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Kurzfassung

Konkurrenz zwis
hen Reaktionskan�alen bei Elektronenst�o�en mit dem Wassersto�-Molek�ulion HD

+

Die 
hemis
he Zusammensetzung kalter Plasmen wird ma�gebli
h dur
h die Chemie und Physik

von Molek�ulionen bestimmt. Von besonderer Bedeutung f�ur ihre Verf�ugbarkeit in dieser Umgebung

sind St�o�e mit langsamen Elektronen, die h�au�g zur Fragmentation der Ionen f�uhren. Die wi
htig-

sten Prozesse dabei sind die dissoziative Rekombination und die dissoziative Anregung der Ionen,

wel
he au
h interessante Einbli
ke in die Dynamik des Elektroneneinfangs und der Dissoziation von

Molek�ulionen verspre
hen. Daher wurde eine Pr�azisionsmessung des absoluten, energiedi�erentiellen

Wirkungsquers
hnitts der dissoziativen Rekombination von HD

+

-Molek�ulionen vorgenommen, die am

S
hwerionenspei
herring TSR des Max-Plan
k-Instituts f�ur Kernphysik dur
hgef�uhrt wurde. Dabei

konnten bisher unbekannte Strukturen im Wirkungsquers
hnitt na
hgewiesen werden, die im Zusam-

menhang mit der

�

O�nung zus�atzli
her Dissoziationskan�ale bei steigender Elektronenenergie stehen,

und die dur
h eine ver�anderli
he Wahrs
heinli
hkeit f�ur einen konkurrierenden Proze� erkl�art wur-

den. In einem weiteren Experiment wurde erstmalig in einem Spei
herring eine Vibrationsanregung

der gespei
herten Molek�ulionen na
hgewiesen. Als Ursa
he wurden St�o�e mit langsamen Elektronen

aus dem Strahl des Elektronenk�uhlers oder seltener mit den Molek�ulen des Restgases im Spei
herring

festgestellt.

Abstra
t

Competition between Rea
tion Channels in Ele
tron Collisions of the Hydrogren Mole
ular Ion HD

+

The 
hemi
al 
omposition of 
old plasma is strongly in
uen
ed by rea
tions of mole
ular ions with

other parti
les. Of spe
ial interest are 
ollisions with slow ele
trons, whi
h often lead to the destru
tion

of mole
ular ions and thus a�e
t their abundan
es. The most important rea
tions in this 
ontext are

the disso
iative re
ombination and the disso
iative ex
itation of ions, whi
h both are of great interest

also to the understanding of ele
tron 
apture and the dynami
s of mole
ular disso
iation. Therefore,

the energy-di�erential 
ross-se
tion of disso
iative re
ombination of HD

+

mole
ular ions was measured

with high pre
ision and on an absolute s
ale, at the heavy-ion storage ring TSR lo
ated at the Max-

Plan
k-Institut f�ur Kernphysik. A previously unknown stru
ture in the measured 
ross se
tion was

found to be related to the opening of additional disso
iation 
hannels with in
reasing ele
tron energy,

whi
h was explained by variations in the strength of a 
ompeting me
hanism. In another experiment,

�rst eviden
e was observed for the vibrational ex
itation of mole
ular ions stored in a ring. This

ex
itation was attributed to 
ollisions between the ions and slow ele
trons from the TSR ele
tron


ooling devi
e, as well as with mole
ules from the residual gas in the va
uum system.
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1. Introdu
tion

Most observations of the interstellar medium make use of spe
tros
opi
 methods, by measuring

the wavelength and width of atomi
 and mole
ular lines in emission as well as in absorption.

If these lines 
an be assigned to atomi
 or mole
ular spe
ies for whi
h the Einstein 
oeÆ
ients

are known, the number of parti
les 
ontained in the �eld of view 
an be dedu
ed. Thus, it has

been found that free atoms and mole
ules are not evenly distributed over our galaxy, but are


on�ned to interstellar 
louds having a typi
al size of several parse
s. In addition, it has been

dis
overed that not only neutral parti
les are present in su
h 
louds, but that also atomi
 or

mole
ular ions make up a large part of the population. For example, CH

+

, CO

+

, HCO

+

and

H

3

O

+

[1℄ have been identi�ed in observations.

But be
ause of the large times
ales involved in the evolution of astronomi
al obje
ts, these

spe
tros
opi
 data mainly provides information about the present state and 
omposition of

su
h 
louds. It does not, however, provide mu
h information about the rea
tions in whi
h

the observed mole
ules are 
reated or destroyed, or about the in
uen
e of external parameters

(su
h as 
osmi
 radiation or light from nearby stars) on the equilibrium number densities of

mole
ular spe
ies.

The most prominent among these is the H

2

mole
ule, whi
h is supposed to a

ount for �80%

of the total number of mole
ules in 
louds (typi
al number densities being 10

5

� 10

10

m

�3

[2℄),

and also (though less abundant) its 
orresponding positive ion H

+

2

. Both of them are important

to the synthesis of polyatomi
 spe
ies, whi
h mainly pro
eeds by 
ollisions between one neutral

and one positively 
harged atom or mole
ule. Therefore, theoreti
al models des
ribing the

evolution and the 
hemi
al 
omposition of mole
ular 
louds need additional input about the

di�erent ways of 
reation or destru
tion of mole
ules and mole
ular ions, mainly in the form of

rate 
oeÆ
ients for 
hemi
al rea
tions or for the intera
tion with other parti
les. One important

me
hanism for the removal of positively 
harged mole
ular ions is disso
iative re
ombination

(DR), where the ion 
aptures a free ele
tron, produ
ing a neutral mole
ule whi
h qui
kly (10 fs)

disso
iates into atoms or smaller mole
ules. This 
omplex rea
tion involves a lot of mole
ular

dynami
s, whi
h makes it interesting even without the astrophysi
al ba
kground.

For a long time, disso
iative re
ombination has been diÆ
ult to investigate experimentally,

3



1 Introdu
tion

whi
h was in part due to the very low relative energy between ion and ele
tron (typi
ally some

10

�2

eV) needed to reprodu
e the 
onditions in astrophysi
al plasma. Another problem in

measurements of rea
tion rates was dete
ting neutral fragments, whi
h also have very low ki-

neti
 energies. This situation has improved greatly sin
e heavy-ion storage rings have �rst been

applied to mole
ular physi
s some ten years ago. In a typi
al storage ring experiment, a fast

(v=
�0:01� 0:1) beam of mole
ular ions is stored for several se
onds, while being 
ollinearly

merged with an intense ele
tron beam of approximately the same velo
ity. This opens the

opportunity to 
ondu
t experiments with vibrationally 
old mole
ular ions, by storing infrared-

a
tive spe
ies and then waiting long enough to allow ex
ited vibrational states to relax by

spontaneous emission of radiation. In addition, the high velo
ity allows for a simple dete
tion

of the disso
iation fragments, while the intense ele
tron beam provides high rea
tion rates, from

whi
h the relative 
hange of the DR rate 
oeÆ
ient with ele
tron energy is obtained.

Within this work, this method was applied in an experiment on the DR of the deuterated

hydrogen ion HD

+

, and extended by also measuring the ion 
urrent stored in the ring, whi
h

yielded the DR rate 
oeÆ
ent in absolute units. Also, the statisti
 sample and the energy

resolution have been improved greatly, allowing the �rst pre
ise investigation of the very low

rate 
oeÆ
ient at ele
tron energies of 1�4 eV [3, 4℄.

However, disso
iative re
ombination is not the only pro
ess taking pla
e in 
ollisions between

mole
ular ions and ele
trons: Aside from elasti
 s
attering, there is also the possibility of the

mole
ular ion being ex
ited by the ele
tron, either ele
troni
ally, or to a di�erent vibrational

level of the initial state. Sin
e these pro
esses may also involve the formation of an intermediate

neutral mole
ule, DR and ex
itation are 
ompeting rea
tions under most 
onditions. Therefore,

Chapter 2 gives a general introdu
tion to 
ollisions between mole
ular ions and ele
trons.

Chapter 3 then fo
uses on the methods and devi
es needed for the 
reation and storage of

mole
ular ions, as well as for providing the ele
tron beam. After des
ribing the mentioned

DR measurement in Chapter 4, another experiment will be dis
ussed in Chapter 5, whi
h was

designed to measure the bran
hing ratios for produ
tion of hydrogen fragments in the �ne

stru
ture states 2s and 2p, in the DR of HD

+

. Although this goal 
ould not be a
hieved, the

measurement provided important insights to a pro
ess 
ountera
ting the radiative relaxation

of infrared-a
tive ions in the storage ring, namely the ex
itation of vibrational states of the ion

in 
ollisions with slow ele
trons, or with mole
ules from the residual gas in the TSR va

um

system. Only re
ently, the inverse pro
ess of superelasti
 
ollisions (SEC), in whi
h the ion is

de-ex
ited to a lower vibrational state by the ele
tron, has been dis
overed [5, 6℄ and applied

in stimulated vibrational relaxation of H

+

2

ions [7℄. The obtained results are dis
ussed in detail

along with ea
h experiment, and are 
ompiled brie
y in Chapter 6, where also some 
on
luding

remarks and suggestions for further experiments are made.
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2. Rea
tive S
attering of Mole
ular Ions and

Ele
trons

For many fundamental theoreti
al and experimental investigations of the intera
tion between

mole
ular ions and ele
trons, HD

+

has the status of a \ben
hmark ion", whi
h is mainly due

to its simple stru
ture, its availability and to the fa
t that (in 
ontrast to H

+

2

) it exhibits a

fast radiative 
ooling of ex
ited vibrational states. Therefore, all measurements presented in

this work were 
arried out on HD

+

, also involving the 
orresponding neutral mole
ule HD as

re
ombination produ
t. To provide the ne
essary ba
kground for the later dis
ussion of the

experimental results, this 
hapter starts with a brief introdu
tion to the quantum me
hani
s

of a diatomi
 mole
ule or ion, espe
ially to the 
on
ept of potential energy 
urves and to

radiationless transitions between them. Fo
using on the appli
ation to HD

+

, various s
attering

me
hanisms between mole
ular ions and ele
trons will be introdu
ed next, in order of in
reasing


omplexity. Be
ause of its importan
e to the interpretation of experimental data in Chapter 5,

an introdu
tion to the photodisso
iation of mole
ular ions will also be given before moving on

to the des
ription of experimental equipment in the next 
hapter.

