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Kurzfassung

Inelastis
he Kollisionen und Rekombination zwis
hen Elektronen und Molek�ulionen

Inelastis
he Kollisionen zwis
hen Molek�ulionen und langsamen Elektronen spielen eine wi
htige

Rolle in nat�urli
h vorkommenden ionisierten Umgebungen und s
hlie�en interessante We
hsel-

wirkungsme
hanismen mit ein, die au
h Gegenstand intensiver theoretis
her Studien sind. Am

S
hwerionenspei
herring TSR des Max-Plan
k-Instituts f�ur Kernphysik wurden vers
hiedene

Experimente zur Untersu
hung von Kollisionen kleiner Molek�ulionen mit langsamen Elektronen

dur
hgef�uhrt. Mit Hilfe des Coulomb-Explosion-Imagings war es m�ogli
h, die Vibrationsk�uhlung

der gespei
herten homonuklearen Molek�ulionen H

+

2

und D

+

2

direkt zu beoba
hten und es konnte

gezeigt werden, dass die K�uhlung auf super-elastis
he Kollisionen (SEC) zur�u
kzuf�uhren ist, bei

denen interne Anregungsenergie auf das gestreute Elektron �ubertragen wird. Dieser Prozess ist

eng verwandt mit der dissoziative Rekombination (DR). F�ur die unteren Vibrationszust�ande

von H

+

2

und D

+

2

wurden erstmals absolute DR und SEC RatenkoeÆzienten gemessen. Die Bes-

timmung der atomaren Endzust�ande in der DR von LiH

+

und

4

HeH

+

mit langsamen Elektro-

nen war Gegenstand weiterer Experimente. Die elektronis
he Struktur von LiH,

4

HeH und

ihrer Ionen ist derart, dass DR nur dur
h eine ni
ht-adiabatis
he Kopplung der Elektron-

und Kernbewegung bei kleine Atomabst�anden statt�nden kann. Die Experimente zeigten die

bevorzugte Bev�olkerung der h�o
hsten, bei diesen Reaktionen energetis
h errei
hbaren atomaren

Endzust�ande. Des weiteren wurde der absolute RatenkoeÆzient f�ur die DR von LiH

+

Ionen mit

langsamen Elektronen gemessen.

Abstra
t

Inelasti
 
ollisions and re
ombination between ele
trons and mole
ular ions

Inelasti
 
ollisions between mole
ular ions and slow ele
trons play an important role in naturally

o

urring ionized media and involve interesting intera
tion me
hanisms whi
h are also under in-

tense theoreti
al study. Several experiments fo
used on the 
ollision of small mole
ular ions with

ele
trons were 
arried out at the heavy-ion storage ring TSR, lo
ated at the Max-Plan
k-Institut

f�ur Kernphysik, Heidelberg. Using the Coulomb explosion imaging te
hnique it was possible to

monitor vibrational 
ooling of the stored homonu
lear mole
ular ions H

+

2

and D

+

2

and it 
ould

be shown that the 
ooling is only due to the intera
tion of ele
trons with the mole
ular ions

in super-elasti
 
ollisions (SEC) where internal energy is transferred to the s
attered ele
tron.

This pro
ess is 
losely related to disso
iative re
ombination (DR). For the DR and SEC of

H

+

2

and D

+

2

ions with near-zero kineti
 energy ele
trons absolute vibrational state spe
i�
 rate


oeÆ
ients were measured for the �rst time. Another series of experiments was fo
used on the

investigation of �nal fragment states in the DR of LiH

+

and

4

HeH

+

. The ele
troni
 stru
ture of

these ions and the 
orresponding neutral mole
ules is su
h that DR pro
eeds via a non-adiabati



oupling of ele
troni
 and vibrational motion at short internu
lear distan
es. The experiments

revealed a dominant population of the highest energeti
ally a

essible �nal fragment states in

su
h rea
tions. In addition, also the absolute rate 
oeÆ
ient for the DR of LiH

+

mole
ules with

slow ele
trons was measured.





F�ur meine Eltern
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1. Introdu
tion

The understanding of the dynami
s both of highly ex
ited and of internally 
old mole
ular sys-

tems in 
ollisions with ele
trons is an a
tive �eld of resear
h in basi
 mole
ular physi
s and also

of importan
e in various natural environments, su
h as astrophysi
al plasmas. An example for

an astrophysi
al plasma �nding great interest is the primordial gas - the state of matter before

the formation of the �rst stars - where the positively 
harged diatomi
 mole
ular ions H

+

2

, HD

+

,

LiH

+

and

4

HeH

+

were abundant. In the early universe, these mole
ular ions played an important

role in the formation of the �rst generation of galaxies and stars after the Big-Bang[1, 2℄.

In 
onsequen
e of the expansion the primordial gas 
ooled o� and photoionization of atoms be-


ame gradually ine�e
tive. This led to an in
reased abundan
e of neutral atoms (e.g. H, He and

Li), formed by radiative re
ombinations with ele
trons. In a next step various small mole
ular

ions were 
reated in radiative asso
iation pro
esses and the radiative 
ooling of these ions, su
h

as LiH

+

and

4

HeH

+

, resulted in an additional 
ooling of the primordial gas, due to the trans-

formation of translational energy of the atoms into radiation. This additional 
ooling gave rise

to the gravitational 
ollapse of the primordial 
louds and the formation of a �rst generation of

stars. The understanding of the pro
esses that took pla
e in primordial 
louds requires detailed

knowledge about not only the formation but also the depletion me
hanism of the mole
ular

ions. In the 
ooling primordial gas photodisso
iation be
ame of less importan
e and dynami
s

of ele
tron-ion 
ollision pro
esses started to play a relevant role. The dominant destru
tion

pro
ess was the disso
iative re
ombination (DR) of the mole
ular ions with ele
trons. The DR


ross se
tion is therefore of parti
ular interest for the modeling of the mole
ular abundan
es in

the primordial gas[2℄.

The most abundant mole
ular ion in the primordial gas, H

+

2

, has DR rate 
oeÆ
ients strongly

dependent on the vibrational ex
itation (�

DR

� 1 � 10 � 10

�8


m

3

/s, for the lower vibrational

states), as will be shown in Chapter 5.

Be
ause homonu
lear diatomi
 mole
ules, su
h as H

+

2

, do not 
ool radiatively due to a missing

dipole moment (lifetime for quadrupole transitions is of the order of 10

6

s[3℄), the vibrational ex-


itation of the H

+

2

mole
ules has to be taken into a

ount in the models. But, as will be shown in

Chapter 5, re
ombination of an H

+

2

(or D

+

2

) mole
ule with slow ele
trons does not always lead to

disso
iation. The formed neutral hydrogen mole
ules 
an autoionize (inverse re
ombination pro-


ess) again. This s
attering pro
ess is 
alled super-elasti
 
ollision (SEC) if internal ex
itation

1



1 Introdu
tion

energy is transferred to the es
aping ele
tron. The ele
tron indu
ed vibrational de-ex
itation

(SEC) of H

+

2

(D

+

2

) turned out to be the dominant pro
ess after the re
ombination with 
ross

se
tions between one and two orders of magnitude larger than that for DR (see Chapter 5). Part

of this work was fo
used on the detailed understanding of the two 
ompeting pro
esses, DR and

SEC.

The heteronu
lear diatomi
 mole
ular ions

4

HeH

+

and LiH

+

, whi
h were also abundant in the

primordial gas, relax vibrationally on a time s
ale between millise
onds and se
onds. Thus,

the DR rate 
oeÆ
ient for the vibrational ground state is most important. While the DR rate


oeÆ
ient for

4

HeH

+

in the vibrational ground state has been already measured[4℄, the absolute

DR rate 
oeÆ
ient for LiH

+

in 
ollisions with zero kineti
 energy ele
trons was determined for

the �rst time in this work.

Besides the importan
e of the DR rate 
oeÆ
ients for astrophysi
al models, the di�erent pro-


esses are also of interest from a more fundamental point of view. There are basi
ally two

di�erent models DR is thought to pro
eed through, the so-
alled 
rossing and non-
rossing

mode DR. In the 
rossing mode DR, a doubly ex
ited potential 
urve of the neutral mole
ule

is interse
ting the potential 
urve of the ground ele
troni
 state of the mole
ular ion (typi
ally


lose to the vibrational ground state), whereas in the non-
rossing mode DR there is no su
h


urve 
rossing. In the non-
rossing mode DR a 
oupling of the ele
tron and nu
lear motion is

needed, whereas the 
rossing mode DR 
an go by a pure ele
troni
 transition (see Se
. 2.1). The

DR of hydrogen mole
ular ions is a prominent example for the 
rossing-mode, whereas the DR

of

4

HeH

+

and LiH

+

are examples for the non-
rossing mode. Experimental studies of the latter

type of DR at the TSR, performed in the present work, 
on
entrated on the question how the

energeti
ally a

essible �nal atomi
 fragment states are populated. This question is approa
hed

in this thesis for

4

HeH

+

using an established te
hnique based on imaging of the DR fragments

and for LiH

+

using a novel method of analyzing the �eld ionization of the Li fragments (see

Chapter 3).

The di�erent pro
esses dis
ussed above 
an be investigated under well 
ontrolled 
onditions by

storing fast (v=
 � 2� 3%) mole
ular ion beams in the heavy-ion storage ring TSR. The usage

of storage rings for DR measurements, starting about ten years ago, has improved greatly the

understanding of the re
ombination pro
esses between ele
trons and mole
ular ions. Storage

rings have two prin
ipal advantages. Firstly, infrared-a
tive ions 
an be stored and 
ooled vi-

brationally by spontaneous emission of radiation. Se
ondly, the mole
ular ion beam 
an be

merged with an intense and 
old ele
tron beam in the so-
alled ele
tron 
ooler. The ele
tron

velo
ity and therefore the 
ollision energy 
an easily be varied by 
hanging the a

eleration

voltage, whi
h allows for the investigation of the energy dependen
e of the DR pro
ess. The

merged beam geometry allows for an eÆ
ient dete
tion of the re
ombination produ
ts.

This present thesis is stru
tured as follows: In Chapter 2 the di�erent me
hanisms of DR and

SEC of diatomi
 mole
ular ions with ele
trons are brie
y dis
ussed. Additionally some proper-

2



ties of the studied mole
ular ions are summarized. The experimental prin
iples used to study

the properties of DR and SEC, namely the Coulomb explosion imaging (CEI) and the re
om-

bination fragment imaging (RFI), are introdu
ed in Chapter 3. The experimental apparatus,

su
h as the used ion sour
es, the storage ring TSR together with the ele
tron 
ooler and the

CEI and RFI setups are dis
ussed in Chapter 4. First experimental results on the absolute

DR rate 
oeÆ
ient for the vibrational ground state and higher vibrational states of H

+

2

and

D

+

2

are dis
ussed in Chapter 5. Furthermore, �rst absolute SEC rate 
oeÆ
ients for the lower

vibrational states of these mole
ular ions are presented. A 
omparison of the DR and SEC rate


oeÆ
ients reveals the dominan
e of the autoionization with respe
t to the disso
iation whi
h

was up to now thought to play a minor role in the re
ombination of hydrogen mole
ular ions

with ele
trons.

Final state measurements for the DR of

4

HeH

+

and LiH

+

, following the so-
alled non-
rossing

mode DR and a �rst measurement of the absolute DR rate 
oeÆ
ient of LiH

+

are des
ribed in

detail in Chapter 6. For both mole
ular ions the dominant population of the highest possible

�nal fragment states was observed whi
h might be a pe
uliarity of the non-
rossing mode DR.

3
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2. Ele
tron 
ollision pro
esses of small

mole
ular ions

2.1 Disso
iative re
ombination

Disso
iative re
ombination (DR) of a diatomi
 mole
ular ion AB

+

with an ele
tron is des
ribed

by the following pro
ess

AB

+

(vJ) + e

�

�! A(nl) + B(n

0

l

0

); (2.1)

where vJ is the initial ro-vibrational state of the mole
ular ion and nl and n

0

l

0

are the �nal

states of the fragments A and B, respe
tively.

For mole
ules with an ele
troni
 
on�guration where a doubly ex
ited ele
troni
 state of the

neutral mole
ule 
rosses the ground ele
troni
 state of the ion, DR 
an pro
eed via two di�erent

paths. The basi
 DR pro
ess is des
ribed by a di-ele
troni
 re
ombination in whi
h the in
ident

ele
tron gets 
aptured into the doubly ex
ited neutral state. This so-
alled dire
t DR is a pure

ele
troni
 pro
ess and the 
oupling is des
ribed by the ele
troni
 Hamilton operator H

e

(r;R)

(Eq. A.6). In a se
ond possible DR pro
ess, often referred to as indire
t DR, the in
oming

ele
tron gets �rst 
aptured into a neutral vibrationally ex
ited Rydberg state whi
h is then

predisso
iated by the doubly ex
ited state. The re
ombination in the indire
t DR is driven by the

nu
lear kineti
 energy operator T

N

(see Eq. A.13) and the transformation of the kineti
 energy

of the in
ident ele
tron to the nu
lear motion of the mole
ule. This non-Born-Oppenheimer

re
ombination pro
ess is 
ompeting with the dire
t re
ombination into the doubly ex
ited neutral

state.

The DR me
hanism for mole
ular ions whi
h la
k a doubly ex
ited neutral state 
rossing their

ground ele
troni
 state o

urs via a nonadiabati
 
oupling to one of the neutral mole
ular

Rydberg states at short internu
lear distan
es. As in the indire
t pro
ess, the re
ombination in

driven by the nu
lear kineti
 energy operator T

N

.

The di�erent DR pro
esses mentioned above are dis
ussed in more detail in this se
tion.

5



2 Ele
tron 
ollision pro
esses of small mole
ular ions

R s

Figure 2.1: The ground ele
-

troni
 state

2

�

+

g

of H

+

2

[5℄ and

the doubly ex
ited

1

�

+

g

disso
ia-

tive state [6℄ of H

2

. Addition-

ally shown is another doubly ex-


ited state belonging to the Q

1

series and the nu
lear wavefun
-

tions squared j�

v

(R)j

2

(J = 0).

The �nal fragment state energies

of the ex
ited atomi
 hydrogen

(n = 2 � 4) are depi
ted on the

right.

2.1.1 DR with 
urve 
rossing: basi
 and resonant pro
esses

Basi
 DR pro
ess

The so-
alled dire
t DR is a diele
troni
 pro
ess in whi
h an ele
tron gets 
aptured into a

repulsive, doubly ex
ited resonant state followed by the disso
iation of the neutral mole
ule.

This pro
ess has been �rst explained by Bates [7℄. The hydrogen mole
ular ion is an example

for a system with a doubly ex
ited state 
rossing the ele
troni
 ground state of the ion, see

Fig. 2.1. The dire
t DR of H

+

2

is des
ribed s
hemati
ally by:

H

+

2

+ e

�

�! H

2

��

�! H+H: (2.2)

The doubly ex
ited state has a (2��

u

)

2


on�guration.

In 
ompetition to the disso
iation an ele
tron 
an be emitted again through autoionization, the

reverse ele
tron 
apture pro
ess. Due to the vanishing ele
troni
 
oupling between the doubly

ex
ited neutral state and the ioni
 state at distan
es larger than the separation at whi
h both


urves 
ross (denoted by R

S

in Fig. 2.1), autoionization is be
oming unlikely.

A 
lassi
al formalism des
ribing the dire
t DR was dis
ussed by Bardsley and Biondi [8℄ and

will be only brie
y reviewed.

The DR 
ross se
tion �

DR

as a fun
tion of the 
ollision energy is often expressed as a produ
t of

the 
ross se
tion for the ele
tron 
apture �


ap

and the probability for the disso
iation to o

ur

(i.e. the 
omplement of the autoionization probability), whi
h is often 
alled survival fa
tor

6



2.1 Disso
iative re
ombination

S(E)

1

�

DR

(E) = �


ap

(E) S(E): (2.3)

The survival fa
tor, as a fun
tion of the internu
lear separation, was estimated by Bardsley [9℄

assuming a 
lassi
al traje
tory R(t) for the disso
iating atomi
 fragments to

S(R) = exp

�

�

Z

1

�(R(t))

dt

�

; (2.4)

where �(R) is the autoionization lifetime � . In a 
lassi
al pi
ture re
ombination with ele
trons

at a 
ollision energy E 
an only o

ur at an internu
lear distan
e R




where the verti
al transition

energy to the doubly ex
ited state is identi
al with the 
ollision energy E. The autoionization

lifetime is proportional to the inverse 
apture width �(R) and 
an be written as [8℄

�(R) =

~

�(R)

=

~

2�jV(R)j

2

(2.5)

with

V(R) = h�

AB

(r;R) jH

e

(r;R) j�

AB

+(r;R)�(r) i ; (2.6)

where H

e

(r;R) denotes the ele
troni
 Hamilton operator (Eq. A.6), des
ribing the intera
tion

between the ele
troni
 state of the ion �

AB

+
(r;R) and the free ele
tron �(r) and the ele
troni


state of the neutral mole
ule �

AB

(r;R). Using Eq. 2.5, the survival fa
tor 
an be written as

S(R) = exp

�

�

1

~

Z

R

s

R




�(R)

v(R




; R

s

)

dR

�

; (2.7)

where R




denotes the internu
lear separation at whi
h the re
ombination o

urred, R

s

(see

Fig. 2.1) the distan
e at whi
h the doubly ex
ited neutral state of the mole
ule 
rosses the ele
-

troni
 ground state of the mole
ular ion and v(R




; R

s

) the velo
ity of the disso
iating fragments.

The 
ross se
tion �


ap

for the ele
tron 
apture is expressed by [8℄

�


ap

(E) =

�

2

~

2

2m

e

E

�

g

n

g

i

�

j�

i

(R




)j

2

�(R




)

�

�

�

�

dV

i

dR

�

�

�

�

�1

; (2.8)

where g

i

and g

n

are the multipli
ities of the ele
troni
 states of the mole
ular ion and the neu-

tral mole
ule, respe
tively, V

i

the ele
troni
 potential 
urve of the ion and �

i

(R) the nu
lear

wavefun
tion of the mole
ular ion.

In
uen
e of resonan
es on DR

The indire
t DR, �rst proposed by Bardsley [10℄, is a resonant three-stage pro
ess in whi
h a free

ele
tron is �rst 
aptured into a vibrationally ex
ited neutral mole
ular Rydberg state followed

1 This assumption 
annot be fully justi�ed but is very useful for a qualitative des
ription of the DR pro
ess,

see Bardsley [9℄.

7



2 Ele
tron 
ollision pro
esses of small mole
ular ions

H
**

2

H + H
+

H + H(nlm)

H
+
2

H
*

2

(a)

(b)

E
∆v

E
WR

E
nlm

Internuclear distance (Å)

U
 (

eV
)

-4

-3

-2

-1

0

1

2

1 2 3 4 5 6

Figure 2.2: S
hemati


drawing of the ground ele
-

troni
 state of H

+

2

, the low-

est doubly ex
ited neutral

state of H

2

and a Rydberg

state of H

2

. The re
ombi-

nation pro
esses in the di-

re
t and indire
t DR are

marked by (a) and (b), re-

spe
tively.

by a radiationless transition (predisso
iation) to the repulsive, doubly ex
ited state. Indire
t DR

is a non-Born-Oppenheimer pro
ess in whi
h the energy of the in
oming ele
tron is transferred

to the nu
lear motion of an H

2

Rydberg state. The Rydberg states (1s�

g

nlm) are 
onverging

to the ground ele
troni
 state of H

+

2

(1s�

g

). The indire
t DR of H

+

2

is des
ribed by

H

+

2

(v) + e

�

�! H

2

�

(v

0

) �! H

2

��

�! H+H: (2.9)

Due to the dis
rete ro-vibrational energy spe
tra of the neutral Rydberg states indire
t DR is a

resonant pro
ess. Some Rydberg states are strongly 
oupled to the disso
iation 
ontinuum and

have a short autoionization lifetime [11, 12℄. The interferen
e between dire
t and indire
t DR

leads to so-
alled window resonan
es in the total DR 
ross se
tion whi
h are mostly destru
tive,

i.e. they lower the DR 
ross se
tion. In the multi
hannel quantum defe
t theory (MQDT) ap-

proa
h to DR [11℄ these interferen
es are in
luded and it has been shown that the 
ross se
tion

near window resonan
es takes the form of a peak, a dip or a Fano pro�le [13℄, depending on the

relative magnitudes of the dire
t re
ombination matrix elements and the matrix elements for

the intera
tion of the Rydberg state with the ele
tron ion 
ontinuum (autoionization) and with

the disso
iative state (DR) [14℄.

The potential 
urves of higher neutral Rydberg states (1s�

g

nlm) are des
ribed in a good ap-

proximation by the ground ele
troni
 state of H

+

2

(1s�

g

), shifted by the binding energy E

nlm

of

the atomi
 Rydberg state (nlm). The energy position E

WR

of a window resonan
e in the DR


ross se
tion for a vibrational ex
itation �v 
an therefore be estimated, negle
ting rotational

8



2.1 Disso
iative re
ombination

ex
itation, to

E

WR

= E

�v

�E

nlm

; (2.10)

where E

�v

denotes the vibrational level spa
ing, see Fig. 2.2.

2.1.2 Non-
rossing mode DR

For mole
ules that la
k a doubly ex
ited state 
rossing the ioni
 potential 
urve one would expe
t

the DR 
ross se
tion to be small. The mole
ular ions LiH

+

,

4

HeH

+

and H

+

3

are examples for

su
h mole
ules. However, experimental studies of the DR of these mole
ular ion at ion storage

rings yielded high rate 
oeÆ
ients, � � 7 � 10

�9


m

3

/s for

4

HeH

+

[4℄, � � 6 � 10

�7


m

3

/s

for LiH

+

[15℄ (see Se
. 6.1.2) and � � 1 � 10

�7


m

3

/s for H

+

3

[16, 17℄, as 
ompared to e.g.

� � 2� 10

�8


m

3

/s for H

+

2

(see Chapter 5).

For the studied mole
ular ion

4

HeH

+

(see Se
. 6.2) two theoreti
al 
al
ulations, based on

R�matrix theory and MQDT by Sarpal, Tennyson and Morgan [18℄ and Guberman [19℄, respe
-

tively, were performed and a reasonable agreement with the experimental results was obtained.

Both 
al
ulations assumed that at short internu
lear separations a nonadiabati
 
oupling exists

between the ground ele
troni
 state of

4

HeH

+

(plus a free ele
tron) and the neutral Rydberg

states of

4

HeH. Both theories des
ribed the DR with the same me
hanism but predi
ted the

population of di�erent �nal fragment states. The dominant disso
iation routes are X

2

�

+

and

C

2

�

+

in the 
al
ulations by Sarpal et al. and Guberman, respe
tively. The C

2

�

+

state is


onne
ted to H(n = 2) + He(2s

2

) whi
h has been experimentally shown to be the dominant

pro
ess, see Se
. 6.2 and referen
es therein. The MQDT 
al
ulations for the DR of

4

HeH

+

by

Guberman will therefore be brie
y dis
ussed.

The 
oupling matrix element des
ribing the 
apture into a Rydberg state with an e�e
tive prin-


ipal quantum number n

�

is given by a matrix element over the total Hamiltonian (Eq. A.2).

The matrix element over the ele
troni
 (H

e

) and the nu
lear-nu
lear (V

N

) Hamiltonian vanishes

and the matrix element over the nu
lear kineti
 energy operator T

v

N

(Eq. A.13) is given by [20℄

T

v;d

= �

1=2

D

 

n

�

d

�

n

�

d

jT

v

N

j 

l;k

v

�

v

E

; (2.11)

where � denotes the density of states. The disso
iative and ion wavefun
tions are labeled d and v,

respe
tively, and  and � des
ribe the many-ele
tron and vibrational wavefun
tions, respe
tively.

 

l;k

v

in
ludes the free ele
tron orbital and the angular momentum and the wavenumber of the

ele
tron are denoted by the label l and k, respe
tively. The matrix element T

v;d

falls o� as

(1=n

�

)

3=2

[20℄.

The \dire
t" DR 
ross se
tion (i.e. the one not involving any Rydberg resonan
es similar to

those depi
ted in Fig. 2.2) for an ion in a vibrational level v is given by [11℄

�

v

=

�

2k

2

�

g

n

g

i

�

4�

2

T

2

v;d

�

1 +

P

v

0

�

2

T

2

v

0

;d

�

2

; (2.12)
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2 Ele
tron 
ollision pro
esses of small mole
ular ions

Figure 2.3: The 
al
ulated HeH disso
iative potential-energy 
urves (solid lines), the n = 3

Rydberg states (dashed lines), and the HeH

+

ground state (slid line) with the v = 0 level are

shown. The v = 8 resonan
e level of the D

2

�

+

state is shown as the dashed line. The dotted line

shows the produ
t, 2A(R)d�

0

=dR, with its ordinate axis on the right. Plot taken from Ref. [19℄.

where k is the wavenumber of the in
ident ele
tron, g

n

and g

i

are the statisti
al weights of the

neutral and ion state, respe
tively and v

0

is an index running over the energeti
ally open ion

vibrational levels as �nal states of autoionization. The intera
tion matrix element

h 

d

�

d

jT

v

N

j 

v

�

v

i (2.13)


an be written as

�

~

2

2�

�

�

d

�

�

�

�

B(R) + 2A(R)

�

�R

�

�

�

�

�

v

�

; (2.14)

with

B(R) =

�

 

d

�

�

�

�

�

2

�R

2

�

�

�

�

 

v

�

(2.15)

and

A(R) =

�

 

d

�

�

�

�

�

�R

�

�

�

�

 

v

�

: (2.16)

S. Guberman [19℄ showed that the se
ond term in Eq. 2.14 is large at small internu
lear distan
es

(see Fig. 2.3 from Ref. [19℄). Thus, the term A(R) is non-negligible and the Born-Oppenheimer

approximation (Se
. A.1) is not valid at these internu
lear distan
es.

For

4

HeH

+

there are presently no further 
al
ulations available for the partial DR 
ross se
tion

10



2.2 Super-elasti
 
ollisions

of energeti
ally a

essible disso
iation paths at larger 
ollision energies.

For the se
ond studied mole
ular ion, LiH

+

(see Se
. 6.1.2), no su
h 
al
ulations are presently

available. As will be dis
ussed in Se
. 2.3.3, LiH

+

is a weakly bound mole
ule. Thus, DR of

LiH

+

in the vibrational ground state with low kineti
 energy ele
tron 
an pro
eed via a various

number of neutral Rydberg states, see Fig. 6.2 (Se
. 6.1.3). Applying the s
aling law for the


oupling matrix element T

v;d

/ (1=n

�

)

3=2

, DR is expe
ted to pro
eed via the lower neutral

Rydberg states. In Se
. 6.1 an experiment studying the �nal fragment states in the DR of

LiH

+

with zero kineti
 energy ele
trons is dis
ussed and it will be shown, that the 
oupling

to the highest energeti
ally a

essible neutral Rydberg states is stronger than the 
oupling to

lower lying Rydberg states whi
h is 
ontradi
tory to the predi
ted results using the s
aling law

dis
ussed before.

2.2 Super-elasti
 
ollisions

The homonu
lear isotopomers of the hydrogen mole
ular ion do not possess a dipole moment

whi
h is needed for a radiative 
ooling. Thus, storing of su
h an ion in a storage ring is ex-

pe
ted to be insuÆ
ient for obtaining internally 
old mole
ules. But, vibrational 
ooling of the

homonu
lear hydrogen mole
ules H

+

2

and D

+

2

has been observed in several experiments at di�er-

ent storage rings in the past [21, 22℄. The 
ooling me
hanism was as
ribed to di�erent pro
esses.

M. Larsson et al. [21℄ 
laimed 
ollisions with the residual rest gas for the observed removal of

vibrational ex
itation in D

+

2

, whereas W. van der Zande et al. [22℄ assigned the observed vibra-

tional 
ooling of H

+

2

to ele
tron-ion 
ollisions in the ele
tron 
ooler and 
onje
ture vibrational

state spe
i�
 DR rate 
oeÆ
ients being responsible for the 
ooling. Another possible 
ooling

me
hanism, the 
hannel of super-elasti
 
ollisions (SEC) of ele
trons with vibrationally ex
ited

mole
ular ions, was ruled out as an eÆ
ient 
ooling pro
ess. This 
on
lusion was based on the

results of 
al
ulations of the SEC rate 
oeÆ
ients by Sarpal and Tennyson [23℄ and Nakashima

et al. [24℄. For 
ollisions with low kineti
 energy ele
trons SECs are des
ribed by

H

2

+

(v) + e

�

(E) �! H

2

+

(v

0

) + e

�

(E +�E) ; (2.17)

(v

0

< v;�E > 0) ;

where a part of the internal ex
itation energy of the mole
ule (ro-vibrational ex
itation) is trans-

ferred to the s
attered ele
tron by autoionization of the doubly ex
ited intermediate state H

��

2

(see Eq. 2.2). Experimental eviden
e for SEC was found by Tanabe et al. [25℄ in DR experiments

with H

+

2

ions and Saito et al. [26℄ with H

+

2

and D

+

2

ions. First SEC rate 
oeÆ
ients for the lower

vibrational states were obtained from vibrational population measurements presented in Se
. 5.4

of this thesis (see also Krohn et al. [27℄) and estimated by to be of the order of (1-4)�10

�6


m

3

s

�1

and therefore about an order of magnitude larger than 
al
ulated values [23, 24℄. A detailed

11



2 Ele
tron 
ollision pro
esses of small mole
ular ions

study of SEC pro
esses within the present work, giving experimental values for the SEC rate


oeÆ
ients, is dis
ribed in Chapter 5.

2.3 Some properties of the studied mole
ular ions

2.3.1 H

+

2

and its isotopomers

-4
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U
 (

eV
)

Q1 series H(1s)+H(nl)
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+
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+
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+
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+
 (1sσ
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g
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g
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g
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H(1s)+H(2l)

H(1s)+H(3l)

H
-
+H

+

..

.
H(1s)+H

+

H(2l)+H
+

Figure 2.4: Potential energy 
urves of H

+

2

and H

2

. Solid blue lines: adiabati
 
urves of the

two lowest ioni
 states, 
al
ulated for HD

+

in Ref. [28℄. Dashed blue 
urve: Born-Oppenheimer


urve of the se
ond ex
ited ioni
 state [29℄. Solid red 
urves: adiabati
 
urves of the lowest

ex
ited bound states of H

2

[30℄, showing avoided 
rossing with the lowest Q

1


urve (dashed

bla
k line) [6, 31℄. Solid bla
k lines: states from the antibonding Q

1

and Q

2

series [6℄. To the

right, the atomi
 fragment states are noted.

H

+

2

is the simplest diatomi
 mole
ular ion and therefore often used to 
ompare theoreti
al mod-

els with experimental results. The ele
troni
 stru
ture is identi
al for all its isotopomers. In

Fig. 2.4 the (1s�

g

)

2

�

+

g

and (2p�

u

)

2

�

+

u

potential energy 
urves of H

+

2

[5℄ are plotted together

with the two series of doubly ex
ited neutral states [6℄, often referred to as Q

1

and Q

2

series. The

doubly ex
ited neutral states play an important role in the dire
t and indire
t DR, as dis
ussed

in Se
.2.1.1. The ro-vibrational energy levels stru
tures are di�erent for all isotopomers due

to their redu
ed masses, see Eq. A.14. The disso
iation energies from the vibrational ground

12



2.3 Some properties of the studied mole
ular ions

state range from E

d

� 2:65 eV to E

d

� 2:70 eV (Se
. B.2, Tab. B.2) for H

+

2

, HD

+

and D

+

2

. The

binding length is R

e

� 1:06

�

A [32℄ for all isotopomers. There is a prin
ipal di�eren
e between

HD

+

on one hand and H

+

2

and D

+

2

on the other. The heteronu
lear mole
ule HD

+

possesses a

dipole moment. The radiative relaxation times for ro-vibrational transitions are between 10ms

and 60ms [33℄ and a 
omplete 
ooling into the vibrational ground state has been observed after

about 500ms of storage [34℄. The homonu
lear diatomi
 ions H

+

2

and D

+

2

la
k su
h a dipole

moment and the radiative lifetimes for quadrupol transitions are of the order of 10

6

s [3℄. These

lifetimes are mu
h too long to observe ro-vibrational 
ooling in storage ring experiments.

Thus, �rst experiments investigating the DR of the mole
ular hydrogen ion at heavy-ion storage

rings have been performed at vibrationally 
old HD

+

. A �rst DR 
ross se
tion measurement

for HD

+

has been 
arried out at the TSR [35, 36℄. In the following years the DR 
ross se
tion

of HD

+

has also been measured at other storage rings, su
h as CRYRING [37℄, Sweden, and

TARN II [38℄, Japan. Further studies of the DR of HD

+

in Heidelberg were fo
used on the

investigation of the bran
hing ratio into the �nal fragment states at di�erent 
ollision ener-

gies [39, 31℄, vibrational state spe
i�
 DR rate 
oeÆ
ients [40℄ and the threshold stru
ture of

the DR 
ross se
tion at the opening of additional �nal fragment states [41℄.

Experimental studies of the dependen
e of the DR 
ross se
tion of H

+

2

on the vibrational popula-

tion have been 
arried out at the storage rings CRYRING [22℄, Sto
kholm, and ASTRID [42, 43℄,

Aarhus. In the experiment at the ASTRID storage ring the population of the higher vibrational

states has been redu
ed by photodisso
iation of these states, whereas the higher vibrational

states have been depeleted in the CRYRING experiments by ele
tron-ion 
ollisions. In both

experiments a lower DR 
ross se
tion for the vibrationally 
older H

+

2

ion beams [22, 42, 43℄ has

been measured.

2.3.2 The helium hydride ion:

4

HeH

+

The helium hydride ion

4

HeH

+

has a binding length of R

e

= 0:774

�

A [44℄. The disso
iation energy

for the vibrational ground state amounts to E

D

� 1:85 eV (Append. D.1). Some additional

spe
tros
opi
 data are summarized in Append. D.1. In Fig. 2.5 the potential energy 
urves for

the X

1

�

+

ground ele
troni
 state of

4

HeH

+

and for some ex
ited ele
troni
 states are shown. The


al
ulations were performed by A. Orel et al. [45℄. Additionally plotted are some important singly

ex
ited Rydberg states and a series of doubly ex
ited states of the neutral

4

HeH mole
ule [45℄.

HeH is an ex
imer, i.e. the X

2

�

+

ground state potential is repulsive and the ex
ited states are

bound (Fig. 2.5). All doubly ex
ited states of HeH are energeti
ally several eV higher than the

ele
troni
 ground state of

4

HeH

+

.

4

HeH

+

is therefore an example for a mole
ular ion whi
h

re
ombines with slow ele
trons via a non-
rossing pro
ess [19℄.

Due to the short radiative lifetimes of ro-vibrational transitions (Append. D.2),

4

HeH

+


ools

vibrationally into its ground state on a time s
ale of several ms, whi
h is short 
ompared to

typi
al storage times in the TSR of up to about a minute. DR of a vibrationally 
old

4

HeH

+

ion
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tron 
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esses of small mole
ular ions

with zero kineti
 energy ele
trons has two possible �nal fragment 
hannels, He(1s

2

) +H(1s)

and He(1s

2

) +H(2l). The next higher fragment state (i.e. He(1s

2

) +H(3l)) opens at a 
ollision

energy E = 333meV.

Radiative 
ooling of

4

HeH

+

ions in a Plan
k radiation �eld

The temperatures in ion sour
es are typi
ally a few hundreds of Kelvin. The ions produ
ed in

these sour
es are therefore rotationally and vibrationally ex
ited when inje
ted in the storage

ring. The rotational and vibrational 
ooling of stored polar mole
ules into a thermal equilibrium

at 300K, a

ording to the ring temperature, o

urs via emission and absorption of radiation.

The spontaneous and stimulated emission are responsible for 
ooling and the absorption for

heading. The 
oeÆ
ients des
ribing these three pro
esses are 
ommonly known as the Einstein


oeÆ
ients [32℄.

For several experiments performed at storage rings it is important to know if an ion beam 
an

get into a thermal equilibrium with the environment while stored in the ring, e.g. 
ooling of

stored CH

+

[46℄. A simple model 
an be used to simulate the 
ooling of an ensemble of stored

ions in a radiation �eld 
orresponding to a temperature of T = 300K [47, 48℄.

The

4

HeH

+

mole
ule 
ools within several ms in its vibrational groundstate, see Tab. D.3 for the

radiative lifetimes of the lower vibrational states. Therefore only the time needed for rotational


ooling into an equilibrium with the thermal radiation of the ring is of importan
e for the study

of the re
ombination of

4

HeH

+

with ele
trons.

In our model only the lowest 6 rotational states (J = 0 � 5) have been 
onsidered. This as-

sumption is reasonably be
ause of the rather large rotational 
onstant of

4

HeH

+

(see Table D.2).

The ex
itation energy for

4

HeH

+

(J = 5) is � 120meV, or expressed in a temperature � 1400K,

whereas the ion sour
e temperature is less than 1000K.

The energy density �

T

(��) of the radiation �eld at a temperature T is given by the Plan
k

distribution law for a parti
ular wavenumber � and 
an be written as

�

T

(��) = 8�h

��

3

e

(h
��=k

B

T )

� 1

; (2.18)

where 
 is the speed of light and k

B

the Boltzmann 
onstant.

The Einstein 
oeÆ
ient A

J;J�1

gives the probability for a spontaneous transition per time in-

terval from J �! J � 1. The dipole moment matrix element j�j is approximately 
onstant for

lower rotational states (see Appendix D.2) and A

J;J�1


an be written as

A

J;J�1

=

16�

3

��

3

J;J�1

3�

0

h

J

2J + 1

j�j

2

: (2.19)

The dipole moment matrix element for the transition J = 5 �! J = 4 
an be obtained from

Eq. D.4. The Einstein 
oeÆ
ient A

5;4

has been 
al
ulated by Datz and Larsson [49℄ and the

14



2.3 Some properties of the studied mole
ular ions

Internuclear distance (A)

U
 (

eV
)

Figure 2.5: Potential energy 
urves for the

1

�

+

and

3

�

+

states of HeH

+

, the singly ex
ited

2

�

+

states and the doubly ex
ited states of HeH [45℄ together with the 
orresponding asymptoti


atomi
 states.

transition wavenumber is given by

��

J;J�1

= 2B

0;0

J; (2.20)

where B

0;0

denotes the rotational 
onstant for the ro-vibrational ground state, see Table D.2.

The produ
t of the Einstein 
oeÆ
ient B

J;J�1

and the energy density �

T

(��

J;J�1

) for the tran-

sition J �! J � 1 represents the probability for a stimulated transition per time unit and

�

T

(��

J�1;J

)B

J�1;J

the absorption from J � 1 �! J . Both 
oeÆ
ients 
an be written as:

B

J;J�1

=

1

6�

0

~

2

J

2J + 1

j�j

2

B

J�1;J

=

2J + 1

2(J � 1) + 1

B

J;J�1

: (2.21)

Einstein has shown that the 
oeÆ
ients for spontaneous emission and stimulated emission are

related by

A

J;J�1

= 8�h��

3

B

J;J�1

: (2.22)

The time evolution of the population p

J

of a rotational state 
hanges a

ording to the rate

equation:

_p

J

= p

J

f�A

J;J�1

� �

T

(��

J;J�1

)B

J;J�1

� �

T

(��

J;J+1

)B

J;J+1

g+
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2 Ele
tron 
ollision pro
esses of small mole
ular ions
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Figure 2.6: Cal
ulated rotational 
ooling for two di�erent initial population distributions in

a Plan
k radiation �eld 
orresponding to T = 300K. In 
ase (a) 100% of the mole
ules where

in J = 5 and in 
ase (b) 100% where in J = 0 at t = 0 s. For both 
ases an almost 
omplete

thermal equilibrium is rea
hed in less than 10 s.

p

J+1

fA

J+1;J

+ �

T

(��

J+1;J

)B

J+1;J

g+

p

J�1

f�

T

(��

J�1;J

)B

J�1;J

g: (2.23)

The set of 
oupled rate equations for all 
onsidered rotational states 
an be solved as explained

in Appendix E.

