular ion. Then the doubly excited state ,��E �ùù

responsible for the direct mechanism of DR, is formed. In 1968, Bardsley
predicted an  mechanism of DR [6]. This indirect process can beindirect
considered as the result of two radiationless transitions. First, the incident
electron is captured by giving up its kinetic energy to the motion of the
molecular nuclei. The incident then moves in a hydrogenic-like orbital with high
principal quantum number. A vibrationally excited Rydberg state of��E ��� ���ù

the molecule is formed. The second transition is the predissociation of the state
because of the avoided crossing of its potential curve with that of a non-Rydberg
state. The indirect process can be represented symbolically (see figure 1.3) as

 e .             (3.49)- +��E �E ��� �� �E � ��E
� /
� �
4 4

R /6ù ùù

A molecular Rydberg state is an electronic state where the incoming electron is
captured into an excited orbital far from the molecular ion core, where the
interaction potential is approximately proportional to . The Rydberg orbital��2

R

will then be described by a hydrogen orbital with principal quantum number ��
Since the molecular ionic core is not spherically symmetric, the Rydberg orbital
depends on the internuclear separation  and there will be a quantum defect0
�6�0� which defines the effective quantum number

                  (3.50)� �0� � � � �0��6
ù

6�

Here,  is the angular momentum of the Rydberg electron. The electronic wave+
function of a Rydberg state will be given by an antisymmetrized product of the
electronic wave function of the molecular ion and the Rydberg electron

 ,  .             (3.51)� � �<C. -9</ 8�0� 2� � �0� 2 �G � 2 � �2 ��� �" R�" R
ù

Note that the Rydberg orbital has an -dependence from the quantum defect.0
Then the potential energy curve of a Rydberg state is given by

 .               (3.52)	 �0� � 	 �0� �8Ç6 398
�

���� �0���6 #
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For each electronic state of the molecular ion, there will be series of Rydberg
states with different angular momentum , converging to the ionic state potential.+
In the indirect process of DR described above, the bound Rydberg states
converging to the ionic ground state are considered.  The first step in reaction
(3.49) above is driven by the nuclear kinetic energy operator. As described in
section 3.2.1, the corresponding coupling elements between the electron
scattering continua and the Rydberg state is dominated by the term

 .     (3.53)� � � � � � � �� � � �% %�0� 2� � �0� 2� : � �0� 2� �0� 2�4
R <C. < <<C.

� " "
"0 "0�

In the second step of the reaction (3.49) above, the electronic part of the
Hamiltonian is responsible for the predissociation. The corresponding matrix
element is given by

� � � � � � � �� � � � �<C. /6 . -9</ 8 /6 .< <
�0� 2� / �0� 2� � / �4 4�� , ù

         � � / H4� � � ���� �-9</ Ç6 /6 . <%

�
�� �ù $¶#

                       (3.54)� H �� �
�
�0�
�

�
�� �ù $¶#

The factor  in the expression above is determined by the density of�� �ù �$¶#

states [39]. In the last step, the equation (3.48) has been used. This scaling of the
electronic coupling elements for Rydbergs states can be very useful.

When a dissociative doubly excited (resonant) state of the neutral molecule
does not exists,  dissociative Rydberg states might be responsible for a sizable
DR cross section. Then, the nuclear kinetic energy operator will couple the
electron scattering state to a Rydberg state with a vibrational energy above the
dissociation limit. This process is sometimes referred to as the tunneling mode
of DR (see figure 1.2)

 e .              (3.55)- +��E �E ��� � � � ��E
�
�
4

R ù
%

This is the case for DR of the HeH  and H  molecules [3,40].+ +
3
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3.5.4 The ion-pair state

Instead of the formation of neutral fragments, the dissociation dynamics can
result in the formation of an ion-pair. The process can be described as

  AB e AB                (3.56)
A B
A B .

+ -
+ -

- +� � �
�
�

ùù �
This process is very similar to DR, but the difference is that the asymptotic limit
is the ion-pair state. Assume that the ground state of the molecular ion is
dissociating into A B. Then the asymptotic limit of the ion-pair A B  will+ + -� �
be situated below the dissociation limit of the ionic ground state. The energy
difference will be given by the electron affinity of B . If the dissociation energy-

of the ionic state is smaller than the electron affinity of B , the ion-pair state will-

be energetically open at zero electron collision energy. Otherwise there will be a
threshold, where the ion-pair state opens. The other ion-pair limit, A B , in- +�
equation (3.56) above may be the asymptotic limit of higher excited neutral
states, situated above the ionic ground state potential.

 Figure 3.2. Schematic picture of the potentials relevant for
 ion-pair formation in dissociative recombination.
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This is the case for the HeH molecule studied in paper IV. In figure 2.2, a
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schematic picture of the potentials relevant for the formation of the ion-pair is
shown.

Note that the potentials of the ion-pair state are not flat in the asymptotic
regions. Since the Coulomb attraction between the ion-pair is a long range
interaction the potential energy curve goes asymptotically as

 ,                (3.57)	�0� 	 � ��
V¬_

038
�
0 0

�
%

where  is the polarizability.�
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4

The dissociation dynamics

In this chapter two different models for studying the dissociation dynamics in
dissociative recombination will be described. In the previous chapter it was
described how the "input parameters" such as the potential energy curves,
autoionization widths and couplings are defined and calculated. Now it will be
described how the molecules move on these potential energy curves after the
recombination. First, a time-dependent method, using wave packets, will be
discussed. It will be explained how the electronic capture, the autoionization
from the resonant state and the propagation of the wave packets are done. Then
also, the relation between the asymptotic wave packets and the cross sections
will be given. In the following section, the same steps of the dynamics will be
described using a time-independent semiclassical model. In this model, the curve
crossings are treated using the Landau-Zener model.

4.1 A time-dependent description

When the molecular ion has captured the electron, the excited neutral molecule
will start to dissociate. Often there exists several excited states that are close in
energy. As described in the previous chapter, these states will couple to each
other and the couplings will be strong especially if the states have the same
symmetry. Thus there might exist several coupled electronic states that are
important for the dissociation dynamics. In this situation it is very illustrative to
use wave packets to describe the relative motion of the atomic fragments. As
will be described, the wave packets are propagated by solving the time-
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dependent Schrödinger equation for coupled potentials. All the wave packet are
propagated simultaneously. The effects from the couplings can easily be studied
by turning the couplings on or off. Wave packet methods have the additional
advantage that the cross section is obtained at all energies for a single
calculation.