2.1 Mole
ular States and Potential Energy Curves

For the 
al
ulation of many properties of diatomi
 mole
ules

1

its potential energy 
urves have

to be known. In the Born-Oppenheimer-Approximation (BO), it is assumed that be
ause of the

great di�eren
e in mass and velo
ity, the state of the ele
trons adjusts immediately to a 
hange

of the nu
lear position, thus depending on it only as a parameter [8℄. Under this assumption,

the mole
ular state 
an be expressed as the produ
t of an ele
troni
 state jni and a nu
lear

rovibrational state jvji [9, 10℄.

The time-independent S
hr�odinger equation of the mole
ule is

[T

el

+T

N

+V(r;R)℄ jni jvji = E

tot

(n; v; j) jni jvji ; (2.1)

1 all 
onsiderations in this 
hapter are also valid for mole
ular ions.

5



2 Rea
tive S
attering of Mole
ular Ions and Ele
trons

where T

el

denotes the kineti
 energy operator of the ele
trons and T

N

=T

vib

+T

rot

the one of

nu
lear vibration and rotation, while V(r;R) is the potential energy operator whi
h depends

on the ele
troni
 and nu
lear 
oordinates r and R. In analogy to the separation of nu
lear and

ele
troni
 motion in the state ve
tor, the total energy eigenvalues are expressed as the sum of

ele
troni
, vibrational and rotational energy:

E

tot

(n; v; j) = E

el

(n) + E

vib

(v) + E

rot

(j) (2.2)

where ea
h one of n, v and j represents the set of quantum numbers des
ribing these motions.

Assuming the e�e
t of T

N

on jni to be small, the S
hr�odinger equation (2.1) redu
es to an

ele
troni
 part

[T

el

+V(r;R)℄ jni = V

n

(R) jni (2.3)

and the eigenvalue problem

[T

vib

+T

rot

+ V

n

(R)� E

el

(n)℄ jvji = [E

vib

(v) + E

rot

(j)℄ jvji ; (2.4)

of the nu
lei moving in the Born-Oppenheimer potential energy 
urve [9℄

V

n

(R) = hnjT

el

+V(r;R) jni : (2.5)

In a nu
lear 
ontinuum state (E

tot

> lim

R!1

V

n

(R)), the mole
ule disso
iates qui
kly, and v is

repla
ed by the mole
ules total energy, whi
h is 
ommonly indi
ated by the notation jE

tot

i for

su
h states. Also, the nu
lear wavefun
tion is normalized to the total energy.

For ea
h two ele
troni
 states having the same symmetry of the total ele
troni
 wavefun
tion,

the Born-Oppenheimer potential energy 
urves obey the von-Neumann-Wigner non
rossing

rule: If two 
urves 
ome 
lose at some internu
lear distan
e R=X, they bend away from ea
h

other (instead of a
tually 
rossing), and ex
hange their single-ele
tron 
on�gurations and hen
e

their asymptoti
 behaviour forR!1. For example, in Fig. 2.1 the single-ele
tron 
on�guration

of the 2

1

�

+

g

state of HD 
hanges from 1s�

g

2s�

g

at R<3a

0

to (2p�

u

)

2

for greater R, be
ause of

the avoided 
rossing with the lowest state of the antibonding Q1 series of HD, whi
h is also of

1

�

+

g

type and has a (2p�

u

)

2


on�guration at small R.

Several avoided 
rossings may o

ur to the same state, sometimes leading to multiple minima in

the potential energy 
urve. In addition, at ea
h of these avoided 
rossings there is a 
han
e for

a radiationless transition to the other state, whi
h is known as a nonadiabati
 or Landau-Zener

transition [11, 12, 13℄.
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2.1 Mole
ular States and Potential Energy Curves
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Fig. 2.1: Potential energy 
urves of HD

+

and HD. Solid red lines: adiabati
 
urves of the two

lowest states of HD

+

[18℄. Dashed red line: Born-Oppenheimer 
urve of the se
ond ex
ited state of

the ion, 
al
ulated for H

+

2

in [19℄. Bla
k lines: adiabati
 
urves of the lowest ex
ited bound states

of HD [20℄, showing avoided 
rossings with the lowest Q1 
urve (dashed blue line), whi
h has been

estimated diabati
ally from [21℄ and [22℄. Solid blue lines: states from the antibonding Q1 and Q2

series, 
al
ulated for H

+

2

in [21℄. To the right, the atomi
 states in disso
iation limit are noted.

Although in many 
ases the pure Born-Oppenheimer approximation is pre
ise enough for 
al-


ulating the rovibroni
 stru
ture of mole
ular spe
tra as well as mole
ular dynami
s, two mod-

i�
ations are 
ommonly used [9℄:

� The Adiabati
 Approximation:

In (2.3), it was assumed that T

N

does not a
t on jni. But sin
e jni depends on R

as a parameter, this approximation is now given up, and by treating T

N

as a small

7



2 Rea
tive S
attering of Mole
ular Ions and Ele
trons

perturbation the adiabati
 potential energy 
urve is obtained:

V

ad

n

(R) = V

n

(R) + hnjT

N

jni : (2.6)

The 
ontribution from nu
lear kineti
 energy is usually small, so that the results from

the adiabati
 approximation are only slightly di�erent from the Born-Oppenheimer ones.

Be
ause the adiabati
 approximation still takes into a

ount the spin-orbit 
oupling and

the ele
trostati
 intera
tion between the ele
trons, the potential 
urves also follow the

von-Neumann-Wigner non
rossing rule.

� The Diabati
 (
rossing) Approximation:

Here, an additional approximation is made in (2.1) by not only negle
ting nu
lear kineti


energy, but also the spin-orbit 
oupling and the ele
trostati
 intera
tion between the

ele
trons [9℄. Where two potential 
urves in the BO or the adiabati
 approximation

would exhibit an avoided 
rossing, the diabati
 ones do a
tually 
ross. Thus the diabati


states retain their single-ele
tron 
on�guration at all R.

This approximation is espe
ially useful for treating nonadiabati
 transitions between

mole
ular states, by making it easier to determine 
andidate states for transitions, and

to 
al
ulate the 
oupling strength between them.

Nonadiabati
 
rossings do not ne
essarily o

ur between only two states at a time, but often

the 
rossing of three or more states 
an be separated into several two-by-two 
rossings [14, 15℄.

To see how in prin
iple the transition matrix element between two states jni and jmi is ob-

tained, it is useful to look at the example of the semi
lassi
al s
attering between two nu
lei,

following the argumentation in [14, 15, 16, 17℄. The nu
lei may move in either one of the


orresponding potentials V

m

(R) or V

n

(R), whi
h in diabati
 approximation exhibit a 
rossing

at R=X. Initially, the system is assumed to be in a linear 
ombination

jii = a

n

jni+ a

m

jmi =

�

a

m

a

n

�

(2.7)

of these states, with the 
oeÆ
ients a

m

and a

n

. Then the two nu
lei approa
h until rea
hing

the 
rossing point X. The development of the system's state during this movement is des
ribed

by a propagation matrix P

X1

, whi
h (by its diagonal elements) may 
hange the phase and

amplitude of a

m

and a

n

separately, but 
an only have vanishing o�-diagonal elements. At the


rossing point, the two states get mixed by the o�-diagonal elements of the 
oupling matrix I.

Then, the nu
lei move on until they rea
h the inner 
lassi
al turning point R

1

and start moving

ba
k towards X, whi
h is des
ribed by the propagating matrix P

XR

1

X

. On the se
ond passage

of the 
rossing point the two states are mixed again, this time by the transposed 
oupling

8



2.2 Ele
tron-Ion Collisions

matrix I

T

, and the e�e
ts of the following movement towards in�nite separation are given by

the propagating matrix P

1X

. The 
oeÆ
ients a

0

m

and a

0

n

of the �nal state are thus linked to

the initial state by the s
attering matrix S:

jfi =

 

a

0

m

a

0

n

!

= P

1X

I

T

P

XR

1

X

IP

X1

�

a

m

a

n

�

= S

�

a

m

a

n

�

(2.8)

For suÆ
iently high kineti
 energy of the nu
lei, the propagating matri
es are easily obtained

from the adiabati
 potential energy 
urves by the WKB method, while the 
al
ulation of the


oupling matrix I is usually done in the diabati
 approximation, but under 
ertain 
onditions

may also be done adiabati
ally [16℄.

A sele
tion of potential energy 
urves of HD

+

and HD is shown in Fig. 2.1. For the small

HD mole
ule, many of the ex
ited states 
an be approximated as Rydberg states. This means

that one of the ele
trons is in an ioni
 
ore state 
lose to the nu
lei, having a wave fun
tion

similar to HD

+

, while the other (\Rydberg") ele
tron has a large average distan
e from this


ore and is therefore in a state whi
h 
losely resembles atomi
 hydrogen. The diabati
 potential

energy 
urves of su
h states, whi
h retain their ele
troni
 
on�guration over the whole range

of R, belong to a Rydberg series, having a spa
ing given by the terms of atomi
 hydrogen

and a shape determined by the mole
ular ion 
ore state. In Fig. 2.1, this 
an be seen for the

Q1 and Q2 series of states, whi
h 
onsist of Rydberg states to the 2p�

u

and 2p�

u

ioni
 
ore,

respe
tively. Only the lowest 
urve of the Q1 series (the

2

�

+

u

(2p�

u

)

2

state) deviates strongly

from this s
heme, be
ause both ele
trons have the same 
on�guration, so that the assumption

of a large average separation between them is not ful�lled. The bound states of HD also belong

to a Rydberg series (1s�

g


ore), but be
ause of 
oupling and ex
hange of 
on�guration with the

mentioned Q1 state, their adiabati
 potential 
urves have rather di�erent shapes, espe
ially for

low prin
ipal quantum numbers of the Rydberg ele
tron.