The population p

J

in a thermal equilibrium 
orresponding to a temperature T is given by a
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2.3 Some properties of the studied mole
ular ions

Boltzmann distribution and 
an be written as

p

J

= Z

�1

(2J + 1)e

(�E

J

=k

B

T )

with Z =

J

max

X

J=0

(2J + 1)e

(�E

J

=k

B

T )

; (2.24)

where E

J

denotes the energy of the rotational ex
itation and Z the partition fun
tion.

Fig. 2.6 shows the 
al
ulated rotational 
ooling for two di�erent initial rotational population

distributions. In 
ase (a) 100% of the mole
ules where in J = 5 at t = 0 s and in 
ase (b)

100% where in J = 5. For both initial distributions an almost 
omplete 
ooling into thermal

equilibrium 
orresponding to the temperature T = 300K (see Eq. 2.24) in less than 10 s 
an be

observed.

2.3.3 The lithium hydride ion: LiH

+

X

A

C

D

E

F G

H

X

Li(2s) + H(1s)

Li(2p) + H(1s)

Li(3s) + H(1s)
Li(3p) + H(1s)
Li(3d) + H(1s)
Li(4s) + H(1s)
Li(4p) + H(1s)

Li
+
 + H(1s)
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Figure 2.7: Adiabati
 potential energy 
urves for the X

1

�

+

states (dotted lines) of LiH [50℄

and the ground ele
troni
 state X

2

�

+

of LiH

+

(solid line) [51℄ together with the 
orresponding

asymptoti
 atomi
 states.

The lithium hydride ion LiH

+

is a weakly bound mole
ule with a disso
iation energy of

E

D

� 116meV [51℄ for the vibrational ground state and a binding length R

e

� 2:17

�

A [51℄. In

Append. C some spe
tros
opi
 data are presented. To our knowledge LiH

+

has never been stud-

ied experimentally and only observed in a mass spe
trometer [52℄. Fig. 2.7 shows the adiabati
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2 Ele
tron 
ollision pro
esses of small mole
ular ions
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Figure 2.8: Cal
ulated vibrational 
ooling of LiH

+

(solid lines) in a Plan
k radiation �eld


orresponding to a temperature of T = 300K. For the initial population values from a Coulomb

explosion imaging measurement [54℄ were taken.

potential energy 
urve for the

2

�

+

ground ele
troni
 state of LiH

+

from ab initio 
al
ulations

by Berri
he and Gad�ea [51℄. Ab initio adiabati
 and diabati
 potential energy 
urves for almost

all states of LiH below the ioni
 limit (Li

+

+H

�

) were 
al
ulated by Boutalib and Gad�ea [50℄.

In Fig. 2.7 the adiabati
 
urves are plotted together with the 
orresponding asymptoti
 atomi


states. Presently there are no doubly ex
ited neutral states known 
rossing the X

2

�

+

state of

LiH

+

. The ex
itation of the Li and H atom requires mu
h more energy than a single ex
itation

of a Li atom. The potential energy 
urves 
orresponding to the �nal atomi
 fragment states

Li(2s)+H(n = 2) are lying several eV above the ground ele
troni
 state of LiH

+

and do not play

a role in the studied low-kineti
 ele
tron-ion 
ollisions. These states are not shown in Fig. 2.7

for the sake of 
larity. Thus, LiH

+

re
ombines with slow ele
trons via a non-adiabati
 
ou-

pling at short internu
lear distan
es, see Se
. 2.1.2. Due to the ex
eptional low binding energy

high Rydberg fragment states 
an be rea
hed energeti
ally by re
ombinations with near-zero ki-

neti
 energy ele
trons. A review on spe
tros
opy and stru
ture of the lithium hydride diatomi


mole
ules and ions has been given by Stwalley and Zemke [53℄.

Vibrational 
ooling of LiH

+

The time s
ale for vibrational 
ooling of LiH

+

into thermal equilibrium is of parti
ular interest

for the DR measurements and will be studied here. LiH

+

in the ground ele
troni
 state possesses

a rather large dipole moment (� 0:5� 3Debye) [55℄, but the binding energy is only � 120meV

and hen
e the vibrational level spa
ing small. The probability for spontaneous transitions are

therefore small and the radiative lifetimes long, see Appendix C.3.
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2.3 Some properties of the studied mole
ular ions

A model for the vibrational population 
an be developed similar to that for the rotational


ooling of

4

HeH

+

(Se
. 2.3.2). The modeled time evolution is shown in Fig. 2.8. For the initial

population values from a Coulomb explosion imaging (CEI) measurement [54℄ measured at the

storeage time t = 0:5 s were 
hosen, see also Tab. 6.1 in Se
. 6.1. The modeled 
ooling shows that

a stored LiH

+

ion beam should be almost in a 
omplete thermal equilibrium with the storage

ring walls after about 7 s.
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3. Ba
kground of the experimental

te
hnique

This 
hapter des
ribes the prin
iples and the theoreti
al ba
kground of the experimental meth-

ods used in the present work to study the properties of mole
ular ions and their intera
tion

with ele
trons using fast ion beams in a heavy ion storage ring. In the �rst part the Coulomb

explosion imaging te
hnique will be explained and its appli
ation to measurements of the vibra-

tional population evolution of stored mole
ular ions dis
ussed. In the se
ond part the proje
ted

fragment imaging te
hnique used for disso
iative re
ombination (DR) measurements will be pre-

sented. Details of the experimental setup are given in Chapter 4 and for example in the review

arti
le [56℄.

3.1 The Coulomb explosion imaging prin
iple

In order to study mole
ular ions by Coulomb explosion imaging (CEI) [57℄ they are a

elerated

to velo
ities of several a.u.

1

. When su
h a mole
ular ion 
ollides with a thin foil its binding

ele
trons get stripped o� on a time s
ale of � 10

�17

s. Moreover, if the thi
kness of the target

foils are less than 100

�

A typi
al dwell times of the mole
ule inside the target are � 10

�16

s.

The time s
ales are short 
ompared to vibrational and rotational times whi
h are about 10

�14

s

and 10

�12

s, respe
tively. Thus, the attra
tive binding for
e between the mole
ular 
onstituents

is abruptly repla
ed by a pure repelling Coulomb for
e and the 
harged mole
ular fragments

start to repel ea
h other. The Coulomb energy is 
ompletely 
onverted into kineti
 energy after

several �m of 
ight and the exploding fragments then move with their asymptoti
 velo
ities.

The mi
ros
opi
 binding distan
e of about 1

�

A is thus transformed into a ma
ros
opi
 distan
e

(few 
entimeters) after several meters of 
ight. The resulting distan
e between the parti
les,

determined by the 
enter-of-mass motion, the 
ight distan
e and the asymptoti
 velo
ities, 
an

be measured by a three-dimensional (3D) dete
tor system. The distan
e perpendi
ular to the ion

beam dire
tion is measured using an imaging system, whereas the spatial 
omponent parallel

to the ion beam dire
tion is retrieved by measuring the impa
t time di�eren
e between the

fragments on the dete
tor. In Fig. 3.1 the Coulomb explosion pro
ess is shown s
hemati
ally for

1 1 a.u.=�
, where � denotes the �ne stru
ture 
onstant and 
 the speed of light
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3 Ba
kground of the experimental te
hnique

y

z[t]
x

V2

V1

(10    m)-8

3d imaging detector

Target foil

Coulomb explosion

∆ t

Figure 3.1: S
hemati


sket
h of the Coulomb

explosion of a diatomi


mole
ule.

a diatomi
 mole
ular ion.

By 
al
ulating the asymptoti
 velo
ities of all fragments from the measured fragment distan
es

information 
an be retrieved about the mole
ular stru
ture prior to the Coulomb explosion. In


ase of a diatomi
 mole
ule, the �nal velo
ity ve
torsV

1

,V

2


ontain this information. Measuring

the velo
ity ve
tors for many events one obtains a distribution of the asymptoti
 fragment

velo
ities P(V

1

,V

2

), the so-
alled V -spa
e distribution. This distribution is dire
tly related to

the internu
lear distan
e distribution (often referred to as R-spa
e distribution), whi
h for a

pure quantum state (e.g. ro-vibrational ground state) is given by the square of the nu
lear

wavefun
tion if the internal ro-vibrational ex
itation energy of the exploding mole
ules is small


ompared to the disso
iation energy, i.e. the Coulomb energy. For H

+

2

and D

+

2

, dis
ussed in

this work, the kineti
 energy releases are about 10� 25 eV for the vibrational ground state and

5� 25 eV for the higher vibrational states, whereas the internal vibrational energies of H

+

2

and

D

+

2

are � 0:14 eV and � 2:2 eV for v = 0 and v = 10, respe
tively. Thus, in these 
ases the

internal kineti
 energies of the mole
ule are sizable and have to be taken into a

ount.

Even for the thinnest target, however, part of the Coulomb explosion o

urs inside the target

foil and the positively 
harged atomi
 fragments will intera
t with the target. The 
harge state

of the atomi
 fragments 
an 
hange several times due to ele
tron 
apture and stripping. The

e�e
tive repulsion potential is therefore di�erent from a pure Coulomb potential. This e�e
t is

furthermore in
reased by additional s
reening e�e
ts 
aused by target ele
trons The strongest

perturbation is 
aused by multiple small angle s
attering, whi
h leads to a smearing of the

asymptoti
 velo
ities of the disso
iating fragments [58, 59, 60℄. A further e�e
t o

urs due to

wake-�elds [61℄ 
aused by fragments when passing the foil. A positively 
harged parti
le 
hanges

the lo
al ele
tron density in the target and forms a negative wake. Trailing positive fragments get
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3.2 Vibrational population from CEI measurements

attra
ted and the mole
ular axis aligns towards the beam dire
tion giving rise to a reorientation

of the mole
ule and an anisotropy in the orientation distribution. The probability to �nd the

mole
ular axis aligned parallel to the beam axis is therefore in
reased. More target e�e
ts are

taken into a

ount by a Monte-Carlo 
al
ulation when performing the R�spa
e to V�spa
e

transformation.

3.2 Vibrational population from CEI measurements

In this se
tion a method for obtaining vibrational population distributions from CEI measure-

ments will be dis
ussed and the 
hara
teristi
 shapes of kineti
 energy distributions for Coulomb

explosion of mole
ules in an initial vibrational state v will be derived.

3.2.1 Theoreti
al aspe
ts of the Coulomb explosion

Negle
ting the internal energy of the mole
ule the relative velo
ity v(t) between the disso
iating

fragments of a diatomi
 mole
ule as a fun
tion of the internu
lear distan
e depends on the initial

distan
e R = r(t = 0) and is given by 
onservation of energy as

E

total

=

Q

1

Q

2

e

2

R

= E

Coul

(t) +E

k

(t)

=

Q

1

Q

2

e

2

r(t)

+

1

2

�v(t)

2

with lim

t!1

E

total

=

1

2

�v

2

(3.1)

where Q

1

and Q

2

are the fragment 
harge states, e the elementary 
harge, E

Coul

the Coulomb

energy and � the redu
ed mass of the mole
ule. The asymptoti
 fragment velo
ity v = V

2

� V

1


an then easily be 
al
ulated by

v(R) = e

s

2Q

1

Q

2

�R

: (3.2)

Integrating over the velo
ity v(t) in Eq. 3.1 gives a relation between the time t after the explosion

and the fragment distan
e r(t) and one 
an estimate the time for the transformation of 99% of

the Coulomb energy into kineti
 energy whi
h typi
ally amounts to about hundred femtose
onds

or � 0:1�m if expressed in a 
ight distan
e.

In this semi-
lassi
al des
ription of the Coulomb explosion pro
ess, the distribution of the asymp-

toti
 velo
ities P (v)

v;J

of the fragments (V -spa
e distribution) is related to the internu
lear

distan
e distribution P

0

v;J

(R) (R-spa
e distribution) a

ording to

P

v;J

(v(R)) = P

0

vJ

(R)

�

�

�

�

dv

dR

�

�

�

�

�1

(3.3)
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kground of the experimental te
hnique

with P

0

vJ

(R) = 	

2

vJ

(R); (3.4)

where 	

vJ

(R) is the nu
lear wavefun
tion for the ro-vibrational state vJ and v(R) the asymp-

toti
 fragment velo
ity from Eq. 3.2.

The initial momentum of the nu
lei prior to the explosion has to be taken into a

ount sin
e the


ontribution to the total kineti
 energy release is about 10% for the higher vibrational states.

The 
orre
t quantum-me
hani
al distribution Q

vJ

(v) of the asymptoti
 fragment velo
ities in

their 
enter-of-mass frame of referen
e 
an be obtained by proje
ting the initial nu
lear wave-

fun
tion 	

vJ

(R) on Coulomb wavefun
tions �

C

(R; k; J). The Coulomb wavefun
tion for a given

total kineti
 energy E

k

is 
hara
terized by the initial angular momentum J and the wavenumber

k, where

k =

1

~

r

2E

k

m

1

m

2

m

1

+m

2

(3.5)

and m

1

, m

2

are the fragment masses. The V -spa
e distribution Q

vJ

(v) for an initial state vJ is

expressed by

Q

vJ

(v) = Q

0

vJ

(k)

�

�

�

�

dv

dk

�

�

�

�

�1

(3.6)

= jC

vJ

(k)j

2

�

�

�

�

dv

dk

�

�

�

�

�1

(3.7)

with

C

vJ

(k) =

Z

1

0

�

�

C

(R; k; J)	

vJ

(R)dR: (3.8)

The ion sour
e temperature was about 500K-600K [34℄. This 
orresponds to a rotational ex
ita-

tion, assuming a Boltzmann distribution, with � 90% of the rotational population in J = 0� 6

and J = 0 � 4 for D

+

2

and H

+

2

, respe
tively. For these low J values the experiment 
annot re-

solve the di�eren
es in the V -spa
e distributions from Eq. 3.7, as dis
ussed by Amitay et al. [34℄.

Thus, for simpli
ity, J = 0 was assumed throughout the 
al
ulations. The V -spa
e distribution

was therefore taken to be

Q

v

(v) = jC

vJ=0

(k)j

2

�

�

�

�

dv

dk

�

�

�

�

�1

(3.9)

and the 
orresponding kineti
 energy distribution by

Q

v

(E

k

) = jC

vJ=0

(k)j

2

�

�

�

�

dE

k

dk

�

�

�

�

�1

: (3.10)

The fun
tion Q

v

(v) represents the V -spa
e distribution for the disso
iation of a mole
ular ion

via a pure Coulomb potential.
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3.2 Vibrational population from CEI measurements

3.2.2 Monte-Carlo simulation of the Coulomb explosion and the dete
tor

system

The V -spa
e distribution derived in the previous se
tion negle
ts all e�e
ts happening inside

the target foil, i.e. 
harge ex
hange, ele
tron s
reening, multiple s
attering and wake-�elds. To

take the �rst three pro
esses into a

ount a Monte-Carlo simulation has been developed [59℄ and

tested in Coulomb explosion experiments with several mole
ular ions, see for instan
e Ref. [62℄

and referen
es therein. The main input parameters in the simulation are the target thi
kness

and the target 
omposition

2

. The wake e�e
t has not yet been implemented su

essfully in the

Monte-Carlo simulation. To minimize the in
uen
e of the wake e�e
t on the measured fragment

distan
e distribution a 
ut is applied to the data sample. Events get dis
arded if the angle �

between the beam dire
tion (z-, or time-
omponent) and the mole
ular axis dedu
ed from the

asymptoti
 velo
ities of the disso
iating fragments is smaller than typi
ally 60

Æ

, i.e. 
os � < 0:5.

This 
ut is therefore often referred to as 
osine-
ut. With this 
osine-
ut those events are dis-


arded whi
h are strongest in
uen
ed by the wake �eld e�e
ts.

The simulation 
omputes for ea
h vibrational state spe
i�
 R-spa
e distribution, the 
lassi-


al traje
tories of the disso
iating fragments, taking into a

ount multiple s
attering, ele
tron

s
reening and 
harge ex
hange. From the simulated traje
tories the asymptoti
 fragment velo
-

ities behind the target foil and thus the V -spa
e distribution is obtained.

To 
ompare the measured distributions with the simulated V -spa
e distributions a se
ond Monte-

Carlo simulation is employed whi
h in
ludes the �nite dete
tor resolution of � 0:1mm and

� 1mm in the dire
tions perpendi
ular and parallel to the ion beam, respe
tively. Furthermore,

the beam size is taken into a

ount as well as the eÆ
ien
y of the dete
tor. The realisation of the

three-dimensional fragment distan
e measurement and the resolutions obtained are dis
ussed in

Se
. 4.3.

In this approa
h the internal energy of the mole
ular ion is not yet taken into a

ount. To

in
lude these 
ontributions the following pro
edure was applied for ea
h vibrational state:

1. Cal
ulating the quantum-me
hani
al distribution Q

v

(v) of the asymptoti
 fragment velo
-

ities

2. Cal
ulating ba
kwards an e�e
tive R-spa
e distribution P

�

v

(R) using the semi-
lassi
al

relation in Eq. 3.4

3. Using the e�e
tive R-spa
e distribution P

�

v

(R) as the initial R distribution for the Monte-

Carlo simulations, to yield the modi�ed distributions P

�

v

(v) or P

�

v

(E

k

)

2 The two di�erent target 
ompositions used are build up of a metal grid and a thin layer of either Formvar

resin or Diamond-Like Carbon (DLC), see also Se
. 4.3.
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Figure 3.2: Comparison

of the R-spa
e distribu-

tions P

v

(R) for vibrational

states v = 0 and v = 8 of

D

+

2

with the e�e
tive fun
-

tions P

�

v

(R) (see text for

further des
riptions).

In Fig. 3.2 the original R-spa
e distributions P

0

(R) and P

8

(R) for D

+

2

3

are shown as well as the

e�e
tive fun
tions P

�

0

(v) and P

�

8

(v) obtained following the pro
edure explained above. Clearly

a shift in the 
enter-position of the humps in the e�e
tive distribution for v = 8 towards smaller

internu
lear distan
es 
ompared to the positions in the original R-spa
e distribution 
an be seen,

whereas the two distributions for the vibrational ground state are almost identi
al. A shift in

the R-spa
e distribution towards smaller internu
lear distan
es, 
orresponding to a higher total

potential Coulomb energy, gives rise to a shift in the V -spa
e distribution to higher velo
ities

and therefore to a higher total kineti
 energy release whi
h a

ounts for the internal ex
itation

energy. For D

+

2

in the vibrational state v = 8, the internal energy is about 10% of the total

potential Coulomb energy and less than 1% for the vibrational ground state, therefore the dif-

feren
es in the two distributions is more pronoun
ed for v = 8.

3.2.3 Evaluation of vibrational populations

The vibrational state spe
i�
 shape of the simulated fun
tions P

�

v

(E

k

) for the kineti
 energy

release 
an be used to evaluate the relative vibrational population p

v

(t) [

P

v

p

v

(t) � 1℄ as a

3 The nu
lear wavefun
tions square have been 
al
ulated using Level7:0 [63℄
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fun
tion of the storage time t in the TSR.

The time evolution of the relative vibrational population p

v

(t) 
an be obtained by 
omparing

the fun
tion

P (E

k

; t) =

X

v

p

v

(t)P

�

v

(E

k

) (3.11)

to the measured and normalized kineti
 energy spe
tra; P

�

v

(E

k

) are the (normalized) kineti


energy distributions for an ensemble of ions in a vibrational state v.

To perform the 
omparison the simulated kineti
 energy distributions P

�

v

(E

k

) are transformed

into distributions P

�

v

(d) of the three-dimensional fragment distan
es d using the se
ond Monte-

Carlo simulation. The relative vibrational population p

v

(t) 
an then be obtained by �tting the

fun
tion

P (d; t) =

X

v

p

v

(t)P

�

v

(d) (3.12)

to the measured and normalized fragment distan
e spe
tra.

The kineti
 energy E

k

is related to the three-dimension fragment distan
e d by

d = L

E

k

E

i

m

1

+m

2

p

m

1

m

2

; (3.13)

where E

i

is the mole
ular ion energy E

i

, L the distan
e from the target to the dete
tor system

and m

1

and m

2

are the masses of the exploding parti
les.

3.3 Re
ombination fragment imaging

The DR of a diatomi
 mole
ular ion with ele
trons 
an be studied in more detail by measuring

the distan
e of the disso
iating fragments after a free 
ight path of several meters. The frag-

ment distan
e 
ontains information about the relation between the initial vibrational state and

the �nal atomi
 fragment states (here often 
alled state-to-state relation). The re
ombination

fragment imaging (RFI) te
hnique has been developed [39℄ to study these state-to-state 
ontri-

butions and its pra
ti
al realization will be dis
ussed in Se
. 4.5.

The proje
tion of the three-dimensional (3D) distan
e between the DR fragments onto a plane

perpendi
ular to the beam dire
tion leads to a proje
ted-distan
e spe
trum 
hara
terized by

the kineti
 energy release E

k

in the mole
ular frame-of-referen
e of the DR pro
ess. Thus ea
h

initial-to-�nal DR 
hannel, 
orresponding to a spe
i�
 kineti
 energy release, 
an be extra
ted

from a measured fragment distan
e spe
trum. However, the ability for extra
ting the involved

DR 
hannels is limited by the number of 
hannels and their di�eren
es in the kineti
 energy

release, as will be dis
ussed in Chapter 4.4. The kineti
 energy release E

k

for the re
ombination
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of a mole
ular ion in the ro-vibrational state vJ with ele
trons at a relative energy E is

E

k

= E

vJ

+E �E

nn

0

; (3.14)

where

E

vJ

= E

v

+ J(J + 1)B: (3.15)

E

vJ

is the ex
itation energy of the mole
ular ion, with E

v

the ro-vibrational energy for J = 0

and B the rotational 
onstant of the mole
ular ion

4

. The energy of the �nal asymptoti
 state

nn

0

of the atomi
 DR fragments is denoted as E

nn

0

. The in
uen
e of the ele
tron and ion beam

velo
ity spread; given basi
ally by the transverse ele
tron temperature (kT

?

� 15meV); is small

and therefore negle
ted. Using Eqs. 3.14 and 3.15 the kineti
 energy release E

k

for re
ombination

with zero kineti
 energy ele
trons (E = 0 eV) 
an be dire
tly 
al
ulated for ea
h initial-to-�nal

state-to-state DR 
hannel vJnn

0

, with the initial state vJ and the �nal state nn

0

and will be

denoted as E

vJnn

0

k

. De�ning all energies in Eqs. 3.14 and 3.15 relative to the ro-vibrational

ground state of the mole
ular ion, a DR 
hannel is energeti
ally open if E

vJnn

0

k

> 0.

Mole
ular ions, with an energy E

i

in the laboratory frame, re
ombine with ele
trons at a distan
e

S from the dete
tor and fall apart under an angle �, where � is de�ned as the angle between the

internu
lear axis and the beam dire
tion, see Fig. 3.3. The distan
e D of the two fragments in

the plane perpendi
ular to the beam dire
tion is then given by

D = d sin �

= SÆ

vJnn

0

sin � (3.16)

where

Æ

vJnn

0

=

m

1

+m

2

p

m

1

m

2

s

E

vJnn

0

k

E

i

; (3.17)

The fragment masses are denoted by m

1

and m

2

and d is the three-dimensional fragment dis-

tan
e, and E

i

denotes the ion beam energy.

Re
ombinations do not o

ur at a �x distan
e S from the dete
tor, in fa
t the intera
tion region

of the ele
trons with the ion beam is typi
ally more than 1m (see the des
ription of the ele
tron


ooler in Se
. 4.5). Thus the value for S is ranging from s

1

to s

2

. The angular distribution of

the fragments 
an be expressed in Legendre polynomials P

k

vJnn

0

of the order k (only even k for

symmetry reasons) and the distribution of proje
ted distan
es for a state-to-state DR 
hannel

vJnn

0


an therefore be written as

P

vJnn

0

(D) = P

0

vJnn

0

(D) + a

2

P

2

vJnn

0

(D) + � � � (3.18)

4 All rotational ex
itation energies have been 
al
ulated using the rotational 
onstant for the ro-vibrational

ground state.
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Figure 3.3: S
hemati


drawing of the disso
i-

ation pro
ess of a di-

atomi
 mole
ule and the

de�nition of the angle

� and the fragment dis-

tan
es and velo
ities.

The fragment distan
e distribution P

0

vJnn

0

(D) 
orresponding to an isotropi
 distribution of �

(i.e. k = 0) in the mole
ular frame-of-referen
e is given by [64℄

P

0

vJnn

0

(D) =

8
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>
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>
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>
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:

1

(s

2

� s
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)Æ

vJnn

0

�

ar

os

D

s

2

Æ

vJnn

0

� ar

os

D

s

1

Æ
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0

�

for 0 � D � s

1

Æ

vJnn

0

1

(s

2

� s

1

)Æ
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0

ar

os

D

s

2

Æ

vJnn

0

for s

1

Æ

vJnn

0

� D � s

2

Æ

vJnn

0

0 otherwise.

(3.19)

The �rst anisotropi
 
omponent (i.e. k=2) in Eq. 3.18 is

P

2

vJnn

0

(D) =

8
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� s

1

)Æ
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0

�

ar

os

D

s

2

Æ

vJnn

0

� ar

os

D

s

1

Æ

vJnn

0

�

�

3D

4(s

2

� s
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)Æ

2

vJnn

0

�

�
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s
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�

�

1

s

2

1

�

for 0 � D � s

1

Æ

vJnn

0

1

4(s

2

� s

1

)Æ

vJnn

0

ar

os

D

s

2

Æ

vJnn

0

�

3D

4(s

2

� s

1

)Æ

2

vJnn

0

�

2

s

2

2

for s

1

Æ

vJnn

0

� D � s

2

Æ

vJnn

0

0 otherwise,

(3.20)
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where

�

1;2

=

s

s

2

1;2

�

D

Æ

vJnn

0

: (3.21)

The anisotropy 
oeÆ
ient a

2


an range from -1 to 2. For experiments performed with zero

kineti
 energy ele
trons the anisotropy 
oeÆ
ient is a

2

= 0 and the disso
iation is therefore

isotropi
 in �.

Mole
ular ions are rotationally ex
ited when 
reated in an ion sour
e and it is reasonable to

assume an initial Boltzmann distribution 
orresponding to T

rot

= 600� 150K for the rotational

population, as dis
ussed in more detail for the produ
tion of HD

+

[34℄ in the same ion sour
e.

Assuming the DR rate 
oeÆ
ient for a given vibrational state v being independent of the ro-

tational state J , the initial rotational temperature will stay approximately 
onstant over the

whole storage time. For ea
h vibrational state a distribution of proje
ted distan
es in
luding

the rotational ex
itation 
an be derived.

A

ording to our assumptions the population p

J

of ea
h rotational state J is proportional to

the multipli
ity of that state weighted with a Boltzmann fa
tor, i.e.

p

J

/ �(J) = (2J + 1)e

�J(J+1)B=kT

rot

; (3.22)

where �(J) takes 
are of the nu
lear spin statisti
s, whi
h for homonu
lear diatomi
 mole
ules,

gives rise to a J dependent degenera
y, due to symmetry reasons [65℄. In parti
ular, for

H

+

2

(nu
lear spin of hydrogen

5

I = 1=2), �(J = odd)/�(J = even)=3, while for D

+

2

(nu
lear

spin of deuterium I = 1), �(J = odd)/�(J = even)=1/2. The proje
ted fragment distan
e

distribution for a vibrational state v disso
iating into the �nal states n; n

0

is thus given by

P

vnn

0

(D) =

X

J

p

J

P

vJnn

0

(D): (3.23)

The proje
ted fragment distan
e distribution P

(E)

(D; t), measured at time t after inje
tion

and normalized to unity, is a linear 
ombination of the normalized fun
tions P

vnn

0

(D) for all

energeti
ally possible DR 
hannels (E

k;vJnn

0

� 0):

P (D; t) =

X

vnn

0

q

vnn

0

(t)P

vnn

0

(D); (3.24)

with the 
oeÆ
ients q

vnn

0

(t) representing the 
ontribution of the 
orresponding DR 
hannel

to the measured spe
trum. The 
oeÆ
ients q

vnn

0

(t) are proportional to the time-dependent

population p

v

(t) of the vibrational state v and the time-independent DR rate 
oeÆ
ient �

vnn

0

(E):

q

vnn

0

(t) � �

vnn

0

(E)p

v

(t): (3.25)

5 The proton spin quantum number was �rst determined by measurements of the intensity of spe
tral lines of

H

2


orresponding to transitions between levels with either even or odd J , see Ref. [66℄.
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4. Experimental apparatus and pro
edures

In this 
hapter the di�erent ion sour
es and a

elerators used for the experiments dis
ussed in

the framework of this thesis will be des
ribed as well as the heavy ion storage ring TSR with its


omponents and properties. Furthermore, the Coulomb explosion imaging (CEI) setup and the

DR fragment dete
tor system will be explained. The last two se
tions will fo
us on the ele
tron


ooler and the prin
iple of 
ross se
tion measurements.

4.1 Ion produ
tion and a

eleration

At the Max-Plan
k-Institut f�ur Kernphysik in Heidelberg, several ion sour
es and a

elerators

are presently used to provide mole
ular ion beams for experiments at the heavy ion storage

ring TSR. The single-ended van-de-Graa� and the Tandem a

elerator use ele
trostati
 �elds

whereas the third a

elerator 
onsists of two radio-frequen
y quadrupoles (RFQ) together with

eight seven-gap resonators operating with os
illating ele
tri
 �elds [67, 68℄.

The single-ended van-de-Graa� a

elerator provides positively 
harged mole
ular ions produ
ed

by a Penning sour
e. The maximum terminal voltage is 2.5MV. This a

elerator has been used

to produ
e a 1MeV H

+

2

beam (beam intensity � 1�A) through ele
tron impa
t ionisation of a

neutral hydrogen gas.

The se
ond ele
trostati
 a

elerator, a so-
alled Tandem a

elerator, uses twi
e the positive ter-

minal voltage. The maximum terminal voltage is about +11.5MV. Negatively 
harged ions from

either a 
esium sputter sour
e or a duoplasmatron sour
e get a

elerated towards the positively


harged terminal of the Tandem. Part of the ele
trons get stripped o� the ion by 
ollisions

with either a nitrogen gas target or 
arbon atoms of thin stripping foils. Furthermore, the gas

stripping allows for removing atoms of a mole
ular ion beam. In 
ase of LiH

+

, the ion beam

has been produ
ed by stripping o� two ele
trons and a proton from a LiH

�

2

ion produ
ed in a


esium sputter sour
e. The beam 
urrent rea
hed was � 150 pA.

In the last two years the RFQ a

elerator has been additionally used for the a

eleration of posi-

tively 
harged mole
ules, together with a high 
urrent ion beam sour
e, the so-
alled CHORDIS

(Cold or HOt Re
ex Dis
harge Ion Sour
e) sour
e, developed at the GSI in Darmstadt [69℄.

Due to the geometry of the a

eleration 
avity of the RFQ and the frequen
y of the driving RF

�eld, the energy of the ion beam is restri
ted to 500 keV/a.m.u., or 250 keV/a.m.u. if only half

31



4 Experimental apparatus and pro
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of the RFQ system is used [70℄. These energies 
orrespond to ion beam velo
ities of 3.3% and

2.3% of the speed of light, respe
tively. Seven-gap resonators following the RFQ system allow

for an additional a

eleration to an energy of 1000 keV/a.m.u. A drawba
k of the RFQ system

is its limitation to a maximum mass-to-
harge ratio of 9:1, however, beam 
urrent of up to 1mA


an be a
hieved.

The three a

elerators are 
onne
ted via a transfer beam line to the storage ring. The transfer

beam line 
onsists of several dipole magnets for mass separation, fo
using units and a post-

a

elerator, whi
h is build up of several RF resonator stru
tures whi
h 
an be used for a further

a

eleration. An HD

+

beam from the RFQ has re
ently been a

elerated to 16MeV [71℄ using

the post-a

elerator.

A

elerator Mole
ular ion Ion sour
e Pre
ursors Beam energy TSR rigidity

van-de-Graa� H

+

2

Penning H

2

1.0 MeV 0.20 Tm

Tandem LiH

+

Penning LiH

�

2

6.0 MeV 0.98 Tm

RFQ H

+

2

CHORDIS H

2

2.0 MeV 0.28 Tm

D

+

2

CHORDIS D

2

2.0 MeV 0.57 Tm

4

HeH

+

CHORDIS

4

He + H

2

2.5 MeV 0.50 Tm

Table 4.1: Summarized beam parameters for the mole
ular ions studied in the framework of

this thesis.

4.2 The heavy ion storage ring TSR

The heavy ion storag ring TSR (see Fig. 4.1) started operation in May 1988 [72℄ and was in the

beginning mainly used for experiments with atomi
 ions. In the re
ent years it has been taken

advantage of the 
apability to store mole
ular ions up to a minute. These storage times are long


ompared to typi
al radiative lifetimes of mole
ular vibrational states and allow for a 
omplete

thermalization with the ba
kground radiation �eld at around T = 300K. At these temperatures

most mole
ular ions are 
ompletely relaxed to their ground state and a de�ned inital quantum

state is rea
hed.

The TSR 
onsists of eight dipole magnets, twenty quadrupole magnets and twelve sextupole

magnets bending and fo
using the ion beam on a 
losed orbit of 55.4m 
ir
umferen
e. The

inje
tion as well as the extra
tion of ions is done with the same ele
trostati
 septum, see Fig. 4.1.

To in
rease the ion beam 
urrent stored in the TSR the multi-turn inje
tion te
hnique 
an be

used. This te
hnique allows for stored ion beam 
urrents in
reased by a fa
tor up to 40 
ompared

to an ion beam 
urrent of a single inje
tion. The number of stored mole
ules N ranges from

� 10

5

� 10

8

per multi-turn inje
tion 
orresponding to an ion 
urrent I

i

� 0:01 � 10�A for a
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typi
al ion velo
ity v

i

� 3% of the speed of light, a

ording to the relation

I

i

= N

i

q

i

v

i

=L; (4.1)

where q

i

is the ion 
harge and L the ring 
ir
umferen
e. The maximum magneti
 �eld of the

dipole magnets restri
ts the beam energy. An ion with mass m

i

moves in the magneti
 �eld B

of the dipole on a 
urvature with a radius � due to the Lorentz for
e. The so-
alled rigidity B�

of the TSR is therefore de�ned as

B� =

m

i

v

i

q

i

: (4.2)

The radius of 
urvature in the dipole magnets is � = 1:15m and the maximum rigidity of the

TSR is (B�)

max

=1.4Tm.

The maximum storage time in the TSR is limited by 
ollisions with residual gas mole
ules.

Typi
al 1/e beam lifetimes were 15 s for LiH

+

, 18 s for

4

HeH

+

and about 20 s for H

+

2

and D

+

2

. The

residual gas pressure inside the TSR is on average 3�10

�11

mbar, depending on the temperature

inside the building the TSR is lo
ated in. About 90% of the residual gas is hydrogen and the

other 
onstituents are atomi
 argon and mole
ular nitrogen, oxygen and 
arbon.

4.2.1 Slow extra
tion

The slow extra
tion te
hnique [73, 74℄ allows to 
ontinuously remove a small fra
tion of the stored

mole
ules. The extra
tion rate ranges from 10

2

s

�1

to 10

4

s

�1

. The extra
ted mole
ules pass

the extra
tion beam line, 
onsisting of a set of two dipole magnets, magneti
 septa, quadrupol

magnets, 
ollimators ea
h and three diagnosti
 units (see Fig. 4.1) before impinging on the

target of the Coulomb explosion imaging setup. The prin
iple of the slow extra
tion has been

explained in detail in Ref. [75, 62℄ and only a short des
ription will be given here. The extra
tion

is done by a resonant transverse RF �eld applied to the stored ion beam whi
h drives part of the

ions to unstable phase spa
e regions from whi
h they 
an be extra
ted using the ele
trostati


septum. The eÆ
ien
y of the slow extra
tion has been studied extensively [76℄.

4.3 The Coulomb explosion imaging setup

In Fig. 4.2 the Coulomb explosion imaging (CEI) setup is shown s
hemati
ally. This CEI

setup allows for measuring the three-dimensional distan
e of the atomi
 or mole
ular fragments

emerging from the target foil, situated either at position 1 or position 2. The experiment


onsists of a 
hopper, two 
ollimators (0.5mm to 5mm diameter) to redu
e the beam divergen
e

(�0:17mrad), a postde
e
tor magneti
 �eld for 
harge and mass separation of the exploding

fragments and two dete
tors (re
tangular and 
ir
ular shape) for three-dimensional fragment

imaging. The ele
trostati
 
hopper (a parallel plate 
apa
itor) 
an be swit
hed on in about 500 ns

and de
e
ts the mole
ular ion beam to the wall. The swit
hing is triggered by a fragment hitting

34



4.3 The Coulomb explosion imaging setup
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Figure 4.2: The Coulomb explosion imaging setup at the TSR. Shown are the two positions

of the target foils used in the experiments and the two di�erent dete
tor systems.

the parti
le dete
tor. As mentioned above the maximum rate of extra
ted ions is 10

4

s

�1

and

small 
ompared to the inverse swit
hing time of the 
hopper. Thus we 
an study one mole
ule

at a time. After a read-out 
y
le the 
hopper is swit
hed o� again and a new measurement 
an

be performed. Two target positions are possible in the present experimental setup, 296.5 
m

and 461.5 
m away from the re
tangular dete
tor. Two di�erent types of targets are used in

the CEI experiments, Formvar resin [77℄ and Diamond-Like Carbon (DLC) [78℄. The density

of Formvar and DLC is 1.2 g/
m

3

and 2 g/
m

3

, respe
tively. Typi
al target thi
knesses used

in CEI measurements are between 30

�

Aand 60

�

A for DLC targets [79, 80℄ and around 80

�

A for

Formvar targets [62℄. DLC targets have several advantages 
ompared to the Formvar targets,

e.g. smaller thi
kness and less pin-holes (see Ref. [62℄ for more details).

The two dete
tors have been developed at the Weizmann Institute of S
ien
e [81℄ and are

build up as shown s
hemati
ally in Fig. 4.3 for the 
ir
ular dete
tor. Ea
h dete
tor 
onsists

of a mylar foil with a CsI layer, a mi
ro
hannel plate (MCP) in 
hevron layout, a kapton foil

with a phosphor layer on the front side and a set of anode strips on the ba
k side. The 
ir
ular

dete
tor has a diameter of 118mm and the size of the re
tangular dete
tor is 76 � 93mm

2

.