4.1.1 What is a wave packet ?

There is a well known mathematical principle that a linear combination of
solutions to a linear differential equation is also a solution. This is called the
principle of superposition and it also applies to the Schrödinger equation. By
choosing an appropriate combination of eigenfunctions, it is possible to form a
wave function that describes, at least approximately, the classical motion of a
particle, that has both a reasonably definite position and a reasonably definite
momentum. The solution of the Schrödinger equation for a free particle is given
by plane waves. However, these plane waves are often difficult to use, since they
are not normalizable. Instead wave packets are introduced. In most
undergraduate text books in quantum mechanics [41,42,43], the wave packets
are defined as the superposition of plane waves

 d .     (4.1)
 ��0� I� � ��� �"
#

3¸5V� ¸5¹>¹
° 1

=	
This wave packet is now normalizable and can be used to represent a localized
particle. The wave packet carries a range of wave numbers and hence a range�
of energies. If the wave packet is localized in -space about the value , the� �!
function  is peaked about the value . The angular frequency is a function���� �!
of the wave number . By Taylor expanding the function  and only� ���� ���
keeping the leading terms, we get
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It can then be shown that the peak of the wave packet is traveling with the
velocity

 ,              (4.3)� �1 5
� �d

d
�
� !
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In optics, this is usually called the group velocity. The next term in the Taylor
expansion of  will cause the spreading of the wave packet.����

During the last decades, wave packet methods have become standard
techniques in the study of the dynamics of chemical reactions dating back to
their introduction in this field by Heller in the 1970’s [44]. The wave packet will
then describe the relative motion of the nuclei. One of the important features of
time-dependent methods is the ability it gives to follow explicitly the time
evolution dynamics, providing tremendous insight into the mechanisms of
processes and a better understanding of the reactions.  With the wave packet
methods, it is possible to stop a calculation during the dynamics and study the
state distributions. Here, the wave packet is described by its value on a
numerical grid of point in -space. Then, there is no serious problems with0
coupled potential energy curves, which might be difficult to handle with basis
set techniques.

These aspects of the wave packet technique make it a natural method to use
for studying dissociative recombination of molecular ions. The method has been
used both for diatomic molecules such as HeH  (Paper IV) and HD  (Paper V)+ +

and polyatomic molecules such as H  [45,40]. Now, it will be explained how the3
+

wave packet method can be used to describe the dissociation dynamics of
diatomic molecules in dissociative recombination.

4.1.2 The electronic capture

The wave packet is propagated by solving the time-dependent Schrödinger
equation. This equation contain a first order derivative of the wave function with
respect to time. We therefore need an initial condition of the wave function. The
dissociative recombination process is initiated by the electronic capture for the
molecular ion

 e .       (4.4)- + **��E �E�

As described above in section 3.5.2, when the dissociative state is crossing the
ionic ground state, the electronic capture is governed by the electronic part of the
Hamiltonian. Thus, the coupling operator is

 �4 � �-+: � � � �� �%Ç6 /6 . <
�0� 2� / �0� 2�4
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 � � � � � �� � �-9</ " R�" Ç6 R /6 . <
�0� 2 �G � 2 � � �2 � / �0� 2� �4,
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 � � �
�

6�0�
� ,        (4.5)

where �6�0� is the autoionization width of the resonance for an incoming
electron with angular momentum .+

It has also been mentioned that for a molecular ion with a permanent dipole
moment (see section 3.5.1), the recombination starts with a molecular ion in its
electronic and vibrational ground state. The vibrational wave function is denoted
by . The initial condition for the wave packet in the direct mode of DR�@é!�0�
is then given by

     (4.6)
 � � ��I � ��0� � �0� � �0��4
-+: @é! @é!� �

�
6�0�
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Note that this condition demands that the electronic capture is fast compared
with the motion of the nuclei. The capture is described by a -function in time.
This is true when the electron energy is high enough. The question is, what is
high enough ? As an example, let us study electronic recombination with the
HD  ion. Let us use a simple classical picture of the recombination. The+

vibrational energy of the  HD  ion is a.u.  Assuming that the+ K � ����L)� ��
vibration is harmonic, the maximum velocity of the ions is given by
� � �0 �0 � �0 � 0 � � ���L�)�398 7+B 738 7+B 738

"
# �, where a.u. is the "width"

of the vibrational level. This gives us a relative nuclear velocity of� � �
� � L��) H ��398

�( m/s. This corresponds classically to an electron collision
energy of

  eV      (4.7)	 � � � � ��� H �� �-966 /
"
# 398

# �#%

This is a very small collision energy. The experimental energy resolution is
about 1 meV and therefore the initial condition given above is a good
assumption.

The vibrational wave function  of the molecular ion is obtained�@é!�0�
numerically using a finite-difference method [46]. In this method, the ionic
potential and wave functions are defined on an R-grid

 .     (4.8)0 � 0 � 0�8 � ��� 8 � �� ���� �3 ! �
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By approximating the second order derivative by

 ,  (4.9). "
.V ¸ V¹3 3�" 3 3�"

#

# #� � � ��0 � : � �0 � � � �0 � � �0 ��
?

the time-independent Schrödinger equation for the vibrational motion becomes a
tri-diagonal matrix eigenvalue equation that can be solved. 

When there is no dissociative, resonant state crosses the ionic ground state,
the DR process is driven by non-adiabatic coupling to the Rydberg state situated
below the ionic state potential. These states are now coupled by the nuclear
kinetic energy operator and as mentioned in section 3.2.1, the dominant coupling
operator is

 �4 �-+: � �0� 2� �0� 2� �
� " "

"0 "0�
� � � �� �%Ç6 8Æ6 <

               (4.10)

In this case, the initial wave packet is given by

  .            (4.11)
�I � ��0� � � �0� 2� �0� 2�" .
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4.1.3 Autoionization

Now assume that the electronic recombination will form a doubly excited
molecule in a resonant state that is crossing the ionic ground state. This was
illustrated in figure 1.1. When  is smaller than the crossing point of the0
resonant state with the ionic state, the electron can be ejected from the molecule.

 .                 (4.12)�E � �E �  ùù + -

This is called autoionization and the coupling mechanism for this process is the
same as for the electron capture. That is, the electronic part of the Hamiltonian is
responsible for the autoionization. This explains the name ’autoionization width’
defined by the :Golden rule

 � >

1

¸V¹
# $ � � � �� �%�0� 2� / �0� 2�4

/6 . <
.                (4.13)
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Note that here it is assumed that the interaction is ’local’, that is, it is only a
function of the internuclear separation and not a function of the energy of the
ejected electron.