2.2 Ele
tron-Ion Collisions

In the following, a 
ompilation of 
ross se
tions and rea
tion me
hanisms for a variety of

s
attering pro
esses between ele
trons and mole
ular ions is given, ex
luding the fully elasti



hannel. All 
onsiderations in this 
hapter assume that initially the mole
ular ion and the

ele
tron are at an in�nite distan
e, and that the ion is in a vibrational level (quantum number

v and wavefun
tion �

v

(R)) of its ele
troni
 ground state jni, while the ele
tron has the kineti


energy E. As the ele
tron moves towards the ion, a Fran
k-Condon transition to another state

jn

�

i takes pla
e (at the nu
lear 
oordinate R

trans

), whi
h 
an be either an ex
ited ioni
 or a

neutral state, depending on whether the ele
tron is 
aptured or remains free.

9
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Mole
ular rotation, as well as the angular momentum of the ele
tron is 
ompletely negle
ted in

the dis
ussion, and the presented models were 
hosen for simpli
ity rather than for pre
ision.

All energies are measured from the ioni
 ground state (v=0), by setting E

el

(n) + E

vib

(0)=0,

so that the total energy in (2.2) is always E

tot

=E + E

vib

(v). The equations in this 
hapter are

denoted in the MKSA system ex
ept for the energy, for whi
h the ele
tron volt (eV) is used as

a 
onvenient unit.

2.2.1 Disso
iative Ex
itation

Disso
iative ex
itation (DE) is a s
attering pro
ess in whi
h a mole
ular ion is ex
ited by a

passing ele
tron into a repulsive state with quantum number n

�

, whi
h subsequently disso
iates

into one neutral and one 
harged atomi
 fragment

2

:

AB

+

v

+ e �! AB

�+

+ e �! A

+

+B + e (2.9)

Although this pro
ess follows the Fran
k-Condon prin
iple, it is not restri
ted to a single value of

R

trans

(Fig. 2.2): Be
ause the ele
tron may retain some of its kineti
 energy after the s
attering,

the transition may o

ur at any internu
lear separation at whi
h E ex
eeds the ex
itation energy

E

trans

= V

�

(R

trans

) � E

vib

(v) to the upper state. Depending on the asymptoti
 behaviour of

this state for R!1, ea
h of the atomi
 fragments may again 
arry away a fra
tion of E

trans

in form of internal ex
itation, the rest is transferred into kineti
 energy of the fragments.

For HD

+

and at the ele
tron energies used in the experiments, the disso
iating state may be

either 2p�

u

or 2p�

u

. The Fran
k-Condon prin
iple predi
ts a vanishing DE 
ross se
tion �

DE

for E mu
h smaller than the energy di�eren
e between the 2p�

u

and the ground state, at the

outer 
lassi
al turning point R


2

(whi
h is �8:9 eV for v=0). Due to the tails of the initial

nu
lear wave fun
tion �(R) in the non
lassi
al regions, the 
ross se
tion shows a slow onset

at this Fran
k-Condon threshold, and then exhibits a stru
ture 
orresponding very roughly

(be
ause of the degree of freedom in R

trans

) to the nodes of the nu
lear wave fun
tion and, at

still higher energies, to the onset of DE via the energeti
ally higher 2p�

u

state [23℄, with an

overall drop [24℄ towards in
reasing E.

However, even far below the Fran
k-Condon threshold, a DE rate is observed in experiments,

sin
e there is another me
hanism whi
h 
ontributes to this pro
ess: the 
apture of the ele
tron

by the ion, in whi
h a neutral ex
ited mole
ule is formed, whi
h 
an subsequently autoionize

and disso
iate [23, 25, 26℄:

AB

+

v

+ e �! AB

��

�! AB

�+

+ e �! A

+

+B + e (2.10)

2 All rea
tion s
hemes remain true if the atomi
 fragments A and B are swapped

10
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Fig. 2.2: Dire
t disso
iative ex
itation of ground-state HD

+

v=0

at E�10 eV: The ion is ex
ited to the

antibonding 2p�

u

state (at the internu
lear separation R

trans

) by a passing ele
tron and disso
iates

into two atomi
 fragments of kineti
 energy E

trans

, leaving the ele
tron with E �E

trans

. Red lines:

potential energy 
urves; dashed bla
k line: initial ele
tron energy E. Also shown is the nu
lear

wavefun
tion �(R) for v=0 (solid bla
k line).

This 
apture me
hanism is very eÆ
ient, be
ause the kineti
 energy of the in
oming ele
tron is

transferred into internal ex
itation of the ion, thus requiring only intera
tion between ele
trons

and not with the nu
lei. Similar to diele
troni
 re
ombination of atomi
 ions, the mole
ule is

thereby produ
ed in a doubly-ex
ited state ((2p�

u

)

2

for HD

+

). This state has a mu
h stronger

Fran
k-Condon overlap with the ioni
 ground state for low ex
itation energies E

trans

, so that

the rea
tion is possible as soon as E ex
eeds the disso
iation energyD

0

=2:6677 eV [27℄ of HD

+

.

The 
ross se
tion for this indire
t DE pro
ess 
an approximately be written as the produ
t of a


apture 
ross se
tion �


ap;v

(E) from the vibrational level v into the intermediate neutral state,

and its probability P

AD

to autoionize and disso
iate thereafter [28, 29℄:

�

indire
t

DE;v

(E) = �


ap;v

(E) � P

AD

(E) (2.11)

with the 
apture 
ross se
tion

�


ap;v

(E) =

�

2

�h

2

2m

e

E

 

g

�

g

v

!

�


ap

� j�

v

(R

trans

)j

2

�

�

�

�

�

�

dV

�

dR

�

�

�

�

�

�1

R

trans

(2.12)
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whi
h depends on the 
apture width �


ap

(R

trans

), the probability of the initial ion having an

internu
lear separation of R

trans

(given by the square of its nu
lear wave fun
tion �(R

trans

) at

this point), and also on the slope of the �nal potential energy 
urve.

Exa
t 
al
ulations of �

indire
t

DE;v

in this low energy regime have only been 
arried out re
ently [31℄,

yielding reasonable agreement with experimental data, while there are several earlier works


overing energies above 10 eV [24, 32, 33, 34℄.

2.2.2 Vibrationally Superelasti
 and Inelasti
 Collisions

These two me
hanisms (SEC or IC, respe
tively) are related to DE. The important di�eren
e is

that after ele
tron 
ollision, the ion does not disso
iate but is left in a di�erent vibrational state

with a quantum number v

0

<v for SEC and v

0

>v for IC. SEC has only re
ently been dis
overed

experimentally, in storage ring experiments on the disso
iative re
ombination of H

+

2

[5, 6, 7℄.

IC has been known for a longer time, but eviden
e of its role as a vibrational heating pro
ess

in storage rings was dete
ted in the measurement des
ribed in Chapter 5. The rea
tion s
heme

for the SEC and IC pro
esses is

AB

+

v

+ e �! AB

+

v

0

+ e (2.13)

This desires a dire
t vibrational ex
itation or de-ex
itation where the ele
tron leaves immedi-

ately. But be
ause the Fran
k-Condon overlap between two vibrational states of the same n

is usually small, and the measured SEC rate 
oeÆ
ients were mu
h higher than 
al
ulations

for this dire
t me
hanism [35℄, it is suspe
ted [7℄ that both 
ollision types may also propagate

by an indire
t pro
ess similar to the 
apture me
hanism already dis
ussed with respe
t to DE,

again involving the same intermediate neutral state:

AB

+

v

+ e �! AB

�

�! AB

+

v

0

+ e (2.14)

This is 
alled the indire
t SEC or IC me
hanism. A

ordingly, it is possible to write the 
ross

se
tion for indire
t SEC or IC in a similar fashion as for the DE 
ase

�

indire
t

vv

0

(E) = �


ap;v

(E) � P

A

(E; v

0

) (2.15)

with the 
apture 
ross se
tion (2.12), and with the probability P

A

(v

0

) for autoionization to

the initial ele
troni
 state, but to a di�erent vibrational quantum number v

0

and without

disso
iation.

12
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2.2.3 Disso
iative Re
ombination

In the indire
t me
hanism for disso
iative ex
itation and also in SEC/IC, the intermediate

neutral state is doubly-ex
ited (and usually of antibonding type). In 
onsequen
e, disso
iation

into atomi
 fragments is an important 
ompetition to autoionization, i.e. to the indire
t 
hannels

of DE, SEC and IC. At low energies, where autoionization is energeti
ally forbidden, disso
iation

is the only eÆ
ient way for the mole
ule to stabilize, sin
e the transition to a lower state by

emission of a photon is by far slower (the typi
al disso
iative lifetime being of the order of

10� 100 fs, 
ompared to several ns for light emission).

This 
ombination of ele
tron 
apture and disso
iation into atomi
 (for polyatomi
 ions also

smaller mole
ular) fragments is 
alled disso
iative re
ombination (DR). It was �rst dis
overed

in [39℄, and is probably both the most 
omplex (and meanwhile also the best studied) 
ollision

pro
ess between mole
ular ions and ele
trons, whi
h is mainly due to the many di�erent rea
tion

me
hanisms and 
hannels whi
h may 
ontribute or 
ompete in the rea
tion, even for small

mole
ular ions like HD

+

.

There are two basi
 modes of disso
iative re
ombination, the so-
alled \
rossing mode" and the

\tunneling mode", whi
h re
e
t how the ele
tron 
apture pro
eeds. The tunneling mode was

predi
ted by Guberman [36℄, and a short time ago also dis
overed experimentally for HeH

+

[37℄

and LiH

+

[38℄, but it is not dis
ussed in detail sin
e it is of no importan
e to HD

+

. In the other

mode, the potential 
urve of the 
apture state at some R exhibits a 
rossing with the initial

ioni
 state (see Fig. 2.1). This means that from the 
lassi
ally allowed region (R


1

<R<R


2

) of

the initial state, a verti
al transition to the 
apture state is possible. Depending on whether the


apture state is of the bonding or antibonding type, two me
hanisms are distinguished whi
h

(in a somewhat di�erent sense as regarding DE, SEC and IC) are 
alled dire
t and indire
t DR.