The mylar foil with the CsI layer in
reases the dete
tion eÆ
ien
y up to 100%. Ele
trons get

released from the mylar foil on
e an ion impinges and a

elerated to about 100 eV towards the

MCP. The mi
ro
hannels in a MCP improve the spatial resolution of the dete
tor system. Inside

the MCP a 
loud of about 10

7

to 10

8

ele
trons get produ
ed and further a

elerated with 2.5 kV

on
e they leave the plate towards the phosphor s
reen where they produ
e a visible light spot

with a diameter of a few hundred mi
rometer. A CCD 
amera images the phosphor s
reen with

either a 25Hz or 50Hz frame rate. Ea
h frame is digitized by a Frame Threshold Supressor

(FTS). The FTP sends pixel position and light intensity to a VME-
omputer if a minimum

intensity is rea
hed. An event 
onsists of a 
luster of pixels and a software routine 
al
ulates the

intensity weighted 
enter position of ea
h 
luster. The spatial resolution for the 
omponents of

the fragment distan
es perpendi
ular to the beam dire
tion is therefore better than the a
tual

pixel distan
e and amounts to about 0.1mm.

The third spatial 
omponent, e.g. parallel to the beam dire
tion, is obtained by measuring the

impa
t time of the fragments on the dete
tor. The measurement of the impa
t time is done with
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64 x-channels
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Figure 4.3: S
hemati
 drawing of the 
ir
ular dete
tor of the Coulomb explosion imaging

system. The CCD 
amera and timing signals are 
onne
ted to a data a
quisition system 
on-

sisting of a FTS, Q-ADC moduls and a VME 
omputer. The re
tangular dete
tor system has

93 x-
hannels and no y-
hannels.

the set of anode strips on the kapton foil (93 in 
ase of the re
tangular dete
tor). Ea
h strip is


onne
ted to an ampli�er and a 
ombination of a Constant Fra
tion Dis
riminator (CFD) and an

Analog Digital Converter (ADC) in a CAMAC-Crate whi
h is 
onne
ted to the VME-
omputer.

When a bun
h of ele
trons hits the phosphor s
reen a fast signal in some adja
ent strips is

indu
ed. Ea
h signal triggers the CFD whi
h gives a negative NIM-signal of 16mA to the ADC.

The ADC 
umulates the 
urrent from the CFD until a 
ommon stop-signal arrives. The 
ommon

stop signal is obtained from the indu
ed signal on the ba
k of the MCP and serves as an arbitrary

de�nition of the zero-point time, whi
h is suÆ
ient sin
e only time di�eren
es are needed. The

integrated 
harge is digitized by the ADC and transfered to the VME-
omputer. A systemati


study of the time resolution has been done by M. S
he�el [82℄ and led to the development of a new

ele
troni
 board for the signal ampli�
ation 
oming from the anode strips. With this setup we

are able to get a time resolution of about 100 ps (H

+

2

measurement) and 60 ps (D

+

2

measurement)

with the old and new ampli�er, respe
tively. A time resolution of 100 ps 
orresponds to a spatial

resolution in beam dire
tion (beam velo
ity � 0:03
) of � 1mm.
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4.4 The ele
tron 
ooler

A more detailed des
ription of the dete
tors and the ele
troni
s has been given elsewhere [75℄.

4.4 The ele
tron 
ooler

This se
tion gives a short overview on the setup of the ele
tron 
ooler devi
e. Further parts deal

with the properties of the ele
tron beam and the 
al
ulation of the relative energies between the

ele
trons and ions, so-
alled beam dragging e�e
ts and the relation between 
ross se
tion and

rate 
oeÆ
ient.

4.4.1 The ele
tron beam as a 
ooling devi
e

The ele
tron 
ooler shown in Fig. 4.4 is used as a 
ooling devi
e for the stored ion beams as well

as a target for re
ombination experiments. The magneti
 �eld guiding the ele
tron beam from

the ele
tron gun to the 
olle
tor is realized by �ve solenoidal and two toroidal 
oils [83℄. The

guiding �eld B

int

1

in the ele
tron-ion intera
tion region amounts to typi
ally � 2 � 4mT. The

ele
trons are produ
ed by a thermo
athode (diameter D

i

= 3=8

00

) with a temperature of about

kT

i

= 120meV [84℄. The emission of the ele
trons from the 
athode is spa
e-
harge limited and

the ele
tron 
urrent I

e

is given by

I

e

= PU

3=2


ath

; (4.3)

where U


ath

is the 
athode voltage and P the pervean
e, whi
h is de�ned by the geometry of

the 
athode. For both, an eÆ
ient phase-spa
e 
ooling and re
ombination experiments a 
old

ele
tron beam is needed. This 
an be attained by adiabati
 transverse expansion of the ele
tron

beam (initial temperature kT

?i

� 120meV) in the straight se
tion after a

eleration and before

the toroid se
tion (see Fig. 4.4) [85℄. The transverse ele
tron temperature kT

?

after adiabati


expansion is

kT

?

=

B

B

i

kT

?i

; (4.4)

where B

i

and B are the magneti
 �elds prior to and after the expansion, respe
tively. The ratio

� = B

i

=B is 
alled expansion fa
tor

2

and it is possible to adjust it between 1 and 30 by varying

B. The lowest possible transverse temperature is therefore kT

?

� 4meV. The ele
tron beam

diameter D

eb

after expansion is related to the 
athode diameter D

i

by

D

eb

=

r

B

i

B

D

i

=

p

�D

i

: (4.5)

1 The guiding magneti
 �eld 
an be 
al
ulated from the adjusted bit-values of the solenoid

+2

(S

+2

) 
oil by

B

int

= 0:1093 � S

+2

� 10

�2

mT.

2 The expansion fa
tor 
an be 
al
ulated from the adjusted bit-values of the gun-solenoid(S

G

.) and the

solenoid

+2

(S

+2

) 
oil by � = 3:7422S

G

=S

+2

+ 0:003631.
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The longitudinal temperature of the ele
trons is redu
ed to kT

jj

� 0:1meV be
ause of the

fast a

eleration [86℄. Due to the di�erent temperatures of the transverse and longitudinal


omponent of the ele
tron beam, the distribution of the ele
tron velo
ity v

e

is des
ribed by a


attened Maxwellian distribution [87℄, with

f(v

e

) =

m

e

2�kT

?

�

m

e

2�kT

jj

�

1=2

� exp

 

�

m

e

v

2

e?

2kT

?

�

m

e

v

2

e jj

2kT

jj

!

; (4.6)

where v

e

= (v

2

e?

+ v

2

e jj

)

1=2

.

The ele
tron-ion intera
tion in the ele
tron 
ooler gives rise to a phase-spa
e 
ooling of the

stored ion beam, i.e. redu
tion of the transverse and longitudinal momentum spread of the

ions, due to the so-
alled ele
tron 
ooling for
e. The phase-spa
e 
ooling redu
es the width of

the horizontal and the verti
al beam pro�le whi
h 
an be observed as a fun
tion of the 
ooling

time [88℄ using a beam pro�le monitor (BPM) [89℄; the typi
al width of a 
old ion beam is about

1mm (FWHM). The 
ooling for
e is most eÆ
ient at mat
hed ele
tron and ion beam velo
ities,

i.e.

hv

i

i = hv

e

i ; (4.7)

with the non-relativisti
 ele
tron and ion energies

E

e

=

1

2

m

e

hv

e

i

2

(4.8)

and

E

i

=

1

2

m

i

hv

i

i

2

; (4.9)

respe
tively. Thus, the 
orresponding ele
tron energy E




= (m

e

=m

i

)E

i

is 
alled 
ooling energy.

Ele
tron-ion intera
tions in the ele
tron 
ooler drag the ion beam velo
ity towards that of the

ele
trons, i.e. hv

i

i = hv

e

i. The so-
alled dragging for
es will be dis
ussed in Se
. 4.4.4. Thus,

the energy of the stored ion beam is determined after a 
ertain storage time by the ele
tron

energy, with E

i

= (m

i

=m

e

)E

e

= (m

i

=m

e

)E




.

4.4.2 The ele
tron beam as a target for 
ollision experiments

The ele
tron beam 
an be used as a target for 
ollision experiments by 
hanging the ele
tron

energy E

e

, i.e. 
hanging the 
athode voltage U


ath

. It has been mentioned in the previous

se
tion, that ion beam dragging for
es redu
e the 
ollision energy. Thus, the measurement time

at a 
ertain 
ollision energy has to be short 
ompared to the time s
ale on whi
h the 
ollision

energy is signi�
antly 
hanged due to the dragging e�e
ts. The measurement time at a 
ertain


ollision energy was typi
ally 25ms in the experiments presented in this work, see Se
. 4.6 for

more details.
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Ion beam

Neutral fragments

Electron-cooler

detector
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Figure 4.4: S
hemati
 drawing of the drift region between the ele
tron 
ooler and the dete
tor

setup. Shown are the positions of the re
ombination fragment imaging dete
tor (RFI dete
tor)

and the ionisation-dete
tor. The values s

1

and s

2


orrespond to the minimum and maximum


ight distan
es of the neutral fragments from the DR pro
ess.

We de�ne the relative ele
tron-ion velo
ity v

0

as

v

0

= v

e

� v

i

(4.10)

with v

0

= jv

0

j (4.11)

and the mean relative ele
tron-ion velo
ity v as

v = hv

e

i � hv

i

i ; (4.12)

with v = jvj =

q

h v

e

i

2

+ h v

i

i

2

� 2 h v

e

i h v

i

i 
os� (4.13)

where � is the angle between the ele
tron and ion beam and v

e

and v

i

is the velo
ity of the

ele
trons and ions, respe
tively. It should be mentioned that to obtain a relative velo
ity v = 0,

the ele
tron and ion beams have to be 
oaxial, i.e. � = 0, see Eq. 4.13. The ele
tron mass m

e

is

small 
ompared to the ion mass m

i

(m

i

� 10

4

m

e

), i.e. the redu
ed mass � of the ele
trons and

the ions is identi
al with the ele
tron mass m

e

. Thus, for an angle � = 0 the relative energy E


an be written as

E =

1

2

m

e

v

2

(4.14)

=

�

p

E

e

�

p

E




�

2

; (4.15)

with E




= (m

e

=m

i

)E

i

.

E




is the 
ooling energy (see above), i.e. the ele
tron energy at mat
hed ele
tron and ion

velo
ities. After the ele
tron 
ooling of the ion beam, the varian
e of v is dominated by the

varian
e of the velo
ity v

e

of the ele
trons.
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The velo
ities of the mole
ular ions studied in the present work were small (� = v

i

=
 � 5%)

su
h that the non-relativisti
 approximation was suÆ
ient. The 
orre
t relativisti
 expression

for the ele
tron-ion energy is [90℄:

E ' E

e

�

1 +

E

i

m

i




2

�

+

m

e

m

i

E

i

�

v

u

u

t

 

�

m

e

m

i

E

i

�

2

+ 2m

i




2

m

e

m

i

E

i

!

�

E

2

e

m

2

e




4

+ 2

E

e

m

e




2

�

: (4.16)

The ele
tron energy is not only determined by the 
athode voltage at high ele
tron densities

(n

e

� 10

6

�10

7


m

�3

). The 
athode voltage felt by the ele
trons in the inner part of the ele
tron

beam is s
reened by ele
trons further outside and the e�e
tive ele
tron energy E

e

is redu
ed by

about 10%. The ele
tron energy E

e

(r) as a fun
tion of the distan
e r from the beam 
enter is

modi�ed by a spa
e-
harge potential U

s


(r) and 
an be expressed by

E

e

(r) = eU


ath

� eU

s


(r; U


ath

): (4.17)

The density pro�le n

e

(r) of the ele
tron beam is in a good approximation homogeneous [88℄ and


an be 
al
ulated from the ele
tron 
urrent I

e

by,

n

e

=

I

e

ev

e

�R

2

eb

: (4.18)

Then, the shape of U

s


(r) is paraboli
 inside and logarithmi
 outside the ele
tron beam (radius

R

eb

) with respe
t to the symmetry axis, de�ned by the ele
tron beam dire
tion. Denoting the

diameter of the beam tube by R

T

(R

T

= 100mm) the spa
e-
harge potential is given by

U

s


(r) =

8

>

>

>

<

>

>

>

:

en

e

R

2

eb

4�

0

(1�

r

2

R

2

eb

+ 2 ln

R

T

R

eb

) : r � R

eb

en

e

R

2

eb

2�

0

ln

R

T

r

: r � R

eb

:

(4.19)

The 
onstant �

0

denotes the permittivity of the free spa
e. The ele
tron beam diameter in the

presented experiments varied from 25mm to 35mm whereas the diameter of the phase-spa
e


ooled ion beams were typi
ally � 1mm (FWHM).

The ele
tron density depends on the ele
tron velo
ity v

e

(Eq. 4.18) whi
h again depends, via the

spa
e-
harge potential, on the ele
tron density (Eq. 4.19). Therefore, an iterative 
al
ulation of

v

e

is needed. The ion energy at 
ooling (i.e. v

e

= v

i

) 
an be determined from the ele
tron energy

fun
tion E

e

(r). Taking into a

ount the Gaussian-like spa
e-
harge pro�le of the ion beam with

a radius � the mean ele
tron energy hE

e

i is given by

hE

e

i =

R

E

e

(r)e

�

1

2

(

r

�

)

2

2�rdr

R

e

�

1

2

(

r

�

)

2

2�rdr

: (4.20)

The spe
i�
 ele
tron beam properties in the di�erent experiments are presented in Tab. 4.2. The

ele
tron energy E

e


orresponds to the energy in the beam 
enter. The relative 
ollision energy
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Mole
ule E

i

U


ath

I

e

E

e

n

e

kT

?

R

eb

� B

int

MeV V mA eV 10

6


m

�3

meV mm mT

LiH

+

6.024 452.3 11.2 411.9 8.48 11.86 14.77 9.61 4.19

4

HeH

+

2.410 293.9 5.9 262.4 13.44 28.50 9.53 4.00 2.09

CD H

+

2

0.996 300.0 6.5 271.1 6.07 11.88 14.77 9.61 4.19

DR H

+

2

1.996 584.4 15.3 535.3 10.85 12.67 14.29 9.00 4.20

CS H

+

2

3.119 926.9 31.0 849.1 16.35 11.86 14.77 9.61 4.19

CD D

+

2

1.934 289.8 5.9 263.2 5.55 11.79 14.81 9.67 4.19

CS D

+

2

6.328 939.5 31.4 861.3 16.44 11.86 14.77 9.61 4.19

Table 4.2: Ele
tron beam parameters for the di�erent re
ombination experiments at relative

energy E = 0 eV, i.e. mat
hing velo
ity of ele
tron and ion beam. The expansion fa
tor of the

ele
tron beam is given by the value � and the guiding magneti
 �eld in the intera
tion region by

B

int

. The longitudinal temperature in all experiments was kT

jj

� 0:1meV. Type of experiment:

(CD): Combined CEI and DR; (DR) DR; (CS) 
ross se
tion.


an be 
hanged by varying the 
athode voltage. For typi
al ele
tron beam parameters (see

Tab. 4.2) the mean ele
tron energy hE

e

i is in a good approximation identi
al with E

e

(r = 0)

and the ratio between hE

e

i and the adjusted ele
tron energy (i.e. eU


ath

) is hE

e

i =eU


ath

� 90%.

The varian
e of E

e

is expe
ted to be of the same order, i.e. �(E

e

)=E

e

� 10

�5

and results in a

negligible smearing of the ele
tron velo
ity distribution.

4.4.3 Rate 
oeÆ
ients and 
ross se
tions

The rate 
oeÆ
ient �(E), e.g. for the DR with ele
trons at a relative 
ollision energy E, 
an be


al
ulated from a measured fragment rate R(E) by

�(E) =

R(E)

n

e

(E)�N

i

; (4.21)

where n

e

is the ele
tron density and � = L=C is the ratio between the length of the merged

ele
tron-ion beam in the ele
tron 
ooler (L = s

2

�s

1

� 1:5m, see Fig. 4.4) and the 
ir
umferen
e

of the TSR (C = 55:4m). The ele
tron density n

e


an be derived from the measured ele
tron


urrent I

e

and the radius of the ele
tron beam R

eb

using Eq. 4.18.

As has been mentioned before the a

eleration and expansion of the ele
tron beam leads to

di�erent temperatures in the transverse and longitudinal 
omponent and the ele
tron velo
ity

distribution is des
ribed by the 
attened Maxwellian distribution in Eq. 4.6. The measured DR

rate 
oeÆ
ient �(E) is a 
onvolution of the DR 
ross se
tion �(E) with the 
attened Maxwellian
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velo
ity distribution f(v;v

0

) and given by

�(E) =




�(v

0

)v

0

�

=

Z

�(v

0

)v

0

f(v;v

0

)d

3

v

0

; (4.22)

with d

3

v

0

= 2�v

0

?

dv

0

?

dv

0

jj

.

The ele
tron velo
ity distribution fun
tion at a 
ollision energy E 6= 0 is given by

f(v;v

0

) =

m

e

2�kT

?

�

m

e

2�kT

jj

�

1=2

� exp

 

�

m

e

v

02

?

2kT

?

�

m

e

(v

0

jj

� v)

2

2kT

jj

!

: (4.23)

where v

0

= (v

02

?

+ v

02

jj

)

1=2

.

For 
ollision energies E larger than kT

?

, the 
ross se
tion �(v) 
an be dire
tly obtained from

the ratio between h�(v)v i and the 
ollision velo
ity v.

The shape of the ele
tron energy distribution in the 
enter-of-mass frame of referen
e is de-

pendent on the 
ollision energy E [87℄. At low E (i.e. E � (kT

?

)

2

=(kT

jj

) � 0:2meV ) the

energy distribution is asymmetri
 and the width is limited by the transversal ele
tron temper-

ature (kT

jj

� 12meV). At large E the distribution is nearly Gaussian with a full width at half

maximum (FWHM) of �E � 4(EkT

jj

ln2)

1=2

(� 0:1 eV for E = 10 eV). Hen
e, the resolution for

measuring narrow resonan
es de
reases with in
reasing relative energy E.

The measured rate 
oeÆ
ients �

aniso

at E = 0 eV is 
onvoluted with a 
attened Maxwellian

velo
ity distribution (
hara
terized by kT

jj

� kT

?

) and 
an be 
ompared to a rate 
oeÆ
ient

�

iso

, 
onvoluted with an isotropi
 Maxwellian velo
ity distributions (i.e. kT

jj

= kT

?

), as both

rate 
oeÆ
ients are related by [91℄:

�

iso

= �

aniso

"

r

t+ 1

t

ar
tan

p

t

#

�1

; (4.24)

with the anisotropy parameter t, de�ned as:

t =

kT

?

� kT

jj

kT

jj

: (4.25)

If the longitudinal temperature kT

jj

is mu
h lower than the transverse temperature kT

?

, Eq. 4.24

redu
es to

�

iso

� �

aniso

�

�

2

�

�1

: (4.26)

4.4.4 E�e
ts 
hanging the relative 
ollision energy

Ion beam dragging

A pro
ess in
uen
ing the relative 
ollision energy E is the so-
alled beam dragging whi
h will be

dis
ussed in this part.
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4.4 The ele
tron 
ooler

An ion beam stored in the TSR 
ir
ulates with a revolution time of � 5�s and intera
ts ea
h

time with the ele
tron beam when passing the ele
tron 
ooler. In ea
h 
ollisione this intera
tion

redu
es the relative energy between the ele
trons and ions. This results in a dragging of the ion

beam by the ele
trons towards the ele
tron beam velo
ity and is therefore named beam dragging.

The relative 
ollision energy E is given by Eq. 4.15:

E =

�

p

E

e

�

r

m

e

m

i

E

i

�

2

;

where E

e

and E

i

are the ele
tron and ion energy, respe
tively.

The shift of the relative 
ollision energy with respe
t to 
hanges in the ion energy is given by:

dE = �

r

m

e

m

i

r

E

E

i

jdE

i

j; (4.27)

i.e.

dE = �

r

EE

i

m

e

m

i

1

E

i

jdE

i

j; (4.28)

with dE < 0.

Consider a single 
ollision of an ion of 
harge Z with an ele
tron at a 
ollision velo
ity v. The

momentum transfer is then approximatively given by [92℄

�p =

2Ze

2

4��

0

vb

; (4.29)

at an impa
t parameter b, and the energy 
hange of the ion is:

�E

i

(b) =

(�p)

2

2m

e

: (4.30)

Assuming a 
ylindri
 ele
tron beam with the homogeneous density n

e

, the energy 
hange in an

interval dx 
an then be written as (integrating over n

e

dA = n

e

2�bdb):

�

�

�

�

dE

i

dx

�

�

�

�

= 2�

Z

b

max

b

min

n

e

b�E

i

(b) db =

4�Z

2

e

4

(4��

0

)

2

m

e

v

2

n

e

L

C

(v); (4.31)

where L

C

(v) is the so-
alled Coulomb logarithm, de�ned as:

L

C

:= ln

b

max

b

min

; (4.32)

where b

min

and b

max

is the minimum and the maximum impa
t parameter, respe
tively. A

typi
al value for the Coulomb-logarithm is L

C

� 10 [88℄

The 
hange of the ion energy with time 
an be derived from Eq. 4.31 using dx = v

i

dt and taking

into a

ount the relative overlap � = L=C of the ele
tron beam with the ion beam in the storage

ring. This transformation leads to the expression

�

�

�

�

dE

i

dt

�

�

�

�

= �v

i

�

�

�

�

dE

i

dx

�

�

�

�

: (4.33)
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The relative 
hange in the ion energy with time is therefore given by

1

E

i

�

�

�

�

dE

i

dt

�

�

�

�

=

4�e

4

(4��
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e
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2EE
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(4.34)

= 2:606 � 10

�13

eV

2


m

2

Z

2

�L

C

n

e

v

i

2EE

i

(4.35)

and the shift in the 
ollision energy dE 
an be 
al
ulated 
ombining Eq. 4.28 and Eq. 4.35.

For a more detailed study of the beam dragging the velo
ity distribution f(v;v

0

) (Eq. 4.23) of

the ele
trons as well as e�e
ts of the longitudinal magneti
 �elds in the ele
tron 
ooler have to

be 
onsidered [88, 92, 93℄.

Choosing typi
al ele
tron and ion beam parameters (see Tab. 4.2) an adjusted 
ollision energy

E = 100meV 
hanges by dE � 1meV in about 100ms. Thus, the ele
tron energy and therefore

the 
ollision energy gets swit
hed between the measurement energy (E > 0 eV) and the 
ooling

energy (i.e. E = 0 eV) to minimize ion beam dragging e�e
ts in rate 
oeÆ
ient measurements.

Toroid e�e
ts

The angle between the ele
tron and ion beam is not zero in the toroid regions of the ele
tron


ooler (see Fig. 4.4). The non-relativisti
 relative ele
tron-ion energy for a 
ollision angle � 
an

be derived from Eq. 4.13 and results in

E = E

e

+E




� 2

p

E

e

E





os�; (4.36)

where E

e

is the ele
tron energy in the laboratory frame-of-referen
e and E




= (m

e

=m

i

)E

i

. The

ele
tron beam moves inside the toroid se
tion on a 
urvature with a radius R

Toroid

= 800mm


hanging the 
ollision angle � as a fun
tion of the position along the ion beam.

Moreover, the spa
e-
harge potential U

s


(r) is 
hanging with r, i.e. the distan
e to the 
enter of

the ele
tron beam, see Eq. 4.19. It 
an be shown [94℄, that the relative ele
tron energy E

Toroid

inside the toroid se
tion as a fun
tion of the position �L is

E

Toroid

(�L) = E




+E

e

(r)�

p

4E




E

e

(r)

R

Toroid

q

R

2

Toroid

+�L

2

; (4.37)

with

r =

q

R

2

Toroid

+�L

2

�R

Toroid

(4.38)

and 0 � �L � �L

max

. The length �L is maximal if r = R

eb

, the radius of the ele
tron beam,

and given by

�L

max

=

q

(R

eb

+R

Toroid

)

2

�R

2

Toroid

: (4.39)

The position �L is de�ned as the distan
e from the position where the angle between the

ele
tron and ion beam is zero and the proje
ted position of re
ombination onto the ion beam
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axis, see Ref. [94℄ for a more detailed des
ription. As 
an be seen from Eq. 4.37, E

Toroid

= 0

for �L = E and is in
reasing with �L. At a 
ollision energy E = 0 eV, an ion beam energy

E

i

� 2MeV and an ele
tron beam radius R

eb

= 14mm the maximal 
hange in the 
ollision

energy is E

Toroid

� 18 eV at �L

max

� 150mm. The length where the ele
tron-ion beams are


ollinear in the ele
tron 
ooler is about L = 1500mm. The e�e
ts in the toroid region 
an be

minimized by de
reasing the size of the ele
tron beam (R

eb

), i.e. applying a small expansion

fa
tor � (Eq. 4.5). The in
reased 
ollision energy in the toroid se
tions is usually not to 
riti
al

for DR rate 
oeÆ
ient measurements at low 
ollision energies (E � 0:01meV) due to the low

DR 
ross se
tion at 
ollision energies of several eV, see for instan
e Fig. 6.6 in Se
. 6.2.1. The

des
ribed e�e
ts in the toroid se
tions are taken into a

ount in measurements of DR rate


oeÆ
ient spe
tra using an iterative pro
edure, see dis
ussion in Se
. 5.3.2.

4.5 DR fragment dete
tor systems

The investigation of the DR requires dete
tor systems whi
h allow for determine either the �nal

states of the disso
iation fragments or the initial-to-�nal state 
orrelation between the mole
ular

ion and the atomi
 fragments. Two methods used for the study of DR will be dis
ussed in this

se
tion.

The initial-to-�nal state 
orrelation is determined by a spe
i�
 kineti
 energy release whi
h is

related to a fragment distan
e and 
an be measured using the re
ombination fragment imaging

(RFI) te
hnique [39℄, see also Se
. 3.3.

The RFI te
hnique fails at low kineti
 energy releases. i.e. small fragment distan
es, or if one

atomi
 fragment is in a Rydberg state and gets �eld ionized before hitting the dete
tor. The

�eldionization in the fringe �eld of a dipole magnet o

urs for ea
h Rydberg state at a de�ned

position and gives therefore a Rydberg state spe
i�
 traje
tory of the atomi
 ions.

This part will give a brief overview on the RFI te
hnique and will present a dete
tor system

whi
h allows for studying the Rydberg state of atomi
 fragment produ
ed by DR.

4.5.1 The proje
ted fragment imaging

The setup for the RFI is shown in Fig. 4.5 and 
onsists of a MCP (diameter 80mm) with

a phosphor s
reen, some readout ele
troni
s and a data a
quisition unit. The front side of

the MCP was grounded and the ba
k side of the MCP and the phosphor s
reen were set to

+1.7 kV and +3.2 kV, respe
tively. The operating voltage of the photomultiplier (PMT) was

U

PMT

= 500V at a 
urrent of I

PMT

= 0:13mA.

A parti
le hitting the MPC produ
es a light spot on the phosphor s
reen (fun
tionality, see

Se
. 4.3). The output of the PMT oriented to the phosphor s
reen gives a short voltage signal

(maximum voltage � �200mV) with a de
ay time of about 5ms. This signal is ampli�ed and

shaped by a module (ORTEC 572, Ampli�er). The unipolar output of that module is 
onne
ted
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to a Constant Fra
tion Dis
riminator (CFD) (ORTEC 584). From the positive output signal of

the CFD a gate signal (width 20�s) is produ
ed in a timer-unit. This gate signal is 
onne
ted

to an AND-unit.

The light spots on the phosphor s
reen are also imaged by a 50Hz CCD 
amera working on an

interla
ed mode, i.e. the readout of odd and even frames o

urs every 20ms 
orresponding to an

exposure time of 40ms for ea
h frame. Working in the so-
alled 25Hz-mode only even or odd

frames are pro
essed. The arrival time between two parti
les belonging to a DR event is several

ns, whereas the swit
hing time of the phosphor s
reen is about 1�s. Ea
h frame is pro
essed

by a Frame Threshold Suppressor (FTS) whi
h is 
onne
ted to a VME-
omputer providing the

impa
t position of the parti
les on the MCP in units of pixels, see Se
. 4.3 for more details. The

FTP sends a End-of-Frame (EOF) signal whi
h is bran
hed by a logi
al fan-out-unit into two

signals. One signal swit
hes on the high voltage of the phosphor s
reen and the se
ond signal

triggers a timer-unit giving a gate signal (width 20�s). The inverse gate signal and the output

gate signal from the other timer-unit (
oming from the CFD) are 
onne
ted to an AND-unit

whi
h again is 
onne
ted to the swit
h of the power supply for the high voltage of the phosphor

s
reen and to the data a
quisition system whi
h assigns to ea
h event the time elapsed sin
e

the ion beam inje
tion. Ea
h time the AND-unit gives an output signal the high voltage of the

phosphor s
reen is turned o� (swit
hing time � 1�s). Due to the setting it takes at least 20�s

from the EOF until the phosphor s
reen 
an be swit
hed o�. This dead-time is ne
essary sin
e

the swit
hing of the high voltage indu
es a signal in the PMT su
h that ea
h time the high

voltage is turned on an \arti�
ial" event is seen turning o� immediately the high voltage again.

If the inverse of the DR rate is small 
ompared to the swit
hing time of the phosphor only

parti
les belonging to one DR event are seen in ea
h frame. The spatial resolution of the RFI

setup is � 0:1mm, whereas the minimum distan
e of two 
lusters of pixels has to be � 1:5mm

to be distinguishable. Furthermore des
riptions of the image pro
essing is given in Ref. [94℄

where also a dete
tor setup for measuring three-dimensional fragment distan
es is dis
ussed.

4.5.2 The MCP dete
tor for ion fragment measurements

The motional ele
tri
 �eld felt by the neutral parti
les passing the dipole is proportional to the

strength of the magneti
 fringe �eld, see measured fringe �eld from Ref. [95℄ shown in Fig. 4.7.

The neutral atoms enter the fringe �eld of the dipole magnet and get de
e
ted on
e they un-

dergo �eld ionisation. The 
riti
al ele
tri
 �eld for �eld ionisation to o

ur is proportional to

1=n

4

, where n is the prin
ipal quantum number of the atom. The impa
t position of �eld ionized

atoms at the MCP-dete
tor is thus dependent on its Rydberg state. The rate of neutral parti
les

passing straight through the dipole 
an be measured by a surfa
e barrier dete
tor (SBD) (size

40 � 60mm

2

).

The dipole 
hamber, the RFI-dete
tor and the MCP-dete
tor for atomi
 ions are shown s
hemat-

i
ally in Fig. 4.6. The mole
ular ions move in the dipole magnet on a 
urvature with a radius of
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Dipole-

magnet

AB
+

+
A

detector
MCP-

A + B, AB
+

detector
RFI-

A,B

Figure 4.6: S
hemati
 draw-

ing of the dipole 
hamber and

the dete
tors. For the mea-

surement of �eld ionized frag-

ments (A

+

) a MCP-(Multi

Channel Plate)dete
tor with

spatial resolution was used.

The neutral fragments (A,B)

passing the dipole magnet hit

the RFI-dete
tor.

� = 1:15m and get de
e
ted by � = 45

Æ

, whereas a �eld ionized atom moves on a traje
tory with

a redu
ed radius �

A

= �m

A

=(m

A

+m

B

); m

A

and m

B

are the masses of the �eld ionized and

the neutral DR fragment, respe
tively. If the mole
ular ion (m

i

= m

A

+m

B

) is mu
h heavier

than the �eld ionized fragment, the radius �

A

be
omes rather small and the fragment 
annot

rea
h the MCP-dete
tor. The length of the dipole magnet is d = 88 
m and the distan
e from

the edge of the dipole magnet to the position where the MCP-dete
tor 
rosses the ion beam is

l = 69 
m. The MCP dete
tor is movable perpendi
ular to the ion beam axis with an a

ura
y

better than 1mm.

The MCP dete
tor 
onsists of two MCPs (Chevron geometry) with an a
tive diameter of 2.5 
m

and a resistive anode whi
h is 
onne
ted to some ele
troni
s responsible for the 
al
ulation of

the impa
t position, see Fig. 4.8. The ele
troni
s 
onsists of a set of pre-ampli�er for ea
h of the

four wires 
onne
ted to the edges of the anode and a Position-Computer 2502A from Quantar

Te
hnology In
. whi
h 
al
ulates the impa
t position of the ele
trons on the anode from the

ratio of the four voltage signals. The Position-Computer has two analog and two digital outputs

(8 bit for x- and y-dire
tion). Events on a dete
tor 
an be visualized by 
onne
ting the analog

outputs to a two 
hannel os
illos
ope and displaying 
hannel one versus 
hannel two. The spatial

information about the impa
t position on the dete
tor 
an be obtained using a CCD 
amera

for taking images of the display of the os
illos
ope and using the readout ele
troni
s dis
ussed

in Se
. 4.5.1. The phosphor s
reen is here repla
ed by the display of the os
illos
ope. More

information about the dete
tor 
an be found in Ref. [96℄.
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Figure 4.7: Measured relative

magneti
 �eld strength in the fringe

�eld of the dipole magnet as a fun
-

tion of the distan
e to the edge

of the dipole; data taken from

Ref. [95℄.

4.6 Measurement of absolute rate 
oeÆ
ients

To measure absolute rate 
oeÆ
ients, e.g. for the DR of mole
ular ions with ele
trons, the storage

ring te
hnique turned out to be a powerful tool in the beginning of the early 90's. The stored

mole
ular ions (E

i

= 1=2mv

2

i

) 
an be merged with an intense (density n

e

= 10

6

�10

7


m

�3

) and


old (kT

?

� 10� 15meV, kT

jj

� 0:1meV) ele
tron beam inside the so-
alled ele
tron 
ooler on

a length of about 1.5m. The neutral re
ombination fragments 
an be measured using an energy

resolving surfa
e barrier dete
tor (SBD) (size 40�60mm

2

) down-stream the ele
tron 
ooler.

The energy resolution allows to distinguish between fragments belonging to DR and fragments

from s
attering with residual gas mole
ules in the storage ring. In the latter 
ase usually only

one of the two 
onstituents of the mole
ular ion hits the dete
tor and deposits therefore only

part of the total mole
ular ion energy. By setting a window on the measured energy spe
tra

around the peak 
orresponding to the total ion energy the DR fragment rate R 
an be obtained

by normalizing the integrated number of events to the total measurement time. In 
ase of the

re
ombination of a mole
ular ion AB

+

the DR rate 
oeÆ
ient �(E) as a fun
tion of the 
ollision

energy E is given by

�(E) =

R

AB

n

e

(E)�N

i

; (4.40)

where n

e

(E) is the ele
tron density, N

i

the number of stored ions and � = 0:0269 � 0:0002 the

ratio between the overlap length of the ele
trons-ion beam in the ele
tron 
ooler l = 1:49�0:01m

and the ring 
ir
umferen
e L = 55:4m. The ele
tron density varies with the adjusted relative


ollision energy, see Se
. 4.4. The number N

i

of stored mole
ular ions is related to the ion


urrent I

i

by

N

i

=

I

i

qef

; (4.41)

with the elementary 
harge e, the 
harge state q of the ions and the orbital frequen
y f = v

i

=L.

The orbital frequen
y is obtained using a S
hottky pi
kup ele
trode and ion 
urrents higher than

1�A are measured by a DC transformator. The limitation of the sensitivity to ion beam 
urrents

higher than 1�A makes it diÆ
ult to measure absolute rate 
oeÆ
ients, as will be dis
ussed in
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Figure 4.8: S
hemati
 draw-

ing of the MCP dete
tor.

The spatial resolution is ob-

tained by the resistive anode

together with the Position-

Computer 2502A from Quan-

tar Te
hnology In
. whi
h is

not shown here.

Se
. 5.3.2.

4.6.1 Setup and data a
quisition

In this se
tion the measurement s
heme as well as the setup for the measurement of DR rate


oeÆ
ients will be brie
y dis
ussed, see Fig. 4.9 for a s
hemati
 drawing of the setup.

To obtain a DR rate 
oeÆ
ient the rate of DR fragments as well as the number of stored ions has

to be measured, see Eq. 4.40. The number of ions in the ring is proportional to the ion 
urrent,

see Eq. 4.41 whi
h 
an either be dire
tly measured by a DC transformator (for I

i

> 1�A) or

indire
tly by the trigger signal rate from the beam pro�le monitor (BPM). The output voltage

of the DC transformator is 
onverted into a frequen
y by a volt-to-frequen
y 
onverter (VFC).

The measurement s
heme is as follows.

At ea
h inje
tion the o�set voltage of the ele
tron 
ooler is set to 0Volt, whi
h is also 
alled


ooling voltage. At this voltage the ion beam gets phase-spa
e 
ooled and redu
es to a Gaussian-

like shape with a size of 1mm (FWHM). After a de�ned pre-
ooling time the data a
quisition

gets started by a CAMAC interrupt (LAM1)

3

. To avoid beam dragging e�e
ts, see Se
. 4.4, the

ele
tron 
ooler voltage is 
y
li
 
hanged between the referen
e, the measurement and the 
ooling

voltage every 25ms; this pro
edure is 
alled wobbling.

In the �rst step the o�set voltage of the ele
tron 
ooler is set to the referen
e voltage (REF) by

the data a
quisition software whi
h also triggers a Gate Generator (GG). The GG is set su
h

that it 
reates a gate signal with a width of 20ms after a delay of 5ms. The 5ms delay is needed

by the ele
tron 
ooler to adjust the new voltage. While the gate is set the trigger signal from

3 LAM stands for Look At Me
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4.6 Measurement of absolute rate 
oeÆ
ients

clear

inhibit

in 1

in 2

in 3

out 3

out 2

out 2

out 1

Scaler 2

clear

in 1

inhibit

U
in

f
out

U/f Converter

100 Hz

in

1 MHz

Gate

Trigger
BPM

DC
Trafo

Injection
TSR

out

out
Strobe

signal

Ackn.
in

cool
U

Gate Generator

offset
U

SBD

Particle detector

Delay

DAC

out
bit
9+2

in
9 bit

in

LAM 1

LAM 2

LAM 3

0

#1

#0

NIM-Driver

out 1

512

Scaler 1

9 bit
out

11 bit
in

ADC digital Router Memory

analog
in

3: 1024...1535

2: 512...1023

1: 0...511

electron beam

ions

cathodeanodecollector

Amplifier
Pre-

Amplifier
Shaping

Electron Cooler

in in
1024

Inverter
Logic

out
5ms 20ms

start

end

Figure 4.9: S
hemati
 drawing of the setup used for DR rate 
oeÆ
ient measurement; grey

boxes: CAMAC modules, white boxes: NIM modules and 
ir
les: input signals.
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4 Experimental apparatus and pro
edures

the BPM, the signal from the DC transformer and the gating time (1MHz 
lo
k signal) itself is

fed into S
aler 1 and read into a memory module after the LAM2, generated by the end signal

from the Gate Generator. The S
aler 1 gets 
leared after ea
h read-out. In the se
ond and

third step the measurement is repeated with the o�set voltage set to the measurement voltage

(MEAS) and the 
ooling voltage (COOL), respe
tively. This 
y
le is usually repeated 10 times,


orresponding to a total measurement time of 0.75 s. When the last 
y
le is �nished the software

sends a LAM3 signal instead of a LAM2 and the data get transfered from the memory module

to the measurement 
omputer system. The data transfer lasts several ms while no data 
an be

taken.