Recently, A. E. Orel has studied how the autoionization is treated in the
time-dependent model of dissociative recombination [47]. The time-independent
equation for the direct mechanism of DR has been previously derived [6,39] and
is given by

 ,� �� �	 �0� � 	 �0� � M� "
� "0�

#

# </= 


where  is defined asM
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The sum is here over all energetically open vibrational levels. Both the sum of
the bound levels and an integral over the continuum levels are included. When
the total energy is high enough, one can assume that the sum over vibrational
levels is complete, that is

   .� � �� �
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@ @
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4 4
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We then get
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and thus the following equation of motion is valid
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The right hand side of this equation is the inital condition for the wave packet,
discussed in the previous section. The Hamiltonian becomes

 / � � �	 �0� � 84 � "
� "0�

#

# </=
"
#��0�.              (4.17)
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Thus, the autoionization is treated by using a complex potential for the resonant
state when 0 . 0B (The position of the crossing between the dissociative and
ionic potential energy curves).

 3 �0� � 	 �0� � 8</= </=
"
#��0��               (4.18)

This is also called the ’boomerang’ model [48,49]. Note that since the system is
not closed, the Hamiltonian is not a hermitian operator. Thus, the norm of the
wave packet will not be conserved. When the energy is not high enough (for
HD  this corresponds to a few eV), the contribution to the Hamiltonian of the+

autoionization has, for each energy-point to be calculated from the non-local
operator [47]

    (4.19)� 
 � � 
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Note that since this integration has to be redone for each energy point where a
new vibrational level has opened up, a single wave packet calculation does not
give the cross section for all energies any more.

Since the ejected electron can have different angular momenta, the
autoionization widths in the formulas above is the sum of the partial widths

 .                 (4.20)� ��0� � �0��
6

6

When the dissociation goes by Rydberg states situated below the ionic ground
state potential, the molecule might also autoionize. But then the coupling
operator is the nuclear kinetic energy operator instead of the electronic
Hamiltonian. Since the nuclear kinetic energy operator is dominated by the
following operator (see section 3.2.1)

 � � � ��0�� " " � "
"0 "0 "02� �

� � � �� �%�0� 2� �0� 2�<C.              (4.21)

the non-local operator for the autoionization becomes
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So far, autoionization from Rydberg states has not yet been included in a our
wave packet calculations, when using this operator. 

4.1.4 Propagation of the wave packet

The wave packets are propagated by solving the time-dependent Schrödinger
equation, that is

 ,                (4.23)8 �0� I� � �0� I�
� �4`

`>
 �


where

 





�

�0� I� �

�0� I�
�0� I�
N


 �
� �

"

#

is a column vector representing the amplitude on each electronic state. The
Hamiltonian is for coupled potentials given by

               (4.24)�4 � �
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In a diabatic representation, the potentials  are the diabatic potentials and3 �0�3

the coupling elements are the electronic couplings  For> �0� � / �4
34 /63 4

. .
<

� � � �� �

the diabatic coupling elements, we have . In an adiabatic> �0� � > �0�34 43

representation, the corresponding potentials are the adiabatic potentials and the
coupling elements are given by > �0� �34 � " . .

3 4
+. +.

.V .V<.
� � � �� �  with

> �0� � � > �0�43 34 . As described in the previous section, the autoionization
from the resonant states is included by adding half of the autoionization potential
as a complex term to the resonant states. In the Hamiltonian, the potentials are
represented by their values on the grid points, . The kinetic energy3 � 3 �0 �3 3

operator is approximated by
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  Figure 4.1. Propagation of the wave packet on the ion-pair state of HeH.
 Note that the wave packet is spreading as described in section 4.1.1.
 Due to autoionization, the norm of the wave packet is decreasing.
 Due to the couplings between the resonant states, part of the wave
 packets will move from one state to another. The diabatic representation
 of the potential energy curves and couplings are used. 
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The solution to the time-dependent Schrödinger equation is given by

 .               (4.26)
 

� �
�0� I� �  �0� I ��3¸>�> ¹s

!
! ù

This is carried out numerically using the Crank-Nicholson method [50]. In this
method, the Cayleys formula for finite-differencing is used.
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We then get the following equation for the propagation
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If the Hamiltonian is replaced by its finite-differencing approximation, a
complex tri-diagonal system of linear equations is obtained.

4.1.5 Calculation of cross section

From the experiments, the total cross section for dissociative recombination is
usually obtained (see the following chapter). To compare the results from the
wave packet calculation with the experimental measurements, we thus want to
calculate the DR cross section. The wave packets are propagated until the
autoionization widths and the couplings between the states are zero. The partial
norms of the wave packets will then be constant. By projecting the wave packets
on an energy normalized, asymptotic scattering wave function for the separated
atoms, , the transition matrix element is obtained�I�0�

  .               (4.29)� �	� � �0� �0� I�3 I 3
>¬_ V
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The cross section corresponding to a single state is given by [51,52]

 �3
#

�	� � Q�
	
�$ � �� �	�3 ,                (4.30)

where  is the multiplicity ratio of the neutral and the ion states. The total DRQ
cross section is obtained by summing the contributions from the individual
states.

When the molecule is dissociating into neutral products, the asymptotic
scattering wave functions are given by plane waves. The wave functions have to
be energy normalized

  � � �� �I I V
w�0� �0� � �	 � 	�w ,               (4.31)
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and this is obtained for the plane waves by setting

 .                (4.32)�I
35V�0� �  � �

�� �

Here  is the reduced mass of the molecule and  is the wave number, given by� �
the kinetic energy of the dissociating fragments. Note that the wave number is a
function of the electron collision energy .��	�

When the molecule is dissociating into an ion-pair, the potential is not
constant in the asymptotic region. The ion-pair potential is a long-range potential
(see section 3.5.4). Therefore, the dissociating ion-pair fragments are not well
described using plane waves. Instead the energy-eigenfunctions of the ion-pair
state are calculated with the same numerical method as described in chapter
4.1.2. With this method, both the bound vibrational wave functions and the free
energy-eigen functions are obtained. Also the energy eigenvalues �


 

�0� 	 ���@

are obtained. The asymptotic wave functions have to be energy normalized.
From equation (4.31) it can be shown that the energy-normalized energy
eigenfunctions of the ion-pair state are given by

 .               (4.33)� �I @
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The cross section of the ion-pair formation is then given by equation (4.29) and
(4.30).

4.2 A time-independent description

In paper V, a time-independent semi-classical model is used to describe the
dissociation dynamics. In this model, the curve-crossings are treated using the
well-known Landau-Zener model. The accumulated phases are calculated semi-
classically, using the WKB-approximation. The model is then called a Landau-
Zener-Stückelberg calculation. Finally, the amplitudes for the states are related
to the cross sections.
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4.2.1 The electronic capture

In the time-independent model, a single calculation has to be run for each
energy-point. In the "projection approximation" the initial capture probability is
estimated using a delta function for the nuclear motion of the dissociative state.
Thus, for an electron with energy , it is assumed that the transition will take	
place at a fix internuclear separation distance, , called the Condon point,0I

illustrated in figure 4.2 below.