Dire
t DR

In dire
t disso
iative re
ombination, an ele
tron of energy E is 
aptured by the mole
ular ion in

the vibrational state v into an antibonding state of the neutral mole
ule, whi
h then disso
iates

into (possibly ex
ited) atomi
 fragments with quantum numbers nl and n

0

l

0

:

AB

+

v

+ e �! AB

�

�! A(nl) +B(n

0

l

0

) (2.16)

In 
ontrast to the dire
t DE, SEC and IC, the ele
tron is absorbed and 
annot 
arry away

ex
ess energy. Hen
e, in good approximation, a transition 
an only o

ur at an internu
lear

distan
e R

trans

where the 
ondition

V

n

�

(R

trans

)� V

n

(R

trans

) = E + E

vib

(v) (2.17)
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is ful�lled. The transition between ioni
 and neutral state is thus restrained to a single value

of R

trans

for any given set of E and v, whi
h yields a 
apture 
ross se
tion a

ording to (2.12),

and the 
ross se
tion for dire
t DR via a given 
apture state 
an be expressed in the produ
t

form [28, 29℄:

�

dire
t

DR;v

(E) = �


ap;v

(E) � P

D

(E) (2.18)

where �


ap;v

is the 
apture 
ross se
tion (2.12) and P

D

(E) is the probability of the 
apture

state to disso
iate without autoionizing, whi
h is often 
alled the survival fa
tor. In [30℄, this

probability was estimated by assuming a 
lassi
al traje
tory R(t) for the disso
iating nu
lei, as

well as a lo
al autoionization width �(R), su
h that �(R)=�h is the autoionization probability

per unit time at an internu
lear separation R:

P

D

(E) = exp

 

�

Z

�(R(t))

�h

dt

!

(2.19)

Expression (2.19) is valid only for low energies, where the autoionization 
an only lead to the

vibrational ground state of the ion, be
ause the integral is usually evaluated between t=0

(
apture) to the time when the internu
lear separaration rea
hes the stabilization point R

s

, at

whi
h the potential energy 
urve of the 
apture state goes below the one of the ioni
 state,

making further autoionization impossible [30℄.

With the de�nitions from (2.11) and (2.15), it is obvious that for any E the relation

P

D

(E) + P

AD

(E) +

X

v

0

P

A

(E; v

0

) = 1 (2.20)

must be satis�ed.

Although this simple model is helpful for a general understanding the of DR, it is not well suited

for pre
ise 
al
ulations of the 
ross se
tion. For this purpose, several more pre
ise methods

have been developed, for example the Multi
hannel Quantum Defe
t Theory (MQDT [40℄),

whi
h allows a 
onsistent treatment of the e�e
ts from the indire
t DR me
hanism, whi
h

involves many rovibrational levels of bound mole
ular states and is des
ribed in more detail in

Chapter 4.4.

The following disso
iation step is dominated by the intera
tion between many states of the

neutral mole
ule only. For example, in the DR of HD

+

, at ele
tron energies up to a few eV

(and only su
h are of interest here) the ele
tron is mainly 
aptured into the doubly ex
ited

(2p�

u

)

2

state. During disso
iation, the diabati
 potential 
urve 
rosses the bound Rydberg

series to the 1s�

g


ore, of whi
h many states are of

1

�

+

g

type, thus having the same symmetry

as the 
apture state (Fig. 2.1). As des
ribed in Chapter 2.1, at ea
h of these 
rossings a

radiationless transition between the involved states is possible, so that the disso
iation will

14
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propagate through a manifold of 
hannels. In an ensemble of DR rea
tions, this leads to the

population of fragment states of the type H(1s) + D(nl) or H(nl) + D(1s), with bran
hing

ratios b

n

and n�2. For HD

+

v=0

, these have been experimentally observed [22℄ as a fun
tion

of ele
tron energy, by measuring the relative velo
ity of the fragments (and thus the kineti


energy release of the rea
tion) with a three-dimensional imaging te
hnique [41℄. It was found

that all �nal states are populated almost evenly, as soon as they be
ome energeti
ally a

essible

(Fig. 2.3). This behaviour has been well reprodu
ed by a semi
lassi
al multistate 
urve 
rossing

(MSCC) 
al
ulation [22, 42℄, whi
h modelled the redistribution of probability 
ux from the

(2p�

u

)

2


apture state to the states of the Rydberg series during disso
iation. At ea
h avoided


rossing, a matrix I like in (2.8) was established based on the Landau-Zener probability [43℄

for a transition between the potential 
urves V

i

(R) and V

j

(R)

p

ij

= exp

0

�

�

2�V

2

ij

�

�V

j

�R

�

�V

i

�R

�

v

X

1

A

(2.21)

where V

ij

denotes the 
oupling matrix element between these states, and v

X

is the velo
ity of

the nu
lei at the 
rossing point R=X. Phase shifts to the nu
lear wavefun
tion were negle
ted

in this 
al
ulation, as was the re
e
tion of probability 
ux at the avoided 
rossings or by the

potential walls of 
losed rea
tion 
hannels (states with a disso
iation limit higher than E

tot

).

Although this simple model works remarkably well for explaining the bran
hing ratios, the

experiment dis
ussed in Chapter 4 revealed that the re
e
tion of probability 
ux by 
losed

rea
tion 
hannels also in
uen
es the total 
ross se
tion for disso
iative re
ombination. This

required some adjustments to the MSCC model of the disso
iation step, whi
h are dis
ussed

along with the experimental eviden
e in Chapter 4.4 and in [3℄.

Also the phase of the nu
lear wave fun
tion at an avoided 
rossing with another state 
an be

of importan
e: For example, this is the 
ase for the two lowest potential 
urves of

1

�

+

g

type

shown in Fig. 2.1, whi
h are both 
onne
ted to the n=2 �nal state of HD in the disso
iation

limit. The 2s and 2p sublevels of this �nal state are populated with di�erent amplitudes,

depending on whi
h mole
ular 
urve the disso
iation pro
eeds by [42, 44℄. These 
urves exhibit

two 
rossings, at R�3 a

0

, and again around R�13 a

0

. Hen
e, during the disso
iation pro
ess,

both states are populated 
oherently at the �rst 
rossing, then a
quire di�erent phase shifts in

the intermediate region (depending on the state by whi
h the disso
iation propagates), and are


oherently superpositioned at the se
ond 
rossing. Interferen
e is therefore expe
ted between

the amplitudes of disso
iation into the 2s and the 2p �nal state. This is visible in Fig. 2.4,

whi
h shows the 
al
ulated population ratio b

2s

=b

2p

to be os
illating with in
reasing ele
tron

energy, at a period of about 1 eV [42℄.
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Fig. 2.3: Comparison between measured (symbols with error bars) and 
al
ulated (solid lines) bran
h-

ing ratios for the �nal states of the DR of HD

+

v=0

. Both measurement and theory distinguished between

the primary quantum numbers n=2� 6 of the �nal states H(1s) +D(nl) or H(nl) +D(1s).

Indire
t DR

Another type of interferen
e may arise in the total DR 
ross se
tion, from the 
oherent super-

position of the dire
t DR amplitude with that of a se
ond pro
ess denoted indire
t DR, whi
h

is of great importan
e to the DR of HD

+

at low energy. In the indire
t rea
tion, the 
apture of

the ele
tron does not involve the ex
itation of an inner ele
tron of the ion. Instead, its kineti


energy is transferred into nu
lear ex
itation, so that the neutral mole
ule is produ
ed in a vi-

brational level v

0

of a singly ex
ited bound state, and is then predisso
iated by an antibonding

16



2.2 Ele
tron-Ion Collisions

Fig. 2.4: Interferen
e in the relative population of the 2s and 2p fragment states of HD.

state (whi
h for HD is identi
al to the 
apture state of the dire
t me
hanism):

AB

+

v

+ e �! AB

v

0

�! AB

�

�! A(nl) +B(n

0

l

0

) (2.22)

The 
ross se
tion for this pro
ess (disregarding the interferen
e with the dire
t DR, and also

interferen
e between neighboring 
apture states) would be [28, 29℄:

�

indire
t

DR;v

(E) =

X

v

0

��h

2

4m

e

E

 

g

v

0

g

v

!

�

A;v

0

�

D;v

0

(E + E

v

� E

v

0

)

2

+

1

4

�

2

v

0

(2.23)

For a suÆ
iently long-lived 
apture state, the total de
ay width �

v

0

of the vibrational level v

0

is the sum of the widths for de
ay by autoionization and by disso
iation:

�

v

0

= �

A;v

0

+ �

D;v

0

(2.24)

Expression (2.23) is of 
ourse only an approximation, be
ause it does not in
lude intera
tions

between mole
ular states whi
h may take pla
e after the predisso
iation, and is only valid for


apture states whi
h do not interfere with ea
h other. For a manifold of 
apture states, e.g. the
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1s�

g

Rydberg series in the 
ase of HD, interferen
e between di�erent 
apture states leading to

the same �nal state has to be 
onsidered also, as well as interferen
e with the dire
t 
hannel.

In parti
ular, the interferen
e between dire
t and indire
t DR leads to the so-
alled window

resonan
es, whi
h for HD show up mainly as narrow dips in the total 
ross se
tion, whi
h is

otherwise dominated by the dire
t me
hanism. In this 
ontext, the rotational sublevels of the

mole
ule also 
annot be ignored any more, sin
e they lead to similar stru
tures in the 
ross

se
tion [45℄. Mu
h e�ort has been dire
ted towards predi
ting the total DR 
ross se
tion at low

energies, whi
h is strongly in
uen
ed by the interferen
e between the dire
t and the indire
t

DR me
hanism. An example of su
h a 
al
ulation is shown in Fig. 4.8.