The data a
quisition of the fragment rate is slightly di�erent. The fragments hitting the surfa
e

barrier dete
tor (SBD) produ
e an analog signal whi
h gets pre-ampli�ed (Pre-Ampli�er) and

shaped (Shaping Ampli�er) before 
onverted into a 9 bit signal by an analog-digital-
onverter

(ADC) and fed into a Digital Router. The bit-value is proportional to the energy deposited in the

SBD. The Digital Router is gated by the Gate Generator and adds 2 bit a

ording to the wobble

state (REF-MEAS-COOL) to the 9 bit from the ADC. The digital wobble state is set via a NIM-

Driver by software. The 11 bit signal is send to a Histogram Memory Unit (HMU) whereas the

additional 2 bit de�ne the starting address (0=REF, 512=MEAS and 1024=COOL). This way

a separate histogram is assigned to ea
h wobble state. The data in the HMU get a

umulated

until a LAM3 is generated and then transfered to the measurement 
omputer system together

with the inje
tion time information written into the S
aler 2. The S
aler 2 is 
onne
ted to a

100Hz 
lo
k signal and gets 
leared with ea
h inje
tion.

At ea
h inje
tion only one de�ned measurement energy is set. To study the energy dependen
e

of the rate 
oeÆ
ient the measurement energy is 
hanged at ea
h inje
tion.
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5. Re
ombination and super-elasti



ollisions of hydrogen mole
ular ions

This 
hapter is fo
used on the disso
iative re
ombination (DR) and super-elasti
 
ollisions (SEC)

of hydrogen mole
ular ions with ele
trons. Both pro
esses give rise to a vibrational 
ooling

whi
h has been studied and used to derive absolute vibrational state spe
i�
 DR and SEC rate


oeÆ
ients. The unexpe
ted large SEC rate 
oeÆ
ients lead to a 
omplete vibrational 
ooling

of an H

+

2

or D

+

2

ion beam in less than one minute of storage.

5.1 Observation of ele
tron-indu
ed vibrational 
ooling of

H

+

2

and D

+

2

As dis
ussed in Se
. 3.2, the vibrational population information 
an be obtained from the CEI

measurements. Using a slow extra
tion s
heme (Se
. 4.2.1), a small part of the stored beam

was 
ontinuously extra
ted and steered towards a beam line where the CEI experiment took

pla
e. Two di�erent target foils were used, a Formvar target of 70

�

A [27℄ and a DLC target

of 40

�

A thi
kness [97℄ in the H

+

2

and D

+

2

experiment, respe
tively. The distan
e between the

target foil and the dete
tor was 2965 � 5mm for the H

+

2

experiment and 4615 � 5mm for the

D

+

2

experiment.

In order to measure the vibrational state population of the H

+

2

(D

+

2

) beam, and its 
hange due

to ele
tron re
ombination pro
esses, namely DR and SEC, the ion beam was stored in the ring

and merged with ele
trons in the ele
tron 
ooler for a time t. After this time, the ele
tron beam

was turned o�, and a small fra
tion of the ion beam was 
ontinuously extra
ted toward the

CEI setup, until the stored beam intensity be
ame too weak and the rate of extra
ted ions too

small. The remaining ion beam in the ring was ki
ked out before a new inje
tion took pla
e. The

proje
ted fragment distan
e spe
tra obtained with the CEI dete
tor were measured after various

times of storage and ele
tron intera
tion. As pointed out in Se
. 3.2, these distributions dire
tly

represent superpositions of the initial nu
lear probability distributions for the various vibrational

states of H

+

2

(D

+

2

) a

ording to their population. Vibrational deex
itation of the mole
ular ions

will hen
e show up as a narrowing of the measured fragment distan
e distributions.

In order to prove that the 
hange in the vibrational state population is only due to the intera
tion
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ollisions of hydrogen mole
ular ions
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Figure 5.1: Fragment dis-

tan
e spe
trum from CEI of

H

+

2

during the �rst 4 s of stor-

age (no ele
tron beam). The

full line represents the �tted

distribution P (d; t) (v

max

=

10) and the broken lines show

the 
ontributions for v = 0

and v = 1 as indi
ated.

with the ele
tron beam, a measurement was done with the ele
tron beam swit
hed o�. In the

experiment with the H

+

2

beam data were a
quired over 12 s, whereas for D

+

2

the measurement

time was, due to the higher beam intensity, up to 20 s. The a
quired events were divided

into three time sli
es. The time sli
es were t = 0 � 4 s, t = 4 � 8 s and t = 8 � 12 s for the

H

+

2

measurement and t = 0 � 6 s, t = 6 � 12 s and t = 12 � 20 s for the experiment with the

D

+

2

beam. Fig. 5.1 shows a fragment distan
e spe
trum for H

+

2

measured during the �rst 4

se
onds of storage. No 
hanges in the shape of these distributions were observed during the

whole storage period. The normalized fragment distan
e spe
tra were �tted by the fun
tion

P (d; t) (Eq. 3.12) in
luding vibrational states v = 0 : : : 10. The simulated fun
tions P

�

v

(d)

were derived following the pro
edure dis
ussed in Se
. 3.2.3. A 
osine-
ut

1

was applied to the

experimental and simulated data sets to diminish the in
uen
e of the wake e�e
t as well as the

worse spatial resolution parallel to the beam dire
tion, see Se
. 3.2.2 for more details. On top of

the measured fragment distan
e spe
trum in Fig. 5.1 the �tted distribution P (d; t) (full line) and

the 
ontributions of the two lowest vibrational states (broken lines) are plotted; all fun
tions are

s
aled to �t the experimental spe
trum. The bad agreement between the �tted fun
tion P (d; t)

and the measured distribution at small fragment distan
es is due to the 
ontributions of higher

vibrational states whi
h were not taken into a

ount. The results for the vibrational populations

up to v = 5 for ea
h of the time sli
es are shown in the Fig. 5.2 for the measurements with the

H

+

2

and D

+

2

beam.

It 
an be seen that neither the 
ollision-indu
ed disso
iation from the residual gas in the ring

nor the motional ele
tri
 �elds of about 20 kV/
m (H

+

2

) and 40 kV/
m (D

+

2

) indu
ed in the

dipole magnets of the ring 
ause signi�
ant 
hanges of the initial vibrational state distribution

of both mole
ular ions. This observation is in good agreement with 
on
lusions drawn from pure

DR measurements at CRYRING [22℄.

1 i.e. dis
arding events with a large 
omponent of the fragment distan
e parallel to the ion beam dire
tion
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5.1 Observation of ele
tron-indu
ed vibrational 
ooling of H

+

2

and D

+

2
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Figure 5.2: Measured vibrational population distributions (v = 0 � 5) for H

+

2

(left) and

D

+

2

(right) during 12 s and 20 s of storage without an ele
tron beam. The straight lines drawn

through the points are the average values of the population of ea
h vibrational level.

In Fig. 5.3 (H

+

2

) the initial vibrational population distributions derived from the measured frag-

ment distan
e spe
tra in absen
e of the ele
tron beam and without applying time 
uts are shown.

Due to the strong 
osine-
ut many events were dis
arded in the measurement with the H

+

2

ion

beam. To take advantage of better statisti
s when using all events (i.e. no 
osine-
ut) only

the two-dimensional fragment distan
es D in the dete
tor plane and not the three-dimensional

fragment distan
es d were taken into a

ount. The negle
ted spatial 
omponent is strongest

in
uen
ed by the wake-e�e
ts (see. Se
. 3.1) and has a worse experimental resolution (see

Se
. 4.3). The Monte-Carlo simulation was used to provide two-dimensional fragment distan
e

distributions P

�

v

(D) for ea
h vibrational state v instead of three-dimensional fragment distan
e

distributions P

�

v

(d) (see Se
. 3.2.2). The vibrational population was then extra
ted by �tting

a linear 
ombination of the simulated fun
tions P

�

v

(D) to the normalized experimental spe
tra,

following the pro
edure explained in Se
 3.2.3 for the analysis of the full three-dimensional spe
-

tra. The results for H

+

2

, shown in Fig. 5.3, agree within the statisti
al errors with the results

of Fig. 5.2, obtained from the three-dimensional fragment distan
e spe
tra. For D

+

2

a �t to the

three-dimensional fragment distan
e spe
tra was done. Both measured vibrational population

distributions are 
ompared with earlier results, obtained from photodisso
iation experiments

with H

+

2

(D

+

2

), 
arried out by Von Bus
h and Dunn [98℄, and with predi
ted populations 
al-


ulated under the assumption that H

+

2

(D

+

2

) is formed in the ion sour
e by ionization of ground

state H

2

(D

2

) obeying the Fran
k-Condon prin
iple. The populations of the �rst two vibrational

states measured in the present experiments are several per
ent higher than the Fran
k-Condon
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Figure 5.3: Measured vibrational populations in the stored H

+

2

(left) and D

+

2

(right) beam as

extra
ted from fragment distan
e spe
tra from CEI taken without ele
tron beam. Also shown

are the results from photodisso
iation experiments by Von Bus
h and Dunn [98℄ and from

Fran
k-Condon 
al
ulations. The lines are drawn to guide the eye through the Fran
k-Condon

values.

populations. Similar deviations for the lowest vibrational states were also seen in the CEI mea-

surement of HD

+

[34℄ 
arried out earlier with our setup. The photodisso
iation experiments on

H

+

2

(D

+

2

) by Von Bus
h and Dunn [98℄ show similar deviations from the Fran
k-Condon values.

Possible reasons for the deviations have been dis
ussed by Amitay et al. [34℄.

To study the in
uen
e of the DR and SEC pro
esses on the vibrational state population, the

fragment distan
e spe
tra were measured after several storage times during whi
h the ion beam

was 
ontinuously intera
ting with ele
trons. As the ele
tron beam was turned o� before starting

the CEI measurement, the vibrational population distribution 
an be assumed to be \frozen",

as was found for both mole
ular ions, see Fig. 5.2. Changes in the vibrational population distri-

butions are therefore due to intera
tions with ele
tron. Measured fragment distan
e spe
tra for

di�erent intera
tion times of ele
trons with H

+

2

and D

+

2

mole
ules are shown in Figs. 5.4 and 5.5,

respe
tively. The experiment with D

+

2

mole
ules was performed with an improved experimental

CEI setup whi
h allowed a faster data a
quisition and therefore higher statisti
s. Furthermore,

the initial ion beam 
urrent stored in the TSR was higher whi
h made it possible to obtain

suÆ
ient CEI 
ount rates for longer intera
tion times with the ele
tron-ion beam. For both

mole
ular ions a 
lear 
hange in the vibrational distribution 
an be seen (i.e. the width is

getting narrower) with time whi
h is an evident sign for vibrational 
ooling. The shift of the

peak position towards higher distan
es is due to the anharmoni
ity of the potential well of the
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Figure 5.4: Three-dimensional

fragment distan
e spe
tra of

H

+

2

from Coulomb explosion

measured after di�erent inter-

a
tion times with near-zero

relative energy ele
trons. For

t = 8 s the full line represents

the �tted distribution P (d; t)

(v

max

= 10), the broken lines

show the 
ontributions from

v = 0 and v = 1 as indi
ated.
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Figure 5.5: Spe
tra of the

three-dimensional fragment dis-

tan
e d for D

+

2

Coulomb explo-

sion measured after di�erent in-

tera
tion times (t = 0 � 45 s)

with near-zero relative energy

ele
trons (ele
tron density 5:6 �

10

�6


m

3

/s). The spe
tra are

normalized to unit area.
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Figure 5.6: Time evolution of

the vibrational population for

the �rst six vibrational states of

H

+

2

as a fun
tion of the intera
-

tion time with near-zero relative

energy ele
trons. The ele
tron

density was n

e

= 6:07�10

6


m

�3
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Figure 5.7: Time evolution of

the vibrational population for

the �rst six vibrational states of

D

+

2

as a fun
tion of the intera
-

tion time with near-zero relative

energy ele
trons. The ele
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density was n
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5.2 Vibrational state spe
i�
 relative DR rate 
oeÆ
ients for H

+

2

and D

+

2

mole
ular hydrogen ion 
ausing, on the average, an in
reased internu
lear separation whi
h gives

rise to smaller kineti
 energy releases in the Coulomb explosion pro
ess and therefore smaller

fragment distan
es.

For H

+

2

the two-dimensional theoreti
al fragment distan
e distributions P

�

v

(D) were again �tted

to the measured two-dimensional fragment distributions (see dis
ussion above) 
orresponding to

di�erent time sli
es, whereas for D

+

2

the full three-dimensional information was used to reveal

the time evolution of the vibrational population. Figs. 5.4 and 5.5 show the three-dimensional

fragment distan
e distributions as measured for the H

+

2

and D

+

2

beam, respe
tively. Only vibra-

tional states lower than v = 11 have been taken into a

ount. Additionally the �tted distribution

P (d; t) (solid line) and the 
ontributions from v = 0 and v = 1 (dotted lines) are drawn. The

three-dimensional fragment distan
e spe
tra for D

+

2

are normalized to unit area for a better


omparison. The results are represented for the �rst six vibrational states of H

+

2

and D

+

2

in the

Figs. 5.6 and 5.7, respe
tively. For both mole
ular ions a vibrational 
ooling 
an be seen, espe-


ially for D

+

2

the population of the vibrational ground state in
reases from initially less than 10%

to about 75% in 45 s. The population of the �rst ex
ited vibrational state of D

+

2

in
reases in the

�rst 20 s to almost 35% and de
reases at longer storage times. After about 25 s only the lowest

four vibrational states of D

+

2

are populated. Both experiments 
annot dire
tly be 
ompared due

to di�erent initial vibrational population distributions (Fig. 5.3) and ele
tron densities.

5.2 Vibrational state spe
i�
 relative DR rate 
oeÆ
ients for

H

+

2

and D

+

2

The CEI te
hnique (Se
. 3.1) makes it possible to measure the vibrational population p

v

(t) of

mole
ular ions stored in the TSR, as has been shown in the previous se
tion, whereas the RFI

te
hnique (Se
. 3.3) provides information about the relative 
ontribution q

v

(t) of di�erent vibra-

tional states to DR. These te
hniques have been used in previous experiments to study the DR of

HD

+

[34℄. A vibrationally ex
ited HD

+

mole
ular ion 
ools radiatively to its vibrational ground

state in less than 500ms [33℄. This radiative 
ooling 
annot be observed for the homonu
lear

diatomi
 mole
ular ions H

+

2

and D

+

2

due to a missing dipole moment.

To obtain vibrational state spe
i�
 relative DR rate 
oeÆ
ients both te
hniques, CEI and RFI,

were 
ombined. The relative 
ontribution q

v

(t) of a vibrational state v to the DR rate obtained

from the stored ion beam is proportional to the population p

v

and the rate 
oeÆ
ient �

v

of

that state. Taking the DR rate 
oeÆ
ient �

1

as referen
e

2

, relative DR rate 
oeÆ
ients 
an be

yielded by

�

v

�

1

=

q

v

(t)

q

1

(t)

p

1

(t)

p

v

(t)

: (5.1)

2 Usually the rate 
oeÆ
ient �

0

for the vibrational ground state is taken as referen
e, however as will be shown

�

1

is about one order of magnitude larger than �

0

whi
h redu
es the statisti
al errors on the relative rate


oeÆ
ients �

v

=�

1

.
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ular ions

The measurement of the relative 
ontributions q

v

(t) of vibrational states to DR will be dis
ussed

and vibrational state spe
i�
 relative DR rate 
oeÆ
ients will be derived for H

+

2

and D

+

2

in the

following se
tions.

The two experiments were 
arried out at ion energies E

i

� 1MeV and E

i

� 2MeV for the H

+

2

and

D

+

2

mole
ule, respe
tively. For the H

+

2

experiment the single-ended van-de-Graa� a

elerator

and for the D

+

2

experiment the RFQ a

elerator was used. The longitudinal and the transverse

ele
tron temperatures were kT

jj

� 0:1meV and kT

?

� 12meV for both mole
ules. The ele
tron

densities were n

e

= 6:1�10

6


m

�3

and n

e

= 5:4�10

6


m

�3

at ele
tron beam diameters of about

d = 35mm and d = 30mm for the H

+

2

and D

+

2

experiment, respe
tively. In all experiments, the

velo
ities of the ele
tron beams were set very 
lose to that of the inje
ted beams. Hen
e, the

ele
tron-ion 
ollisions o

urred at near-zero relative energies E and the average 
ollision energies

were given by the transverse ele
tron temperatures kT

?

. Small di�eren
es between the average

velo
ities of ele
trons and ions were redu
ed by the fri
tion for
e whi
h rapidly drags the ion

beam to a velo
ity mat
hing the ele
tron velo
ity (Se
. 4.4.4), su
h that the energy of average

relative motion between the two beams be
omes zero. The angular spread of the ion beam after

inje
tion into the TSR of at most �7mrad was redu
ed within several se
onds of storage due to

intera
tions in the merged ele
tron-ion beam. At the same time the ion beam size was redu
ed

from initially several millimeters to about 1mm (FWHM).

5.2.1 DR of H

+

2

and D

+

2

The re
ombination fragment imaging (RFI) te
hnique has been extensively used in re
ent years

to study the initial-to-�nal state-to-state 
orrelations in disso
iative re
ombinations (see for

instan
e Ref. [34℄). The experimental method of the RFI te
hnique has been dis
ussed in

Se
. 3.3. A spe
i�
 kineti
 energy release E

vJnn

0

k

is related to ea
h initial-to-�nal state-to-state

DR 
hannel; vJ denotes the initial ro-vibrational state and n and n

0

the �nal atomi
 fragment

states. The kineti
 energy release E

vJnn

0

k

is 
onverted into a ma
ros
opi
 fragment distan
e d

of up to several 
entimeters after a free 
ight of a few meters, obeying the relation

d �

q

E

vJnn

0

k

; (5.2)

see Eq. 3.17 for the exa
t dependen
e. The 
on
ept of the RFI is based on the measurement

of the distribution P

vJnn

0

(D) of proje
ted fragment distan
es D on the dete
tor plane oriented

perpendi
ular to the 
enter-of-mass motion of the disso
iating fragments. The shape of the ex-

pe
ted proje
ted fragment distan
e distributions P

vJnn

0

(D) are dis
ussed in Se
. 3.3 for di�erent

angular distributions of the fragment relative to the beam dire
tion. It has been shown that

the angular distribution is isotropi
 at mat
hed ele
tron-ion velo
ities [94℄. Assuming a time

independent Boltzmann distribution of the rotational ex
itation 
orresponding to T = 600K, a

proje
ted fragment distan
e distribution P

vnn

0

(D) (Eq. 3.23) 
an be given for ea
h initial-to-�nal
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oeÆ
ients for H

+

2

and D

+

2

state-to-state DR 
hannel

3

, as derived in Se
. 3.3.

At mat
hed average velo
ities of ele
tron and ion beam (E = 0 eV) one of the atomi
 fragments

is always produ
ed in the ground state (n

0

= 1), whereas the �nal state of the other fragment

is dependent on the ro-vibrational ex
itation of the mole
ular ion prior to re
ombination. For

H

+

2

in a ro-vibrational state

4

v < 5 and J < 6, only the �nal asymptote 
orresponding to n = 2 is

a

essible. The n = 1 asymptote re
eives a negligible population as has been shown in previous

experiments [39℄. Due to the larger redu
ed mass of D

+

2

the vibrational and rotational energies

are shifted with respe
t to the values for H

+

2

, see Append. B. Therefore, in D

+

2

the limits below

whi
h only the �nal asymptote (n = 1) n = 2 is a

essible are v < 7 and J < 8. Assuming

a rotational ex
itation 
orresponding to a Boltzmann distribution at T = 600K (measured ion

sour
e temperature T = 600 � 100K [34℄) about 85% of the H

+

2

mole
ules are in a rotational

state J < 6 and about 75% of the D

+

2

mole
ules are in a rotational state J < 7. The small 
on-

tribution from higher J levels for the H

+

2

and D

+

2

ions in the vibrational states v = 4 and v = 6,

respe
tively, is negligible and it was assumed that only the n = 2 asymptote is energeti
ally

a

essible.

To 
ompare the ele
tron indu
ed vibrational 
ooling and to extra
t relative DR rate 
oeÆ
ients

for both mole
ular ions, the DR and CEI studies (dis
ussed in the previous se
tion) of ea
h ion

were performed in a separate experiment under the same experimental 
onditions. The exper-

imental 
onditions, su
h as the ion beam energy and the ele
tron 
ooler settings, 
an be found

in Se
. 5.2 for both experiments.

The impa
t position of the DR fragments on the dete
tor is obtained using an imaging system,


onsisting of a CCD 
amera, a frame threshold suppressor (FTS) and a VME 
omputer, see

Se
. 4.5.1 for a more detailed des
ription. Ea
h fragment hitting the dete
tor produ
es a light

spot on the phosphor s
reen mounted behind the MCP. The fragment positions, measured with

the CCD, 
amera are given in units of 
amera pixels and need to be transformed into millimeters

prior to a data analysis 
an be done. The distan
e between the CCD 
amera and the MCP is

slightly di�erent for ea
h experiment. The so-
alled pixel-to-millimeter 
alibration is usually

done by putting small metal dis
s of known diameter in front of the MCP blo
king part of the

DR fragments. This way a shadow of the metal dis
 is obtained in pixel-units. Fitting an ellipse

5

to the dis
 shadow yields a dis
 diameter in units of pixels whi
h 
an be dire
tly 
ompared to the

dis
 diameter in mm. Following this method a value for the pixel-to-millimeter transformation


an be derived with a systemati
 error of approximately 3%. The systemati
 error is due to the

rather large MCP-dis
 distan
e of about 25 
m and the ion beam diameter of � 1mm (FWHM).

This leads on one hand to a smeared 
ontour of the dis
 pro�le on the MCP and on the other

3 Ea
h proje
ted fragment distan
e distribution is 
onvoluted with a de�ned rotational ex
itation distribution,

see dis
ussion in Se
. 3.3.

4 For all 
al
ulations the rotational 
onstant of the vibrational ground state (Tab. B.1) has been used.

5 The pixel distan
es on the CCD 
hip are di�erent in the verti
al and horizontal dire
tion and have a �xed

ratio of

p

2 [75℄ for the 
ameras used in our experiments.
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Figure 5.8: S
hemati
 drawing of the setup used to measure the proje
ted distan
e of the DR

fragments together with the positions of the metal dis
, the surfa
e barrier dete
tor (SBD) and

the ele
tron-ion re
ombination region inside the ele
tron 
ooler with respe
t to the MCP. It is

possible to 
hose between dis
s of di�erent diameters. Also depi
ted is the dis
 shadow whi
h

is enlarged due to the divergen
e of the disso
iating DR fragments.

hand to an enlarged diameter, as the DR fragments are not moving parallel, see Fig. 5.8. For

the experiment with the D

+

2

ion beam, \images" have been taken from the lower edge of a sur-

fa
e barrier dete
tor (SBD), movable in verti
al dire
tion, at di�erent positions whi
h 
an be

pre
isely adjusted from outside the va
uum 
hamber. The smaller distan
e to the MCP re
e
ts

in a smaller systemati
 error of less than 2%.

In the experiment with the H

+

2

ion beam, proje
ted fragment images have been measured for

ele
tron-ion intera
tion times from t = 0:5 � 13:5 s, whereas for D

+

2

the measurements were

performed up to times t = 90 s. Some measured proje
ted fragment distan
e distributions for

the DR of H

+

2

ions at mat
hed ele
tron-ion velo
ities are shown in Fig. 5.9 for di�erent time

sli
es. The 
hanging shapes of the proje
ted fragment distan
e distributions re
e
t the vibra-

tional 
ooling already seen in the CEI measurement. The large 
ontributions at small distan
es

disappear with time and are due to DR produ
ing fragments in an ex
ited state with n = 3.

As dis
ussed before, these �nal asymptotes are energeti
ally a

essible only for vibrationally

ex
ited H

+

2

mole
ules (v > 4). As in previous experiments [39℄ no 
ontribution of DR with �nal

asymptotes n = 1 has been observed.

The relative 
ontribution q

vnn

0

of ea
h initial-to-�nal state-to-state DR 
hannel was obtained

by �tting the fun
tion P (D; t) (Eq. 3.24) to the measured distributions whi
h were normalized

to unity. The 
al
ulated proje
ted fragment distan
e distributions for the di�erent vibrational

states take into a

ount rotational ex
itation and the length of the ele
tron 
ooler. The ro-
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Figure 5.9: Measured pro-

je
ted fragment distan
e dis-

tributions from the DR of

H

+

2

with near-zero kineti
 en-

ergy ele
trons at di�erent

intera
tion times. In the

lowest panel some expe
ted

proje
ted fragment distribu-

tions, in
luding rotational ex-


itation (T = 600K) are

shown, 
orresponding to DR

of H

+

2

ex
ited in an ini-

tial vibrational state v into

H(1s)+H(n) ([v; n℄). Addi-

tionally, the �tted linear 
om-

bination of all 
onsidered frag-

ment distributions are drawn.

tational ex
itation was assumed to be Boltzmann distributed 
orresponding to a temperature

of T = 600K. In addition, the angular distribution of the DR fragments was assumed to be

isotropi
, see Se
. 3.3. A �xed value for the pixel-to-mm 
alibration was used. In the lowest

panel (t = 7:5 � 8:5 s) of Fig. 5.9 the �tted fun
tion P (D; t) as well as the individual 
ontribu-

tions of some DR 
hannels are drawn on top of the measured distribution. The shape of the

individual 
ontributions are expressed by the fun
tions P

vnn

0

(D) (Eq. 3.23). The peak position

of the expe
ted proje
ted fragment distan
e distributions P

vnn

0

(D) are well separated for all DR


hannels allowing for extra
ting their relative 
ontributions q

vnn

0

(t), where

P

vnn

0

q

vnn

0

� 1. The

�tting results are summarized in Fig. 5.10. The relative 
ontributions of the higher vibrational

states (v > 4) disappear almost 
ompletely within about 10 se
onds. The vibrational states

v > 4 populate predominantly the �nal asymptotes with n = 3; this 
orresponds to the DR


hannel with the lowest kineti
 energy release.

The DR measurement of D

+

2

was also 
arried out at near-zero kineti
 energy 
ollision energies.

The analysis of the proje
ted fragment distan
e spe
tra for D

+

2

followed the same pro
edure
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Figure 5.10: Fitting results

for the relative 
ontributions

q

vnn

0

of ea
h 
hannel 
or-

responding to DR of H

+

2

in

an initial vibrational state v

into H(1s)+H(n) ([v; n℄) to

the proje
ted fragment dis-

tan
e distributions measured

at E � 0 eV and di�erent in-

tera
tion times (t = 0 � 13 s)

with ele
trons.

dis
ussed for H

+

2

. Some of the measured spe
tra are presented in Fig. 5.11. The statisti
s was

high enough for intera
tion times lower than 60 s to extra
t meaningful spe
tra for time windows

of 1 s. Only for the longer storage times the fragment rate be
ame too low su
h that larger time

windows (4 s) were needed to obtain reasonable statisti
s. As for H

+

2

a strong vibrational 
ooling

is visible and an almost 
omplete disappearan
e of higher vibrational states (
ontributions at

small distan
es) is observed within less than 10 s. The �tting results, presented in Fig. 5.12,

reveal an almost 
omplete 
ooling into the vibrational ground state. After about 40 s only the

vibrational states v = 0 and v = 1 
ontribute to the DR. Due to the lower lying vibrational

energy levels, the �nal asymptotes n = 3 are only a

essible for vibrational states v > 6. As
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Figure 5.11: Measured pro-

je
ted fragment distan
e dis-

tributions from the DR of

D

+

2

with near-zero kineti
 en-

ergy ele
trons at di�erent in-

tera
tion times.
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Figure 5.12: Fitting results

for the relative 
ontributions

q

vnn

0

of ea
h 
hannel 
or-

responding to DR of D

+

2

in

an initial vibrational state v

into D(1s)+D(n) ([v; n℄) to

the proje
ted fragment dis-

tan
e distributions measured

at E � 0 eV and di�erent in-

tera
tion times (t = 0� 85 s).
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for H

+

2

a predominant population of �nal asymptotes n = 3 is observed for v = 7. The ex-

pe
ted proje
ted fragment distan
e distributions P

vnn

0

(D) (Eq. 3.23) are less separated from

ea
h other due to the smaller vibrational level spa
ing in D

+

2


ompared to H

+

2

. Additionally, the

total number of involved vibrational states is larger for D

+

2

. This made it parti
ular diÆ
ult to

extra
t reliable relative 
ontributions for the �rst ten time sli
es (i.e. for t < 11 s) and gave rise

to systemati
 variations in the results. Thus, only DR 
hannels with �nal asymptotes n = 2

were �tted in a �rst step. In a se
ond step, the relative 
ontributions of DR 
hannels with �nal

asymptotes n = 3 were �tted keeping the relative 
ontributions of the other 
hannels �xed to

the values obtained from the �rst �t. This pro
edure is possible sin
e the kineti
 energy release

and therefore the fragment distan
e is small for DR 
hannels with �nal asymptotes n = 3 and

does not in
uen
e the shape of the spe
tra at large proje
ted fragment distan
es; the shape at

these distan
es is 
ompletely 
aused by the other DR 
hannels, see lowest panel in Fig. 5.9. The

relative 
ontributions of vibrational states v > 7 to DR disappeared within a few se
onds and

are therefore not shown in Fig. 5.12.

A se
ond experiment was 
arried out with an H

+

2

ion beam at higher storage energy and higher
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Figure 5.13: Fitting re-

sults for the relative 
ontribu-

tions q

vnn

0

of ea
h DR 
hannel

(with n = 2 and n

0

= 1) to the

proje
ted fragment distan
e

spe
tra measured at near-zero

ele
tron-ion 
ollision energies

and intera
tion times up to

t = 37 s.

ele
tron density. The experiment aimed at observing the time evolution of the relative 
ontri-

butions of the lower vibrational states for longer ele
tron-ion intera
tion times. The two RFQ

a

elerators were used together with the seven-gap resonators (Se
. 4.1) to a

elerate the H

+

2

ion

beam produ
ed in a CHORDIS ion sour
e to an energy of E

i

� 2MeV. The ele
tron density

was n

e

= 1:09 � 10

7


m

�3

, about twi
e as high as in the �rst experiment, whi
h de
reased the

time-
onstant for the ele
tron indu
ed vibrational 
ooling by almost a fa
tor of two. The trans-

verse and the longitudinal ele
tron temperatures were kT

?

= 12:7meV and kT

jj

� 0:1meV,
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i�
 relative DR rate 
oeÆ
ients for H

+

2

and D

+

2

respe
tively. The measurement s
heme as well as the data analysis were identi
al with the pre-

vious experiments, therefore only the �nal results are shown in Fig. 5.13. An almost 
omplete

vibrational 
ooling into the two lowest vibrational states was found in about 30 s.

5.2.2 Relative DR rate 
oeÆ
ients for H

+

2

and D

+

2

The information about the relative 
ontribution q

vnn

0

(t) of ea
h initial-to-�nal state-to-state


hannel to DR at a given time 
an now be 
ombined with the vibrational population p

v

(t) to

derive state-to-state DR rate 
oeÆ
ients relative to that of v = 1 (�nal asymptote n = 2; n

0

= 1),

i.e. �

vn1

=�

121

(see Eq. 5.1). The DR rate 
oeÆ
ient of the �rst ex
ited vibrational state has

been 
hosen as referen
e instead of that for the vibrational ground state be
ause of the small

measured relative 
ontributions q

021

(t) of v = 0 to DR (see Figs. 5.10 and 5.12) whi
h 
ause

large statisti
al errors. Figs. 5.14 and 5.15 present the relative DR rate 
oeÆ
ients for the lower

vibrational states of H

+

2

and D

+

2

, respe
tively; after summation over all 
ontributions of ea
h

vibrational state to the �nal fragment states energeti
ally a

essible by DR with near-zero kineti


energy ele
trons. For H

+

2

the relative DR rate 
oeÆ
ients are shown for all time sli
es for whi
h

the vibrational population was known from the CEI measurement, whereas for D

+

2

only those

time sli
es were 
onsidered were either the vibrational population or the relative 
ontribution to

DR was signi�
antly di�erent from zero within their error bars. The lines drawn represent the

weighted mean values used as the �nal results. The required time independen
e of the values is

given within the statisti
al error bars and prove the reliability of the method to extra
t relative

DR rate 
oeÆ
ients.

The �nal experimental results for the relative DR rate 
oeÆ
ients are shown in the Figs. 5.16

and 5.17 for H

+

2

and D

+

2

, respe
tively, as a fun
tion of the vibrational state v. The plotted

error bars are larger than the statisti
al values. The results are summarized together with their

systemati
 errors in Tab. 5.1. The systemati
 errors are due to the un
ertainties in the fa
tor for

the pixel-to-millimeter transformation, dis
ussed in the previous se
tion and were obtained by a

systemati
 study of the in
uen
e of the un
ertainties in the pixel-to-millimeter 
alibration on the

relative DR rate 
oeÆ
ients. The experimental results for H

+

2

as well as for D

+

2

are 
ompared

to earlier 
al
ulations, based on the multi
hannel quantum defe
t theory (MQDT), of the DR

rate 
oeÆ
ients by Nakashima et al. [24℄ for v = 0 � 4. Furthermore shown are re
ent results

from new MQDT 
al
ulations of the DR of H

+

2

at a 
ollision energy E = 0:01meV by S
hneider

et al. [99℄. Rate 
oeÆ
ients be
ome 
onstant at 
ollision energies lower than the longitudinal

ele
tron temperature of kT

jj

� 0:1meV, su
h that the 
al
ulations for E = 0:01meV represent

the experimental 
onditions [100℄. Theoreti
al studies of the DR of D

+

2

will probably also be

performed in the near future. The 
al
ulations by Nakashima et al. 
onsidered only the

1

�

+

g

disso
iative state of mole
ular hydrogen, whereas the results by S
hneider et al. were obtained

taking into a

ount also higher disso
iative states, belonging to the so-
alled Q

1

series. But,

both MQDT 
al
ulations did not in
lude rotational ex
itations. The results by S
hneider et

67



5 Re
ombination and super-elasti
 
ollisions of hydrogen mole
ular ions

0

0.1

0.2

0

1

0

1

0

1

0

1

0

10

v=0

R
el

a
ti

ve
 D

R
 r

a
te

 c
o

ef
fi

ci
en

t 
α

v 
/ 

α
1
  

  
  

  
  

  
  

  

v=1

v=2

v=3

v=4

v=5

Interaction time (s)                 

v=6

0

10

0 1 2 3 4 5 6 7 8 9

Figure 5.14: Relative DR rate 
of-

�
ients at E = 0 eV for the �rst

seven vibrational states of H

+

2

. The

straight lines represent the weighted

mean values used as the �nal re-

sults. The displayed values have

been added up over all possible �-

nal states.

al. have been 
onvoluted with our experimental (i.e. anisotropi
) ele
tron velo
ity distribution,

whereas the results by Nakshima et al. were 
onvoluted with an isotropi
 Maxwell-Boltzmann

distribution 
orresponding to 100K, the approximate transverse ele
tron temperature in the

present experiments. Takagi [101℄ in
luded rotational ex
itations in his 
al
ulations of the DR


ross se
tion of HD

+

in v = 0; 1 and H

+

2

in the vibrational ground state. Further 
al
ulations

of the DR 
ross se
tion for H

+

2

, HD

+

and D

+

2

, using the proje
tion operator te
hnique, were


arried out for the vibrational states v = 0� 4 by Rai Dastidar and Rai Dastidar [102℄. These


al
ulations were performed for 
ollision energies larger than 500meV and 
annot be 
ompared

to our results. Only for the �rst three vibrational states of H

+

2

a reasonable agreement between

the 
al
ulations by Nakashima et al. and our results 
an be seen. Also the 
al
ulations by

S
hneider et al. 
annot reprodu
e the measured relative rate 
oeÆ
ients and show almost no
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Figure 5.15: Relative DR rate 
o-

eÆ
ients at E = 0 eV for the �rst

eight vibrational states of D

+

2

. The

straight lines represent the weighted

mean values used as the �nal re-

sults. The displayed values have

been added up over all possible

�nal-states

dependen
e on the vibrational state.

The theoreti
al results for D

+

2

do only agree for v = 1 and v = 3 within the experimental error

bars. Nakashima et al. tra
e ba
k the very low value for the ground vibrational state of D

+

2

to

the small Fran
k-Condon fa
tor between the 
ontinuum vibrational wavefun
tion of the

1

�

+

g

disso
iative state and the nu
lear wavefun
tion for v = 0. The �nal experimental results for

relative DR rate 
oeÆ
ients of H

+

2

, HD

+

and D

+

2

are summarized in Tab. 5.1. The ele
tron-

ion 
ollision energy as well as the longitudinal ele
tron temperature were identi
al in all three

experiments and amounted to E � 0meV and kT

jj

� 1K. The transverse ele
tron temperatures

varied slightly and are quoted in Tab. 5.1. The relative DR rate 
oeÆ
ients show similar trends

for both studied mole
ular ions. The DR rate 
oeÆ
ients are almost 
onstant for the vibrational

states v = 1 � 4 of H

+

2

and v = 1 � 6 of D

+

2

and are about an order of magnitude higher than
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Figure 5.16: Experimen-

tal results for the relative

DR rate 
oeÆ
ients of H

+

2

at

E � 0 eV as a fun
tion of

the initial vibrational quan-

tum number (solid 
ir
les).

Together with the experimen-

tal results are also theoreti-


al 
al
ulations by Nakashima

et al. [24℄ (open boxes) and

S
hneider et al. [99℄ (open 
ir-


les) shown, see text. Lines

are drawn to guide the eye

through the values.
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Figure 5.17: Experimen-

tal results for the relative

DR rate 
oeÆ
ients of D

+

2

at

E � 0 eV as a fun
tion of

the initial vibrational quan-

tum number (solid 
ir
les).

Together with the experimen-

tal results are also theoreti
al


al
ulations by Nakashima et

al. [24℄ (open boxes) shown.

Lines are drawn to guide the

eye through the values.
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results for the relative DR

rate 
oeÆ
ients of HD

+

at

E � 0 eV as a fun
-

tion of the initial vibrational

quantum number (solid 
ir-


les). Together with the ex-

perimental results are also

shown theoreti
al 
al
ulations

by Nakashima et al. [24℄

(open boxes) and Amitay et

al. [40℄ (open triangles). Lines

are drawn to guide the eye

through the values.
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Figure 5.19: Binding ener-

gies of H
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in

the rotational ground state

(J = 0) and vibrational state

v = 0 � 11 
ompared to the

asymptoti
 fragment energies

for n = 3� 5.
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H

+

2

D

+

2

HD

+

[34℄

T

?

=139K T

?

=139K T

?

=116K

�

0

/�

1

0.10 � 0.05 0.17 � 0.09 0.51 � 0.13

�

2

/�

1

0.82 � 0.12 0.73 � 0.22 1.44 � 0.63

�

3

/�

1

0.96 � 0.19 0.82 � 0.20 0.15 � 0.13

�

4

/�

1

0.53 � 0.11 1.28 � 0.50 2.30 � 1.30

�

5

/�

1

4.5 � 1.4 1.25 � 0.63 0.01 � 0.05

�

6

/�

1

6.3 � 1.9 1.08 � 0.43 14.8 � 6.3

�

7

/�

1

4.69 � 1.90 9.2 � 7.1

Table 5.1: Experimental relative DR rate 
oeÆ
ients of H

+

2

, D

+

2

and HD

+

[34℄ for 
ollisions

with near-zero kineti
 energy ele
trons and transversal ele
tron temperatures kT

?