  Figure 4.2. The DR process is initiated by a collision between
 an electron with energy  and a molecular ion in its lowest	
 vibrational level, with a vibrational wave function denoted by .�@é!�0�
 If a delta-function is used to describe the nuclear motion of the
 dissociative state transition, the transition will take place at the
 fixed distance  where the energy separation between the0I

 level of the ion and the neutral resonant state equal the� � �
 energy of the electron, .	
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The capture probability for the incoming electron will depend on the
electronic coupling to the resonant state. As described above in equation (4.13),
this coupling is related to the autoionization width . The capture probability��0�
will also depend on the Franck-Condon integral between the ionic and neutral
resonant state. By assuming a delta-function for the continuum wave function at
the Condon point, O’Malley has shown that the electronic capture is given by
[53]

 .              (4.34)- �	� � �0 �-+: I
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Here,  is the slope of the resonant state,  is the reduced mass of the nuclei3 w �
and  is the oscillator frequency.�

4.2.2 The Landau-Zener model

In the time-independent model, the curve crossings are treated using the Landau-
Zener model [54,26]. Assume there is an avoided crossing at between two0B

adiabatic states This can be described using the diabatic electronic wave�
functions  and , potentials  and  and the diabatic coupling� � �	 �0� 	 �0��� �" # " #

. . . .

between the two states . This was illustrated in figure 2.1. The Landau-�> �0��"#

Zener model is based on the following two approximations:

1.    This condition implies that the relative motion of> �0 � C 	 �0 �"# B 538 B

 the fragments may be treated as an external parameter. The variable 0
 becomes a known function of time .0�I�

2. The transition region is small. The potential energy curves may be
 approximated to be linear functions of time and the electronic coupling
 and diabatic wave functions are approximated to be independent of time.

 	 �	 � I" #
. . �

 . . .
.> .> .>"# " #

. .> � � � �� �

It is important to notice that the Landau-Zener model is a two state model where
it is assumed that the transition region is small. Only the characteristics of the
transition region are of importance.
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By solving the time-dependent Schrödinger equation with the initial
condition

                (4.35)B � �@� � �� B � �@� � �" #
#� �

and by using the approximations mentioned above, it is possible to show that the
transition probability from one diabatic state to another becomes
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. .� � .             (4.36)

This is the main result of the Landau-Zener model. Note that this probability is
energy dependent. The relative velocity at the crossing is given by

 .               (4.37)	 �0 � � 	 �	 �0 � �538 B B"
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Assume that this velocity is constant. This approximation is good if the
transition region is very small. We then have  and we get0�I� � �I
. .
.> .V" # " #

. . . .�	 � 	 � � � �	 � 	 �. Thus the energy dependent transition
probability becomes
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If there exists several curve crossings along the dissociation paths the final
dissociation amplitudes  for the different paths have to be calculated. For
example, in the figure below, there exists two routes to the ion-pair limit (see
figure 4.3). The electronic recombination will initiate the dissociation on the
resonant state. Either it can follow this state diabatically all the way to the ion-
pair limit (Route 1 in figure 4.4). It then has to go diabatically through both the
curve crossing at  and at 0" 0#. The asymptotic amplitude for this route is given
by

              (4.39)� �	� � �� � - �0 �� �� � - �0 ���" "# " "# #� �



58

In the other route a transition to the Rydberg state will take place first at  and0"

then back to the resonant state at . Thus the asymptotic amplitude for the 2:nd0#

route is given by

                (4.40)� �	� � - �0 � - �0 ��2 � �"# " "# #

This was the model used for treating the curve crossings in the LZS calculation
of ion-pair formation in electronic recombination with HD (paper V).+

  Figure 4.3. Schematic picture of the potential energy curves in a
 situation where there exists multiple pathways to the same
 dissociation limit. The molecule might either follow the resonant
 state diabatically, or it can make a transition at small  to a0
 Rydberg state, follow that potential to the second curve crossing
 and there make a transition back to the resonant state again.
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4.2.3 Interference effects

In this model, the nuclear wave functions are solutions of the time-independent
Schrödinger equation. Assume that the electron capture will form a neutral
resonant state that will cross Rydberg states of the same electronic symmetries.
If there are curve crossing both at small and large separations, there will exist
multiple pathways to the same asymptotic limit. This was illustrated by the
schematic potential energy curves in the figure 4.4 above (This was the situation
in ion-pair formation in DR of HD , treated in paper V and paper VI).+

Since the initial and final states are of the same symmetry, there will be
interference between the competing pathways. This will cause oscillations in the
cross section. These so-called Stückelberg oscillations were fist theoretically
examined in 1932 [55]. They have later been confirmed in experiments on, for
example He + He collisions, carried out by Rosenthal in 1971 [56]. Since, the+ 

wave functions are complex functions, it is  important to include the
accumulated phases along the different pathways. This will be carried out using
the WKB (Wetzel, Kramer, Brillouin) approximation. In this model, it is
assumed that the potential  is not constant, but varies rather slowly in	 �0�4

comparison with the wave length of the dissociating fragments, given by�4

  where .              (4.41)� �4 4 4� � � � � �	 � 	 ��
�
�
4

�
This will be true for high electron energies . In the WKB approximation, the	
accumulated phase along pathway  is given by9

 .            (4.42)� �4 4 4
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Note that this phase is energy-dependent. The asymptotic amplitude for channel
9 � �	� � �	� is thus given by , where  is the transition amplitude from4 4

3 ¸I¹:4

the serie of curve crossings, calculated using the Landau-Zener model as
described in the previous section.

In the time-dependent model, using wave packets, the autoionization width
was included by adding half of the total autoionization width as a complex term
to the resonant potential (see equation (4.18)). This was done for internuclear
distances smaller than the crossing point  between the resonant and ionic state0B



60

potentials. The same method can be used to include the loss of flux due to
autoionization in this time-independent model. Autoionization has to be
considered for the resonant state and for this state the accumulated (WKB) phase
becomes

 � � �< < <
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V
"
#�	� � � 	 � 	 �0� � 8 �0� "0 �	
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When the coupled states have the same electronic symmetry, the total asymptotic
amplitude for a specific limit is given by the coherent sum of the partial
amplitudes for the competing pathways:

 .               (4.44)� �	� � � �	� >9> 4
3 ¸I¹ 3 ¸I¹
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: :>9> 4�
The cross section is proportional the absolute square of the total amplitude (see
the following section). This coherent sum will induce interference effects that is,
energy dependent maxima and minima in the  cross section. 