2.3 Photodisso
iation

For mole
ules, as well as for mole
ular ions, there is also a disso
iating pro
ess indu
ed by

the intera
tion with (UV-) light. By absorption of a single photon of energy E




, a mole
ule

or ion is ex
ited from the initial state jni jvi to a 
ontinuum state jn

�

i jE

tot

i. In 
ontrast

to dire
t DR, this disso
iating state is only singly ex
ited in most 
ases. There also exsits

an indire
t me
hanism whi
h pro
eeds by an ele
troni
ally ex
ited bonding state, but for the

photodisso
iation of HD

+

, only the dire
t one is of importan
e:

AB

+

v

+ 
 �! AB

+�

�! A(nl) +B(n

0

l

0

) + E

kin

(2.25)

The 
ross se
tion for photodisso
iation is obtained in semi
lassi
al approximation from the

initial nu
lear wavefun
tion �

v

, the potential energy 
urve V

�

of the ex
ited state (its slope

being important for the Fran
k-Condon proje
tion of the initial wavefun
tion) and the transition

radius R

trans

[46℄:

�

PD;v

(E




) =

�E




3�h

s

�

0

�

0

 

d

g

v

!

�

2

el

(R

trans

) � j�

v

(R

trans

)j

2

�

�

�

�

�

�

dV

�

dR

�

�

�

�

�

�1

R

trans

(2.26)

where g

v

is the statisti
al weight of the lower state and d=1 for transitions between two � states

and d=2 otherwise. The analogy to the ele
tron 
apture 
ross se
tion (2.12) is 
lose, the main

di�eren
e being the phase spa
e fa
tor whi
h is now proportional to the energy of the in
ident

parti
le, while the dipole matrix element for the transition between the two ele
troni
 states [10℄

�

el

(R) = e hn

�

j

X

i

Z

i

R

i

�

X

j

r

j

jni (2.27)

takes the role of the 
apture width. The survival fa
tor, whi
h played an important role in DR

is not needed here, be
ause the ex
ited state 
annot autoionize, as no previous ele
tron 
apture
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2.3 Photodisso
iation

is involved. Sin
e the probability for radiative stabilization during the very fast disso
iation

step is very small, the total photodisso
iation 
ross se
tion is dire
tly given by the absorption


ross se
tion.

In the experiment des
ribed in Chapter 5.2, photons of the 
onstant energy E




�3:63 eV were

used to photodisso
iate HD

+

ions from various vibrational levels of the ele
troni
 ground state,

over the 2p�

u

ex
ited state. Threfore, 
al
ulations were done for �

PD

at a �xed energy but as

a fun
tion of v, by applying eq. (2.26) to the tabulated potential energy 
urves and transition

dipole moments from [18℄, along with vibrational wave fun
tions obtained from [47℄. The

results are displayed in Fig. 2.5 for v=0� 19, whi
h shows that the photodisso
iation 
ross

se
tion of HD

+

for v>4 varies by approximately two orders of magnitude (at an average of

��=9 � 10

�19


m

2

). The strong dips at v=7 and v=10 are due to the Fran
k-Condon transition

taking pla
e at nodes of the initial nu
lear wavefun
tion, thus the value of �

PD;v

is very sensitive

to the exa
t photon energy.
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Fig. 2.5: Photodisso
iation 
ross se
tion �

PD

of HD

+

for the 
hannel 1s�

g

!2p�

u

, for vibrational

quantum numbers v=0� 19 and at the �xed photon energy of E




=3:63 eV.
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3. The MPI Heavy-Ion Storage Fa
ility

We have seen that mole
ular stru
ture and dynami
s often depend strongly on the nu
lear

wavefun
tion, espe
ially on its vibrational part. In 
ontemporary experiments on mole
ular

physi
s, a lot of e�ort is therefore being put into 
ontrol or at least in measuring the initial

state of the mole
ule being investigated. For infrared-a
tive mole
ular ions, a 
ommon way to

exert 
ontrol over the initial state is to 
apture them in a trap, and to store them long enough

to allow relaxation of the ex
ited states by spontaneous emission of radiation. This 
an be well

a
hieved by using RF multipole traps, whi
h allow the examination of mole
ular ions in their

rest frame.

But for 
ertain experiments, like for the study of intera
tions between mole
ular ions and

ele
trons, one also has to provide the ele
trons. This is most often done by generating an

ele
tron 
loud in front of a heated 
athode, whi
h is at a potential di�eren
e against a grounded

anode. The ele
trons are a

elerated and dire
ted at the resting mole
ules, but there are three

problems arising with this method: �rst, the a

elerating potential has to be high enough to

extra
t a signi�
ant 
urrent from the 
loud (in spa
e-
harge limited emission, I/U

3=2

). This

means that measurements at zero ele
tron energy are not possible, but only from eU upwards.

Last, the kineti
 energy distribution of the ele
trons is given by the temperature of the 
athode

(modi�ed by the a

eleration pro
ess, see below), whi
h limits the energy resolution of the

experiment. To over
ome these limitations, su
h measurements are often done using heavy-ion

storage rings, where ions and ele
trons 
an be made to move parallel at great velo
ity, while

still having a vanishing relative velo
ity. Also, at storage rings there often is an ele
tron 
ooler

devi
e, whi
h aside from phase-spa
e 
ooling of the stored ion beam 
an also be used as an

ele
tron target of adjustable energy and high resolution, along with a high ele
tron density.

The TSR at the Max-Plan
k-Institut f�ur Kernphysik in Heidelberg is one of the three storage

rings worldwide whi
h are suited for mole
ular physi
s, the others being ASTRID in Aarhus,

Denmark, and CRYRING in Sto
kholm, Sweden (TARN II in Tokyo being re
ently shut down).

In the following 
hapter, the relevant experimental equipment at the TSR will be explained,

in
luding a short introdu
tion to ele
tron 
ooling.
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3 The MPI Heavy-Ion Storage Fa
ility

3.1 Ion Sour
es and A

elerators

Prior to storage in the TSR, mole
ular ions have to be produ
ed and a

elerated. At the

heavy-ion a

elerator and storage fa
ility of the Max-Plan
k-Institut f�ur Kernphysik, there are

three independent a

elerators available for produ
ing fast beams of positively 
harged ions:

A single-ended Van-De-Graa� a

elerator (ISSI) with an a

eleration voltage of up to 2 MV,

with a Penning ion sour
e to 
reate positively 
harged ions, and a Tandem Van-de-Graaf, fed

by a 
esium sputter sour
e or a duoplasmatron sour
e for produ
ing negative mole
ular ions,

whi
h are stripped into positive ones during a

eleration, thus using the a

eleration voltage

of up to 12 MV twi
e. Re
ently, these have been supplemented by the high 
urrent inje
tor

HSI [48, 49, 50℄, a 
ombination of two radio-frequen
y quadrupole a

elerators (RFQs) and two

optional 7-gap RF-resonators, having a maximum output energy of 2:5 MeV per elementary


harge, for positive ions produ
ed in a CHORDIS sour
e. There is also a Lina
-posta

elerator

for further in
reasing the ion beam energy with up to 10 RF-resonators. Table 3.1 gives an

overview of the ion sour
es, a

elerators and ion energies whi
h have been used.

In the ionization of mole
ules in the sour
e, either by ele
tron or atom impa
t, many of the

rovibroni
 states of the ion are ex
ited. As was shown in [51℄, for HD

+

the measured population

of vibrational states 
an approximately be reprodu
ed by applying the Fran
k-Condon prin
iple

to the ionization pro
ess in a penning sour
e, whi
h uses ele
tron impa
t ionization.

3.2 The Test Storage Ring (TSR)

The TSR (Fig. 3.1) is made up of eight 45

Æ

de
e
tion dipole magnets, whi
h keep the stored

ions in an eva
uated peam-pipe (5 � 10

�11

Torr), on a 
losed orbit of nearly o
tagonal geometry

with a 
ir
umferen
e of 55:40�0:05 m. Five quadrupole and three sextupole magnets make up

ea
h one of the four groups (or periods) ne
essary for strong fo
using of the stored ion beam.

Measurement Ion Sour
e A

elerator Post-A

. E

y

ion

=MeV

DR & DE of HD

+

Penning ISSI - 2:014

Penning ISSI - 2:024

IC of HD

+

CHORDIS HSI + 15:876

Tab. 3.1: Compilation of the used ion sour
es, a

elerators and ion energies. y: dedu
ed from the

ele
tron 
ooling parameters (table 3.2).

22



3.2 The Test Storage Ring (TSR)

Ucool

Uoffset

Ucollcoll
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E
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electron cooler
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shutter
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window

scraper 2 scraper 1

accelerators
from

Dipole

DC-
trafo

BPM

Quadrupole
laser beam dump

D
ye-Laser

5 m

Fig. 3.1: TSR with ele
tron 
ooler and dete
tor 
hamber (enlarged).

Between two su
h groups, there is always a straight se
tion where experimental setups, beam

diagnosti
s, the ele
tron 
ooler, and the inje
tion beamline are mounted.

After a

eleration, the ions are inje
ted into the TSR either in a multiturn inje
tion or by

the ele
tron 
ooler sta
king method. In the multiturn inje
tion s
heme, the 
losed orbit in

the TSR is shifted during inje
tion, so that the beam from the a

elerator is s
anned over the

whole phase spa
e available to the ions, in
reasing the stored ion 
urrent by a fa
tor of � 40,


ompared to single-turn inje
tion. Even higher ion 
urrents 
an be a

umulated by 
ooling the

stored ion beam to redu
e the o

upied volume in phase-spa
e, whi
h is repeatedly �lled up by

additional multiturn-inje
tions.

Typi
al 
urrents for mole
ular ions stored in the TSR are 100 nA for multiturn-inje
tion and
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3 The MPI Heavy-Ion Storage Fa
ility

up to 100 �A in ele
tron 
ooler sta
king mode. Currents in ex
ess of �5 �A are suÆ
ient for

being measured with a DC-
urrent transformer lo
ated in one of the straight se
tions.