. The longi-

tudinal ele
tron temperature was kT

jj

� 1K in all experiments.

the values for the vibrational ground states. The steep in
reases in the DR rate 
oeÆ
ient for

higher vibrational states, v > 4 and v > 6 in 
ase of H

+

2

and D

+

2

, respe
tively, are due to the

a

essibility of additional 
hannels through whi
h DR 
an pro
eed. These vibrational states 
an


ouple to the higher lying disso
iative states belonging to the Q

1

series, Fig. 2.4. This feature

has also been seen for the relative DR rate 
oeÆ
ients of HD

+

. Fig. 5.18 shows the experimental

results taken from Amitay et al. [34℄ and obtained at the same experimental setup. The MQDT


al
ulations by S
hneider et al. 
an qualitatively reprodu
e this trend in 
ase of HD

+

[34℄, but

not for H

+

2

[99℄, see Figs. 5.18 and 5.16. The possible DR via the higher disso
iative states of the

Q

1

series 
oin
ides with the energeti
 a

essibility to the �nal asymptotes n = 3. The binding

energies of the lower vibrational states (v = 0� 10; J = 0) of the three hydrogen mole
ular ions

are summarized and 
ompared to the energies of the �nal asymptotes n = 3� 5 in Fig. 5.19.

The 
omparison of the trend in the relative DR rate 
oeÆ
ients for HD

+

with those for H

+

2

and

D

+

2

reveals a de
isive di�eren
e. For HD

+

the relative DR rate 
oeÆ
ient of the vibrational

ground state is by fare the largest for all three ions. Furthermore there is a striking variation in

the values for the vibrational states v = 1�5 whi
h was not found for H

+

2

and D

+

2

. The variations

for v = 0 � 4 
annot be explained by Fran
k-Condon (FC) fa
tors, as the FC dominated DR

rate 
oeÆ
ients from Nakashima et al. barely reprodu
e the experimental results. The di�erent

behavior of the measured relative DR rate 
oeÆ
ient for the homonu
lear hydrogen mole
ular

ions H

+

2

and D

+

2

and the heteronu
lear hydrogen mole
ular ion HD

+

is not yet understood.
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H

+

2

and D

+

2

ion beams produ
ed by ele
tron impa
t ionization are vibrationally ex
ited as dis-


ussed in the previous se
tions. This vibrational ex
itation and the absen
e of radiative 
ooling

makes it diÆ
ult to obtain a DR rate 
oeÆ
ient for the vibrational ground state as it has been

measured several times for HD

+

, see for instan
e [71℄. But, the pro
ess of ele
tron indu
ed

vibrational 
ooling via SEC allows for 
ooling H

+

2

and D

+

2

ion beams to almost 100% into their

vibrational ground state in less than 60 s; the e�e
tive time for a 
omplete vibrational 
ooling

is inverse proportional to the ele
tron density.

In this se
tion a measurement of DR rate 
oeÆ
ients for the vibrational ground states of H

+

2

and

D

+

2

will be dis
ussed.

5.3.1 Monitoring the vibrational 
ooling

In Se
. 3.3 the prin
iple of re
ombination fragment imaging (RFI) has been dis
ussed. This

te
hnique allows for monitoring the relative 
ontribution of ea
h vibrational states to DR and

therefore provides indire
tly information about the vibrational population of a stored mole
ular

ion beam. The relative 
ontribution q

v

of a vibrational state v to a RFI spe
tra is proportional

to the population of that state and its DR rate 
oeÆ
ient �

v

. The vibrational population p

v

(t)


an therefore be written as

p

v

(t) =

q

v

(t)=�

v

P

v

q

v

(t)=�

v

: (5.3)

Multiplying both, denominator and numerator with �

1

, the DR rate 
oeÆ
ient for v = 1, leads to

an expression for p

v

(t) only depending on the relative 
ontribution q

v

(t) whi
h 
an be measured

using the RFI and the relative DR rate 
oeÆ
ients obtained from previous experiments, see

Se
. 5.2. This way we used the RFI to monitore the vibrational population as a fun
tion of the

storage time.

Both experiments were 
arried out at the same ion energy per nu
leon (E

i

=1MeV/a.m.u.). The

ions were produ
ed in a CHORDIS ion sour
e and a

elerated using the RFQ a

elerator together

with the seven-gap resonators. The inje
tion 
y
les were 60 s and 80 s for the experiments with

the D

+

2

and H

+

2

beam, respe
tively. The ele
tron density was n

e

= 1:6 � 10

7


m

�3

and the

transverse and longitudinal temperatures were kT

?

= 11:8meV and kT

jj

= 0:1meV, respe
tively,

in both experiments. The ele
tron 
ooler was adjusted to zero 
ollision energy.

The 1/e ion beam lifetimes were about 20 s for both ions. A suÆ
ient large fragment rate on

the dete
tor even after 80 s of storage was needed, therefore the number of inje
ted ions had to

be rather high. To prote
t the dete
tor system from damage due to too high fragment rates a

metalli
 shutter was used in the �rst 20 s to 
over the MCP. Thus, only data for storage times

longer than 20 s are available. In Se
. 5.2 the analysis of measured DR 2D spe
tra has been

dis
ussed in detail and the reader is referred to Se
. 3.3 for more extensive des
riptions.
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Figure 5.20: Measured and

ba
kground 
orre
ted distri-

bution of proje
ted fragment

distan
es for H

+

2

taken be-

tween 75 � 80 s after inje
-

tion. Furthermore shown

are the 
ontributions of the

theoreti
al fragment distan
e

distributions P (D)

v=0

and

P (D)

v=1

to the �tted distri-

bution P (D).
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Figure 5.21: Measured and

ba
kground 
orre
ted distri-

bution of proje
ted fragment

distan
es for D

+

2

taken be-

tween 55 � 60 s after inje
-

tion. Furthermore shown

are the 
ontributions of the

theoreti
al fragment distan
e

distributions P (D)

v=0

and

P (D)

v=1

to the �tted distri-

bution P (D).
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Figure 5.22: Center-of-mass

of the two DR fragments

in x- and y-dire
tion, 
or-

responding to horizontal and

verti
al orientation, respe
-

tively, for the �rst 30000

DR events; taken from the

H

+

2

measurement. The 
u
tu-

ations in x-dire
tion are due

to temperature e�e
ts, see

text.

For both mole
ular ions measured proje
ted fragment distan
e distributions are shown in

Fig. 5.20 (H

+

2

) and Fig. 5.21 (D

+

2

). The spe
trum for H

+

2

was taken between 75 and 80 s and

for D

+

2

between 55 and 60 s after inje
tion. Ea
h spe
trum shown has been 
orre
ted for ba
k-

ground 
ontributions 
oming from un
orrelated fragment pairs. Single neutral fragment 
an

emerge from disso
iative ex
itation (DE) or 
ollisions with residual gas mole
ules. The 
enter-

of-mass position of two un
orrelated fragments in the dete
tor di�ers from the position of two

fragments 
oming from DR. Thus, a 
ut in the 
enter-of-mass position 
an redu
e the ba
k-

ground 
ontribution. In the present experiments an os
illation of the horizontal 
enter-of-mass

position was observed 
aused by periodi
 temperature drifts in the 
ooling water system making

a pre
ise 
ut rather diÆ
ult. Fig. 5.22 shows the 
enter-of-mass position in y- and x-dire
tion,


orresponding to verti
al and horizontal orientation, respe
tively, as a fun
tion of the a
quired

event number. These temperature drift leads to small 
hanges in the ion beam orbital and gives

rise to either a small variation in the angle between the ele
tron-ion beam or a parallel shift of

the ion beam with respe
t to the ele
tron beam. The os
illations are therefore only observable

in the horizontal 
omponent of the fragment position. For storage times longer than about 45 s

the 
ontribution of the vibrational ground state to DR 
onvert to values lower than 100%, see

Fig 5.23

6

. In addition the time evolution of the vibrational ground state population of H

+

2

and

D

+

2

is shown in Fig. 5.24, 
al
ulated using Eq. 5.3 and the relative DR rate 
oeÆ
ients from

Tab. 5.1. Two possible explanations 
an be given for that observations.

Assuming the ele
tron indu
ed vibrational deex
itation to be in equilibrium with a vibrational

ex
itation by residual gas s
attering, i.e. both rates for vibrational ex
itation and deex
itation

6 After 20 s of storage only the two lowest vibrational states, v = 0 and v = 1, 
ontribute to the DR 2D spe
tra.
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Figure 5.23: Contribution of

the vibrational ground state

of H

+

2

and D

+

2

to the DR spe
-

tra of proje
ted fragment dis-

tan
es as a fun
tion of the in-

tera
tion time with ele
trons.

have to be the same. Taken into a

ount that about 99.5% of the mole
ular ions are in the

vibrational ground state (Fig. 5.24) and a residual gas density

7

of n

RG

= 1:3�10

6


m

�3

the rate


oeÆ
ient for vibrational ex
itation by residual gas s
attering is �

RG

� 5�10

�9


m

3

/s. The 1=e

lifetime for vibrational ex
itation of the vibrational ground state due to s
attering on residual

gas mole
ules is, for the given residual gas density, about 150 s and would 
ause a 
hange in the

vibrational population distribution of several per
ent in about 10 s even if there is no ele
tron

beam. This has not been observed in the CEI measurements, see dis
ussion in Se
. 5.2. A se
ond

heading pro
ess, known from earlier experiments, is the ele
tron indu
ed vibrational ex
itation

due to 
ollisions in the toroid se
tions. But, the rate 
oeÆ
ients for this pro
ess is of the order

of 10

�11


m

3

/s as has been shown by M. Lange [71℄ and therefore mu
h to small.

A se
ond explanation for the subtotal 
ooling into the vibrational ground state 
ould be some

remaining ba
kground 
ontributions. The �tted fun
tion P (D) plotted in Fig. 5.20 
annot to-

tally reprodu
e the measured proje
ted fragment distan
e distribution in the region between

7-9mm. The shape of the fun
tion P (D) in that region is determined by the 
ontribution of the

�rst ex
ited state (P (D)

v=1

). This 
ould be a hint that this part of the spe
trum is 
aused be

ba
kground events.

For storage times longer than 40 s the 
ontributions of the vibrational ground states to DR are

7 The residual gas density depends on the va
uum pressure inside the TSR whi
h is typi
ally 5� 10

�11

mbar.
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Figure 5.24: Population of

the vibrational ground state

of H

+

2

and D

+

2

as a fun
tion of

the intera
tion time with ele
-

trons.

approximately 
onstant for both mole
ules and amount to:

H

+

2

: q

0

(t > 40 s) = 89:6 � 1:4% (5.4)

D

+

2

: q

0

(t > 40 s) = 95:6 � 1:9%: (5.5)

The DR rate 
oeÆ
ients dis
ussed in the following Se
tion were measured after 40 s pre-
ooling,

They therefore represent not the value for the vibrational ground states and need to be 
orre
ted

using the values from Eqs. 5.4 and 5.5, i.e. by fa
tors 0.90 and 0.96, respe
tively.

5.3.2 DR rate 
oeÆ
ient measurements

The setup and the prin
iple for rate 
oeÆ
ient measurements has been dis
ussed in Se
. 4.6,

therefore only a short overview on the measurement pro
edure is given here. The mole
ular

ions were inje
ted in the TSR and ele
tron 
ooled for 40 s, i.e. the ele
tron 
ooler was set to


ooling energy (E


ool

= 0 eV). After the pre-
ooling period the ele
tron energy wobbling was

started, i.e. 
hanging 
y
li
 the 
ollision energy every 25ms from E

ref

! E

meas

! E


ool

. The

referen
e energy was set to E

ref

= 44:1 eV in the measurement runs with the H

+

2

beam. For the

measurement runs with the D

+

2

beam the referen
e energy was either set to E

ref

= 93:1 eV or

the ele
tron beam was swit
hed o�. To obtain an energy spe
trum for the DR rate 
oeÆ
ient

the measurement energy was 
hanged with ea
h inje
tion. The DR fragments were dete
ted

using an energy resolving surfa
e barrier dete
tor (SBD). The analog output signal from the
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SBD is proportional to the deposited energy and was digitized by an ADC before written into

a Histogram Memory Unit (HMU). To ea
h wobbling mode a de�ned starting address in the

HMU is assigned providing separated energy spe
tra. In 
ase of an H

+

2

or D

+

2

beam basi
ally

two energy 
omponents show up in the ADC spe
tra, the total energy in 
ase of DR and only

half the energy in 
ase of disso
iative ex
itation (DE), where one of the disso
iating fragments is


hrges, in the toroid se
tions of the ele
tron 
ooler or 
ollisions with residual gas where typi
ally

only one fragment hits the SBD. If the fragment rate is too high un
orrelated parti
les might

hit the SBD at the same time (i.e. within the resolution of the Shaping Ampli�er) and give rise

to additional peaks in the ADC spe
tra at higher energies. In the present experiments these


ontributions were less than 0.1%. The total number of DR events for a wobbling state was

obtained by integrating over all events in the full fragment energy region of the 
orresponding

ADC spe
trum. The integrated number of events at a wobbling state were then transformed

into a DR rate by normalizing to the total measurement time at that state.

Ion 
urrent 
alibration

The DR rate 
oeÆ
ient �(E) at a 
ollision energy E is given by

�(E) =

R(E)

meas

n

e

(E)�N

i

; (5.6)

where R

meas

denotes the DR fragment rate at measurement energy E, n

e

(E) the ele
tron density

at the energy E, N

i

the ion 
urrent and � = 0:0269�0:0002

8

, a TSR spe
i�
 
onstant. To obtain

a DR rate 
oeÆ
ient, the DR fragment rate R

meas

as well as the number of stored ions have to

be measured.

The number of stored ions is proportional to the ion 
urrent I

i

and 
an be written as

N

i

=

I

i

e f

TSR

; (5.7)

with the elementary 
harge e and the revolution frequen
y f

TSR

of the ions in the TSR. The

ion energy was E

i

= 1:556MeV/a.m.u. in both measurements 
orresponding to a revolution

frequen
y of f

TSR

= 0:311MHz. The SBD used for measuring the DR fragment rate should not

be exposed to rates higher than 2-3 kHz. Thus the inje
tion had to be adjusted su
h that the

maximum ion 
urrent in the ring was mu
h less than 1�A, the minimum 
urrent whi
h 
an be

measured by the DC transformer. In the present experiment the DR fragment rate R


ool

(i.e.

the ele
tron 
ooler was set to 
ooling; E = 0 eV) was used as a signal proportional to the ion


urrent. The relation between both ion 
urrent and fragment rate is given by

I

i

= �R


ool

: (5.8)

8 � is the ratio between the overlap length of the merged ele
tron-ion beam in the ele
tron 
ooler and the ring


ir
umferen
e.
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To link I

i

to the rate R


ool

, the relation 
onstant � had to be determined, whi
h was done in

several steps.

In a �rst step the DR fragment rate was related to the trigger rate R

BPM

of the beam pro�le

monitor (BPM) [89℄ by determining


 =

R

BPM

R


ool

(5.9)

for ea
h measurement run. Fig. 5.25 shows the relation 
 for di�erent measurements. The BPM


an be used to measure the residual gas ionization rate by the stored ion and is therefore sensitive

to 
hanges in the residual gas pressure. This fa
t gave rise to systemati
 
u
tuations of 
 in

ea
h measurement run. The error bars on the data points in Fig. 5.25 therefore represent the

standard deviation of a single measurement. The mean values for both measurements amount

to:

H

+

2

: 
 = 1414 � 48; (5.10)

D

+

2

: 
 = 832� 17: (5.11)

In a next step the BPM trigger rate was 
onne
ted to the rate of the volt-to-frequen
y 
onverter

γ

D
+
2 H

+
2

γ =  832 ± 17 γ = 1414 ± 48

0

500

1000

1500

2000

2500

Figure 5.25: Relation 
 between

the rate of H

2

(D

2

) fragments when

the ele
tron 
ooler was set to 
ool-

ing (i.e. E=0 eV) and the BPM trig-

ger rate for di�erent measurements.

Furthermore the mean values and

their standard errors are plotted.

The errors on the data points rep-

resent the standard deviation of a

single measurement.

(VFC). The VFC rate R

V FC

is proportional to the output voltage of the DC transformator

9

and the ratio � between BPM and VFC trigger rates is given by

� =

R

BPM

R

V FC

: (5.12)

9 This measurement was done with a higher ion 
urrent and 
losed shutter situated in front of the surfa
e barrier

dete
tor

79



5 Re
ombination and super-elasti
 
ollisions of hydrogen mole
ular ions

Fig. 5.26 shows the ratio � obtained from di�erent measurements with H

+

2

and D

+

2

ion beams.

The weighted mean values are:

H

+

2

: � = 3:05 � 0:06; (5.13)

D

+

2

: � = 3:05 � 0:03: (5.14)

The same ratio � was found for both the H

+

2

and D

+

2

beam. This observation is 
onsistent with

the fa
t that the 
ross se
tion for residual gas ionization is proportional to the ion energy per

nu
leon whi
h was about 1MeV/a.m.u. for both measurements

10

. The larger error in the mean

2

3

4

1 2 3

λ

λ = 3.05 ± 0.9%

D
+
2

λ

λ = 3.05 ± 2.0%

H
+
2

2

3

4

1 2 3

Figure 5.26: Relation � between the BPM signal trigger rate and the volt-to-frequen
y 
on-

verter rate for di�erent measurements and both mole
ular ion beams.

value for the 
alibration with the H

+

2

beam is probably 
aused by stronger 
u
tuations in the

ring pressure whi
h has been already seen in the previous 
alibration step.

The 
alibration of the VFC was done at several DC transformator output voltages, see Fig. 5.27;

the a

ura
y of the DC is about �0:5mV. The relation between the DC voltage U

DC

and the

VFC rate R

V FC

is de�ned as

� =

�U

DC

�R

V FC

: (5.15)

The slope � yielded from a linear �t to the measured values is:

� = 0:0228 � 0:001 mV=Hz: (5.16)

The DC transformator output voltage 
orresponds to an ion 
urrent a

ording to the known

10 The residual gas 
onsists of about 90% of H

2

and the 
ross se
tion for ionization of H

2


an be approximated

by: � � 4 � 10

�17

q

2

A=E 
m

2

, where E=A is the beam energy in MeV/a.m.u. and q the 
harge state of the

stored ion [89℄.
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ε = 0.0228 mV/Hz ± 3%
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Figure 5.27: Calibration of the

volt-to-frequen
y 
onverter (VFC).

The relation between the DC volt-

age and the output frequen
y of the

VFC is given by the slope �.


alibration fa
tor:

� =

I

i

U

DC

= 1�A=mV: (5.17)

Using Eq. 5.8 the ion 
urrent 
an dire
tly be related to the signal rate R


ool

with the relation


onstant

� =

��


�

; (5.18)

whi
h amounts to

H

+

2

: � = 5:3 � 0:5 pA=Hz; (5.19)

D

+

2

: � = 9:0 � 0:5 pA=Hz; (5.20)

for the two di�erent ion beams. The errors are obtained from the sum over the un
ertainties

in the di�erent 
alibration steps and represent the maximum error in the 
alibration of the ion


urrent with respe
t to the DR fragment rate R


ool

. The number of stored ions 
an be derived


ombining Eqs. 5.7 and 5.8:

N

i

=

I

i

e f

TSR

=

R


ool

e f

TSR

�: (5.21)

To get the 
orre
t DR rate 
oeÆ
ient un
orrelated fragment pairs from 
ollisions between the

mole
ular ions and residual gas mole
ules need to be subtra
ted. The DR rate 
oeÆ
ient at

large 
ollision energies, su
h as the referen
e energy in the experiments, is very low be
ause of

the small Fran
k-Condon overlap between the wavefun
tions of the vibrational ground state of

H

+

2

(D

+

2

) and the Rydberg states of the so-
alled Q

2

series. The fragment pairs at referen
e

energy 
an therefore be assumed to be un
orrelated and their rate R(E)

ref

was subtra
ted from
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the rate at measurement energy. Combining Eqs. 5.6 and 5.21, the ba
kground 
orre
ted DR

rate 
oeÆ
ient is given by

�(E) =

ef

TSR

n

e

�

1

�




R(E)

meas

�R(E)

ref

�

hR


ool

i

; (5.22)

where all rates were averaged over the di�erent measurement runs, expressed by h i.

DR rate 
oeÆ
ients for H

+

2

Fig. 5.28 shows the measured DR rate 
oeÆ
ient of H

+

2

(bla
k dots). The referen
e energy was

E

ref

= 44:1 eV for all measurement runs. The two peaks at around 9 eV and 16 eV are due

to re
ombinations via the so-
alled Q

1

and Q

2

series

11

and have approximately the same DR

rate 
oeÆ
ient as for HD

+

[71℄. This is 
onsistent sin
e at su
h high 
ollision energies isotope

e�e
ts should not play a role anymore. The error on the absolute s
ale is 
aused by the error

in the ion 
urrent 
alibration and amounts to �8:4%, see Eq. 5.20. The in
reased 
ollision

energy in the toroid se
tions of the ele
tron 
ooler (Se
. 4.4.4) gave rise to an enhan
ed DR rate


oeÆ
ient in the 
ollision energy regime between E = 0:5 � 5 eV, be
ause of the large DR rate


oeÆ
ient at 
ollision energies of about E = 8 � 10 eV. Although the overlap length between

the ele
tron-ion beam in the toroid se
tion is rather small 
ompared to the total overlap length

DR at these 
ollision energies is mu
h more likely and enhan
es the re
ombination rate at the

adjusted energy E. To 
orre
t for the toroid e�e
ts an iterative pro
edure, �rst introdu
ed for

a diele
troni
 re
ombination experiment by A. Lampert [103℄, was applied to the experimental

data. The 
orre
ted spe
trum is shown in Fig. 5.28 (solid line with dots) together with the

toroid 
ontributions (dotted line). As has been found by analysing the RFI data (Se
. 5.3.1),

the relative 
ontribution of the ground vibrational state to DR stays 
onstant and amounts to

q

0

= 89:6 � 1:4% after a storage time of 40 s, thus the presented data were taken after 40 s of

pre-
ooling and the measured rate 
oeÆ
ient needs to be 
orre
ted for the 
ontribution of the

�rst ex
ited vibrational state to obtain the 
orre
t value for v = 0. As dis
ussed in Se
. 4.4.3

the experimental DR rate 
oeÆ
ient for merged-beam experiments is a 
onvolution of the DR


ross se
tion with the anisotropi
 thermal ele
tron velo
ity distribution. For our merged-beam


onditions (kT

?

= 11:8meV and kT

jj

= 0:1meV) and taking into a

ount the 
ontribution of

v = 1 (i.e. q

0

(t > 40 s)� 90%), we got a DR rate 
oeÆ
ient of

�

mb

= 0:9 � (2:1 � 0:2) � 10

�8


m

3

=s

= (1:9 � 0:2) � 10

�8


m

3

=s: (5.23)

Assuming a 1=E behavior of the DR 
ross se
tion, this rate 
oeÆ
ient 
an be 
onverted into a

thermal rate 
oeÆ
ient (isotropi
 Maxwellian distribution) for T = 300K with

� = (0:8� 0:1) � 10

�8


m

3

=s; (5.24)

11 The disso
iative Rydberg series of H

2

having a 2p�

u

and 2p�

u


ore are 
alled Q

1

and Q

2

, respe
tively [6℄.
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Figure 5.28: Measured rate 
oeÆ
ient for DR of H

+

2

with ele
trons. The spe
trum was mea-

sured after 40 s of pre-
ooling. The systemati
 errors on the plotted rate 
oeÆ
ients are 8.4%.

The ba
kground 
ontribution from 
ollisions in the toroid region (dotted line) was subtra
ted

from the experimental data (bla
k dots). Furthermore, the ba
kground 
orre
ted rate 
oeÆ
ient

is plotted (solid line with dots).

using Eq. 4.26 and assuming

�(T ) � (1=T )

0:5

: (5.25)

M. Lange studied threshold e�e
ts in the DR of vibrationally 
old HD

+

[71, 41℄ and presented

DR rate 
oeÆ
ients for two di�erent transverse ele
tron temperatures; the longitudinal temper-

ature was kT

jj

� 0:1meV in both experiments. At ele
tron-ion 
ollision energies E < 1meV the

DR rate 
oeÆ
ient amount to � � (3:0�0:6)�10

�8


m

3

/s and � � (1:3�0:3)�10

�8


m

3

/s at

transverse temperatures kT

?

= 4meV and kT

?

= 28meV, respe
tively. To 
ompare the DR rate


oeÆ
ients of HD

+

with that of H

+

2

the results need to be s
aled to our merged-beam 
onditions

(kT

?

� 12meV). Assuming again the dependen
e �(T ) � (1=T )

0:5

(Eq. 5.25) on the ele
tron

temperature, one obtains for the two DR rate 
oeÆ
ients a mean value � � (1:8 � 0:4) � 10

�8


m

3

/s, whi
h is, within the error bars, the same as the DR rate 
oeÆ
ient for H

+

2

. This has been

83



5 Re
ombination and super-elasti
 
ollisions of hydrogen mole
ular ions

already seen before in DR experiments at CRYRING [22℄, where a 
onvergen
e of the relative

DR rates for HD

+

and H

+

2

to the same value was found after approximately 30 s of storage time

and ele
tron 
ooling. Re
ently, new MQDT 
al
ulations were performed by S
hneider et al. [99℄

of absolute anisotropi
 (kT

?

= 12meV and kT

jj

= 0:1meV) DR rate 
oeÆ
ients at a 
ollision

energy E = 0:01meV. The 
al
ulated DR rate 
oeÆ
ient amounts to

�(E = 0:01meV) = 4:54� 10

�8


m

3

=s: (5.26)

This values is about a fa
tor of two higher than the experimental DR rate 
oeÆ
ient for vibra-

tionally 
old H

+

2

ions.

Due to the ele
tron energy distribution the measured DR rate 
oeÆ
ient should be 
onstant for


ollision energies of the order of the transverse (Se
. 4.4.3) ele
tron temperature (i.e. at 
ollision

energies smaller than approximately 12meV), whereas the measured DR rate 
oeÆ
ient further

in
reases at lower 
ollision energies. This feature 
ould be 
aused by the a
tual shape of the

DR 
ross se
tion at very low 
ollision energies. The measured DR rate 
oeÆ
ient is a 
onvolu-

tion of the DR 
ross se
tion �(E) with the 
attened Maxwellian ele
tron velo
ity distribution

(Se
. 4.4.3) in our experiment and 
ould be dominated by the longitudinal ele
tron temperature

at sub-thermal 
ollision energies. J.R. Mowat [100℄ dis
ussed the shape of DR rate 
oeÆ
ients at


ollision energies lower than the thermal ele
tron temperature and di�erent 1=E

n


ross se
tion

behavior (with n=1.10, 1.15 and 1.20) and found for all values of n an in
rease in the DR rate


oeÆ
ient at sub-thermal 
ollision energies. The in
rease is be
oming more pronoun
ed with

larger values for n. The in
reasing DR rate 
oeÆ
ient for E < 10meV 
ould therefore be a hint

for a DR 
ross se
tion � / 1=E

n

with n > 1:0 for low 
ollisions energies.

Another explanation for that behavior 
ould be a drop in the DR 
ross se
tion at a 
ollision

energy E � 1meV. It was not possible to assign a destru
tive window resonan
e (Se
. 2.1.1) to

that energy.

DR rate 
oeÆ
ients for D

+

2

Fig. 5.29 shows the measured DR rate 
oeÆ
ient spe
trum for D

+

2

taken after a pre-
ooliong time

of 40 s, i.e. no further vibrational 
ooling (Se
. 5.3.1). The spe
trum is divided into two parts.

The referen
e energy for the measurement at 
ollision energies E < 0:6 eV was E

ref

= 93:1 eV,

whereas for higher 
ollision energies a negative 
athode voltage o�set

12

was 
hosen as referen
e

energy, suÆ
ient high enough that no ele
trons got extra
ted from the 
athode. The positions

and absolute rates of the peaks 
aused by 
apture states belonging to the Q

1

(� 9 eV) and

Q

2

(� 16 eV) series (see dis
ussion for the H

+

2

measurement) are approximately the same as for

H

+

2

and HD

+

. The value for the DR rate 
oeÆ
ient drops dramati
ally in the 
ollision energy

range from E � 10

�4

to E � 10

�3

. This strong e�e
t has not been seen in the H

+

2

measurement

12 The relative 
ollision energy is de�ned by the 
athode voltage of the ele
tron 
ooler, see Se
. 4.4.
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Figure 5.29: Measured rate 
oeÆ
ient for DR of D

+

2

with ele
trons. The spe
trum was mea-

sured after 40 s pre-
ooling. The systemati
 errors on the plotted rate 
oeÆ
ients are 5.9%. The

referen
e 
ollision energy in the left part of the plotted spe
trum was E

ref

= 93:1 eV, whereas

the ele
tron beam was turned o� in the referen
e energy step at the measurement for 
ollision

energies E > 0:55 eV, see plot. No toroid ba
kground 
orre
tion has been applied to the data.

and is still not understood. A reason for that behavior might be problems with the referen
e

energy. The time given to the ele
tron 
ooler to adjust to the measurement energy before starting

the data a
quisition (5ms, see Se
. 4.6.1) 
ould have been to short. If the setting was too slow the


ollision energy 
ould have been still too high and the DR fragment rate therefore too small. But

this does not explain why the fragment rate at E < 10

�4

eV, 
orresponding to the 
ooling energy,

was the same as in the next wobble step when the ele
tron 
ooler was set to 
ooling energy. To

fully understand the drop in the DR rate 
oeÆ
ient, new experiments are planed in the 
loser

future. There are no toroid 
orre
tions applied to the spe
trum be
ause of the small number of

data points and the problems in the understanding of the spe
trum. If the problems dis
ussed

above are due to problems with the adjustment to the measurement energy and 
onne
ted to the

referen
e energy, the step to the 
ooling energy is not problemati
 and the DR rate 
oeÆ
ient 
an
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H

+

2

D

+

2

v kT

?

= 11:9meV kT

?

= 11:8meV

0 1.87� 0.15 1.18� 0.09

1 18.7� 11.2 6.9� 4.0

2 15.3� 9.5 5.1� 3.4

3 18.0� 11.5 5.6� 3.6

4 9.9� 6.3 8.9� 6.4

5 84� 57 8.7� 6.8

6 118� 80 7.5� 5.4

7 - 32.6� 23.4

Table 5.2: Summarized results for the

absolute DR rate 
oeÆ
ients (in units of

10

�8


m

3

/s) for the lower vibrational states

of H

+

2

and D

+

2

. The ele
tron-ion 
ollision en-

ergy was E � 0meV and the temperature

of the longitudinal ele
tron velo
ity kT

jj

�

0:1meV in both experiments. The transverse

ele
tron temperature was as stated on top of

ea
h 
olumn. For vibrational states below

the drawn horizontal lines DR via the higher

disso
iative state belonging to the Q

1

series

is energeti
ally possible.

be obtained from the DR fragment rate at the 
ooling energy. The DR rate 
oeÆ
ient at 
ooling

energy E


ool

is de�ned by our merged-beam 
onditions (kT

?

= 11:8meV and kT

jj

= 0:1meV).

Taking into a

ount the 
ontribution of v = 1 (i.e. q

0

(t > 40 s)� 96%), the DR rate 
oeÆ
ient

is

�

mb

= 0:96 � (1:2 � 0:1)� 10

�8


m

3

=s

= (1:2� 0:1) � 10

�8


m

3

=s: (5.27)

As for H

+

2

, this DR rate 
oeÆ
ient 
an be 
onverted into a thermal rate 
oeÆ
ient (isotropi


Maxwellian distribution) for T = 300K and amounts to

� = (0:45 � 0:04) � 10

�8


m

3

=s: (5.28)

Taking the relative DR rate 
oeÆ
ients for H

+

2

and D

+

2

from Se
. 5.2.2 and the absolute DR

rate 
oeÆ
ients for v = 0, dis
ussed in this se
tion, absolute values for the lower vibrational

states 
an be derived. The �nal results for the absolute DR rate 
oeÆ
ients of H

+

2

and D

+

2

are

summarized in Tab. 5.2.

5.4 Absolute SEC rate 
oeÆ
ients for H

+

2

and D

+

2

The vibrational 
ooling rates observed in an H

+

2

and D

+

2

ion beam intera
ting with ele
trons

will be dis
ussed in this se
tion. There are two pro
esses taking pla
e in a merged ele
tron-ion

beam at near-zero 
ollision energies, DR and SEC. In Se
. 5.3 absolute experimental DR rate


oeÆ
ients for H

+

2

and D

+

2

are presented whi
h 
an be used to obtain �rst absolute SEC rate


oeÆ
ients for both mole
ular ions. In the �rst part a model des
ribing the vibrational 
ooling

will be developed and applied to estimate absolute SEC rate 
oeÆ
ients for H

+

2

. In the following
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+

2

and D

+

2

two parts more elaborate studies of the vibrational 
ooling will be dis
ussed and absolute SEC

rate 
oeÆ
ients presented for H

+

2

and D

+

2

.

5.4.1 First estimated absolute SEC rate 
oeÆ
ients for H

+

2

The two pro
esses, SEC and DR, a�e
t the vibrational population distributions of H

+

2

and D

+

2

,

but in di�erent ways. While DR preferentially removes mole
ular ions in those vibrational states

that have larger DR rate 
oeÆ
ients than the others, SEC transfers population from high to

low vibrational states. No signi�
ant 
hanges in the vibrational population are taking pla
e

in the absen
e of the ele
tron-ion intera
tions (Se
. 5.1). Thus, it seems appropriate to use a

simple model where only DR and SEC are a�e
ting the vibrational population of the mole
ular

ions intera
ting with ele
trons at approximately zero relative energies. Radiative transitions 
an

be negle
ted. Dipole transitions are not allowed for H

+

2

and D

+

2

due to a missing stati
 dipole

moment and the estimated lifetime for quadrupole transitions from v = 1 to v = 0 in H

+

2

is of

the order of 10

6

s [3℄. The rates for radiative transitions between vibrational states are therefore

mu
h smaller than the smallest DR or SEC rates at the applied ele
tron densities.

Assume an ensemble with N

v

(t) mole
ules in the di�erent vibrational states v and initial (t = 0)

o

upation numbers N

0

v

. Furthermore assuming there are ~n vibrational states (v = 0 up to

v = ~n� 1), the numbers N

v

(t) are given by a set of 
oupled di�erential equations:

dN

v

(t)

dt

= � (�

v

+ �

v

)n

e

�N

v

(t) + �

v+1

n

e

�N

v+1

(t); (5.29)

where n

e

denotes the ele
tron density, � the ratio between the ele
tron 
ooler length and the

ring 
ir
umferen
e and �

v

and �

v

the SEC and DR rate 
oeÆ
ients, respe
tively, for a given

vibrational level v, with �

0

= 0 and (negle
ting feeding from higher states v � ~n) �

~n

= 0.

It was assumed that the 
ooling 
an be des
ribed in good approximation by using only the

SEC rate 
oeÆ
ients for �v = 1. This assumption is 
onsistent with theoreti
al 
al
ulations

for SEC rate 
oeÆ
ients whi
h predi
t SEC rate 
oeÆ
ients for ea
h vibrational state v with

�v = v� v

0

� 2 whi
h are almost an order of magnitude lower than the 
orresponding rates for

�v = 1 (see Tab.5.5). These 
al
ulations are based either on the MQDT (S
hneider et al. [99℄

and Nakashima et al. [24℄) or on the R-matrix theory (Sarpal and Tennyson [23℄). This set of


oupled di�erential equations 
an be solved following the pro
edure dis
ussed in Append. E. The

time evolution of the population of a vibrational state v 
an then be obtained by normalizing

N

v

(t) to the total number of mole
ules:

p

v

(t) =

N

v

(t)

P

v

N

v

(t)

: (5.30)

In a �rst step the measured vibrational population distributions for H

+

2

(Fig. 5.6) were 
ompared

to the modeled time dependen
e using DR and SEC rate 
oeÆ
ients predi
ted by theory [27℄.

For the DR rate 
oeÆ
ients �

v

the values 
al
ulated by Nakashima et al. [24℄ were used for
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the �rst �ve vibrational states (
orre
ted for the present ele
tron velo
ity distributions and

temperatures). For the SEC rate 
oeÆ
ients we used the values 
al
ulated by Sarpal and Ten-

nyson [23℄. Their 
al
ulations have been performed only for the vibrational states v = 1; 2,

yielding �

1

= 8:5�10

�8


m

3

s

�1

and �

2

= 2:0�10

�7


m

3

s

�1

. In order to evaluate the time

dependen
e of the vibrational population for v = 0 � 5 we have arbitrarily assumed the SEC

rate 
oeÆ
ients for the levels v = 3; 4; 5 and 6 to be equal to the one 
al
ulated by Sarpal and

Tennyson [23℄ for the v = 2 level. Sarpal and Tennyson assumed that the SEC rate 
oeÆ
ients

for the higher vibrational states are smaller than for the �rst two vibrational states. For the DR

rate 
oeÆ
ients, only the values for the v = 5 and 6 levels are missing, and they were set equal

to the rate 
oeÆ
ient for the v = 4 level, as 
al
ulated by Nakashima et al. [24℄, assuming that

their values are not very di�erent from v = 4 It will be shown later, when the time evolution

obtained from the model is 
ompared to the experimental data, that the main 
on
lusions do

not depend on these assumptions. The initial number of ions N

0

v

in a vibrational state v were

set to the measured values of the initial population p

0

v

(see Fig. 5.3); the level v = 6 was in
luded

(~n = 7) to des
ribe feeding of v = 5, and feeding from v > 6 was negle
ted.

Fig. 5.30 shows a 
omparison of the measured populations of the vibrational states v = 0 � 5

(taken from Fig. 5.6) with time evolutions for p

v

(t) as 
al
ulated for DR and SEC separately as

well as for the 
ombination of both pro
esses, using the rate 
oeÆ
ients as 
al
ulated or assumed

on the basis of available 
al
ulations and des
ribed above. Clearly, none of these modeled time

evolutions (dashed and dotted lines) 
an explain the experimental data. To make sure the mis-

mat
h between experimental data and the modeled time evolutions is not 
aused by the applied

restri
tion to SEC 
hanging the vibrational quantum number by only one unit, we extended our

model to transitions with �v > 1. Additionally we used SEC rate 
oeÆ
ients by S
hneider et

al. [99℄, obtained from modi�ed MQDT 
al
ulations; these SEC rate 
oeÆ
ients are summarized

in Tab. 5.5. The time evolutions, obtained with the modi�ed model and the new set of SEC

rate 
oeÆ
ients (E = 0:01meV), are very similar to the results shown in Fig. 5.30 and therefore

not shown here

13

. The remaining mismat
h between theory and experiment is not surprising

sin
e the SEC rate 
oeÆ
ients for v = 1 � 3 are of the same order of magnitude as the ones


al
ulated by Sarpal and Tennyson. Additionally, the SEC rate 
oeÆ
ients for higher vibra-

tional transitions are at most 25% of the 
orresponding transition with �v = 1 and have only

small 
ontributions to the vibrational 
ooling. In order to �t the data we kept the 
al
ulated

DR rate 
oeÆ
ients �xed to the values given above and in
reased, by trial and error, the SEC

rate 
oeÆ
ients until we ar
hived a reasonable agreement with the experimental data. The full

lines in Fig. 5.30 represent the 
al
ulated time dependen
e for SEC rate 
oeÆ
ients �

v

set to the

following values (in units of 1�10

�6


m

3

s

�1

): �

1

=0.6, �

2

=1.2, �

3

=2.2, �

4

=2.4, and �

5

=4.4 [27℄.