4.2.4 Calculation of cross section

In the time-independent model, a separate calculation has to be carried out for
each energy point Assume that the capture probability into the resonant state	�
(see section 4.2.1) is by denoted . If the dissociation along the different- �	�-+:

paths to the same asymptotic limit are coherent, the cross section of this limit
will be given by a coherent sum of the individual asymptotic amplitudes. This
will induce the interference effects described above. The total cross section is
then given by

 ��	� � � �	� �
	
�$ Q- �	�-+:

#� ��
4

4
3 ¸I¹:4 .              (4.45)
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However, if for example states of different electronic symmetries have the same
asymptotic limit, the total cross section will instead be given by an incoherent
sum of transition amplitudes according to

 .              (4.46) ��	� � � �	� �
	
�$ Q- �	�-+:

#�
4

4
3 ¸I¹� �:4

Then no peaks in the cross section will emerge due to interference effects.
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5

Results and discussion

5.1 Papers I and II: Branching ratios in DR of CH  and CH5 2
+ +

Below is a figure showing some of the relevant reactions of the carbon chemistry
in diffuse and dense molecular clouds [57].

 Initial steps in the carbon chemistry in diffuse and dark clouds.Figure 5.1 
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In diffuse interstellar clouds, the carbon atoms are ionized by the UV field. The
hydrocarbon chemistry is then initiated by the radiative association reaction

 
 C H CH .      (5.1)+ +

2 2� � � S�

The CH  molecular ion can also be produced through the hydrogen abstraction+
2

reaction

 CH H CH H.      (5.2)+ +
2 2� � �

Larger hydrocarbon ions are rapidly formed through a series of reactions with
H , such as2

 CH H CH H,      (5.3)2 3
+ +

2� � �

 CH H CH .      (5.4)3 5
+ +

2� � � S�

In dense clouds shielding from ultraviolet, the amount of C  is very low. The+

reaction of C with H  now initiates the carbon chemistry.3
+

Because the reaction of CH  with H  to form CH  is endothermic, only slow3 4
+ +

2

radiative association leading to CH  can occur. Once CH  is produced, methane5 5
+ +

or other carbon radicals (CH , CH  and CH) can be produced by dissociative3 2

recombination. Neither, CH  nor CH  have been observed in the interstellar2 5
+ +

clouds, but the ions should play an important role in this chemical environment.
In paper I and paper II, dissociative recombination of CH  and CH  is5 2

+ +

studied. The total DR cross section is measured. For low collision energies, an
approximate  dependence was found in the cross section, as predicted by��	
Wigner’s law (see section 1.1). For CH  a prominent peak in the cross section is5

+

observed at 9 eV. For CH  a smaller peak is observed at an energy of 2 eV.2
+

These high-energy resonant structures are usually explained by resonant capture
into neutral Rydberg states converging to excited ionic repulsive states. Since no
calculations of relevant potential energy surfaces of the CH  and CH  molecules5 2

have been found, no explanation of the resonant structure can be given. From the
cross sections, the thermal rate coefficients are calculated. For CH  the rate5

+

coefficient can be fitted with the function

 cm s      (5.5)��� � � ��L H �� ��( �"$!!
X

!Æ&#� � 3
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For CH  the following function can be used:2
+

 cm s      (5.6)��� � � ��& H �� ��( �"$!!
X

!Æ'!� � 3

These equations can be compared with equation (4.18). The approximate ��!Æ&!

dependence is an indication of a dominance of the direct recombination process.
In order to model the carbon chemistry in interstellar clouds, not only the

thermal rate coefficients, but also the branching ratios in DR have to be known.
For polyatomic molecules, the branching ratios have only been measured for a
limited number of ions. Herbst [58] developed the first theoretical treatment of
DR branching ratios. It is known as the "statistical model". It was further
developed [59] by taking into account the model of the DR process given by
Bates [1]. In this model, the removal of one or two hydrogen atoms is favored. In
1986 Bates developed a model based on the breaking of the valence bonds in the
molecule [60]. According to this model a two body fragmentation with
molecular hydrogen products dominates. Note that in figure 5.1 above, it was
assumed that CH  was destroyed by DR with cold electrons forming CH H.2

+ �
For CH , the branching ratios are measured between 0 and 0.124 eV using5

+

the grid technique described in chapter (2.2.3). At 0 eV, the following channels
are energetically allowed

    CH  + e

CH  + H + 8.00 eV
CH  + H  + 7.99 eV
CH  + H + H + 3.51 eV
CH  + H  + H + 3.18 eV
CH + H  + H + 3.29 eV

5
+ -

4

3 2

3

2 2

2

�

� �

� �

� �

� �

� �

�

�

�



�#

(5.7)

It has been found that DR of CH  is dominated by three-body channels, CH  +5
+

3

H + H (~70 %) and CH  + H  + H (~20 %).2 2

For CH  the dominating channel is found to be the three-body channel C + H2
+

+ H (~63 %) whereas breakup into the CH + H and C + H  have branching ratios2

of 25 % and 12 %. These results are not in agreement with existing theoretical
models. There is significantly more fragmentations than previously believed.
This is true also for other triatomic molecular ions such as H  (75 %), H D  (733

+ +
2

%), H O  (68 %), NH  (66 %). However, for some larger molecular ions, the2
+ +

2
two-body breakup seems to be dominating. For example, the DR of CH  is3

+

dominated by the breakup into CH  + H (40 %), the single-release of an H atom2
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also dominates DR of NH  (67 %) and C H  (50 %). (References for these2 2
+ +

2

measured branching ratios can be found in [8]).
The mechanism for the three-body breakup is presently not well understood.

It could be explained by secondary fragmentation of vibrationally or
electronically excited molecular products of a two body channel. To perform a
more complete quantum mechanical study of the DR of these polyatomic
molecules is probably very demanding and remains a challenge. Plans are made
by E. F. van Dishoek and coworkers to study DR of CH  using wave packets. It2

+

will be very interesting to see if they are able to reproduce the measured
branching ratios in paper II.

Herbst and Lee [61] have found from model calculations on dark interstellar
clouds that although the breakup into neutral fragments in DR of polyatomic
molecules is more substantial than previously believed, a general branching
ratios of a single H atom of 30 % is still sufficient to give molecular abundances
in good agreement with observations. However, for DR of CH  and branching5

+

ratio of 5 % for formation of the H atom was observed and this might change the
predicted abundances.