The (approximately gaussian) density pro�le of the stored beam 
an be measured using the

beam pro�le monitor (BPM), whi
h 
onsists of two mi
ro-
hannel-plate dete
tors with position

sensitive anodes, one ea
h for the horizontal (x) and the verti
al (y) 
oordinate. Mole
ules from

the residual gas are ionized in 
ollisions with stored parti
les, and a

elerated towards one of

the dete
tors. There, either the x- or the y-
oordinate of the 
ollision point is determined by

measuring the position of the hit on the dete
tor, and the beam pro�le in the 
orresponding

dire
tion is obtained as the probability distribution after integrating over many 
ollisions.

3.3 The Ele
tron Cooler

Cooling of the stored ion beam is a
hieved by merging it 
ollinearly with the intense (10

7


m

�3

)

beam of the TSR ele
tron 
ooler devi
e. The ele
trons are generated in an ele
tron gun by

spa
e-
harge limited emission from a heated 
athode of 3=16" radius [52℄ at negative potential

U


ath

, and are a

elerated by a grounded, ring-shaped anode. The ele
tron gun is mounted inside

a strong longitudinal magneti
 �eld B

1

(�1 T), whi
h guides the ele
trons and de
ouples their

longitudinal and transverse degrees of freedom. After a

eleration, the ele
trons are guided into

a region where the magneti
 �eld is adiabati
ally lowered to B

2

�20� 70 mT, in
reasing the

radius of the ele
tron beam by the expansion fa
tor �=B

1

=B

2

, whi
h 
an be set to values of

1� 30 by adjusting B

1

. The guiding �eld is bent by 45

Æ

two times, with a radius of 
urvature

of R

bend

=800 mm. In these bending regions (also 
alled toroids be
ause of the shape of the

magnets), the ele
tron beam is merged and demerged with the stored ions; in between both

beams overlap and move 
ollinearly for 1:5 m.

Through the a

eleration and the adiabati
 beam expansion, the temperatures T

k

and T

?

,

des
ribing the longitudinal and transverse velo
ity distribution of the ele
trons, are lowered

from T


ath

(usually 1100 K) to [53℄

T

?

=

1

�

T


ath

T

k

=

T


ath

2E

lab

+ C

e

2

n

1=3

4��

0

k

B

(3.1)

where k

B

is the Boltzmann 
onstant, and E

lab

and n are the average ele
tron energy (in the

laboratory frame) and the ele
tron number density, respe
tively, while the 
onstant C (whi
h

is of the order of 1) depends on the a

eleration pro
ess [54℄.

Be
ause the ele
tron beam moves in the grounded beam pipe and the beam 
enter is partially

shielded from the a

eleration voltage U


ath

by the outer parts of the beam, the kineti
 energy
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3.3 The Ele
tron Cooler

Measurement � U


ath

=V I


oll

=mA E


ool

=eV

DR & DE of HD

+

28:55 393:63 9:45 365:64

4:00 412:91 10:08 367:45

IC of HD

+

9:61 3132:29 183:40 2882:50

Tab. 3.2: Cathode voltages, 
olle
tor 
urrents and laboratory-frame energies in the ele
tron 
ooling

mode, for the di�erent experiments, along with the used ele
tron beam expansion fa
tor �.

E

lab

of an ele
tron in the laboratory frame is not equal to eU


ath

. Instead, at a distan
e r from

the ele
tron beam axis it is given by

E

lab

= eU


ath

�

I


oll

4��

0

hv

lab

i

 

1�

�

r

R

�

2

+ 2 ln

r

pipe

R

!

(3.2)

where I


oll

is the ele
tron 
urrent between 
athode and 
olle
tor (Fig. 3.1) and hv

lab

i the average

velo
ity of ele
trons at the radius r, whi
h must be smaller than the radii R and r

pipe

of the

ele
tron beam and the beam pipe. Sin
e hv

lab

i itself depends on E

lab

, eq. (3.2) is solved by �rst

assuming hv

lab

i=

q

eU


ath

=2m

e

and then iteratively determining E

lab

and hv

lab

i, until relative


hanges to hv

lab

i between two steps be
ome smaller than 10

�5

. An overview of several values of

the lab frame energy is given in table 3.2, along with the a

eleration voltage and the 
olle
tor


urrent.

An ion moving with the velo
ity v in the 
enter of an ele
tron beam experien
es the net fri
tion

for
e

hF i / hv

lab

i � v

ion

(3.3)

if v

rel

=hv

lab

i�v

ion

is smaller than the velo
ity spread of the ele
tron beam in longitudinal

dire
tion. Sin
e the stored ions pass through the ele
tron 
ooler more than 10

5

times per

se
ond and the ele
tron beam is 
onstantly renewed, the velo
ity distribution of the ions is

narrowed if both beams move at an average relative velo
ity hv

rel

i of zero, whi
h is 
alled

ele
tron 
ooling.

For average relative velo
ities di�erent from zero, the 
ooling for
e qui
kly vanishes, but the

ele
tron 
ooler 
an be employed as an ele
tron target of adjustable relative energy E, whi
h in

nonrelativisti
 approximation (sin
e the ions have velo
ities hv

ion

i =
�0:1) is given by

E =

1

2

m

e

hv

rel

i

2

=

�

q

E


ool

�

q

E

lab

�

2

(3.4)

where E


ool

=(m

e

=m

ion

)E

ion

is the laboratory energy of the ele
trons in 
ooling mode. As

Fig. 3.1 shows, the a

eleration voltage for the ele
trons is generated by 
ombining two power
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3 The MPI Heavy-Ion Storage Fa
ility

supplies, one of them delivering the voltage U


ool

needed for the 
ooling mode, and another

one whi
h is used to 
reate an o�set voltage to U


ool

, so that U


ath

=U


ool

+ U

offset

. By using

a fast power supply for U

offset

, it is possible to qui
kly (few ms) swit
h between 
ooling and

measurement mode, without a�e
ting the stability of U


ool

, a pro
ess whi
h is 
alled wobbling.

This adjustment is 
ontrolled by a digital-to-analog 
onverter (DAC) 
onverting a number

N=0 : : : 4095 into an output voltage of �10 : : : 10 V, whi
h is then fed into an ampli�er gen-

erating voltages of U

offset

=�1 : : : 1 kV.

For ea
h experiment, U


ath

and I


oll

have to be 
alibrated against N . This is done by measuring

U


ath

with a voltage divider of 1 : (6050:40� 0:05) [59℄, while I


oll

is simultaneously measured

by the voltage drop over a 1 
 resistor [59℄, for about 20 values of N . Analyti
al expressions

for all N are then obtained by �tting the parameters a; b; 
; d in the relations U


ath

=aN+b and

I


oll

=
(U


ath

�d)

3=2

, so that the ele
tron energy 
an be 
al
ulated for all possible DAC settings

from eqs. (3.2) and (3.4).

However, expression (3.4) holds only for parallel beams. In the bending regions of the ele
tron


ooler, one has to 
onsider the fa
t that be
ause of its large radius, the ele
tron beam is

overlapping with the ions for some length on both sides of the 
ollinear se
tion (see Fig. 3.1),

so that the ele
trons move at an angle

� = ar
tan

x

R

bend

(3.5)

with respe
t to the ions, whi
h depends on the distan
e x from the respe
tive end of the 
ollinear

se
tion and also on the radius of 
urvature of the ele
tron beam (R

bend

=800 mm). For this

alignment of the beams, the relative energy E is (again in the nonrelativisti
 approximation)

E = E


ool

+ E

lab

�

q

4E


ool

E

lab


os� (3.6)

whi
h redu
es to (3.4) for �=0. Also, it must be taken into a

ount that the ele
trons inter-

a
ting with the ions are not at the 
enter of the ele
tron beam but at a radius

r =

q

R

2

bend

+ x

2

�R

bend

(3.7)

whi
h has to be inserted in (3.2) when 
al
ulating the ele
tron energy in the laboratory frame,

to a

ount for the di�erent shielding of the a

eleration voltage by spa
e-
harge. The maximum

energy shift 
aused by this e�e
t o

urs at the e�e
tive length l

eff

of the bending regions, whi
h

is equal to the position where the surfa
e of the ele
tron beam 
rosses the ion traje
tory (r=R):

l

eff

=

q

2R

2

+RR

bend

(3.8)
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3.4 Dete
tors

In measured rate-
oeÆ
ient spe
tra, this e�e
t 
auses a ba
kground whi
h has to be subtra
ted

in the data analysis. This is done by 
onvolving the measured rate 
oeÆ
ient with the known en-

ergy and velo
ity distributions

1

in the ele
tron 
ooler, whi
h yields a �rst-order approximation

of the toroidal ba
kground (also as a fun
tion of relative energy). This estimated ba
kground

spe
trum is subtra
ted from the measurement, yielding the ba
kground subtra
ted rate 
oeÆ-


ient, also in �rst order of approximation. The pro
ess is then iterated (usually 10-20 times)

to obtain a higher pre
ision in the ba
kground subtra
ted spe
trum, whi
h with in
reasing

order of approximation 
onverges to the rate 
oeÆ
ient expe
ted without any in
uen
e from

the toroid se
tions [56, 57, 58℄. This pro
edure is applied in Chapters 4.3 and 5.3.

The ba
kground 
an be signi�
antly suppressed (at some expense on energy resolution) by


hoosing a small expansion fa
tor � for the ele
tron beam. This simultaneously redu
es the

e�e
tive length l

eff

of the bending regions and also the maximum energy shift, whi
h is rea
hed

at their respe
tive ends. This method was applied with good su

ess in one of the measurements

on the DR and DE 
ross se
tion, lowering the ba
kground almost by a fa
tor of 4 in the

interesting energy regions, 
ompared to full possible beam expansion.

3.4 Dete
tors

The fragment atoms 
oming from the intera
tion region of the ele
tron 
ooler are dete
ted in

a 
hamber lo
ated �6 m downstream, behind the next TSR dipole magnet whi
h de
e
ts all


harged fragments so that only neutral parti
les may rea
h the dete
tors.