It seems that the SEC rate 
oeÆ
ients needed to reprodu
e the observed vibrational 
ooling are

13 The experimental ele
tron-ion 
ollision energy was E < 0:1meV. The SEC rate 
oeÆ
ients for this energy


orrespond to the values 
al
ulated for E = 0:01meV, shown in Tab. 5.5
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Figure 5.30: Time evolution of the vibrational population for the �rst six vibrational states of

H

+

2

as a fun
tion of the intera
tion time with near-zero relative energy ele
trons (�lled symbols)

in 
omparison to the model results for DR only (dotted lines), SEC only, based on Sarpal and

Tennyson [23℄ (dashed lines), DR plus SEC as based on Sarpal and Tennyson [23℄ (dash-dotted

lines), and DR plus SEC with modi�ed SEC rate 
oeÆ
ients as given in the text (full lines).


onsiderably larger, mostly by more than one order of magnitude, than the 
al
ulated values by

Sarpal and Tennyson [23℄, were �


al

1

= 0:085 � 10

�6


m

3

/s and �


al

2

= 0:2� 10

�6


m

3

/s

14

.

The measurement of the absolute vibrational state spe
i�
 DR rate 
oeÆ
ient of H

+

2

was per-

formed after the publi
ation of these SEC rate 
oeÆ
ients [27℄. However, measurements by W.

van der Zande et al. [22℄ had shown, that the DR rate 
oeÆ
ient for vibrationally 
old H

+

2

is

similar to the value for vibrationally 
old HD

+

and of the order of 2 � 10

�8


m

3

/s, whi
h is

in good agreement with the 
al
ulated value for v = 0 by Nakashima et al. [24℄. This result

justi�ed the sele
tion of the 
al
ulated DR rate 
oeÆ
ients and proved for the �rst time that

SEC is the dominant vibrational 
ooling pro
ess.

14 SEC rate 
oeÆ
ients for higher vibrational states were estimated to be even smaller [23℄.
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5.4.2 Absolute SEC rate 
oeÆ
ients for H

+

2

With the relative DR rate 
oeÆ
ients determined in Se
. 5.2 the RFI te
hnique 
an be used

to obtain the time evolution of the vibrational population p

v

(t) of a vibrational state v by

measuring its relative 
ontribution q

v

(t) to DR. Thus, an additional DR experiment was 
arried

out to study the longtime behavior of the vibrational 
ooling and was used to derive, together

with the experimental absolute DR rate 
oeÆ
ients (see Tab 5.2), absolute SEC rate 
oeÆ
ients

for H

+

2

. The RFI te
hnique repla
es a dire
t measurement of the vibrational population and

has the advantage that the vibrational population distribution 
an be observed for all storage

times, whereas the CEI te
hnique allows the vibrational population distribution to be studied

only for a �xed storage time interval following ea
h inje
tion. Hen
e, the CEI te
hnique has a

large duty 
ir
le. The applied DR measurement for an H

+

2

ion beam has already been dis
ussed

in Se
. 5.2.1. The relative 
ontribution q

v

(t) of a vibrational state v to the DR with a DR rate


oeÆ
ient �

v

is expressed by

q

v

(t) =

p

v

(t)�

v

P

v

p

v

(t)�

v

; (5.31)

where p

v

(t) is the time evolution of the population of that vibrational state. The fun
tions

q

v

(t) were simultaneously �tted (see Fig. 5.32) to the measured relative DR 
ontributions of the

�rst six vibrational states by least-square minimization, using the SEC rate 
oeÆ
ients as free

parameters. The fun
tions p

v

(t) were 
al
ulated using Eq. 5.30 and the model was restri
ted

to ~n = 7 vibrational states and vibrational transitions �v = 1. The DR rate 
oeÆ
ients were

kept �xed and set to the their absolute values known from the relative DR rate 
oeÆ
ient

measurement (Se
. 5.2.2) and the absolute DR rate 
oeÆ
ient measurement for the vibrational

ground state; see Se
. 5.3. The initial vibrational population was set to the values plotted in

Fig. 5.3. The �tted time evolutions q

v

(t) are plotted (full lines) on top of the experimental

data (�lled symbols) in Fig. 5.31. The thin lines show the time evolution using the 
al
ulated

and estimated SEC and DR rate 
oeÆ
ients from Sarpal and Tennyson [23℄ and Nakashima

et al. [24℄, respe
tively, as dis
ussed before. It 
learly turns out that the time 
onstants

15

for

vibrational 
ooling are too long and subsequently the 
al
ulated SEC rate 
oeÆ
ients too small.

The �tting results for the SEC rate 
oeÆ
ients are summarized in Tab. 5.5 and 
ompared

to SEC rate 
oeÆ
ients 
al
ulated by S
hneider et al. [99℄ for our experimental 
onditions,

i.e. anisotropi
 ele
tron velo
ity distribution with the transversal and longitudinal ele
tron

temperature kT

?

= 12meV and kT

jj

= 0:1meV, respe
tively. It should be mentioned again that

the experimental SEC rate 
oeÆ
ients were obtained based on the assumption that only �v = 1

transitions are allowed. This assumption is not supported by a propensity rule as the 
al
ulated

15 The time 
onstant � for ele
tron indu
ed vibrational deex
itation is de�ned by the rate 
oeÆ
ient �, the

ele
tron density n

e

and the 
onstant � = 0:027 (see Se
. 4.6) and amounts to � = (�n

e

�)

�1

(see Eq. 6.2).
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Figure 5.31: Measured relative 
ontributions of the �rst six vibrational states to the two-

dimensional DR spe
tra (�lled symbols) for H

+

2

. The full lines represent the modeled time

evolutions q

v

(t) as obtained from a simultaneous �t to the six proje
ted fragment distan
e

spe
tra. The �ts were performed using the SEC rate 
oeÆ
ients as free parameters and keeping

the DR rate 
oeÆ
ients �xed to the measured values. The thin lines represent the modeled time

evolutions using the 
al
ulated DR and SEC rate 
oeÆ
ients.

SEC rate 
oeÆ
ients in Tab. 5.5 show. In
luding also higher vibrational transitions (�v = 2)

in the model made the least square �tting pro
edure unstable.

The �tted SEC rate 
oeÆ
ients are systemati
ally smaller than the estimated values published in

Ref. [27℄ and dis
ussed before, whi
h is due to the di�erent set of absolute DR rate 
oeÆ
ients.

The experimental absolute DR and SEC rate 
oeÆ
ients were therefore used to model the

vibrational population evolution under the experimental 
onditions (modi�ed ele
tron density

and thus di�erent time 
onstants for the vibrational 
ooling) of the CEI measurement (see

Fig. 5.6 in Se
. 5.1) used to derive �rst absolute SEC rate 
oeÆ
ients. The results are shown in

Fig. 5.32. Besides for the vibrational ground state a rather good agreement between experimental

and modeled data is dis
ernible and proves the reliability of the model. The modeled time

evolution for the vibrational ground state is systemati
 about 3-4% lower than the measured

data for t > 0 s whi
h might be due to a systemati
 errors in the measurement of the initial
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Figure 5.32: Time evolution of the vibrational population for the �rst six vibrational states of

H

+

2

as a fun
tion of the intera
tion time with near-zero relative energy ele
trons (�lled symbols).

The solid lines represent the modeled population evolutions. For the SEC rate 
oeÆ
ients the

values from Tab. 5.5 and for the DR rate 
oeÆ
ients the experimental results were taken. The

thin lines represent the time behavior of the population if the 
al
ulated SEC rate 
oeÆ
ients

are used.

vibrational population distribution (Fig. 5.3) whi
h was used as an input to the model.

The statisti
al un
ertainties on the SEC rate 
oeÆ
ients in Tab. 5.3 are less than 5% for �xed

DR rate 
oeÆ
ients. The rather large systemati
 errors on the relative DR rate 
oeÆ
ients,

dis
ussed in Se
. 5.2.2, need to be 
onsidered. Sin
e no simple analyti
 expression 
an be found

for p

v

(t) (Eq. 5.30) a simple 
al
ulation of the propagation of errors is not feasible. To estimate

the errors on the absolute SEC rate 
oeÆ
ients the absolute DR rate 
oeÆ
ients were varied

within their un
ertainties and a new set of SEC rate 
oeÆ
ients obtained by following the �tting

pro
edure dis
ussed above. The un
ertainties in the absolute SEC rate 
oeÆ
ients were found

to be less than 20% and are therefore mu
h smaller than the errors on the relative DR rate


oeÆ
ients whi
h 
an be explained by the smaller 
ontribution of DR to the vibrational 
ooling

with respe
t to SEC.
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Figure 5.33: Vibrational population evolution of the �rst six vibrational states of D

+

2

as a

fun
tion of the intera
tion time with near-zero relative energy ele
trons (�lled symbols). The

full lines represent the modeled time behavior as obtained from a simultaneous �t to all shown

spe
tra. The �ts were performed using the SEC rate 
oeÆ
ients as free parameters and keeping

the DR rate 
oeÆ
ients �xed to the measured values.

5.4.3 Absolute SEC rate 
oeÆ
ients for D

+

2

The vibrational population evolution within the �rst 45 s of intera
tion between D

+

2

mole
ular

ions and ele
trons (
ollision energy E � 0 eV) has been dis
ussed in Se
. 5.1. These results are

shown in Fig. 5.7. These data were used to obtain absolute SEC rate 
oeÆ
ients for D

+

2

by a

simultaneous �t of the vibrational populations p

v

(t) (Eq. 5.30) to the measured data 
hoosing

the SEC rate 
oeÆ
ients as free parameters and keeping the absolute DR rate 
oeÆ
ients �xed.

The absolute DR rate 
oeÆ
ients for vibrational states v = 0�7 are known from the experiment

dis
ussed in Se
. 5.1 and s
aled with the absolute DR rate for the vibrational ground state, known

from the DR rate 
oeÆ
ient measurement with an almost vibrationally 
old D

+

2

ion beam (see

Se
. 5.3). The fun
tions p

v

(t) were 
al
ulated using Eq. 5.30 restri
ting the model for the

vibrational 
ooling again to ~n = 7 vibrational states and vibrational transitions �v = 1. The
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initial vibrational population was set to the values obtained from the CEI measurement without

ele
tron-ion intera
tions, see Fig. 5.3. The �tted time evolutions p

v

(t) are plotted in Fig. 5.33

(full lines) on top of the measured data (�lled symbols) from Fig. 5.7. The absolute SEC rate


oeÆ
ients are summarized in Tab. 5.3. The un
ertainties for the absolute SEC rate 
oeÆ
ients

were obtained following the pro
edure dis
ussed for the SEC rate 
oeÆ
ients of H

+

2

and amount

to about 20%, see Tab. 5.3 for all vibrational states. The overall agreement between experimental

data and �tted time evolutions proves that SEC is the dominant vibrational 
ooling pro
ess.

H

+

2

D

+

2

v kT

?

= 12:7meV kT

?

= 11:8meV

1 39� 8 36� 7

2 76� 16 89� 18

3 121� 26 125� 25

4 146� 30 150� 30

5 210� 42 220� 44

Table 5.3: Summarized results for the

absolute SEC rate 
oeÆ
ients (in units of

10

�8


m

3

/s) for the lower vibrational states of

H

+

2

and D

+

2

. The size of the un
ertainties are

dis
ussed in the text. The temperature of the

longitudinal ele
tron velo
ity kT

jj

� 0:1meV

in both experiments. The transverse ele
tron

temperature was as stated on top of ea
h 
ol-

umn.

5.5 Dis
ussion: experimental results versus theoreti
al predi
-

tions

The results for the absolute DR and SEC measurements are summarized in Tab. 5.4. The

relative DR rate 
oeÆ
ients were s
aled with the absolute values of DR rate 
oeÆ
ients for

vibrationally 
old H

+

2

and D

+

2

ions. The un
ertainties on the values were obtained from the sum

over the un
ertainties of the di�erent measurements and represent the maximum errors on the

rate 
oeÆ
ients.

The SEC rate 
oeÆ
ients for the initial vibrational states v = 1 � 5 are identi
al for H

+

2

and

D

+

2

within their error bars, whereas the DR rate 
oeÆ
ients for the �rst four vibrational states

of H

+

2

are between 1.6 and 3.2 times larger than for D

+

2

. A 
omparison of DR rate 
oeÆ
ients

of vibrational states larger than v = 4 is diÆ
ult due to the additional disso
iative DR 
hannels

energeti
ally a

essible from the vibrational states v = 5 and v = 7 for H

+

2

and D

+

2

, respe
tively.

Besides for the vibrational state v = 4 all rate 
oeÆ
ients for H

+

2

are larger than for D

+

2

.

The re
ombination of an ele
tron with a hydrogen mole
ular ion is a diele
troni
 pro
ess forming

a doubly ex
ited neutral hyrogen mole
ule. This state 
an either disso
iate into two neutral frag-

ments (DR) or autoionize again (inverse re
ombination pro
ess). The latter pro
ess 
orresponds

to a SEC if the mole
ular vibrational state has 
hanged. The 
ross se
tion �


ap

for the re
om-

bination (Eq. 2.8) is proportional to the 
apture width �(R) (Eq. 2.5) (R is the internu
lear

separation) and the square of the initial vibrational wavefun
tion, see Se
. 2.1.1. Within the
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H

+

2

D

+

2

DR SEC DR SEC

v kT

?

= 11:9meV kT

?

= 12:7meV kT

?

= 11:8meV kT

?

= 11:8meV

0 1.87� 0.15 - 1.18� 0.09 -

1 18.7� 11.2 39� 8 6.9� 4.0 36� 7

2 15.3� 9.5 76� 16 5.1� 3.4 89� 18

3 18.0� 11.5 121� 26 5.6� 3.6 125� 25

4 9.9� 6.3 146� 30 8.9� 6.4 150� 30

5 84� 57 210� 42 8.7� 6.8 220� 44

6 118� 80 - 7.5� 5.4 -

7 - - 32.6� 23.4 -

Table 5.4: Summarized results for the absolute DR and SEC rate 
oeÆ
ients (in units of

10

�8


m

3

/s) for the lower vibrational states of H

+

2

and D

+

2

. The ele
tron-ion 
ollision energy

was E � 0meV and temperature of the longitudinal ele
tron velo
ity kT

jj

� 0:1meV in both

experiments. The transverse ele
tron temperature was as stated on top of ea
h 
olumn. For

vibrational states below the drawn horizontal lines DR via the higher disso
iative state belonging

to the Q

1

series is energeti
ally possible.

�xed nu
lear, or adiabati
 approximation �(R) is independent of the nu
lear mass, i.e. identi
al

probabilities for the re
ombination of an ele
tron with an H

+

2

and D

+

2

ion. The autoionization

lifetime �(R) is proportional to the inverse 
apture width (Eq. 2.5). Assumig a 
lassi
al treat-

ment of the nu
lear motion, the probability for DR to o

ur is given by the produ
t between the


ross se
tion �


ap

and the so-
alled survival fa
tor S(R) (Eq. 2.7), whi
h des
ribes the probabil-

ity for DR to o

ur. The survival fa
tor is dependent on the 
apture width and the velo
ity of

the disso
iating fragments and be
oming larger with in
reasing velo
ities, see Eq. 2.7. The two

mole
ular hydrogen isotopomers have di�erent redu
ed masses, � = 1=2 (H

+

2

) and � = 1 (D

+

2

),

and the relation between the disso
iation velo
ities is given by v

H

+

2

=

p

2 v

D

+

2

. The survival

fa
tor for H

+

2

is therefore larger than for D

+

2

and one would expe
t DR rate 
oeÆ
ients for H

+

2

to

be larger than for D

+

2

and the SEC rate 
oeÆ
ients for H

+

2

to be smaller than for D

+

2

. The

observed larger DR rate 
oeÆ
ients for H

+

2

are 
onsistent with this 
lassi
al approa
h, whereas

the rate 
oeÆ
ients for SEC do not show this isotope e�e
ts. This 
ould be a hint that elasti



ollisions (EC), where initial and �nal vibrational state are identi
al, are more likely for D

+

2

.

Unfortunately, it is not possible to study EC with our experimental setup. Geddes et al. used

photodisso
iation experiments to derive autoionization lifetimes of the superex
ited

1

�

+

u

states

in hydrogen [104, 105℄. They found isotope e�e
ts and measured a larger autoionization width

for the superex
ited states of D

2

. We 
ould not see this isotope e�e
t in SEC, but 
annot 
laim
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Experiment E = 0:01meV E = 12meV

v �! v

0

10

�8


m

3

/s 10

�8


m

3

/s 10

�8


m

3

/s

1 �! 0 39� 8 4.69 1.97

2 �! 1 76� 16 9.85 5.41

2 �! 0 - 0.63 0.44

3 �! 2 121� 26 16.25 6.20

3 �! 1 - 4.77 2.10

3 �! 0 - 0.61 0.26

4 �! 3 146� 30 26.10 13.49

4 �! 2 - 4.50 2.96

4 �! 1 - 3.33 2.16

4 �! 0 - 0.47 0.32

5 �! 4 210� 42 101.52 34.59

5 �! 3 - 11.78 4.10

5 �! 2 - 2.42 0.82

5 �! 1 - 1.93 0.68

5 �! 0 - 0.33 0.12

Table 5.5: Comparison between experimental (E � 0meV) and 
al
ulated [99℄ (E = 0:01meV

and E = 12meV) anisotropi
 SEC rate 
oeÆ
ients for H

+

2

. The 
al
ulated SEC 
ross se
tions

are 
onvoluted with an anisotropi
 ele
tron velo
ity distribution (kT

?

= 12meV and kT

jj

=

0:1meV), 
orresponding to the experimental 
onditions. The experimental SEC rate 
oeÆ
ients

were obtained using a rate equation model negle
ting transitions where an initial vibrational

state v is 
hanged by more than one unit, see text.

that this is also true for EC. An explanation of the dominan
e of �v = 1 transitions in SEC

using the 
lassi
al model failed. This shows already the problemati
 arising from a 
lassi
al

des
ription of the two 
ompeting pro
esses, SEC and DR.

Di�erent 
al
ulations were performed in the past, based either on R�matrix theory [23℄ or on

multi
hannel quantum defe
t theory (MQDT) [24, 99℄. A 
omparison between experimental

data for H

+

2

(E � 0meV) and re
ent results from MQDT 
al
ulations of anisotropi
 SEC and

DR rate 
oeÆ
ients for di�erent ele
tron-ion 
ollisions energies (E = 0:01meV and E = 12meV)

by S
hneider et al. [99℄ are shown in Tab. 5.5 and Tab. 5.6, respe
tively. The 
al
ulated SEC

and DR 
ross se
tions are 
onvoluted with our experimental anisotropi
 ele
tron velo
ity distri-

bution (kT

?

= 12meV and kT

jj

= 0:1meV).

Even though the un
ertainties on the experimental DR rate 
oeÆ
ients are not small their values
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5.5 Dis
ussion: experimental results versus theoreti
al predi
tions

Theory Experiment

v 10

�8


m

3

/s 10

�8


m

3

/s

0 4.54 1.87� 0:15

1 6.03 18.7� 11:2

2 6.68 15.3� 9:5

3 6.75 18.0� 11:5

4 7.05 9.9� 6:3

5 6.56 84� 57

Table 5.6: Comparison between experimen-

tal (E � 0meV) and 
al
ulated [99℄ (E =

0:01meV) anisotropi
 DR rate 
oeÆ
ients for

H

+

2

. The 
al
ulated DR 
ross se
tions are


onvoluted with an anisotropi
 ele
tron ve-

lo
ity distribution (kT

?

= 12meV and kT

jj

=

0:1meV), 
orresponding to the experimental


onditions.

are, besides for v = 0, larger than the 
al
ulated values for 
ollision energies E = 0:01meV.

The in
rease in the experimental DR rate 
oeÆ
ient for the vibrational state v = 5, presumable

due to the additional disso
iative states belonging to the Q

1

series, is also not reprodu
ed. The

dis
repan
ies range up to a fa
tor of � 3. For the SEC rate 
oeÆ
ients the mismat
h between

experiment and theory is even stronger. The experimental data are almost an order of magni-

tude higher than the values 
al
ulated for the ele
tron-ion relative energy E = 0:01meV. This


omparison reveals underestimated rate 
oeÆ
ients for both pro
esses, SEC and DR, whereas

the disagreement for the SEC rate 
oeÆ
ients is even more striking. Possible reasons for the

disagreement between experimental data and theoreti
al predi
tions 
ould be the rotational ex-


itation of the stored ions, whi
h were not taken into a

ount in the MQDT 
al
ulations. The

overall underestimation of both rate 
oeÆ
ients 
ould be due to a wrong 
apture width �(R).

The 
apture width used in the MQDT 
al
ulations for H

+

2

is the same as the one used for the 
al-


ulations of the absolute DR rate 
oeÆ
ients for HD

+

, published in Ref. [34℄. This is somehow

in 
ontradi
tion to the isotope e�e
ts observed by Geddes et al. [105℄, see dis
ussion above.
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6. Final states of non-
rossing mode

re
ombination pro
esses

In this 
hapter the DR of two further small two diatomi
 mole
ular ions, LiH

+

and

4

HeH

+

,

pro
eeding by the non-
rossing mode DR, will be dis
ussed (see Se
. 2.1.2). Absolute DR rate


oeÆ
ients as well as a new �nal-state measurement s
heme will be presented for LiH

+

. A high-

resolution measurement of the energy dependen
e of �nal-state bran
hing ratios at the opening

of a new energeti
ally allowed �nal 
hannel will be presented for the DR of

4

HeH

+

.

6.1 DR of LiH

+

: Rate 
oeÆ
ients and �nal states

This se
tion is fo
used on the dis
ussion of experiments exploring the non-
rossing mode DR

of LiH

+

ions with low-energy ele
trons. The results have been already published and 
an be

found in Ref. [15℄. In the �rst part experimental results for the absolute DR rate 
oeÆ
ient of

LiH

+

and in the se
ond part a measurement of the �nal-state populations revealed using frag-

ment imaging and state-sele
tive �eld ionization will be presented.

6.1.1 Experimental 
onditions

The LiH

+

ion beam was produ
ed in the MPIK Tandem a

elerator by gas stripping and dis-

so
iation of LiH

�

2

ions from a 
esium sputter sour
e. After a

eleration to an energy of 6MeV

and magneti
 mass sele
tion, the beam was inje
ted into the TSR and kept 
ir
ulating for up

to about 17 s. In the ele
tron 
ooler se
tion, the ion beam (initial diameter� 2 
m) was merged

with a 
ollinear ele
tron beam of �1.5 
m diameter over an intera
tion region of 1.5m length

(2.7% of the ring 
ir
umferen
e). The motional ele
tri
 �eld due to stray transverse 
omponents

of the magneti
 guiding �eld in the straight overlap region amounted to . 3V/
m. The stored

LiH

+

ion beam was ele
tron 
ooled during � 5 s after the inje
tion by Coulomb 
ollisions in the

merged ele
tron-ion beam at mat
hed velo
ities, yielding an ion beam diameter of .2 mm and a

relative momentum spread of .10

�4

. The density of the ele
tron beam was n

e

= 8:5�10

6


m

�3

and the 
attened ele
tron velo
ity distribution was 
hara
terized by a longitudinal and trans-

verse temperature of kT

k

� 0:1meV and kT

?

= 12meV, respe
tively. The LiH

+

beam lifetime
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was � 13 s when the ele
tron beam was turned o� and �5 s with the velo
ity-mat
hed ele
tron

beam turned on. The pressure was � 5� 10

�11

mbar an all se
tions of the TSR.

6.1.2 DR rate 
oeÆ
ient measurement

The DR rate 
oeÆ
ient measurements were 
arried out using the experimental setup des
ribed

in Se
. 4.6. The measurement s
heme was the same as in the DR rate 
oeÆ
ient measurement

for H

+

2

and D

+

2

, see Se
. 5.3.2. Additionally, the radiative vibrational 
ooling of LiH

+

was

studied using Coulomb exlosion imaging (CEI). The experiment has been already dis
ussed by

L. Knoll [54℄, therefore only the results are presented in Tab. 6.1 together with the modeled

populations dis
ussed in Se
. 2.3.3. In Se
. 2.3.3 the vibrational 
ooling of LiH

+

in a Plan
k

Population (%)

Experiment Model

v t=0-1 s t=1-2 s t=0.5 s t=1.5 s

0 42.1� 2.5 46.7� 4.3 42.1 54.3

1 35.4� 3.6 35.2� 6.3 35.4 25.4

2 10.7� 2.8 10.2� 4.5 10.7 10.5

3 9.8� 1.3 3.9� 1.6 9.8 7.3

Table 6.1: Vibrational populations of a LiH

+

ion beam after t = 0:5 s and t = 1:5 s of storage

without ele
tron-intera
tion measured using Coulomb explosion imaging [54℄ 
ompared to the


al
ulated values using the rate equation model dis
ussed in Se
. 2.3.3. The measured popula-

tions for t = 0� 1 s have been used as the initial populations in the 
al
ulations.

radiation �eld was studied and shown was shown that a LiH

+

ion beam should have 
ooled down

vibrationally almost 
ompletely towards the thermal equilibrium 
orresponding to 300K after

a storage time of about 7 s. The 
al
ulated value for the population of the vibrational ground

state after 1.5 s is larger than the measured value, whereas for v = 1 the 
al
ulated population

is lower than the measured population, see Tab. 6.1. The di�eren
es might be due to either

the 
al
ulated dipole moment matrix elements in Ref. [55℄ or, more likely, due to systemati


problems in the analysis of the CEI data [54℄. The relative errors on the measured populations

for t = 1� 2 s are between � 10%� 50%. The a
tual time for 
ooling into thermal equilibrium

might take longer than 
al
ulated. Unfortunately there are presently no further (CEI) data

available for longer storage times. It should be mentioned that at this thermal equilibrium only

� 78% of the mole
ular ions are in the ground vibrational state, � 14% in v = 1 and the

residual � 8% are distributed over higher vibrational levels. This feature is due to the unusual

shallow potential (disso
iation energy of � 116meV from v = 0) of the ground ele
troni
 state

of LiH

+

.

100



6.1 DR of LiH

+

: Rate 
oeÆ
ients and �nal states

The measurement pro
edure was similar to the one dis
ussed in the Se
s. 4.6 and 5.3.2. The

ele
tron energy wobbling (i.e. 
hanging 
y
li
 the 
ollision energy every 25ms from E

ref

!

E

meas

! E


ool

) was started after a pre-
ooling time of 7 s. The energy dependen
e of the DR

rate 
oeÆ
ient on the ele
tron-ion 
ollision energy was measured by 
hanging the measurement

energy E

meas

for ea
h inje
tion. The DR fragments were dete
ted by an energy resolving surfa
e

barrier dete
tor (SBD) as a fun
tion of the time elapsed sin
e inje
tion. The SBD allowed to

distinguish between DR events where pairs of neutral Li and H atoms were produ
ed from

events yielding only single Li or H atoms, similar to the H

+

2

and D

+

2


ross se
tion mesurements

in Se
. 5.3.2. At mat
hed ele
tron-ion energy a large rate of single H fragments was observed,

whereas the rate on Li and H fragment pairs was only � 15% of H signal rate. Both signal rates

revealed the same energy dependen
e, i.e. 
onstant ratio between rate of single H fragments and

rate of Li and H fragment pairs at di�erent 
ollision energies. Thus, both the H and the Li+H

signal were assigned as being due to low-energy DR. It will be shown that the o

urren
e of a

single H fragment in � 85% of all events is due to �eld ionization of Rydberg (n � 8) Li atoms

in the dipole magnet (see Se
. 6.1.3). Fig. 6.1 shows the measured energy dependen
e of the DR

rate 
oeÆ
ient for 
ollisions energies ranging between E = 0:1meV and E = 300meV, obtained

by evaluating the H plus Li+H fragment rate. The single H fragment rate measured at zero

relative 
ollision energy was used as a referen
e signal proportional to the number of stored ions.

Additionally shown in Fig. 6.1 is the 
al
ulated dependen
e of the DR rate 
oeÆ
ient on the


ollision energy E assuming a DR 
ross se
tion � / 1=E and using the experimental ele
tron

temperatures (solid line). The measured spe
trum was s
aled to the value for the absolute DR

rate 
oeÆ
ient measured at zero relative 
ollision energy, see below, and shows no prominent

stru
tures at ele
tron-ion 
ollision energies lower than 300meV. However, a shoulder o

urs at

� 50meV. Starting from its values at E � 10

�4

eV the DR fragment rate drops to � 1/4 of the

maximum value already at 5meV (less than the transverse ele
tron temperature) and to <3%

at 50meV, whereas the 
al
ulated rate drops to � 1=2 of the maximum value at 5meV and to

� 30% at 50meV. This 
ould be an indi
ation for a strong resonan
e in the DR 
ross se
tion

at sub-thermal 
ollision energies, see dis
ussion in Se
. 5.3.2. The energy dependen
e of the


al
ulated and the measured DR rate 
oeÆ
ients for 
ollision energies larger than � 50meV are

similar. The absolute DR rate 
oeÆ
ient at mat
hed ele
tron-ion velo
ities (i.e. E = 0) was

derived from the lifetimes of the LiH

+

ion beam at di�erent applied relative 
ollision energies.

The de
rease of the beam 
urrent was monitored, using the time dependen
e of the H fragment

yield as a signal proportional to the ion beam 
urrent. The lifetime of the LiH

+

ion beam 
ould

therefore be derived from the rate of single H fragments on the SBD. The ion beam lifetime

�(E = 0) with the velo
ity-mat
hed ele
tron beam (i.e. E = 0 eV) turned on 
an be written as

1

�(E = 0)

=

1

�

DR

+

1

�

RG

; (6.1)
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T≈300 K
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cm
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Figure 6.1: Energy dependen
e of the rate 
oeÆ
ient for DR of LiH

+

with ele
trons, obtained

by measuring the single H fragment plus Li+H fragment pair rate. The error on the rate


oeÆ
ients amounts to 33%. The measurement were performed after a pre-
ooling time of 7 s.

The solid line represents the 
al
ulated dependen
e of the DR rate 
oeÆ
ient on the 
ollision

energy E assuming a DR 
ross se
tion � / 1=E. The dashed lines mark the measured and


al
ulated DR rate 
oeÆ
ients for a 
ollision energy E 
orresponding to T � 300K.

were 1=�

DR

and 1=�

RG

are the single H fragment rates due to DR and residual gas s
attering.

In
reasing the relative ele
tron-ion energy to values larger than � 100meV led to the redu
tion

of the DR fragment rate by about two orders of magnitude, see Fig. 6.1. The ion beam lifetimes

�(E > 100 eV) at these 
ollision energies are in a good approximation identi
al with the beam

lifetime �

RG

determined by residual gas s
attering. The lifetime due to DR 
an therefore be

derived from Eq. 6.1, using the measured values for �

RG

and �(E = 0) and amounted to �

DR

=

(7:14 � 2:55) s. An absolute DR rate 
oeÆ
ient � 
an be derived from the ele
tron density n

e

,

the ratio of the ele
tron-ion intera
tion region to the ring 
ir
umferen
e � = 0:027 and the beam

lifetime � using the relation

� =

1

n

e

��

: (6.2)
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Hen
e, the absolute DR rate 
oeÆ
ient �

mb

for our merged-beam 
onditions (anisotropi
 thermal

ele
tron velo
ity distribution with kT

?

= 12meV and kT

k

= 0:1meV and zero relative 
ollision

energy) 
an be 
al
ulated from the lifetime �

DR

and amounts to

�

mb

= (6� 2)� 10

�7


m

3

=s: (6.3)

It has been shown in Fig. 6.1 that the DR 
ross se
tion �

DR

does not vary as / 1=E (i.e.

� / 1=

p

T ) at 
ollision energies E � 50meV. Hen
e, the 
al
ulation of a thermal rate 
oeÆ
ient

(isotropi
 Maxwell-Boltzmann distribution) using Eq. 4.24 is not 
orre
t. However, the measured

DR rate 
oeÆ
ient is larger than the value used in re
ent early universe models [106℄ and the DR

of LiH

+

is therefore one of the fastest rea
tion among those taken into a

ount in the di�erent

models (see Tab. I in Ref. [106℄). The estimated thermal DR rate 
oeÆ
ient for LiH

+

in that

table amounts to � = 2:6 � 10

�8


m

3

/s for T = 300K [106℄. However, it is important to

re
all that the LiH

+

ion beam is expe
ted to be still in a superposition of vibrational states as

dis
ussed in Se
. 2.3.3. As will be shown in Se
. 6.1.3 the vibrational population distribution

was found in a steady-state after about 7 s of 
ooling. This observation is 
onsistent with

the modeled vibrational 
ooling (Se
. 2.3.3). The CEI measurements were performed without

merging the ion beam with ele
trons. The ele
tron-ion intera
tion in these measurements might

have 
aused some additional ele
tron indu
ed vibrational 
ooling. To 
he
k this open question

some additional CEI measurements for longer storage times are needed. Results from CEI

measurements with and without ele
tron 
ooling 
ould reveal the in
uen
e of the ele
tron-ion

intera
tion on the vibrational 
ooling. At the moment it is not yet 
lear if both, ele
tron 
ooling

and extra
tion of LiH

+

mole
ules, is feasible be
ause of the weak LiH

+

ion beam produ
ed in

the Tandem.

6.1.3 Final fragment states

This se
tion deals with the study of the �nal fragment states in the DR of LiH

+

with low-energy

ele
trons whi
h 
an be depi
ted as

LiH

+

(v) + e

�

(E)! Li(nl) + H(1s) +E

k

; (6.4)

where v, n and l denote the initial vibrational state of the mole
ular ion and the prin
ipal and

orbital quantum numbers of the Li produ
t, respe
tively, while E

k

is the kineti
 energy release.

A very un
ommon 
hara
teristi
s of LiH

+

is the low disso
iation energy (�116 meV from the

v = 0 level in the X

2

�

+

ground state state potential). The ionization energy of atomi
 lithium is

5.39 eV (see Append. F). This small disso
iation energy leads to an ex
eptionally large number

of energeti
ally allowed �nal states for the neutral Li fragment, where (see Fig. 6.2) Rydberg

levels up to 11s 
an be rea
hed even from the v = 0 level at near-zero ele
tron energy. It

has been already mentioned in the dis
ussion of the DR rate 
oeÆ
ient measurement that the

vibrational level spa
ings of LiH

+

are so small that already at the temperature inside the TSR
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Figure 6.2: Potential energy


urve for the X

2

�

+

state of

the LiH

+

mole
ule (Berri
he

et al. [51℄) with positions of

the vibrational levels and the

fragment energy levels for the

H(1s)+Li(nl) 
hannel with

l = 0 and 1 (s and p).

(T � 300K) several ex
ited vibrational levels are populated. Even higher Rydberg levels 
an

therefore be rea
hed energeti
ally by re
ombination with slow ele
trons.

Dete
tor setup

Fragments resulting from the DR of LiH

+

ions, as well as from their 
ollisions with residual

gas mole
ules, were dete
ted behind the �rst dipole magnet following the ele
tron 
ooler. The

distan
e from the 
enter of the intera
tion region to the dipole magnet is about 6.5m. Neutral

fragments passing straight through the dipole magnet were analyzed either by the SBD (see

Se
. 6.1.2) or by the RFI dete
tor system (see Se
. 4.5.1). Due to its energy resolution the

SBD 
ould distinguish DR events where pairs of neutral Li and H atoms were produ
ed from

those yielding only a neutral H or Li fragment. Li fragments rea
hing the dipole magnet (�eld

strength �0.87 T) in Rydberg states n � 8 
an get �eld ionized by its strong (�100 kV/
m)

motional ele
tri
 �eld

1

. Li

+

ions produ
ed by intera
tions with the ba
kground gas or by �eld

ionization of neutral Li fragments were 
ounted on a spatially resolving MCP dete
tor lo
ated

on the inner side of the 
losed ion orbit (see Fig. 6.3). The dete
tor was movable along an axis

perpendi
ular to the ion beam dire
tion. The spatial resolution of the ion fragment dete
tor was

obtained by a resistive anode mounted on the ba
k of the MCP, see Se
. 4.5.2. All measurements

were performed after a pre-
ooling time of 7 s whi
h was suÆ
ient to rea
h thermal equilibrium

1 The motional ele
tri
 �eld

~

F is related to the magneti
 �eld strength

~

B and the fragment velo
ity ~v by

~

F = ~v �

~

B.
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Figure 6.3: S
hemati
 draw-

ing of the dete
tor arrange-

ment and the prin
iple of an-

alyzing the �eld ionization of

Li fragments [15℄. The ioniza-

tion point in the linearly rising

fringe �eld of the dipole is re-


e
ted by the impa
t position

of the �eld ionization produ
t

on the MCP dete
tor.

with the storage ring walls, see modeled vibrational 
ooling in the Se
. 2.3.3. Two methods

were applied to analyse the Li fragment states formed in the DR pro
ess at zero relative beam

energy.

Re
ombination fragment imaging

The method of RFI, dis
ussed in Se
. 4.5.1, whi
h 
onsists in measuring event-by-event the

proje
ted distan
e between pairs of neutral produ
ts, using the zero-degree MCP dete
tor (see

Fig. 6.3). A measured proje
ted fragment distan
e distribution reveals the relative 
ontribution

of ea
h intial-to-�nal state-to-state 
hannel to DR (see Se
. 3.3). The measured proje
ted dis-

tan
e distribution of neutral Li and H fragment pairs whi
h were not a�e
ted by �eld ioniziation

and thus 
ould rea
h the imaging dete
tor is shown in Fig. 6.4. The dashed line represents the

expe
ted proje
ted fragment distan
e distribution for the DR of LiH

+

with ele
trons at mat
hed

ele
tron-ion velo
ities into the produ
t states Li(2 s) and H(n = 1). The measured distribution

reveals that Li fragments in states with n � 5 are essentially absent (. 1% of the total 
ounts

in the fragment distan
e spe
trum) and that �nal 
hannels up to n � 10 are more and more

populated as n in
reases. The observation that a signi�
ant fra
tion (� 15% a

ording to the

SBD measurements des
ribed above) of the Li atoms formed in high (n � 8) Rydberg states


an es
ape �eld ionization is 
onsistent with the 
al
ulated radiative lifetimes of Li Rydberg

states [107℄ (see Tab. F.3 in Append. F.3), whi
h for n = 8 � 10 and l = 0 are 
omparable

with the time-of-
ight from the ele
tron 
ooler to the dipole magnet of � 500 ns. The RFI

distribution in Fig. 6.4 
annot reprodu
e any 
ontributions with n � 10 sin
e the eÆ
ien
y for
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Figure 6.4: Histogram of observed proje
ted distan
es of neutral Li and H fragments, measured

between 7 to 11 s after inje
tion, and the expe
ted shape of the histogram for the Li(2s) �nal


hannel (dashed line). Also indi
ated are the maxima of the expe
ted distributions from higher

�nal states.

dete
ting fragment pairs with a very small distan
e drops dramati
ally from 100% to 0% within

about 0.2mm at a distan
e of � 1:5mm, as dis
ussed in Se
. 4.5.1.