5.2 Paper III: Measurement on DR of D3
+

Since the first experiment on dissociative recombination of H  in 1973 [62],3
+

numerous measurements have been carried out on this molecular ion and its
isotopomers (for a review see [63]). Despite the efforts, no consensus has been
reached concerning the rate of DR of H . However, the results from the storage3

+

rings strongly support that the rate coefficient is surprisingly high, 1.15 10H -7

cm /s considering the lack of a suitable curve crossing with the ionic ground3

state close to its minimum. Recent calculations [40], using a combination of
wave packets and the multi-channel quantum defect theory (MQDT) have been
unable to reproduce the high cross section at low electron collision energies.
There is difference of more than 2 orders of magnitude between the measured
and calculated cross sections. The theoretical model is based on the assumption
that the DR process is driven by the nuclear kinetic energy operator (tunneling
mode direct mechanism ). It is shown that only including the is not enough to
describe the dissociation. Instead also the  via boundindirect mechanism
Rydberg states of H  has to be included. This 3 multistep tunneling mechanism
was first proposed by D. R. Bates [64].
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In paper III, DR of D  is studied. The rate coefficient , as a function of3
+ �� ����

electron collision energy is measured. By comparing this cross section with the
measured cross section of H  [4] and H D  [65] the isotope effect of the cross3

+ +
2

section can be studied. The present experiment reveals a difference of a factor of
4 between the H  and the D  DR rate coefficients at low energies ( 0.1 eV)).3 3

+ + T
This isotope effect might be explained by the fact that the multistep tunneling
mechanism is much slower for a heavier system. D. R. Bates says: "doubling the
mass reduces the rate of quantal tunneling through a substantial potential barrier,
like that involved, by an extremely large factor". However, a compensation
might be found by the lower vibrational frequency of D  which facilitates the3

+

energy matching for transitions to intermediate states.
The intermediate energy-region (0.1-3 eV) is very different for the three

isotopomers.  The rates for H  and D  show a very dramatic change of slope,3 3
+ +

whereas  H D  does not. This is not yet well understood.2
+

At 10 eV, there are peaks in the measured rate coefficients. The D  peak is3
+

narrower than the one for H  and this can be explained by the smaller vibrational3
+

amplitudes in D  , which limits the range of efficient Franck-Condon factors.3
+

This high-energy peaks are well reproduced, for both H  and D , with wave-3 3
+ +

packet calculations carried out by A. E. Orel .et al. [45,66]
Measurements by Mitchell and coworkers on DR of H  [67], using a single-3

+

pass-merged -beams experiment indicate that long-lived H  Rydberg states are3
**

formed in the electron-ion interaction region. If an electric field is applied, these
Rydberg states are field ionized. The field effects in DR of D  is studied in paper3

+

III. An approximately constant electric field of 30 V/cm is introduced in the
electron cooler. This had no measurable effect on the dissociative recombination
cross section.

5.3 Paper IV: Study of high-energy DR of HeH  using wave packets+

The HeH  molecular ion does not have a neutral repulsive state crossing the+

ionic state close to its minimum. The tunneling mode  of DR (see section 1.1) is
then responsible for the dissociation at small electron collision energies. The
present paper is not  involved with the low energy part of the DR cross section.
Instead the observed peak above approximately 10 eV is here studied more
closely. In paper IV, the atomic final state distributions of DR of HeH  for+

electron collision energies above 10 eV is calculated. These branching ratios
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were measured in CRYRING using the imaging detector [19]. A. E. Orel [37]
has performed wave packet calculations on the total DR cross section in this
high-energy domain. Both the magnitude and shape of the total cross section was
found to be in good agreement with the measured cross section. However, from
this calculation it has not been possible to estimate the final state distributions,
since no couplings were included between the resonant states. In paper IV, the
couplings have been included. This is carried out using two different
representations, the diabatic and the adiabatic representations. In the diabatic
representation, the lowest  resonant state crosses all the other# #� � ��� � �
Rydberg resonances and dissociates into the ion-pair He  + H . The curve+ -

crossings will induce electronic couplings between the diabatic states and these
electronic coupling elements are obtained by using the CI-coefficients as
described in chapter 3.3.1. In the adiabatic representation, the non-adiabatic
coupling elements are computed using the relation derived by V. Sidis (equation
(3.19)).

Note that there is an error in the formula for calculating the cross section
from the asymptotic wave packet (equation (6) in paper IV). The formula should
read: 

  .    (5.8)� � 
3 5 3 0
#
I V

#

�	� � �0� �0� I �1
$ � �� � �

Thus, the calculated cross sections in paper IV have to be divided by 2.
A reasonable agreement is obtained between the two different theoretical

methods. However, we were not able to reproduce the measured final state
distributions. We also included rotational couplings (see chapter  3.2.2) between
resonant states of and symmetries, but could not observe any change in# #� 	
the final state distributions. We have no explanation for this discrepancy. It
would be interesting to perform a new measurement of the products states
formed in DR of HeH . The imaging detector has been improved. It is now+

possible to measure both the distance between the fragments hitting the detector
and the separation in time between the two hits. An increase of the resolution is
therefore obtained.

From the calculation in paper IV, the cross section for ion-pair formation is
also obtained. The magnitude of this channel, approximately 10 % of the total
DR cross section, should be observable. It would be very interesting to measure
this cross section.

To conclude, the present calculation shows the difficulties to calculate the
product state distributions formed in dissociative recombination.
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5.4 Papers V and VI: Calculations of the ion-pair formation in HD+

In 1999, a new surface barrier detector was inserted into the bending magnet
behind the electron cooler. This made it possible to detect the negative
fragments formed in the electron cooler. Using this detector, the cross section for
the ion-pair formation in electron collisions with HD  was measured [11].  Due+

to limitations of the geometry in the chamber, only the heavier negative
fragment could be detected. Thus, the following reaction was studied:

 HD  + e HD H  + D .     (5.9)+ - + -� �ùù

The measured cross section rises sharply at eV, which is close to the	 � ����
expected position at  eV of the threshold for ion-pair formation. The cross����
section has a magnitude of the order of 3 10  cm  and is characterized by  14H �"* 2

well-resolved peaks in the energy range between the threshold and
approximately 16 eV. This is the first measurements of the ion-pair formation
using a storage ring. During the experiment, also the ion-pair formation in
electronic recombination with OH  and HF  were studied.+ +

We wanted to find an explanation of the observed peaks in the HD  cross+

section. Paper V and  paper VI are reports on theoretical studies of this process.
In paper V, the semi-classical Landau-Zener-Stückelberg (for more details see
chapter 4.2) is used. In paper VI, a more complete quantum mechanical model,
using wave packets is used. We have noticed that many of the peaks in the
measured cross section are situated above the dissociation limit of the HD  ion.+

They cannot be explained by the indirect process of DR, that is vibrational
capture into Rydberg states that then predissociate. The peaks could neither be
explained by direct capture into higher excited neutral repulsive states. We had
to find another mechanism for the process.