The 
hamber is 
onne
ted to the TSR by a valve (whi
h is not shown on Fig. 3.1), and has

to be pumped to ring pressure before opening. This seriously limits the 
hoi
e of materials for

dete
tors and other equipment to be mounted in the 
hamber. Currently, the following dete
tors

are available: a semi
ondu
tor of 60� 40 mm size whi
h is sensitive to the kineti
 energy of the

parti
les (used for parti
le 
ounting in the DR/DEmeasurements in Chapter 4.2), for rates up to

�5000 s

�1

; a mi
ro 
hannel plate (MCP) of 75 mm diameter, atta
hed to a phosphorous s
reen

for measuring fragment distan
es with a 

d-
amera/framegrabber imaging system through

the 
hamber window; and (for parti
le 
ounting at rates up to 10

6

s

�1

) a mi
ro sphere plate

(MSP) with a metal anode, of 65 mm diameter, with an aluminum foil of 1:5 �m thi
kness in

front and a 
entered horizontal slit of 40� 6 mm [55℄, whi
h was used in the IC measurement

(Chapter 5.2). The MCP 
an be mounted on a 
ange at the end of the 
hamber (instead of

the window), and 
an be used in 
onjun
tion with any one of the two other dete
tors, whi
h

1 Instead of eqs. (3.5) and (3.7), measured values [60℄ for the angle � and the distan
e r as a fun
tion of x are

used in the 
al
ulation.
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3 The MPI Heavy-Ion Storage Fa
ility

hang down from a manipulator into the 
hamber and may be moved in or out verti
ally.

In addition, there is a shutter mounted in the 
hamber, whi
h is operated from the outside with


ompressed air and 
an be triggered remotely by an ele
tri
 valve. It is used to prote
t the

MCP or semi
ondu
tor dete
tor from the very high fragment rates o

uring during inje
tions

into the ring, or when the TSR has to be adjusted. Last, there is a horizontal manipulator arm

available, holding a s
raper for testing the fragment beam position.

3.5 Laser System and Beam Transfer Opti
s

In addition to the equipment mounted on the ring itself, there is also a laser system [55℄ available

whi
h has been used in the measurement of the 
ross se
tion of vibrational ex
itation of HD

+

in inelasti
 
ollisions with ele
trons. The Laser system 
onsists of a pulsed XeCl-Ex
imer

(Lumoni
s EXC 610) emitting at 308 nm, and a dye-laser (Lambda-Physik FL2002), whi
h is

pumped by the ex
imer laser. The amplifying medium for the os
illator and the preampli�er

of the dye-laser is 
ontained in the same 
uvette, where 10% and 20% of the light from the

ex
imer laser are dire
ted at di�erent positions by two beamsplitters, the rest being 
oupled

into the main ampli�er 
uvette. The laser was operated with QUI, a dye with a tunable range

of 368� 402 nm, and a peak quantum eÆ
ien
y of 11 % at a wavelength of 390 nm, whi
h was

solved in dioxane (C

4

H

4

O

2

) at a 
on
entration of 0:20 g=l for the os
illator/preampli�er, and

at 0:067 g=l for the main ampli�er. Tuning of the laser wavelength is a

omplished by tilting

an opti
al grid making up one of the 
avity mirrors of the dye laser; the output wavelength was

�xed at 380 nm throughout the experiment. At a repetition rate of 200 Hz, the ex
imer laser

provided pulses of about 150 mJ, resulting in pulses of �10 mJ from the dye laser, at a pulse

length of 10� 15 ns.

The beam from the dye laser was dire
ted through a Gallileian teles
ope to allow manipulation

of its 
ross se
tion and divergen
e, and then 
oupled into the TSR by a beam transfer line

of 6 mirrors with diele
tri
 
oating of �99:5% re
e
tivity, and an entry window mounted at

the end of the dete
tor 
hamber. Be
ause the beam had to pass through the slit in the MSP

dete
tor and have an almost 
onstant width thereafter, the teles
ope was adjusted su
h that

the beam had a 
ross se
tion of 5� 2 mm

2

at the entry window, and was fo
used a few meters

beyond the exit window at the beam dump in �gure 3.1. The total pulse energy was redu
ed by

50� 70 % by absorption in the entry window and also by the air in the transfer line, amounting

to 3� 5 mJ inside the intera
tion region of the ele
tron 
ooler.

By shifting and tilting the two mirrors 
losest to the ring, the position and angle of the laser

beam 
ould be adjusted independently for the horizontal and verti
al dire
tions, with a

ur-

ra
ies of 0:1 mm and 0:1 mrad. In order to a
hieve a good overlap with the ion beam in the
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intera
tion region of the ele
tron 
ooler, the position of the neutral fragment beam was deter-

mined with two s
rapers (Fig. 3.1 and 5.2): one 
lose to the MSP dete
tor, and one at the

end of the intera
tion region (blo
king only the fragments but not the stored ion beam, see

Fig. 5.2). Then only one of the s
rapers was inserted at a time, at the measured position of

the ion beam, and the laser beam was adjusted so that it would be half blo
ked, with the �rst

s
raper being used to set the laser beam position at the entry window and the MSP dete
tor,

and the other one for setting the beam angle.

3.6 The TSR Data A
quisition System

The experiments des
ribed in this work have been 
arried out using the TSR data a
quisition

system for 
ontrol and read-out of the respe
tive ele
troni
 setups. The system has been used

at the TSR for several years, and also the two measurements of the DR and DE 
ross se
tion

des
ribed in Chapter 4.2 have been done with it. However, the 
omputer hardware 
ontrolling

the measurements had to be renewed re
ently, making it ne
essary to port the software to


ontemporary operating systems. The opportunity was used for repla
ing or altering some of

the system's software 
omponents, leading to a new program suite 
alled CyrilNG. Sin
e the

measurement on the inelasti
 
ollisions in Chapter 5.2 was the �rst experiment to make use of

the new software it is brie
y explained below, although a manual is also available in ele
troni


form[61, 62℄.

A typi
al experiment as shown in Fig. 3.2 employs an ele
troni
s setup 
onsisting of NIM and

CAMAC modules and two 
omputers inter
onne
ted by a network. The CAMAC modules are

read out by a VME-bus 
omputer (lynxonline) with a Power-PC 601 CPU on a CETIA VMTR2


ard, operating under LynxOS 2:3:1, where a Kineti
 Systems KS2917 
ard is used as an

interfa
e between the VME and the CAMAC bus. After readout, data are transmitted by

ethernet to an industry-standard PC (p
online) operating under Linux (kernel version 2.4.1),

where they are written to disk.

Measurements are done in an event-based way, whi
h means that input signals are pro
essed

by the CAMAC modules until a 
ertain 
ondition arises, e.g. an inje
tion into the TSR whi
h

triggers a LAM in one of the modules, or the user pressing a key, whi
h generates a software

ex
eption. Both are dete
ted by the expt program running on lynxonline, whi
h is 
on�gured

by a table 
ontaining possible events and 
orresponding instru
tions. This table is split into

two 
on�guration �les: the setup-�le and user fun
tions.
. The setup-�le 
ontains a list of

the a

essed CAMAC modules and their respe
tive 
rate/node numbers, as well as several lists

of CAMAC fun
tions, where ea
h list 
orresponds to one possible event.

While the setup-�le is read ea
h time expt is started, the user fun
tions.
 �le is a
tually a
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ow.
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part of the program. Thus, it must be 
ompiled and linked against a skeleton version of expt

ea
h time it is to be 
hanged. This pro
edure allows to de�ne more 
omplex 
onditions and

a
tions for ea
h event: for example the \wobbling" and stepping of the ele
tron a

eleration

voltage des
ribed in Chapter 4.2 was a

omplished this way. For ease of 
on�guration, the

setup-�le 
ontains an optional blo
k of parameter settings, as well as up to 20 additional

CAMAC fun
tion lists whi
h 
an be used in user fun
tions.
.

All data obtained by expt are a

umulated and bu�ered in binary integer format until either

the bu�er memory is full or an espe
ially marked event o

urs. Then the bu�er 
ontent is

transferred over ethernet to the data 
lient program running on p
online, whi
h 
he
ks the

data for transmission errors and translates them into numbers in ASCII format, before storing to

disk. Transmission errors between lynxonline and p
online o

ur rarely with an inta
t network,

therefore they are only reported and invalid data is not retransmitted.

Finally, all data have to be displayed and analyzed while the measurement is pro
eeding (online

analysis). This may be done in either of two ways:

1. By using the data display and experiment 
ontrol tool 
yrildesktop[62℄, whi
h 
omes

with the program suite and runs as an independent task on p
online. Ea
h time

data 
lient appends the data�le, 
yrildesktop will read the newly appended part

and perform a set of prede�ned operations on the in
oming data, whi
h is then sorted

into ve
tors and displayed in several ways. Similar to expt, this 
exibility is a
hieved by

splitting the 
yrildesktop into a skeleton program and a sour
e �le user display.
.

2. In 
onjun
tion with the program paw online, whi
h sorts raw data into user-de�ned his-

tograms, whi
h are stored to disk in the hbook �le format used by paw/pawX11. Also

needing an additional sour
e �le (histos.
) 
ontaining the histogram de�nitions and �ll-

ing pres
riptions, this program allows for the same operations with data as 
yrildesktop,

ex
ept that the pre-pro
essed data is saved to disk instead of being displayed. The ad-

vantage is that data may be analyzed and displayed intera
tively with paw, thus allowing

to do least-square-�ts or further numeri
al operations as the need arises.

Control over the experiment is a
hieved by the de�nition of spe
ial events in expt, whi
h 
or-

respond to the initialization of CAMAC hardware and to the starting, stopping and 
ontinuing

of a measurement run. Also for these events, a CAMAC list and a C fun
tion 
an be de�ned

either in the setup�le or in user fun
tions.
.
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Su
h events 
an either be generated by 
yrildesktop, or by an additional program 
alled


ommander, whi
h has to be used in 
ombination with paw online and provides a text-only

interfa
e to experiment 
ontrol. In both 
ases, the user sele
ts the appropriate event from a

menu on the s
reen, and the program sends a message to expt. Messages (whi
h are routed

by the msg router programs running on both 
omputers) always 
onsists of a text string


ontaining the name of the target program and of the event, and a path for the setup-�le or

the data �le if needed. This message forwarding method is also used for transmission of 
ontrol

information between expt and data 
lient, but not for data transmission.
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4. Disso
iative Re
ombination and Ex
itation

of HD

+

with Ele
trons

This 
hapter des
ribes the absolute measurement of the rate 
oeÆ
ients for DR and DE of

HD

+

ions with ele
trons, as a fun
tion of the relative energy in the range of 1 meV to 30 eV.