Dete
tion of �eld ionized fragments

The spatially resolved observation of the Li

+

fragments behind the dipole magnet allowed to

distinguish between ions generated by �eld ionization of Li atoms (resulting from DR) and

ions dire
tly produ
ed by the disso
iation of LiH

+

in 
ollisions with residual gas mole
ules.

The Li

+

ions dire
tly produ
ed in the residual gas before entering the dipole magnet get bent

immediately when entering its fringe �eld, whereas Li atoms that undergo �eld ionization 
y

along a straight traje
tory until they rea
h a point where the motional ele
tri
 �eld be
omes

high enough to 
ause �eld ionization (see Fig. 6.3). The exa
t shape of the magneti
 fringe

�eld has been measured along the ion beam traje
tory by Holzer [95℄ and is plotted in Fig. 4.7

(Se
. 4.5.2). The traje
tory through the magneti
 �eld and therefore the impa
t position on

the MCP dete
tor is dependent on the position where the �eld ionization o

urred in the fringe

�eld. Thus, an unique relation exists between ionization �eld strength and impa
t position on

the MCP dete
tor. The DR fragments were found to be distributed over a band of � 10 
m. The

diameter of the MCP is 2.5 
m wherefore several measurements with overlapping observation
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Figure 6.5: Field ionization spe
tra measured between 7 s and 11 s and between 11 s and 17 s

after inje
tion. Criti
al �eld strengths F




= C=n

4

with C = 1=12:8 (see text) are indi
ated for

various n (t =7 - 11 s).

ranges were needed to s
an the whole fragment distribution. The single spe
tra were 
onne
ted

applying 
ross-normalization through the H 
ount rate on the zero-degree SBD.

Distributions of impa
t positions of the �eld ionized DR fragments on the MCP are shown in

Fig. 6.5 for two di�erent time intervals (7-11 s and 11-17 s after inje
tion). The transformation

from the impa
t position s
ale to a s
ale representing the 
riti
al ionization �eld strength was

done by a numeri
al 
al
ulation of traje
tories in
luding the fringe �eld from Fig. 4.7. A nearly

linear relation was found between impa
t position and 
riti
al ele
tri
 �eld. The zero of the

position s
ale and hen
e the ele
tri
 �eld s
ale is un
ertain within a few kV/
m, sin
e the po-

sition of the stored ion beam with respe
t to the dete
tor position 
ould not be measured. The
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ina

ura
y in the measurement of the distan
e between the dete
tor and the edge of the dipole

magnet gave rise to an additional un
ertainty in the transformation to 
riti
al �eld strength,

due to the divergen
e of the ion traje
tories behind the dipole magnet. This additional un
er-

tainty in the experiment leads to a 
ompression or stret
hing of the measured distribution of

� �1:5 kV/
m. Li atoms formed in the ele
tron-ion intera
tion region pass already through

smaller motional ele
tri
 �elds before rea
hing the dipole magnet; hen
e, no signal due to �eld

ionization in the dipole is expe
ted for ele
tri
 �elds below � 7 kV/
m. The low-�eld shoulder

of the observed distributions were therefore shifted to this point. The MCP was moved towards

the LiH

+

ion beam until the inje
ted ion beam got blo
ked by the metal frame on whi
h the

MCP was mounted. This 
aused the 
ut in the spe
tra at an ele
tri
 �eld of about 75 kV/
m.

The relative peak heights in the two spe
tra plotted in Fig. 6.5 are identi
al within the statisti
al

errors on the measured events. This proves the existen
e of an equilibrium in the vibrational

population distribution for t � 7 s. Additionally shown (upper spe
trum, Fig. 6.5) are 
riti
al

�eld strengths for ionization of various Rydberg states whi
h will be derived in the following

se
tion.

Assignment of Rydberg levels from the �eld ionization spe
trum

Most of the Li atoms represented in the �eld ionization spe
tra of Fig. 6.5 get �eld ionized in

the near-linear region of the fringe �eld (
f. Fig. 6.3), where the �eld strength rises with a slew

rate of S � 4:4 kV (
mns)

�1

. The 
riti
al ionization �elds F




are expe
ted [108℄ to depend on

the initial quantum state of the Li atom as well as on the quantum me
hani
al time evolution

of the system during the �eld is ramped. For low slew rates �eld ionization o

urs adiabati
ally

whereas at high slew rates the �eld ionization pro
ess is getting more and more diabati
ally,

su
h that one de�ned Rydberg state may have several 
riti
al ele
tri
 �elds at whi
h it gets

ionized [109℄.

The n�dependen
e of the 
riti
al ele
tri
 �eld required for ionization will be derived �rst ne-

gle
ting level shifts 
aused by the ele
tri
 and magneti
 �elds. Applying an ele
tri
 �eld

2

F

along the z axis to an H atom gives rise to an e�e
tive Coulomb-Stark potential

3

,

V = �

1

r

+ Fz; (6.5)

with r =

p

x

2

+ y

2

+ z

2

and a saddle point on the z axis at z = �1=

p

F . The potential energy

at the saddle point is V = �2

p

E and the binding energy of an hydrogen atom with a prin
ipal

quantum number n is E = 1=2n

2

. Thus, for an atom in a Rydberg state n and vanishing

angular momentum along the z axis (i.e. m = 0) the �eld F for 
lassi
al saddle point ionization

2 F is given in atomi
 units, where 1 a.u.� 5:14 � 10

9

V/
m.

3 All following equations are given in atomi
 units.
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is, negle
ting Stark splitting, given by

F =

1

16n

4

: (6.6)

Eq. 6.6 reveals the dependen
e of the ele
tri
 �eld on the prin
ipal quantum number of the

ionizing Rydberg state. The additional 
entrifugal term for atoms in a higher jmj state in
reases

the threshold �eld and gives rise to a relative 
hange in the required �eld of [110℄

�F

F

=

jmj

p

E

p

2

=

jmj

2n

: (6.7)

The �eld ionization of an hydrogen atom is always diabati
 [108℄ whereas the �eld ionization

of alkali atoms is strongly dependent on the slew rate and may o

ur either adiabati
ally or

diabati
ally. The �eld ionization of the hydrogen atom will therefore be dis
ussed in a �rst step

as an example for the diabati
 pro
ess. An applied ele
tri
 �eld leads to a Stark stru
ture (see

for instan
e Ref. [111℄, Fig. 5, or Ref. [112℄ for Stark e�e
ts to arbitrarily high order). It has

been shown [108℄ that the strongest bound Stark states get �eld ionized on
e the binding energy

is above the potential energy at the saddle point. The relation between the prin
ipal quantum

number of that Stark state and the 
riti
al ele
tri
 �eld is

F =

1

9n

4

: (6.8)

Stark states with a lower binding energy do not �eld ionize on
e their energy levels are above the

saddle point energy, as has been shown by Bailey et al. [113℄ who 
al
ulated the �eld ionization

probabilities for the hydrogen atom, also in
luding tunnelling. Data on tunnelling e�e
ts in the

�eld ionization of Li are presented in Ref. [114℄. This unexpe
ted behavior 
an be explained by

a strong lo
alisation of the ele
trons along the z axis. Ele
trons belonging to Stark states with

de
reasing binding energy are lo
ated more and more away from the saddle point in the e�e
-

tive Coulomb-Stark potential, su
h that an e�e
tive potential 
an be related to ea
h Stark state

with an in
reased saddle point energy, see Ref. [108℄, Chapter 6. Eq. 6.8 represents therefore

the lowest ele
tri
 �eld needed for the ionization of a hydrogen atom in a Rydberg state with a


orresponding prin
ipal quantum number n.

There are two main di�eren
es between the Stark stru
ture and the �eld ionization properties

of alkali atoms and the hydrogen atom. Firstly, the Stark manifolds of adja
ent Rydberg states

in alkali atoms do not 
ross [115℄ as they do in H. Se
ondly, the �eld ionization of Stark states

of alkali atoms o

urs rapidly on
e their binding energy is above the 
lassi
al saddle point limit.

The se
ond di�eren
e 
an be understood as a s
attering of the Rydberg ele
tron on the 
ore

ele
trons whi
h gives rise to their spatial de-lo
alisation along the ele
tri
 �eld axis. The s

states of Li atoms are the strongest bound 
omponents of the Stark manifolds due to their

largest quantum defe
t. Thus, they need the highest ele
tri
 �eld to over
ome the saddle point
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barrier. The �eld ionization is 
alled adiabati
 if all 
rossings are avoided and ionization takes

pla
e at the 
lassi
al saddle point limit for the Stark shifted level energy. Dynami
al e�e
ts

at avoided 
rossings are be
oming more and more important with in
reasing slew rate for the

ramped ele
tri
 �eld. The probability for a diabati
 transition at an avoided 
rossing is given

by the Landau-Zener transition probability. The validity of the Landau-Zener theory has been

demonstrated at an avoided 
rossing in Li by Rubbmark et al. [116℄. The 
riterion for the


riti
al slew rate for a 
rossing may be written as [108℄

S




=

!

2

0

dE

1

dF

�

dE

2

dF

; (6.9)

where !

0

denotes the separation between the two Stark levels, E

1

andE

2

, at the avoided 
rossing,

whi
h 
an be approximated [108℄ by

!

0

� 1=n

4

: (6.10)

The largest possible value for the denominator in Eq. 6.9 is proportional to n

2

. The 
riti
al slew

rate 
an therefore be approximated for a Rydberg state using the s
aling law

S




/ 1=n

10

: (6.11)

Rubbmark et al. [116℄ studied the dynami
s of traversing an avoided energy level 
rossing in

a Rydberg state of lithium (n = 19) and found diabati
 transitions to start at a 
riti
al rate

S




� 0:2 kV(
m ns)

�1

. The rate S





an be used together with Eq. 6.11 to estimate the Rydberg

state from whi
h diabati
 transitions 
an be o

ur. At our slew rate of S � 4:4 kV(
m ns)

1

we expe
t diabati
 transitions to set in for n � 11, i.e. some of the 
rossings are traversed

diabati
ally whereas other 
rossings are avoided. Based on these 
onsiderations �eld ionization

of Li atoms in a de�ned inital state 
an therefore pro
eed via di�erent paths under the existent

experimental 
onditions. The reader is referred to the books on Rydberg atoms by Stebbings

and Dunning (editors) [117℄ and Gallagher [108℄ for more detailed des
riptions of the adiabati


and diabati
 pro
esses in the �eld ionization of Rydberg atoms.

Con
lusions about the Rydberg state populations were obtained from the measured �eld ioniza-

tion spe
trum (Fig. 6.5) using the semi
lassi
al s
aling law F / 1=n

4

(Eq. 6.6).

In
uen
e of magneti
 �elds on Rydberg atoms

The energy shift of Rydberg levels 
aused by the magneti
 �eld present in the dipole magnet

was not taken into a

ount. It will be shown that these shifts are small 
ompared to the Stark

splittings. A magneti
 �elds 
an lead to a linear energy shift as well as to a diamagneti
 shift

whi
h is often 
alled quadrati
 Zeeman e�e
t.

To show the small e�e
t of the magneti
 �eld 
ompared to the indu
ed ele
tri
 �eld we estimate

the linear and quadrati
 energy shifts for an H atom in a magneti
 �eld B. Considering the
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Hamiltonian for an H atom in a magneti
 �eld

4

B it 
an be shown that the level shift of a

Rydberg state is given (in atomi
 units) by [118℄

�E =

mB

2

+

B

2

8

(1 +m

2

)n

4

: (6.12)

The quadrati
 diamagneti
 term is not negligible if n

4

B � 1 [108℄. The magneti
 �eld strength

in the dipole magnet was B = 0:855 T and the highest Rydberg state 
ontributing to the

measured spe
tra of �eld ionized Li atoms was n � 16. Repla
ing n by the e�e
tive quantum

number n

�

l

= n� Æ

l

(see Append. F.1 for quantum defe
t parameters) for Li atoms one obtains

n

�4

p

B � 0:24 for Li atoms in a p state and n = 16. The quadrati
 energy shift 
an therefore be

negle
ted and Eq. 6.12 redu
es to the expression for the linear Zeeman e�e
t. The Zeeman shift

at our experimental 
onditions was �E = 1:82 � 10

�6

(a:u:) = 0:05meV and small 
ompared

the a Stark shift of the order of several meV [115℄.

Results for �nal fragment states and 
on
lusions

Considering 
ompletely adiabati
 �eld ionization of a low-l initial Rydberg state, as 
al
ulated

for Li(n = 19) by Rubbmark et al. [116℄, ionization is expe
ted to take pla
e at �elds, des
ribed

by F




� 1=12:8n

4

. These �elds are marked in Fig. 6.5 for some Li Rydberg states n. The spa
ing

between the 
riti
al �elds F




as well as their positions are in a reasonable agreement with the

low-�eld limits of several multiplets. On the other hand progressively diabati
 evolution of low-

l initial states through the �eld region where avoided 
rossings between di�erent n manifolds

o

ur [116℄ leads to in
reasing ionization �elds F




� 1=9n

4

, as dis
ussed above. As a 
onsequen
e,

the peak stru
ture in the n multiplets is likely to originate from Rydberg states with di�erent l

or jmj states (see Eq. 6.7) that evolve adiabati
ally to the �eld ionization limit. In 
ontrast, the

di�use tails of the multiplets towards higher ionization �elds probably 
orrespond to systems

evolving via random alternative paths where the level 
rossings are partly traversed diabati
ally.

The variety of possible evolution paths along the Stark manifolds gives rise to a 
omplex stru
ture

of the �eld ionization spe
tra. In a future experiment it would appear possible to obtain a better

understanding of the stru
ture of these spe
tra by depleting Li fragments in a well de�ned

Rydberg state by indu
ed radiative transition to lower lying state whi
h do not get �eld ionized.

The di�eren
e in two �eld ionization spe
tra taken with and without applying indu
ed radiative

transitions 
ould reveal the 
ontribution of the 
hosen Rydberg state. Another approa
h to

improve the assignment of states 
ould be experiments at lower ion energies. The lowered

maximum motional ele
tri
 �elds and ion velo
ities result in smaller slew rates of the ele
tri


�eld in the dipole magnet and therefore diminished probabilities for diabati
 �eld ionization.

Nevertheless, already the present interpretation of the �eld ionization spe
tra indi
ates that the

DR of LiH

+

ions with low-energy ele
trons populates predominantly Rydberg levels of neutral Li

4 B is given in atomi
 units, where 1 a.u.� 2:35 � 10

5

T.
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with n � 10 � 12. The la
k of sensitivity of the �eld ionization method to the population of low

lying Rydberg states (n � 8) 
an be 
ompensated using the RFI te
hnique, as dis
ussed above.

The RFI measurement indi
ates that these levels are indeed not populated signi�
antly. Hen
e,

these results 
learly demonstrate the strong tenden
y for this non-
rossing DR mode to produ
e,

among all the energeti
ally a

essible states, the highest possible ex
ited fragments (
f. Fig. 6.2).

Su
h a situation also exists in the non-
rossing mode DR of

4

HeH

+

, where the predominant

bran
hing to the �nal 
hannel He(1s

2

) + H(2l) was observed in several DR experiments [119,

120℄ and explained by nonadiabati
 
ouplings at small internu
lear distan
es [18, 19℄.
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6.2 DR of

4

HeH

+

: Bran
hing ratio at the opening of a new �nal

fragment state

The DR of

4

HeH

+

is a further pro
ess following the non-
rossing mode. The experiments pre-

sented in this se
tion aim at the understanding of the DR at the threshold of a new a

essible

�nal fragment state. The DR of vibrationally 
old

4

HeH

+

ions with low kineti
 energy ele
trons

(E . 5 eV) is dis
ussed in more detail in Se
. 2.1.2 and will be therefore only brie
y reviewed

here. The DR 
an be depi
ted by the rea
tion

4

HeH

+

(v = 0;J) + e

�

(E)! He(1s

2

) + H(n); (6.13)

where J is the initial rotational state. Two �nal fragment states of the hydrogen atom are ener-

geti
ally a

essible at near-zero 
ollision energies, H(n=1) and H(n=2). Previous re
ombination

fragment imaging (RFI) measurements, 
arried out at the CRYRING [4, 120℄ and the TSR [120℄

revealed the dominan
e of the formation of ex
ited hydrogen atoms (i.e. H(n=2)), as has been

predi
ted by MQDT 
al
ulations performed by Guberman [19℄. The next �nal fragment state

H(n=3) is energeti
ally a

essible at a 
ollision energy E = 333meV and a 
omplete swit
h-over

to this state was observed at a 
ollision energy E = 577meV [120℄. The experiment dis
ussed

in this se
tion was fo
used on the question how the bran
hing ratio into the new possible �nal

fragment state rises dire
tly at the threshold to that �nal 
hannel when studied with higher

energy resolution.

The

4

HeH

+

ion beam was produ
ed in a CHORDIS ion sour
e and a

elerated to an energy of

E

i

= 2:41MeV using both RFQ a

elerators (Se
. 4.1). The diameter of the ele
tron 
ooled ion

beam was � 1mm. The ele
tron density was n

e

= 1:3 � 10

7


m

�3

and the transverse and lon-

gitudinal ele
tron temperature amounted to kT

?

= 28:5meV and kT

jj

� 0:1meV, respe
tively.

The pressure inside all se
tions of the TSR was on average � 5� 10

�11

mbar.

In the �rst part a measured DR rate 
oeÆ
ient spe
trum will be presented and the observed

stru
ture dis
ussed. The se
ond and third part address the measurement of RFI spe
tra at


ollision energies between E � 250meV and E � 380meV and their interpretation.

6.2.1 DR rate 
oeÆ
ient spe
trum

The 
ollision energy dependen
e of the DR rate 
oeÆ
ient was measured using the experimental

setup dis
ussed in Se
. 4.6. In order to avoid ion beam dragging e�e
ts (Se
. 4.4.4), whi
h

redu
e the adjusted ele
tron-ion 
ollision energy signi�
antly, the experiment was 
arried out

in the wobbling mode, i.e. 
hanging 
y
li
 in the 
ollision energy every 25ms, see Se
s. 5.3.2

and 6.1.2 for more details. The time needed for a 
omplete vibrational relaxation of all stored

4

HeH

+

ions into the ground state is less than 100ms (see Tab. D.3 for the radiative lifetimes of

the lower vibrational states) and for a radiative rotational 
ooling into thermal equilibrium with
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Figure 6.6: Measured (open triangles) and ba
kground 
orre
ted (solid 
ir
les) DR rate 
oeÆ-


ient spe
trum for

4

HeH

+

. The statisti
al errors on the experimental data are not plotted and

amount to � 1:5% at E < 200meV and � 15% at E � 2 eV. The threshold energies for the pro-

du
tion of ex
ited hydrogen fragments H(n) as well as the energies of Rydberg resonant states

(fragment states He(2s

2

) + H(n = 1) and vibrational ex
itation v) of

4

HeH are shown, see

text. The absolute value for the DR rate 
oeÆ
ient at about 10meV is � � 7� 10

�9


m

3

/s [4℄.

the TSR walls 
orresponding to a temperature of T � 300K is about 7 s, see Se
. 2.3.2. Hen
e,

all experiments were 
arried after a pre-
ooling time of 7 s. The surfa
e barrier dete
tor (SBD)

(see Se
. 4.6) was used in this measurements and DR event were identi�ed by requiring the full

energy on this dete
tor. Fig. 6.6 shows the measured (open 
ir
les) and ba
kground 
orre
ted

(full 
ir
les) DR rate 
oeÆ
ient spe
tra. The expansion fa
tor and therefore the radius of the

ele
tron beam were small, see Tab. 4.2. Thus, ba
kground 
ontributions of DR in the toroid

se
tions (see Se
. 4.4.4) were strongly redu
ed whi
h 
an be seen by the rather small di�eren
e

between the measured and ba
kground 
orre
ted spe
trum. The DR fragment rate measured at


ooling energy was used as a referen
e signal whi
h is proportional to the number of stored ions,

whereas no ion 
urrent 
alibration was performed for the presented spe
trum whi
h therefore

is shown in arbitrary units. The absolute value for the DR rate 
oeÆ
ient at about 10meV

was found in other experiments to be � � 7 � 10

�9


m

3

/s [4℄. The peak stru
ture at 
ollision

energies larger than � 7 eV has been observed in several measurements [4, 119, 121, 122℄ and
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explained by the 
apture of an ele
tron into repulsive, doubly ex
ited Rydberg states of the

neutral HeH [45, 123℄ mole
ule. The peak stru
ture at 
ollision energies lower than 1 eV has

been studied in several DR experiments with an

4

HeH

+

[4, 124℄ and an

3

HeH

+

[124, 125, 126℄ ion

beam. Str�omholm et al. 
ompared their measured spe
trum with the theoreti
al predi
tions of

Sarpal, Tennyson and Morgen [18℄ and Guberman [20℄ and 
ould not �nd a reasonable agreement.

Tanabe et al. [124℄ assigned the stru
ture at energies below 0.3 eV to a new indire
t me
hanism.

The in
ident ele
tron gets �rst 
aptured into a vibrationally ex
ited Rydberg state (n > 2) whi
h

then 
ouple to the disso
iative n = 2 Rydberg state. An overall understanding of the stru
ture

at low 
ollision energies (E < 1 eV) is not yet a
hieved and improved theoreti
al models are

needed.

In addition, in Fig. 6.6 are shown some threshold energies for the produ
tion of ex
ited atomi


hydrogen (n = 3 �1 for v = 0). The RFI measurement dis
ussed in the following se
tion was

performed at 
ollision energies around the threshold energy E = 333meV where the produ
tion

of hydrogen in n = 3 starts to be
ome energeti
ally possible. Exa
tly at that energy a small

peak appears in the DR rate 
oeÆ
ient spe
trum, whi
h will be dis
ussed below.

6.2.2 RFI at 
ollision energies E � 250 - 380meV

For a more detailed study of the observed [120℄ swit
h-over in the �nal state bran
hing ratios

at the opening of the H(n = 3) 
hannel we used the RFI te
hnique, dis
ussed in Se
. 4.5.1.

This te
hnique allows to measure, with high resolution, the small kineti
 energy release of the

DR into the H(n = 3) 
hannel at 
ollision energies slightly above the threshold energy. The

disadvantage of the RFI te
hnique is the vanishing dete
tion eÆ
ien
y for fragment distan
es

on the MCP smaller than � 1:5mm. This dete
tion eÆ
ien
y problem arises from the average

spot size of an impinging DR fragment on the phosphor s
reen of � 1:5mm.

RFI measurements and results

The measurement s
heme was as follows. A new

4

HeH

+

ion beam was inje
ted every 18 s and

the measurement was started after a pre-
ooling time of 7 s, a time suÆ
iently long for a total

radiative 
ooling into the vibrational ground state and an almost 
omplete radiative rotational


ooling into thermal equilibriumwith the TSR walls 
orresponding to temperature of T � 300K,

see Se
. 2.3.2. Thus, it is reasonable to assume that the rotational population follows a Boltz-

mann distribution. The ele
tron beam parameters 
an be found in Tab. 4.2. To minimize


hanges in the 
ollision energy due to ion beam dragging e�e
ts (Se
. 4.4.4), the ele
tron energy

was set to mat
hed ele
tron-ion velo
ities in the �rst 7 s of pre-
ooling and then 
y
li
 varied

between the required 
ollision energy and the 
ooling energy. The dwell time on the 
ooling

(i.e. E = 0) and measuring energy was 1 s and 0.5 s, respe
tively. The 
hanges in the adjusted


ollision energies (E � 250 � 350meV) due to ion beam dragging were estimated to be less than
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Figure 6.7: Proje
ted fragment

distan
e distributions measured

at di�erent ele
tron-ion 
ollision

energies E. The ion beam drag-

ging gave rise to a de
rease in

the adjusted 
ollision energy E

of � 5meV in the measurement

time of 0.5 s, see text.

5meV. This shift in the 
ollision energy �E was 
al
ulated 
ombining Eqs. 4.28 and 4.35 and

using the ele
tron beam parameters shown in Tab. 4.2 and a value for the Coulomb logarithm of

L

C

= 10 [88℄. Di�erent proje
ted fragment distan
e spe
tra have been taken at 
ollision energies

around the threshold energy E = 333meV and are represented in Fig. 6.7. The statisti
s is very

low due to the small DR rate 
oeÆ
ient of less than � 4 � 10

�10


m

3

/s at these 
ollision ener-

gies. Clearly, a two peak stru
ture is observable in the distributions 
orresponding to energies

E � 285meV. The peak at small fragment distan
es 
an be assigned to DR into the H(n = 3)

fragment 
hannel and the other peak to the H(n = 2) fragment 
hannel. A 
lear 
hange in

the fragment distan
e distribution towards smaller distan
es with in
reasing 
ollision energies is
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Figure 6.8: Measured frag-

ment distan
e distribution at

E = 295meV. The plotted fun
-

tion P

0 2 1s

2
(D) represents the ex-

pe
ted distan
e distribution as-

suming isotropi
 angular distri-

bution of the DR fragments, see

Se
. 3.3. The plotted arrows

mark the range of possible frag-

ment distan
es for the two �nal

fragment states.

dis
ernible. This is already a sign for a fast swit
h-over into the higher ex
ited fragment state.

The exa
t distribution of ele
tron energies in the vi
inity of the given nominal 
ollision energies

(see Se
. 4.4.2) is dis
ussed below (see Fig. 6.11). The proje
ted fragment distan
e distribution

P

0 2 1s

2
(D) (Eq. 3.23) (in
luding rotational ex
itation) for an isotropi
 angular distribution of

the fragments relative to the beam dire
tion 
orresponding to DR into the H(n = 2) 
hannel

was �tted to the individual spe
tra. The results of these �ts are shown in Fig. 6.8 for the spe
-

trum taken at E = 295meV. The �tted fun
tion 
annot explain the additional 
ontributions at

distan
es � 3 � 12mm; the deviations 
ould not be explained by a possible anisotropy in the

angular distribution of the DR fragments, see Se
. 3.3. Similar 
ontributions to a PFI spe
trum

were already observed in an earlier TSR experiment, see Semaniak et al. [120℄ (Fig. 2). The

produ
tion of H(n = 3) fragments in DR rea
tions taking pla
e in the toroid regions at larger


ollision energies (
f. Se
. 4.4.4) are also not expe
ted to play a signi�
ant role, due to the

small ele
tron beam diameter, see dis
ussion above (Se
. 6.2.1). The relative 
ontribution of the

H(n = 2) 
hannel to DR was therefore obtained by integrating over all events having a fragment

distan
e larger than the maximum possible distan
e for DR into the H(n = 3) 
hannel (dashed

line in Fig. 6.8) plus an estimated number of events, also belonging to the H(n = 2) 
hannel

at smaller distan
es. These numbers were obtained by a linear extrapolation of the measured


ontributions of the H(n = 2) 
hannel towards smaller fragment distan
es. Then the 
omplete

spe
trum was integrated and the H(n = 2) 
ontribution was normalized to the total number of

events. The energy dependen
e of the relative 
ontributions to the H(n = 2) 
hannel is presented

in Fig. 6.9. The systemati
 errors on the nominal 
ollision energy E are estimated values and


aused by the un
ertainties in the ele
tron beam parameters. To estimated the systemati
 er-

rors on the relative 
ontributions shown in Fig. 6.9, the proje
ted fragment distan
e distribution

P

0 2 1s

2
(D) (see Eq. 3.23) for the 
orresponding 
ollision energy E was �tted to the normalized
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spe
tra. The relative 
ontribution to the H(n = 2) 
hannel was used as the �t parameter. The

di�eren
e between the relative 
ontributions plotted in Fig. 6.9 and values obtained from the �t

determined the systemati
 errors.

The relative 
ontributions to the H(n = 2) 
hannel, presented in Fig. 6.9, show a de
rease to

about 40% at the threshold energy E = 333meV with in
reasing 
ollision energies and are ap-

proximately 
onstant at higher 
ollision energies. It should be mentioned no experimental data

for higher 
ollision energies are available due to the fast de
rease in the DR rate, see Fig. 6.6.

The observed de
rease in the relative 
ontributions to the H(n = 2) 
hannel at 
ollision energies

already below the expe
ted threshold of E = 333meV 
an be explained by (a) the rotational ex-


itation of the

4

HeH

+

ions (see Tab. 6.2), whi
h gives rise to a redu
tion of the 
ollision energies

required to a

ess the H(n = 3) �nal fragment state, and (b) the 
ollision energy distribution

shown in Fig. 6.11 for a nominal 
ollision energy E. The rotational levels as well as the Boltz-

mann distributed rotational populations (T � 300) are shown in Tab. 6.2. As 
an be seen in

Tab. 6.2, approximately 50% of the

4

HeH

+

ions have rotational energies of 25meV and more.

The vanishing dete
tion eÆ
ien
y for fragment pairs with distan
es smaller than � 1:5mm

gives rise to a too small number of events belonging to the H(n = 3) 
hannel. Thus, the relative


ontributions of the H(n = 2) 
hannel to DR derived from the des
ribed method and shown in

Fig. 6.9 are larger than the a
tual 
ontributions. The presented relative 
ontributions are in fa
t

J E

J

p

J

meV %

0 0 15.2

1 8.3 31.2

2 25.0 29.0

3 49.9 15.5

4 83.2 5.5

5 124.8 1.3

6 174.7 0.2

Table 6.2: Ex
itation energies E

J

for

the lower rotational states J = 0 � 6,

as well as the Boltzmann distribution

of the rotational population p

J


or-

responding to a temperature of T =

300K.

a 
onvolution of the a
tual bran
hing ratios for both populated �nal 
hannels and the exper-

imental 
onditions. To extra
t information about the bran
hing ratios into the �nal fragment


hannels a Monte-Carlo simulation was developed, taking into a

ount the well known exper-

imental 
onditions and allowing for testing di�erent models for the energy dependen
e of the

bran
hing ratios. Thus, by 
omparing the energy dependen
e of simulated relative 
ontributions

to the H(n = 2) 
hannel to the experimental results information about the energy dependen
e

of the bran
hing ratios the 
an be retrieved. The Monte-Carlo simulation as well as the result
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Figure 6.9: Relative 
ontri-

bution of the H(n = 2) 
han-

nel to DR at di�erent 
ollision

energies. The errors on the

data are dis
ussed in the text.

for the energy dependen
e of the bran
hing ratios will be dis
ussed in the following se
tion.

Monte-Carlo simulation of the DR

The Monte-Carlo simulation in
luded all 
onditions of the experiment 
onsidered to be relevant.

The energy dependen
e of the bran
hing ratio for J = 0

4

HeH

+

ions into the �nal fragment state

H(n = 3) is de�ned as

B(E) =

8

>

<

>

:

0 E < E

3

B

3

(E) E � E

3

(6.14)

where E

3

= 333meV is the threshold energy for the a

essibility of the �nal state H(n = 3)

for ro-vibrationally 
old

4

HeH

+

and the fun
tion B

3

(E) whi
h will be dis
ussed later. For


ollisions with rotationally ex
ited

4

HeH

+

ions (v = 0) the threshold energy E

3

is redu
ed

by the rotational ex
itation energy E

J

presented in Tab. 6.2. All 
onditions in
luded in the

simulation are summarized in the following list:

� exa
t geometry of the experimental setup (1.5m intera
tion region and distan
es from

ele
tron 
ooler to MCP dete
tor, see Fig. 4.4)

� shape of the ion beam (Gaussian like shape, FWHM� 1mm)

� isotropi
 angular distribution of the DR fragments

� transverse and longitudinal ele
tron temperatures (kT

?

= 30meV and kT

jj

= 0:1meV),

see energy distribution in Fig. 6.11

� Boltzmann distributed rotational ex
itation (T = 300K), see populations in Tab. 6.2
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Figure 6.10: Comparison between di�erent simulated 
ontributions to the H(n = 2) 
hannel.

The 
onstant bran
hing ratio was B

3

(E) = 1 in all simulations. The solid triangles represent

the energy dependen
e for zero transverse (kT

?

= 0) and longitudinal (kT

jj

= 0) ele
tron

temperatures and zero rotational ex
itation (T = 0K). The solid 
ir
les show the results of

the simulation in
luding rotational ex
itation (T = 300K). The settings in the third simulation

(solid boxes) were as stated in the plot.

� dete
tor eÆ
ien
y for fragment distan
es D near the 
ut-o� distan
eD = 1:5mm, as found

in previous measurements

� ion beam dragging e�e
ts (linear energy 
hanges as a fun
tion of the time by �E=�t =

10meV/s)

� bran
hing ratio B(E), as de�ned in Eq. 6.14

� the DR 
ross se
tion was assumed to be 
onstant over the simulated energy range (i.e.

E = 200 � 400meV)

� DR 
ross se
tion independent of the rotational ex
itation

The in
uen
e of the energy dependen
e of the DR 
ross se
tion �(E) on the results has not

yet been thoroughly tested and needs to be implemented in a next step in the Monte-Carlo
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Figure 6.11: Simulated 
ol-

lision energy distribution for a


attened Maxwellian velo
ity

distribution of the ele
trons.

The 
ollision energy was set to

E = 330meV and the trans-

verse and longitudinal ele
-

tron temperatures were set as

stated in the plot.

simulation. In addition, re
ombinations in the toroid se
tions were not taken into a

ount in

the simulation; however, they do not play a signi�
ant role in the studied 
ollision energy region,

as 
an be seen in Fig. 6.6. Several models for the energy dependen
e of B(E) have been tested,

e.g. B

3

(E) = 1� exp(�(E�E

3

)=�), where E

3

is the threshold energy for the H(n = 3) 
hannel

and � a 
onstant whi
h 
ould be varied. A very good agreement between the simulated and

the measured data was a
hieved using a 
onstant value for the bran
hing ratio B

3

, i.e. the

bran
hing ratio for the population of the fragment state H(n = 3) jumps from zero to the value

B

3

on
e this 
hannel is open. Re
ently, a wave pa
ket treatment of the disso
iation dynami
s,

performed by A. Orel [127℄, revealed su
h a step in the bran
hing ratio B(E) with B

3

� 0:5.

The simulations were performed for 
ollision energies between E = 200meV and E = 400meV

in steps of 5meV and various values for B

3

. The relative 
ontribution of the H(n = 2) 
hannel

at the di�erent 
ollision energies and bran
hing ratios B

3

was obtained by a �t of the proje
ted

fragment distan
e distribution fun
tion P

0 2 1s

2
(D) (Eq. 3.23) to the simulated and normalized

spe
tra. Fig. 6.10 shows the results for di�erent experimental 
onditions and a probability of

100% (i.e. B

3

= 1) to populate the H(n = 3) on
e this 
hannel is energeti
ally a

essible.

Negle
ting rotational ex
itation (i.e. T = 0K) and a spread in the ele
tron velo
ity distribution

in the simulation gives rise to a step-like shape at the threshold energy E = 333meV as presented

by the solid triangles. Taking into a

ount a rotational ex
itation in the simulation (T = 300K)

leads to an de
rease in the relative 
ontribution starting already at an energy E � 260meV

(solid dots), whi
h 
orresponds to DR of

4

HeH

+

in J > 3, see Tab. 6.2. The de
rease of
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Figure 6.12: Simulated 
ontributions to the H(n = 2) 
hannel as a fun
tion of the 
ollision

energy for various 
onstant bran
hing ratios B

3

= 0:6 ; 0:7 and 0:8 as indi
ated in the plot,


ompared to the measured 
ontributions (solid 
ir
les). The transverse and the longitudinal

ele
tron temperatures were set to the experimental values.

the relative 
ontribution to the H(n = 2) 
hannel is be
oming even more pronoun
ed if the

velo
ity distribution of the ele
trons is in
luded (solid boxes). Fig. 6.11 represents the simulated

ele
tron energy distribution for a 
attened Maxwellian velo
ity distribution of the ele
trons at

an adjusted 
ollision energy of 330meV. The asymmetri
 shape of the energy distribution in

Fig. 6.11 is 
aused by the transformation of the transverse and longitudinal ele
tron velo
ity

distributions in the 
o-moving frame of referen
e, see dis
ussion in Se
. 4.4.3. This, together

with the de�nition of the nominal 
ollision energy, leads to the e�e
t that the ele
tron energy is

in about 78% of the re
ombinations larger than the nominal value.

The experimental data (see Fig. 6.9) are 
ompared in Fig. 6.12 to the results obtained from

the Monte-Carlo simulation, were the bran
hing ratio B

3

was set to a 
onstant value. In the

simulation, the rotational temperature was set to T = 300K and the longitudinal and transversal

temperature was set to kT

jj

= 0:1meV and kT

?

= 30meV, respe
tively. The dete
tor eÆ
ien
y

at small (� 1:5mm) distan
es is not known pre
isely, but it 
ould be shown that the un
ertainties

on the simulated values are negligible. The best agreement between experimental and simulated

data is found for a bran
hing ratio B

3

= 0:70 � 0:02. However, as has been mentioned before,

for a 
ollision energy E = 577meV a bran
hing ratio B

3

= 1:0 was measured by Semaniak et
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Figure 6.13: Smoothed DR rate 
oeÆ
ient �(E) = �

2

(E) + �

3

(E) (in arbitrary units) from

Fig. 6.6 in the energy region from E = 200meV to E = 400meV (solid line) and the rate


oeÆ
ients �

2

(E) and �

3

(E) of the two �nal fragment state 
hannels H(n = 2) (dotted line)

and H(n = 3) (dashed line), respe
tively. The dash-dotted line marks the threshold energy.

al. [120℄. Sin
e there are presently no further PFI data available for the energy region between

E = 360meV and E = 577meV no statement 
an be done on the energy dependen
e of the

bran
hing ratio B

3

(E) in that energy region.

The measured spe
trum of the DR rate 
oeÆ
ient �(E) in Fig. 6.6 has a small hump around

the threshold energy E = 333meV. As will be shown, this hump is due to the opening of the

additional �nal fragment state H(n = 3) at that energy. Sin
e there are only two �nal fragment

states populated, H(n = 2) and H(n = 3), the DR rate 
oeÆ
ient �(E) 
an be written

�(E) = �

2

(E) + �

3

(E); (6.15)

where �

2

(E) and �

3

(E) are the rate 
oeÆ
ients for the DR 
hannels related to the �nal state

H(n = 2) and H(n = 3), respe
tively. With q

2

(E) and q

3

(E) = 1 � q

2

(E) being the individual

relative 
ontributions of the �nal fragments H(n = 2) and H(n = 3), respe
tively, to DR, Eq. 6.15


an be written as

�(E) = q

2

(E)�(E)

| {z }

=�

2

(E)

+(1� q

2

(E))�(E)

| {z }

=�

3

(E)

: (6.16)

The relative 
ontribution q

2

(E) 
an be obtained using the Monte-Carlo simulation as has been

shown above. However, in the rate 
oeÆ
ient measurement a surfa
e barrier dete
tor (SBD)
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was used. Compared to the imaging dete
tor system used in the RFI te
hnique the SBD does

not have eÆ
ien
y problems for the dete
tion of fragment pairs with small distan
es. Thus,

in a new simulation the dete
tion eÆ
ien
y was set to 100% for all fragment distan
es and

the bran
hing ratio into the higher �nal fragment state was set to B

3

(E) = 0:7, see above. In

Fig. 6.13 the smoothed measured DR rate 
oeÆ
ient �(E) (Fig. 6.6) is plotted for the energy

region from E = 200meV to E = 400meV together with the individual 
ontributions of the two

�nal fragment 
hannels �

2

(E) and �

3

(E), obtained using Eq. 6.16 and the energy dependen
e

of the relative 
ontribution q

2

(E) from the Monte-Carlo simulation. Clearly, the rate 
oeÆ
ient

�

2

(E) falls o� exponentially and the additional DR rate is 
aused by the new a

essible �nal

fragment state H(n = 3). This unexpe
ted fast de
reasing DR rate with in
reasing 
ollision

energy is not yet understood.