In paper V, a  representation of the electronic states of HD is used.diabatic
The lowest resonant   state of the HD molecule is crossing the ionic" #

?� �g
+ ��R �

ground state potential. For electron collision energies below approximately 5 eV,
the electronic recombination will be dominated by capture into this state.
Diabatically, the   state correlates with the ion-pair limit at infinity." #

?� �g
+ ��R �

Below the ionic ground state there are series of Rydberg state potentials. The
most important are the " "

1 1 1 1� � � � � �g g
+ + and the  ( + )  Rydberg��U �U � ��U � � " �

states approaching the H  + D limit. In the diabatic representation, the ��� "�g
+

��R ��?
# ion-pair state crosses many of these Rydberg states twice, both at small
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and large internuclear separations. These are the states associated with the
H  + D, H  + D and H  + D limits. Since the states have�� � �� �� � � �� � &�
the same symmetry, the states will be coupled by the electronic part of the
hamiltonian (diabatic couplings) close to the curve crossings. The curve crossing
with the Rydberg states associated with the H  + D limit is at very large�� � &�
separation a.u.  and the couplings can there be neglected. The couplings� : �� �
induce different pathways to the ion-pair limit. Either the dissociating wave can
follow the ion-pair state diabatically all the way or it can make a transition at
small separation to one of the Rydberg states, follow that potential and then
make a transition back to the ion-pair state at large separation  As described in�
paper V, the peaks in the measured cross section can be explained by
interference between the competing pathways. The accumulated phases along
the different pathways have been calculated using the WKB approximation.
Finally the cross section will be proportional to the absolute square of the sum of
the dissociation amplitudes for the different pathways. The diabatic curve
crossings were treated using the Landau-Zener model. In paper V it is shown
that the peaks observed in the ion-pair cross section of HD  indeed can be+

described by the quantum interference between the different pathways. It is
found that the interference between the   ion-pair state and the " # "

?� � �g g
+ +��R �

��U U �� �1 13  Rydberg state is responsible for many of the observed peaks. By also
including the resonant   repulsive state potential, the magnitude"

? ? 1� � �+ ��R �U �
of the ion-pair cross section above 5 eV increases. However, this state alone
cannot reproduce the magnitude of the cross section at high energies. A
comparison between the calculated and measured cross sections is found in
figure 6 of paper V. The theoretical model is very sensitive to the diabatic
couplings at the curve crossings. At small distances, half of the energy
separations between the adiabatic potentials is used for the diabatic coupling at
the curve crossing (compare with equation (3.28) above). At large distances, the
fact that only one of the Rydberg states associated with a specific asymptotic
limit is coupled to the ion-pair state is used. It is assumed that for the � � �
states, 3 is coupled and for the  manifold, 3  is the��U " � � �  ��U U �� � � �1 1 1 1

active state. The magnitude of the couplings at the curve crossing are given
below in table 5.1.

The Landau-Zener-Stückelberg method used in paper V is a very simple
model dating back to the 1930:s. It has some limitations. For example it is a
semi-classical model and the curve crossing are treated by using a two-state
model. This is a model that is very easy to use and it gives surprisingly good
agreement with the measured cross section.
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In paper VI, a full quantum mechanical description using wave packets
propagating on coupled potentials is used to study the dynamics in DR of HD .+

Also here, the diabatic representation of the states is used. Only capture into the
lowest   state is included. In this calculation the Rydberg states of" #

?� �g
+ ��R �

"�g
+ symmetries with the and are included. For the remaining� � ��  &

Rydberg states with 5, two effective states are used, taking into account the� �
loss of flux into an infinite number of Rydbergs states. The potentials of these
states are given by the potentials of the states associated with the  limit.� � �
For Rydberg states with 3, the diabatic couplings to the ion-pair state at� �
small separation is obtained by scaling the autoionization width (see equation
(3.54) above). However, this scaling law does not hold for the low  Rydbergs�
states. Therefore, for the Rydberg states with , the electronic coupling is� � �
given by half the distance between the adiabatic potentials. At large internuclear
separations, the CI-coefficients of the adiabatic wave functions can be used to
determine the diabatic couplings. Here, the ion-pair configuration can be
identified as one dominating configuration in one of the states. By following this
configuration along  it is possible to verify that only one of the Rydberg states0
is coupled to the ion-pair state for a specific asymptotic limit. (This state does
not change character through the region of the curve crossing). The diabatic
couplings at large separation can then be calculated using the model described in
section 2.3.1. The couplings at the curve crossings, both at small and large
separations, are given for some relevant states in table 5.1 below.

 Table 5.1. Diabatic couplings (in a.u.) at the curve crossings between
 the " # "

?� � �g g
+ +  ion-pair state and the Rydberg states of  symmetries��R �

 with the H  + D and H 3  + D limits for various separations ..�� � �� �� � � 0 

Coupling to ... LZS wave-packet

 ��U �U � 0 � �� V�W� ����� H �� ����� H ��

��U " �0 � ��� V�W� � H �� ���

��U U �0 � ��L V�W� ��&�� H �� ��

� �

� �

� �

1 1
�# �#

1 1
�&

1 1
�# � H ��

��U &" �0 � ��) V�W� ��� ���)� H ��

��U �U �0 � ���� V�W� � H �� ���

��U " �0 � ���� V�W� ���� H �� ����� H ��

��U U �0 � ��� V�W�

�$

1 1
�#

1 1
�&

1 1
�# �#

1 1

� �

� �

� �

� � ��)� H �� ��L�) H ��

��U &" �0 � ��� V�W� ��� ���

�% �%

1 1� �
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For comparison, also the couplings used in the LZS calculation of paper V are
included in the table. When comparing these two inputs, it is important to
remember that the LZ model is a two state model. This is not the case for the
wave packet model. However, for the  curve crossing at small distances� � �
and the two curve crossings at large distances the calculations shows that only
two states are coupled. Then the couplings used in the two model are similar in
magnitude. For the  curve crossing at small distances (and also � �  � � �
there is a difference magnitudes of the couplings between the two models.

The wave packet calculation in paper VI is numerically demanding. The
� �  Rydberg state potentials cross the ion-pair state at the separation
0 � ��� a.u. Since we are interested in the interference between the different
pathways, the integration has to be long enough to let all energy components of
the wave packet propagate out to these second curve crossings. The wave
packets are propagated to  5000.0 a.u. (0.1 ps). The high energyI �_

components of the wave packet will then propagate to very large internuclear
separations, and in order to prevent it from hitting the edge of the grid an
absorbing potential has to be used. This absorbing potential, or gobbler, is
implemented as a complex part of the potential. In the asymptotic region, the
absorbing potential goes smoothly from zero to some constant, negative
imaginary value. In the present calculation a function  is used (equationtanh �
(19) in article VI).

From the wave packet calculation reported in paper VI, not only the cross
section of the ion-pair formation is obtained. Also the asymptotic wave packets
for the neutral channels are obtained, but also the DR branching ratios and total
DR cross section are obtained. These cross sections, including the ion-pair
channel are in good agreement with the available experimental data.

5.5 New experiments on CRYRING

Since I participated in the experiments on CRYRING, numerous improvements
of the experimental procedure have been introduced (for more details see [69]).
For example, the DR cross section can be measured for all energies in one run
by ramping the cathode voltage of the electron cooler over the whole energy
range of interest. This has the advantage that narrow resonances in the cross
section can be observed more easily. Also the time for the data taking will be
shorter.
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As mentioned in section 5.4 above, a new surface barrier detector is inserted
into the dipole magnet behind the electron cooler. (In figure 1 of Paper V, the
position of the detector can be seen). This detector is used to detect the negative
fragments formed in the electron cooler. This has made it possible to measure
the absolute cross section of ion-pair formation in electron recombination. Now
ion-pair formation has been studied for HD , OH , HF , NO  and H  . By+ + + + +

3
inserting another surface barrier detector on the opposite side of the same dipole
magnet, where the negative detection arm is mounted, positive ions will be
detected. This allows the measurement of the positively charged fragments in
coincidence with the negatively charged fragments produced in ion-pair
formation. The detector could also be used for processes such as dissociative
excitation and dissociative ionization. However, this unit is still under
development.

In the measurements of branching ratios, even larger and more complex
molecules such as the D O  ion have been studied [70]. For these heavy ions,5 2

+

the limited resolution of the surface barrier detector made it difficult to obtain
well separated peaks in the MCA spectrum. However, for this system, the
branching ratios could be measured. Experiment on other molecular ions such as
H O , D O , H O , NH -H O, NH -(H O)  and N H , have been measured but5 7 7 2 2 22 3 3 7

+ + + + + +
#

not yet analyzed.
Papers I and II report about measurements of branching ratios of polyatomic

molecules using a grid in front of the surface barrier detector. In such
measurements, only the final fragmentation channels are studied. It was found
that for simple triatomic dihydrides, DR often results in the formation of three
separated atoms. However, it was not known if this is a one-step process or a
two-step process, forming first a long-lived metastable diatomic molecule which
then dissociates. Also the electronic states of the fragments were not measured.
Very recently [71] a beautiful experiment for studying the dynamics in DR of
H O  forming H + H + O has been carried out in CRYRING. At zero collision2

+

energy, only two three-body channels are energetically open for DR of H O .2
+

These correspond to the hydrogen atoms in their ground state and the O atom in
either the  or  state. In this experiment the imaging detector described in$ "- ,
section 4.2.5 has been used. The problem is that both the H atoms and the O
atoms give identical signals on a multi channel plate (MCP) detector. The
solution was to place a thin (2.5 m) Al disc (5 mm in diameter) at the center of�
the MCP. The thickness of the disc is chosen such that the H atoms will
penetrate it but the O atoms will be stopped. Thus any pulse occurring from a
strike behind the foil area must be due to an oxygen atom. Then by measuring
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the distances to the hydrogen atoms and the angle between the H atoms,
information about the dynamics was obtained. It was found that the
O( ) O( ) ratio was 3.5 0.5. The distribution of kinetic energies between$ "- � , (
the two recoiling hydrogen atoms appears to be quite random, indicating single
step three-body dissociation without a well-defined intermediate state.

The measurement on ion-pair formation in the electronic recombination of
HD  reported in Paper V showed peaks in the cross section originating from+

interference from different pathways. Thus, when the cross section of a single
asymptotic channel was measured, the interference effects became clear. The
wave packet calculations reported in paper VI showed that these type of
interferences should exist also for the neutral channels. As long as there are
different dissociation paths of the same symmetry, going to the same asymptotic
limit, these paths will interfere. In DR experiments, it would be interesting to
study the cross section into a single asymptotic limit for a range of energies. The
measured energy points would have to be close enough to detect structures in the
partial cross sections.

5.6 Theoretical problems remaining to be solved

Papers IV, V and VI have shown that even for very simple molecules, such as
HD  and HeH , the theory behind the dynamics of dissociative recombination is+ +

not yet fully understood. The difficulties might be found in choosing an optimal
representation of the potential energy curves and couplings. In these papers, the
diabatic curves and couplings have been used, but these curves are not fully
diabatic according to the definition of the diabatic representation given in
equation (3.23). Instead the diabatic curves are obtained linking the adiabatic
curves by following a dominating configuration of the electronic wave function.
It is also very difficult to obtain good diabatic couplings between the states,
Often (as in papers IV, V and VI) it has to be assumed that the curves are only
coupled two-by-two. Surprisingly little work has been reported about diabatic
potential energy curves and couplings even for simple diatomic molecules.

In paper IV, also the adiabatic representation was used  to treat the dynamics.
As described by equation (3.13), the non-adiabatic couplings have two terms.
The term containing the first derivative of the electronic wave function with
respect to internuclear separations is the term that is usually included in
theoretical studies of DR. The second term that contains the second derivative is
almost always neglected. However, it would be interesting to study how large
the effect on DR from this term is. Maybe it can be of importance for DR of
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HeH  and H , where the first term only was not able to reproduce the+ +
3

experimental results.
Recently, Guberman [72] has found that in order to reproduce the observed

quantum yield for the production of O  in DR of O , spin-orbit couplings� =�"
2
+

between Rydberg states of  and   symmetry have to be included. The"� �u g
+ 3 +

spin-orbit coupling will not induce large effects on the calculated total DR cross
section, but it was found to be important for the final state distributions. This
results shows that not only the electronic couplings, but also other type of
couplings have to be included in the models. In paper IV, the rotational
couplings between states of  and  symmetries for the HeH molecule were# #� 	
included. However, since at  K, only a few rotational levels are� � ��
populated, this coupling was not important for the final state distribution.

From the imaging technique, it is sometimes possible to examine the angular
distributions of the neutral fragments in DR (see section  2.2.4). The shape of the
peaks in the projected distance distributions will reveal if the fragments have
been ejected isotropically or with some preferred direction. At low electron
collision energies, only isotropic angular distributions have been observed.
However, in paper IV, the measurement on DR HeH  shows that above 10 eV+

some dissociation channels do not have isotropic angular distributions. Little is
known about how these angular distributions of the fragments from DR can be
predicted theoretically [73].

Papers V and VI report on calculations of a phenomenon that often has been
neglected in the theoretical studies of DR. That is, the quantum interference
between competing dissociation pathways. For ion-pair formation in HD , the+

competing pathways start with the same electronic state (that is the resonant
" #

?� �g
+  state of HD). One important question to ask is: If the dissociation��R �

starts on different states (of the same symmetry) which then will dissociate into
the same asymptotic limit, will there still be interference between the different
routes ? This is a question about the coherence of the electronic recombination.
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