In summary, a large swit
h-over into the H(n = 3) �nal fragment 
hannel was found at 
ollision

energies E � 333meV, whi
h 
an explain the hump in the DR rate 
oeÆ
ient starting at around

E = 300meV, see Fig. 6.13.

Both mole
ular ions,

4

HeH

+

and LiH

+

, are examples for the non-
rossing mode DR. The experi-

mental studies of this pro
ess revealed a favoured population of the highest energeti
ally possible

fragment states. This behavior seems to be a 
ommon trend in the DR via the non-
rossing

mode.
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7. Con
lusions and perspe
tives

In this thesis several experiments are presented fo
used on inelasti
 
ollisions and re
ombination

pro
esses between slow ele
trons and di�erent mole
ular ions. All experiments were 
arried out

at the heavy ion storage ring TSR at the Max-Plan
k Institut f�ur Kernphysik in Heidelberg.

The results of these experiments and some 
on
lusions are summarized in the following se
tion.

The last se
tion gives some perspe
tives on possible future experiments.

7.1 Summarized results and 
on
lusions

This work was fo
used on one hand on the study of the 
ompetition between super-elasti
 
ol-

lisions (SEC) and disso
iative re
ombination (DR) in 
ollisions between slow ele
trons with the

hydrogen mole
ular ions H

+

2

and D

+

2

and on the other hand on the investigation of the non-


rossing mode DR.

The main results of the 
ollision experiments of zero kineti
 energy ele
trons with hydrogen

mole
ular ions are summarized in the following list:

� The ele
tron indu
ed vibrational 
ooling of the non-polar mole
ular ions H

+

2

and D

+

2

was

observed using the Coulomb explosion imaging (CEI) te
hnique. It was proven that the

vibrational 
ooling is 
aused by ele
tron-ion intera
tions in the ele
tron 
ooler. Two pro-


esses 
an be responsible for the observed 
ooling, namely SEC, an inelasti
 s
attering

pro
ess in whi
h internal ex
itation energy is transferred to the s
attered ele
tron, and

the vibrational state spe
i�
 DR whi
h preferentially depletes hydrogen mole
ular ions in

ex
ited vibrational states.

� The re
ombination fragment imaging (RFI) te
hnique allowed the time evolution of the

individual 
ontributions of the di�erent vibrational states to DR to be monitored. The

experimental data from CEI and RFI were 
ombined to derive �rst relative DR rate 
oeÆ-


ients for the lower vibrational states v = 0�6 and v = 0�7 of H

+

2

and D

+

2

, respe
tively. A


omparison of the experimental relative DR rate 
oeÆ
ients to 
al
ulated values revealed

a disagreement for several vibrational states.
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� The ele
tron indu
ed vibrational de-ex
itation was used in two experiments to prepare

vibrational 
old ion beams of H

+

2

and D

+

2

. For these vibrationally 
old ions �rst absolute

DR rate 
oeÆ
ients were measured. The absolute DR rate 
oeÆ
ient for D

+

2

is smaller than

for H

+

2

whi
h 
an be explained by the smaller overlap between the nu
lear wavefun
tion

and 
ontinuum wavefun
tion. For H

+

2

a good agreement with re
ent 
al
ulations, based

on the multi
hannel quantum defe
t theory (MQDT), was found, whereas for D

+

2

no new

MQDT 
al
ulations are presently available.

� It was shown that the observed vibrational 
ooling is predominately 
aused by SEC and

that the experimental SEC rate 
oeÆ
ients of both mole
ular ions studied are of the order

of 10

7

� 10

�6


m

3

/s, about an order magnitude larger than the rates predi
ted by MQDT

or R-matrix 
al
ulations. The absolute SEC rate 
oeÆ
ients were obtained using a rate

equation model based on the DR and SEC pro
esses, whereas the SEC were restri
ted to

transitions with �v = 1. Based on the experimentally known absolute DR rate 
oeÆ
ients

the modeled time evolutions of the vibrational populations were �tted to the experimental

data varying the absolute SEC rate 
oeÆ
ients as free parameters.

The mole
ular ions LiH

+

and

4

HeH

+

re
ombine with slow ele
trons via the non-
rossing mode

pro
ess. The �nal state population in the DR pro
eeding by su
h pro
esses was of spe
i�


interest in this work. The experimental results are summarized in the following list:

� The LiH

+

mole
ular ion was investigated experimentally for the �rst time. The DR of a

LiH

+

ion beam with low kineti
 energy ele
trons was studied. A measurement of the DR

rate 
oeÆ
ient yielded an absolute value of the order of 10

�7


m

3

/s. Additionally, the

�nal fragment state population was studied by measuring the spe
tra of �eld ionized Li

Rydberg atoms from the DR. An exa
t assignment of atomi
 states to the spe
tra was not

possible due to the 
omplexity of the �eld ionization pro
ess. However, the results indi
ate

a predominant population of the very high Rydberg states with n = 10 � 12, whi
h are

among the highest energeti
ally possible �nal states.

� Experimental studies of the DR of a vibrationally 
old

4

HeH

+

ion beam with ele
trons

at 
ollision energies around the threshold of a new �nal fragment state (i.e. He(1s

2

) +

H(n = 3)) were 
on
entrated on the population of that state. A bran
hing ratio of � 0.7

into that �nal state was found for 
ollision energies above the threshold. It 
ould be shown

that the a

essibility of that new �nal fragment state 
auses an in
reased DR rate around

the threshold energy.

� The predominant population of the highest energeti
ally a

essible �nal state in the DR

of LiH

+

and

4

HeH

+

indi
ates a 
ommon trend for mole
ular re
ombination via the non-


rossing mode.
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7.2 Perspe
tives

7.2 Perspe
tives

Based on the presented results and the re
ent te
hni
al progress at the TSR and the DR imaging

system a variety of open questions might be approa
hed. Three basi
 improvements 
on
erning

the study of DR are presently in preparation, a new ele
tron target[86℄, a faster two-dimensional

imaging system (� 950 frames/s ) and a new three-dimensional imaging system[128℄. Several

interesting physi
al questions are itemized and dis
ussed below.

� Is it possible to 
ool the rotational degree of freedom of H

+

2

(D

+

2

) by SEC?

Using the new ele
tron target SEC 
ould 
ool an H

+

2

ion beam to a temperature of the

order of the transversal ele
tron temperature (kT

?

� 1meV), i.e. the ion beam would be

ro-vibrationally 
old.

The rotational 
ooling 
ould be observed by adjusting the ele
tron-ion 
ollision energy

slightly below the threshold energy for the a

essibility to the next higher fragment state

(i.e. H(3l) + H(1s)) from the vibrational ground state. Thus, only rotationally ex
ited

ions 
an a

ess that DR 
hannel. The disappearan
e of that 
hannel from a RFI spe
tra

would prove the rotational 
ooling. Monte-Carlo simulations of su
h experiments taking

into a

ount the dete
tor eÆ
ien
y at short fragment distan
es (� 1mm) have been made

and show the feasibility.

� Can SEC be studied at other homonu
lear diatomi
 mole
ular ions, su
h as O

+

2

or N

+

2

?

For the required observation of the vibrational 
ooling it might be diÆ
ult to use CEI as

it was done for mole
ular hydrogen. Presently, the CEI te
hnique is not yet suÆ
iently

enough developed to determine the exa
t internu
lear separation of many-ele
tron mole
-

ular ions prior to the ele
tron stripping, whi
h is essential for the CEI te
hnique to work as

a method to probe vibrational populations. These problems were studied by L. Knoll[54℄

for the mole
ular ions LiH

+

,

4

HeH

+

and CH

+

and some further tests are needed.

� What are the dominant vibrational transitions in SEC?

The preparation of an H

+

2

ion beam in a de�ned vibrational state prior to inje
tion into

the TSR and the relaxation of that state 
ould answer this question. A possible pro
edure

to prepare an H

+

2

ion beam in su
h a de�ned initial vibrational state 
ould be as follows.

Re
ently, the 
onstru
tion of a 22-pole ion trap has been started[129℄, whi
h allows for

preparing a vibrationally 
old H

+

2

ion beam. The development of new lasers with short

wavelength (UV) 
ould be used to apply the STImulated Raman Adiabati
 Passage

(STIRAP)[130℄ te
hnique whi
h allows for a 
oherent population transfer to a de�ned

ex
ited vibrational state. A feasibility study of this pro
edures needs to be done in a �rst

step. The preparation of an ion beam in su
h a well de�ned ex
ited vibrational state is

very 
omplex. Hen
e, it is reasonable to prepare an ion beam with an initial vibrational

population distribution di�erent from that produ
ed in the ion sour
e using for instan
e
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7 Con
lusions and perspe
tives

ion-atom 
ollisions. It is a strong hint that �v = 1 transitions in SECs are dominant if

the measured vibrational 
ooling of su
h an ion beam 
an be reprodu
ed by the modeled

(i.e. only �v = 1 transitions) time evolutions based the measured SEC rate 
oeÆ
ients

presented in this work.

� How fast is the a
tual vibrational 
ooling of a LiH

+

ion beam and is a 
ooling due to

ele
tron-ion intera
tions 
ompetitive with radiative pro
esses?

The a
tual vibrational population distribution in the presented DR rate 
oeÆ
ient mea-

surements is not known. The population was assumed to be Boltzmann distributed whi
h

should be veri�ed in further experiments. Even though the analysis of CEI data from

LiH

+

is problemati
 the CEI te
hnique 
an be used to monitor the vibrational population

over storage times of up to at least 10 s. The in
uen
e of the ele
tron-ion intera
tion on

the vibrational population 
ould be studied similar to SEC with the H

+

2

and D

+

2

ion beams.

� Is it possible to study the 
ollision energy dependen
e of the bran
hing ratios in the DR

of

4

HeH

+

?

Using the new ele
tron target together with the present ele
tron 
ooler ion beam dragging

e�e
ts 
ould be redu
ed. In addition, the development of a faster imaging system is in

preparation whi
h allows for the a
quisition of higher fragment rates. Hen
e, a s
an over

a larger 
ollision energy region with suÆ
iently high statisti
s would be possible.

The presented experimental results on the DR and SEC of H

+

2

and D

+

2

and the DR of

4

HeH

+

and

LiH

+

have the potential for giving new inside into the 
hemistry of the primordial gas in the

Early Universe and lead to a better understanding of the physi
s of inelasti
 
ollisions and

re
ombination between ele
trons and mole
ular ions.
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Appendix

A Diatomi
 mole
ular ions

In this se
tion the Born-Oppenheimer approximation will be brie
y introdu
ed and the 
al
u-

lation of ro-vibrational wavefun
tions for diatomi
 mole
ules dis
ussed.

A.1 The Born-Oppenheimer approximation

The for
es on the ele
trons and nu
lei in a mole
ule are of the same order of magnitude, whereas

the masses are rather di�erent. The velo
ity of the nu
lei is therefore slow 
ompared to the velo
-

ity of the ele
trons and the motion of ele
trons and nu
lei 
an be 
onsidered to be independent.

This separate treatment of the ele
tron and nu
lei motion is 
ommonly known as the Born-

Oppenheimer approximation. A more formal derivation of that separation will be presented

here. The full mole
ular Hamiltonian 
an be written as:

H(r;R) =

X

i

p̂

2

i

2m

e

+

X

j>i

e

2

jr

i

� r

j

j

+

X

i

^

P

2

i

2M

+

X

j>i

Z

i

Z

j

e

2

jR

i

�R

j

j

�

X

ij

Z

j

e

2

jr

i

�R

j

j

(A.1)

� T

e

+V

e

+T

N

+V

N

+V

e;N

; (A.2)

where fr; p̂g refers to the ele
troni
 
oordinates and momenta and the fR;

^

P g to the nu
lear


oordinates and momenta. Z

i

and M

i

are the 
harge and mass of the nu
leus i and m

e

is

the ele
tron mass. The notations in Eq. A.2 des
ribe the operators for the ele
tron kineti


energy (T

e

), the ele
tron-ele
tron potential energy (V

e

), the nu
lear kineti
 energy (T

N

), the

nu
lear-nu
lear potential energy (V

N

) and the ele
tron-nu
lear potential energy (V

e;N

). The

time independent S
hr�odinger equation has the form:

H(r;R) j	(r;R) i = E j	(r;R) i ; (A.3)

where j	(r;R) i is the energy eigenfun
tion in the full 
oordinate spa
e; i.e. nu
lear and ele
-

troni
 
oordinates. This wavefun
tion 
an be written as

j	(r;R) i = j (r;R) i j�(R) i ; (A.4)

where j (r;R) i is the ele
troni
 part of the total wavefun
tion for a given nu
lear wavefun
tion

j�(R) i. The ele
troni
 potential energy E(R) at a �xed value of R is

H

e

(r;R) j (r;R) i = E(R) j (r;R) i ; (A.5)

with

H

e

(r;R) = T

e

+V

e

+V

eN

: (A.6)
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A Diatomi
 mole
ular ions

Substituting j	(r;R) i = j (r;R) i j�(R) i ba
k into the time independent S
hr�odinger equation

(Eq. A.3) and using Eq. A.5 one obtains:

H(r;R) j (r;R) i j�(R) i = E(R) j (r;R) i j�(R) i +

V

N

(R) j (r;R) i j�(R) i +

T

N

j (r;R) i j�(R) i ; (A.7)

where V

N

(R) and T

N

are the energy eigenvalues of the nu
lear-nu
lear potential energy operator

V

N

and nu
lear kineti
 energy operator T

N

, respe
tively. The nu
lear kineti
 energy operator

a
ts on both wavefun
tions j (r;R) i and j�(R) i:

T

N

j (r;R) i j�(R) i =

�

~

2

2�

�

j�(R) i

�

2

j (r;R) i

�R

2

+ 2

� j (r;R) i

�R

� j�(R) i

�R

+ j (r;R) i

�

2

j�(R) i

�R

2

�

; (A.8)

with the redu
ed mass � of the mole
ule.

Within the Born-Oppenheimer approximation the terms in
luding derivatives of the ele
troni


wavefun
tion with respe
t to the nu
lear 
oordinates are negle
ted sin
e the size of these terms

goes approximately as the mass ratio of ele
trons to nu
lei. The nu
lear kineti
 energy operator

T

N

does therefore not a
t on the ele
troni
 wavefun
tion j (r;R) i and the full Hamiltonian

for the nu
lear motion has the form

H j�(R) i = fE(R) + V

N

(R)

| {z }

V (R)

+T

N

g j�(R) i ; (A.9)

with the potential energy V (R).

A.2 Ro-vibrational wavefun
tions for diatomi
 mole
ular ions

In this part a simple expression for the S
hr�odinger equation of diatomi
 mole
ules is presented

within the Born-Oppenheimer approximation, allowing the 
al
ulation of ro-vibrational wave-

fun
tions. As been shown in the previous se
tion the potential energy of the nu
lei and ele
trons

is expressed by V (R). With the internu
lear distan
e R and the angles � and �, de�ned by the

orientation of the internu
lear distan
e relative to the laboratory 
oordinate system, the nu
lear

kineti
 energy operator (T

N

), expressed in spheri
al 
oordinates, is given by [131℄

T

N

(R; �; �) = �

~

2

2�

1

R

2

�

�R

R

2

�

�R

�

~

2

2�R

2

�

1

sin �

�

��

�

sin �

�

��

�

+

1

sin

2

�

�

2

��

2

�

; (A.10)

where

� =

m

1

m

2

m

1

+m

2

; (A.11)
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Appendix

is the redu
ed mass of the diatomi
 mole
ule. The nu
lear angular momentum J expressed in

spheri
al 
oordinates has the form [32℄:

J

2

= �~

2

�

1

sin �

�

��

�

sin �

�

��

�

+

1

sin

2

�

�

2

��

2

�

: (A.12)

The nu
lear kineti
 energy operator T

N


an therefore be written as a sum of operators des
ribing

the vibrational (T

v

N

(R)) and the rotational (T

J

N

(R; �; �)) motion,

T

N

= �

~

2

2�

1

R

2

�

�R

R

2

�

�R

| {z }

T

v

N

(R)

+

J

2

2�R

2

| {z }

T

J

N

(R;�;�)

: (A.13)

The mole
ular ions studied in this thesis are all in an ele
troni
 state where the proje
tion

of the total ele
troni
 orbital angular momentum on the internu
lear axis vanishes. The ef-

fe
tive potential energy 
urve V (R)

0


an be found in literature and the wanted ro-vibrational

wavefun
tions j�

vJ

(R) i 
an be obtained by solving the one-dimensional S
hr�odinger equation:

�

�

~

2

2�

�

d

2

dR

2

�

J(J + 1)

R

2

�

+ V (R)

0

�E

vJ

�

j�

vJ

(R) i = 0; (A.14)

where J denotes the rotational quantum number. The nu
lear wavefun
tions and energy levels

needed in the framework of this thesis where 
al
ulated using either a very 
onvenient numeri
al

te
hnique proposed by Cooney et al. [132℄ or a more sophisti
ated program pa
kage 
alled

Level7.0 [63℄.

The total energy of a diatomi
 mole
ule in a ro-vibrational state j vJ i relative to the minimum

potential energy V (R

0

)

0

is

E

vJ

= E

v

+E

J

(A.15)

= E

v

+

~

2

2�R

2

0

J(J + 1) (A.16)

= E

v

+BJ(J + 1); (A.17)

where B is the rotational 
onstant and R

0

the equilibrium distan
e of the mole
ule.
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B Spe
tros
opi
 data for H

+

2

, HD

+

and D

+

2

B Disso
iation energies and rotational 
onstants for H

+

2

, HD

+

and D

+

2

Disso
iation energies and rotational 
onstants are presented for the di�erent isotopomers of

the mole
ular hydrogen ion. All 
al
ulations were performed using the program Level7.0 [63℄.

This program 
al
ulates the ro-vibrational energy levels and wavefun
tions as well as the ro-

vibrational state spe
i�
 rotational 
onstants for diatomi
 mole
ules. As an input to the program

the the ground ele
troni
 potential 
urve from Sharp [5℄ has been used.

B.1 Rotational 
onstants for H

+

2

, HD

+

and D

+

2

The rotational 
onstants B

v;J

for the lower ro-vibrational states are presented in Tab. B.1.

H

+

2

HD

+

D

+

2


m

�1

meV 
m

�1

meV 
m

�1

meV

B

0;0

29.18 3.62 21.97 2.72 14.72 1.83

B

1;0

27.64 3.42 20.97 2.60 14.17 1.76

B

2;0

26.15 3.24 20.00 2.48 13.64 1.69

B

3;0

24.68 3.06 19.03 2.36 13.11 1.63

B

4;0

23.29 2.89 18.10 2.24 12.59 1.56

Table B.1: Rotational 
onstants B

v;J

for the lower ro-vibrational states of H

+

2

, HD

+

and D

+

2

.

B.2 Disso
iation energies for H

+

2

, HD

+

and D

+

2

The disso
iation energies for the di�erent isotopomers of the hydrogen mole
ule are presented

in Tab. B.2. The di�eren
es in the disso
iation energies are due to the redu
ed masses of H

+

2

,

HD

+

and D

+

2

.

The 
omputed disso
iation energies for HD

+

by Esry and Sadeghpour [28℄ and Balint-Kurti et

al. [133℄ using more elaborated methods show a systemati
 shift of � 1:5meV towards smaller

disso
iation energies and a di�eren
e of � 0:1% in the level spa
ings of the lower vibrational

states.
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v H

+

2

HD

+

D

+

2


m

�1

eV 
m

�1

eV 
m

�1

eV

0 -21376 -2.650 -21529 -2.669 -21710 -2.692

1 -19186 -2.379 -19616 -2.432 -2013 -2.496

2 -17123 -2.123 -17800 -2.207 -18622 -2.309

3 -15186 -1.883 -16079 -1.993 -17173 -2.129

4 -13370 -1.658 -14452 -1.792 -15789 -1.958

5 -11667 -1.447 -12910 -1.601 -14467 -1.794

6 -10084 -1.250 -11455 -1.420 -13198 -1.636

7 -8601 -1.066 -10090 -1.251 -11987 -1.486

8 -7237 -0.897 -8798 -1.091 -10846 -1.345

9 -5955 -0.738 -7602 -0.942 -9750 -1.209

10 -4792 -0.594 -6465 -0.802 -8709 -1.078

11 -3771 -0.467 -5402 -0.670 -7733 -0.959

12 -2890 -0.358 -4444 -0.551 -6789 -0.842

13 -2148 -0.266 -3588 -0.445 -5892 -0.730

14 -1541 -0.191 -2840 -0.352 -5061 -0.628

Table B.2: Disso
iation energies for the lower vibrational levels of H

+

2

, HD

+

and D

+

2

, 
al
ulated

using Level7.0 [63℄.
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C Spe
tros
opi
 data for LiH

+

and LiH

C Spe
tros
opi
 data for the lithium hydrides LiH

+

and LiH

C.1 Vibrational level spa
ing of LiH

+

Comparison between di�erent 
al
ulated vibrational level spa
ings. For the 
al
ulation with

Level7.0 [63℄ the adiabati
 ground ele
troni
 potential 
urve of LiH

+

from Berri
he et al. [51℄

has been used.

Ref. [63℄ Ref. [51℄ Ref. [134℄

v E

v

�E

v�1

E

v

�E

v�1

E

v

�E

v�1


m

�1

meV 
m

�1

meV 
m

�1

meV

1 357.3 44.30 357.43 44.32 335 41.5

2 265.5 32.92 265.61 32.93 245 30.4

3 173.0 21.45 172.96 21.45 152 18.8

4 92.4 11.45 92.20 11.43

5 37.6 4.66 37.45 4.64

6 9.3 1.15 9.22 1.14

Table C.1: LiH

+

ele
troni
 ground state vibrational level spa
ings.

C.2 Rotational 
onstants

The rotational 
onstants of LiH

+

in the ele
troni
 ground state where 
al
ulated using the pro-

gram Level7.0 [63℄.


m

�1

meV

B

0;0

3.78 0.469

B

1;0

3.23 0.400

B

2;0

2.62 0.325

B

3;0

1.92 0.238

Table C.2: Cal
ulated rotational 
onstants B

v;J

for the lower ro-vibrational states of LiH

+

.

C.3 Radiative transition probabilities

The transition probability for a spontaneous emission from an initial state j i i to a �nal states

j f i 
an be expressed by the Einstein A

if


oeÆ
ient and the radiative lifetime of the initial state
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j i i time is given by

�

�1

i

=

X

f

A

if

: (C.1)

The Einstein 
oeÆ
ient is given by (in units of s

�1

)

A

if

= 3:137 � 10

�7

j�

if

j

2

�

3

if

; (C.2)

where � is the dipole moment matrix element in Debyes

1

and �

if

the transition frequen
y in

re
ipro
al 
entimeters.

The dipole moment matrix element for a ro-vibrational transition is de�ned as

�

vJ;v

0

J

0

=

Z

1

0

	

�

v

0

J

0

(R)�(R)	

vJ

(R) dR; (C.3)

where R is the internu
lear separation, 	

vJ

and 	

v

0

J

0

are the normalized initial and �nal wave-

fun
tions, respe
tively, and �(R) the dipole moment fun
tion.

The total Einstein 
oeÆ
ient for transitions in a X

1

�

+

�!X

1

�

+

system 
an be simply obtained

by (in units of s

�1

) [135℄

A

vJ

=

1

2J + 1

8

>

<

>

:

J

v

X

v

0

=0

A

vJ;v

0

J�1

+ (J + 1)

X

v

0

=0

v=1

A

vJ;v

0

J+1

9

>

=

>

;

: (C.4)

The total Einstein 
oeÆ
ients for LiH

+

in a initial vibrational state v = 1 and J = 0 � 3


an be 
omputed using the transition frequen
ies obtained from 
al
ulations using the program

Level7.0 (see Tab. C.1) and the rotational ex
itation energies. The rotational ex
itation energy

is expressed by

E

J

= B

v;J

J(J + 1); (C.5)

where B

v;J

denotes the rotational 
onstants from Tab. C.2 and J the rotational state.

To estimate the lifetime of the di�erent vibrational states v it is suÆ
ient to 
al
ulate the Einstein


oeÆ
ient for the rotational ground state, as 
an be seen from Tab. C.3. The 
al
ulated lifetimes

are summarized in Tab. C.4.

Radiative transition with �v > 1 have a dipole moment matrix element whi
h is small 
ompared

to that for transition with �v = 1 [55℄ and were therefore negle
ted in the presented 
al
ulation.

1 1 Debyes = 0.3935 a.u. = 3.336 �10

�30

Coulomb m
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tros
opi
 data for LiH

+

and LiH

j v; J i j v

0

; J

0

i j�

v;J;v

0

;J

0

j

2

�

v;J;v

0

;J

0

A

v;J

Debyes

2


m

�1

s

�1

j 1; 0 i j 0; 1 i 0.0322 349.7 0.432

j 1; 1 i j 0; 0 i 0.0296 363.8

j 0; 2 i 0.0338 341.1 0.430

j 1; 2 i j 0; 1 i 0.0284 369.0

j 0; 3 i 0.0355 331.3 0.419

j 1; 3 i j 0; 2 i 0.0274 373.4

j 0; 4 i 0.0376 320.5 0.408

Table C.3: Total Einstein 
oeÆ
ients for the possible ro-vibrational transitions from v = 1 and

J = 0� 3. The dipole moment matrix elements were 
omputed by Giantur
o et al. [55℄.

j v; J i j v

0

; J

0

i j�

v;J;v

0

;J

0

j

2

A

v;J

�

v;J

Debyes

2

s

�1

s

j 1; 0 i j 0; 1 i 0.0322 0.432 2.3

j 2; 0 i j 1; 1 i 0.0797 0.435 2.3

j 3; 0 i j 2; 1 i 0.1400 0.207 4.8

j 4; 0 i j 3; 1 i 0.2050 0.045 22.4

j 5; 0 i j 4; 1 i 0.2520 0.004 277.9

Table C.4: Total Einstein 
oeÆ
ients and radiative lifetimes for the vibrational states v = 1�4

and J = 0. The dipole moment matrix elements were 
al
ulated by Giantur
o et al. [55℄.

C.4 The neutral lithium hydride LiH

The neutral lithium hydride LiH has been studied theoreti
ally and a short summary of these

publi
ations will be given here. Ab initio 
al
ulations of adiabati
 and diabati
 potential energy


urves for nearly all states below the ioni
 limit (i.e., Li(2s; 2p; 3s; 3p; 3d; 4s and 4p) + H(1s))

have been performed by Boutalib and Gad�ea [50℄. Yiannopoulou et al. [136℄ extented their 
al-


ulations to higher ex
ited ele
troni
 states (i.e., Li(3s; 3p; 3d; 4s; 4p; 4d; 4f; 5s and 5p) + H(1s)).

Additional 
al
ulations 
on
erning the LiH mole
ule have been done by Gemperle and

Gad�ea [137℄, Gad�ea and Boutalib [138℄ and a general overview about spe
tros
opy and stru
-

ture of the lithium hydride diatomi
 mole
ules and ions has been published by Stwalley and

Zemke [53℄.
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D Rotational lifetimes for

4

HeH

+

in its vibrational ground state

In this part 
al
ulated disso
iation energies and rotational 
onstants for the lower vibrational

states are presented. All 
al
ulations were performed using the program Level7.0 [63℄. The

X

1

�

+

ground state for

4

HeH

+

has been 
al
ulated by Kolos and Peek [139℄.

D.1 Disso
iation energies and rotational 
onstants for

4

HeH

+

In Tab. D.1 the 
al
ulated disso
iation energies for the vibrational states of

4

HeH

+

up to the

vibrational state v = 10 are shown.

v 
m

�1

eV

0 -14881.7 -1.845

1 -11969.6 -1.484

2 -9365.1 -1.161

3 -7068.8 -0.876

4 -5085.7 -0.631

5 -3424.0 -0.425

6 -2094.8 -0.260

7 -1108.6 -0.137

8 -467.3 -0.058

9 -140.3 -0.017

10 -25.4 -0.003

Table D.1: Disso
iation energies for the vibrational states of

4

HeH

+

, 
al
ulated using Level7.0

[63℄.

The rotational 
onstants of

4

HeH

+

were 
al
ulated using Level7.0 [63℄ and are shown in Tab. D.2.

Matsushima et al. [140℄ measured the rotational 
onstants for the lower rotational states J and

di�erent istotopomers of the mole
ule HeH

+

. Their results are in a reasonable agreement with

the 
al
ulated values from Tab. D.2.

D.2 Radiative lifetimes for (v; J) levels of

4

HeH

+

4

HeH

+


ools within several ms in its vibrational ground state be
ause of its short radiative

lifetimes, see Tab. D.3. To estimate the time for rotational 
ooling of

4

HeH

+

in its vibrational

ground state into thermal equilibrium at T=300K, radiative lifetimes for rotational transitions

need to be known. In Tab. D.3 only the lifetime for J = 5 is presented. The radiative lifetimes

of rotational states smaller than J = 5 
an be estimated assuming the integral over the dipole

138



D Rotational lifetimes for

4

HeH

+


m

�1

meV

B

0;0

33.55 4.16

B

1;0

30.83 3.82

B

2;0

28.10 3.48

B

3;0

25.30 3.14

B

4;0

22.40 2.78

Table D.2: Rotational 
onstants B

v;J

for the lower ro-vibrational states of

4

HeH

+

.

radiative lifetimes (ms)

v J = 0 J = 5 J = 10 J = 15 J = 20

0 1 110.70 4.24 4.67 2.47

1 1.09 2.32 2.50 2.43 2.22

2 0.64 2.39 1.70 2.00 2.48

3 0.52 1.14 1.45 2.04

4 0.48 1.08 1.47 2.51

5 0.50 1.16 1.73

6 0.58 1.40 2.48

7 0.77 1.99 5.50

8 1.27 3.84

9 2.98 14.64

10 10.82

11 119.64

Table D.3: Radiative lifetimes 
al
ulated for various (v; J) levels of the X

`

�

+

state of

4

HeH

+

,

from Ref. [49℄.

moment fun
tion �(R) in Eq. C.3 to be independent of J .

Z

1

0

	

�

vJ

(R)�(R)	

v

0

J

0

(R) dR � 
onst for J � 5 (D.1)

The Hamiltonian in the S
hr�odinger equation (Eq. A.14) for the

4

HeH

+

mole
ule has a 
entrifugal

distortion term V


d

. This term is given by

V


d

=

~

2

2�

J(J + 1)

R

2

(D.2)

where � is the redu
ed mass of the

4

HeH

+

mole
ule and R the internu
lear distan
e of the two

atoms. This term is small for lower rotational states and the nu
lear wavefun
tions 	

vJ

(R)

be
ome, in �rst order, independent of the rotational state J . Therefore the fun
tion in Eq. D.1
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an be assumed to be approximately 
onstant.

The transition probability for a pure rotational transition where �J = �1 is given by the

Einstein 
oeÆ
ient (see Eq. C.2) weighted with the appropriate H�onl-London fa
tor [141℄

A

v;J;v;J�1

= 3:137 � 10

�7

J

2J + 1

j�

v;J;v;J�1

j

2

�

3

v;J;v;J�1

(D.3)

= �

v;J;v;J�1

(D.4)

The dipole moment matrix element �

0;5;0;4

in Eq. D.3 
an be 
al
ulated using the lifetime �

0;5;0;4

from Tab. D.3. The lifetime of the lower rotational states 
an then simply be obtained from

Eq. D.4 using that matrix element and the transition frequen
ies �

v;J;v;J�1

. The 
al
ulated

values are presented in Tab. D.4.

J �

0;J;0;J�1

ms

1 18870

2 1966

3 544

4 221

5 110

Table D.4: Cal
ulated rotational lifetimes for

4

HeH

+

in the ground vibrational state.

The exa
t values for the lifetimes are probably higher than the numbers given in Tab. D.4 sin
e

the position of the nu
lear wavefun
tions moves slightly to smaller R for lower J and the dipole

moment fun
tion �(R) � R [49℄. Therefore, the integral in Eq. D.1 be
omes smaller and the

lifetime longer.
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E Solving 
oupled di�erential equations

E Te
hnique for solving 
oupled di�erential equations

In this part it will be explained how 
oupled di�erential equations 
an be solved. In a �rst step

a simple example for su
h a set of n rate equations, similar to the equations solved in this thesis,

will be given and in a next step a general solution will be presented.

Assuming a system with n di�erent states and two pro
esses 
hanging the number of parti
les N

in a 
ertain state i, whi
h are for instan
e disso
iative re
ombination (DR) and super-elasti
 
ol-

lisions (SEC). These pro
esses have rate 
oeÆ
ients � (DR) and � (SEC) and the rate equation

for a state i has the form:

d

dt

N

i

(t) = �C (�

i

+ �

i

)N

i

(t) + C �

i+1

N

i+1

(t); (E.1)

with �

0

= �

n

= 0. The 
onstant fa
tor C transforms the rate 
oeÆ
ients into inverse lifetimes

� for both pro
esses and is de�ned as the produ
t between the ele
tron density n

e

and the ratio

� = 0:027 between the ele
tron 
ooler length and the ring 
ir
umferen
e.

These di�erential equations may be written in a matrix form as

d

dt

N(t) = A N(t); (E.2)

with N

>

(t) = (N

n

(t); � � � ; N

1

(t)) and the matrix A 
omposed of the rate 
oeÆ
ients:

A = C

0

B

B

B

B

B

B

B

�

�(�

n

+ �

n

) 0 � � � � � � � � � � � � 0

�

n

�(�

n�1

+ �

n�1

) 0 � � � � � � � � � 0

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

0 � � � � � � 0 �

3

�(�

2

+ �

2

) 0

0 � � � � � � � � � 0 �

2

��

1

1

C

C

C

C

C

C

C

A

: (E.3)

The equations 
an be un
oupled by determine the eigenve
tors and eigenvalues of the matrix

A. Assuming there are no degenerate eigenvalues of A (whi
h 
an be expe
ted for the problem

fa
ed here), the solution for N(t) is given by

N(t) = S exp(T � t) S

�1

N

0

; (E.4)

where S is the matrix of the eigenve
tors and T is a ve
tor with the eigenvalues �

i

of A. The

ve
tor N

0

is de�ned by the initial amount of parti
les in ea
h state i and the expression exp(T�t)

des
ribes a diagonal matrix,

exp(T � t) =

0

B

B

�

e

�

n

t

0 � � � � � � 0

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

0 � � � � � � 0 e

�

1

t

1

C

C

A

: (E.5)
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F Quantum defe
ts and radiative lifetimes of Li

F.1 Quantum defe
t of a nlj state in Li

The term energies T

nlj

for alkali atoms 
an be represented by the empiri
al formula

T

nlj

=

Ry

alk

(n� Æ

nlj

)

2

; (F.1)

where Ry

alk

denotes the Rydberg 
onstant for alkali atoms (Ry

alk

= 109728:64 
m

�1

for

7

Li).

The quantities Æ

nlj

are 
alled quantum defe
ts whi
h for an nlj state 
an be parameterized with

a modi�ed Rydberg-Ritz expression[142℄ and are given expli
itly by

Æ

nlj

= Æ

0

+

Æ

2

(n� Æ

0

)

2

+

Æ

4

(n� Æ

0

)

4

+

Æ

6

(n� Æ

0

)

6

+

Æ

8

(n� Æ

0

)

8

; � � � : (F.2)

The parameters Æ

0

; Æ

2

; � � � ; Æ

1

for

7

Li are given in Tab. F.1. The 
oeÆ
ients of higher order in

Eq. F.2 are usually negle
table for high n states. As 
an be seen from Eq. F.2 the quantum

defe
ts are not only dependent on the orbital angular momentum and the magneti
 quantum

numbers l and m, respe
tively, but also on the prin
ipal quantum number n.

7

Li Æ

0

Æ

2

Æ

4

Æ

6

ns

1=2

0.399468 0.030233 -0.0028 0.0115

np

1=2;3=2

0.047263 -0.02613 0.0221 -0.0683

nd

3=2;5=2

0.002129 -0.01491 0.1759 -0.8507

nf

5=2;7=2

0.0003055(40) -0.00126(5)

Table F.1: Quantum defe
t parameters for

7

Li, taken from Ref. [108℄.
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F Quantum defe
ts and radiative lifetimes of Li atoms

F.2 Energy levels for

7

Li

The term energies of atomi
 lithium 
an be 
al
ulated using Eq. F.1 and the quantum defe
t

parameters from Tab. F.1. In Tab. F.2 the term energies for

7

Li in n = 2� 20 and l = 0� 2 are

presented.

Ionisation energy (eV)

n s p d

2 5.3917 3.5439 -

3 2.0186 1.5574 1.5119

4 1.5078 0.8704 0.8507

5 0.6432 0.5539 0.5445

6 0.4339 0.3834 0.3781

7 0.3123 0.2814 0.2778

8 0.2355 0.2151 0.2127

9 0.1839 0.1697 0.1680

10 0.1476 0.1373 0.1361

11 0.1211 0.1340 0.1125

12 0.1011 0.0952 0.0945

13 0.0857 0.0811 0.0805

14 0.0736 0.0699 0.0694

15 0.0638 0.0608 0.0605

16 0.0559 0.0535 0.0532

17 0.0494 0.0473 0.0471

18 0.0439 0.0422 0.0420

19 0.0393 0.0379 0.0377

20 0.0354 0.0342 0.0340

Table F.2: Ionisation energies for

7

Li in di�erent n; l states.
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F.3 Radiative lifetimes of Li Rydberg states

The lifetime of the Li Rydberg states 
al
ulated by Theodosiou [107℄ are summarized in Tab. F.3.

The 
al
ulations in
luded the bla
kbody radiation 
orresponding to 0K and 720K. The values

for 300K were obtained by a linear interpolation between the 
al
ulated values for 0K and

720K.

It should be mentioned that the typi
al time-of-
ight of neutral DR fragments from the ele
tron


ooler to the dipole magnet is about 500 ns. This time is 
omparable to the radiative lifetime of

Li atoms in a s- or d-state.

0K 300K 720K

� (ns) � (ns) � (ns)

8 s 403.3 383.0 354.6

9 s 574.8 538.7 488.3

10 s 783.4 726.3 646.4

11 s 1057.1 966.5 839.7

12 s 1369.5 1239.2 1056.7

8 p 1848.2 1622.8 1307.2

9 p 2509.5 2154.0 1656.2

10 p 3328.0 2797.6 2055.0

11 p 4310.1 3565.9 2523.9

12 p 5490.3 4474.5 3052.4

8 d 252.4 247.7 241.1

9 d 357.0 348.2 336.0

10 d 487.3 472.5 451.8

11 d 656.7 632.9 599.7

12 d 835.0 800.6 752.4

Table F.3: Radiative lifetimes � of Li Rydberg states in a Plan
k radiation �eld 
al
ulated by

Theodosiou [107℄. The lifetimes for 300K were obtained by a linear interpolation between the

values for 0K and 720K.
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