After introdu
ing the prin
iple of the measurement and the ele
troni
s setup, the evaluation of

the obtained data will be presented. The last se
tion will then fo
us on the interpretation of

the measured rate 
oeÆ
ient spe
tra and the 
omparison with present theory.

4.1 Measurement of Absolute Rate CoeÆ
ients

In the experiment, ions of �2 MeV kineti
 energy were stored in the TSR and merged

with the beam from the ele
tron 
ooler along its 
ollinear se
tion, whi
h has a length of

L

EC

=1:49� 0:01 m (Chapter 3.3). Ele
trons moving 
lose to the axis of the beam may thus re-

a
t with the ions, eventually undergoing disso
iative re
ombination or ex
itation. As explained

in Chapter 2.2.3, atomi
 fragments are produ
ed by both rea
tions, the DR mainly yielding

pairs of neutral H and D fragments, while one neutral and one 
harged atom are produ
ed

by DE. The rate of neutral fragments from either rea
tion is measured with the semi
ondu
t-

ing solid-state dete
tor mounted in the va
uum 
hamber 6:5 m downstream from the ele
tron


ooler, while 
harged fragments are de
e
ted by a TSR dipole magnet between ele
tron 
ooler

and dete
tor.

1

The time resolution of this dete
tor is too limited to separately 
ount H and D fragments from

the same disso
iative re
ombination event, whi
h arrive with a typi
al time di�eren
e of 1 �

10 ns. But sin
e it provides an energy resolution (whi
h maps to a mass resolution for parti
les

of the same velo
ity), it is still possible to distinguish whether the dete
ted fragments originate

from DR or DE: In the �rst 
ase, the full ion mass is measured sin
e both fragments rea
h the

1 The fragments are de
e
ted so strongly that it is also impossible to measure them with the TSR ionization

dete
tor, whi
h is mounted behind the dipole and 
lose to the traje
tory of the stored ions. A new dete
tor

system, 
urrently under 
onstru
tion, will provide this feature.
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dete
tor, while in DE only a fra
tion

m

H

m

HD

or

m

D

m

HD

of the ion mass is measured, depending on

whi
h fragment is produ
ed in the neutral state.

2

Thus, by dis
riminating the dete
tor signals

within three mass windows, the rates R

H+D

+

, R

H

+

+D

and R

H+D

for the di�erent fragment


ombinations are measured by dete
ting only the neutral ones (R

H+D

+

=R

H

and R

H

+

+D

=R

D

).

These rates are given by the 
ross se
tion for either pro
ess and the number N

ion

of ions stored

in the TSR:

R

H+D

(E) =

L

EC

L

TSR

N

ion

�

DR

(E)v

rel

n

e

(4.1)

R

H

(E) +R

D

(E) =

L

EC

L

TSR

N

ion

�

DE

(E)v

rel

n

e

(4.2)

where the number density n

e

of ele
trons in the beam has to be known as a fun
tion of the

adjusted relative energy E=

1

2

m

e

v

2

rel

(v

rel

being the mean relative velo
ity between ions and

ele
trons). The length ratio L

EC

=L

TSR

=0:0269� 0:0002 between the ele
tron 
ooler and the


ir
umferen
e of the ion orbit re
e
ts the idealization that both beams are assumed to overlap

only in the 1:5 m long 
ollinear se
tion of the ele
tron 
ooler. The additional overlap between

ions and ele
trons in the bending regions adja
ent to the 
olinear se
tion is negle
ted in the

formula, and thus 
auses a ba
kground in the measurement whi
h has to be subtra
ted in the

data analysis.

It is often useful to introdu
e rate 
oeÆ
ients �

DR;DE

instead of �

DR;DE

, whi
h for astrophysi
al

plasma usually refers to the produ
t of the 
ross se
tion and the relative velo
ity of the ele
trons,

averaged over a thermal velo
ity distribution. But sin
e the velo
ity spread in the ele
tron

beam is very small, it is a

ounted for by an experimental energy resolution �E, and the

approximation �

DR;DE

(E) = �

DR;DE

(E)v

rel

(E) is used for the measured rate 
oeÆ
ents.

These are obtained from the rate of neutral fragments, measured as a fun
tion of energy and

normalized to the momentarily stored number of ions and to the number density of ele
trons.

Sin
e the number of stored ions 
annot be measured dire
tly, it is dedu
ed from the ele
tri



urrent I

ion


reated by the moving ions, whi
h was measured by the DC transformer mounted

at the TSR (Chapter 3.2)

N

ion

=

I

ion

qef

TSR

(4.3)

with the ele
tri
 
harge qe of a single ion and the orbital frequen
y f

TSR

=v

ion

=L

TSR

, so that

the rate 
oeÆ
ients be
ome

�

DR

(E) =

qef

TSR

n

e

�

L

TSR

L

EC

�

R

H+D

(E)

I

ion

(4.4)

2 The small mass di�eren
e between the stored ions and two neutral fragments, whi
h is 
aused by the 
aptured

ele
tron, is far below the dete
tor resolution.
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�

DE

(E) =

qef

TSR

n

e

�

L

TSR

L

EC

�

R

H

(E) +R

D

(E)

I

ion

(4.5)

for disso
iative re
ombination and disso
iative ex
itation, respe
tively.

4.2 Setup and Data A
quisition

Two measurements of �

DR

(E) have been 
arried out during two TSR beamtimes, ea
h of one

week duration. The �rst one was done with a strongly expanded ele
tron beam to a
hieve the

maximum possible energy resolution at low relative energies, while the se
ond used a mu
h

redu
ed expansion to in
rease the ele
tron density and in 
onsequen
e also the DR fragment

rate, for a dedi
ated measurement at relative energies of 1� 4 eV where the DR rate 
oeÆ
ient

is very small. The smaller expansion also shortened the beam overlap in the bending regions of

the ele
tron 
ooler, whi
h is also very important at 1� 4 eV. Table 4.1 
ontains a 
ompilation

of the relevant experimental parameters for both measurements.

Both measurements were 
arried out with almost the same setup, whi
h is shown in Fig. 4.1 for

the experiment with the wide ele
tron beam. In a 
ombination of two ampli�ers, the output


harge from the solid state dete
tor was �rst integrated and then di�erentiated with a di�erent

time 
onstant, to yield a voltage signal whi
h was 
onverted into a digital number between 0

and 511 by an ADC of 9 bit resolution. This number was fed to a multis
aler-memory module,

whi
h was used to a

umulate and store three di�erent amplitude histograms of the dete
tor

signals, with a resolution of 512 bins ea
h (the purpose of the router module between ADC and

memory is explained further down). At the same time, the stored ion 
urrent was measured

by 
onverting the output voltage of the DC transformer into pulses of proportional frequen
y

whi
h were 
ounted by a s
aler. In addition, the trigger signals of the beam pro�le monitor

(BPM, whose rate is proportional to the stored 
urrent, if the TSR va
uum remained 
onstant)

R n

e

E


ool

�E

0eV

�E

1eV

l

eff

E

max

[mm℄ [
m

�3

℄ [eV℄ [meV℄ [meV℄ [mm℄ [eV℄

25:4 2:6 � 10

6

365:64 6 31 203 22:1

9:5 1:9 � 10

7

367:45 40 72 124 8:8

Tab. 4.1: Parameters for the rate 
oeÆ
ient measurements. R: ele
tron beam radius, E


ool

: ele
tron

energy (laboratory frame, at E=0 eV), n

e

: ele
tron density (at E=0 eV), l

eff

: e�e
tive length

of beam overlap in ea
h toroid se
tion, E

max

: maximum shift of relative energy in toroid se
tions

(at E=0 eV), �E: FWHM energy resolution at the indi
ated relative energy, derived from the

longitudinal and transverse temperatures of the ele
tron beam.
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Fig. 4.1: Setup for the measurement of the DR and DE rate 
oeÆ
ients of HD

+

. Grey boxes:

CAMAC modules; white boxes: NIM or standalone modules; white 
ir
les: input signals.
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and a 1MHz 
lo
k signal as a time referen
e were also fed to the s
aler. The setup for the narrow

ele
tron beam di�ered only by omitting the measurement of the DC transformer output and

the BPM trigger rate.

After ea
h inje
tion into the TSR (every 15� 30 s), the o�set voltage to the 
athode of the

ele
tron 
ooler was set to 0 V, leaving the 
athode on the voltage U


ool

for ele
tron 
ooling

of the stored ion beam. After a pre-
ooling phase of several se
onds (determined by a dig-

ital delay generator), a CAMAC interrupt (LAM 1) was generated, whi
h started the data

a
quisition. During the measurement, the relative energy of the ele
trons was rapidly 
y
led

between three settings (a pro
ess whi
h is also 
alled \wobbling"): The �rst step was always

done at the sele
ted measurement energy E, whi
h was 
hanged with ea
h inje
tion to obtain

an energy s
an; the se
ond one 
orresponded to ele
tron 
ooling mode, to maintain a sharp

distribution of the ion velo
ity, while the third step was a referen
e setting E

ref

whi
h was kept


onstant throughout the experiment. This referen
e step was of parti
ular importan
e to the

measurement with the wide ele
tron beam: there it was set to a relative energy of � 37 eV,

where the DR rate 
oeÆ
ient is vanishingly small and neutral fragment pairs are only produ
ed

in 
ollisions between stored ions and residual gas mole
ules in the TSR va
uum system. The

rate R

H+D

measured during this step is therefore used for a subtra
tion of residual gas-indu
ed

ba
kground to the DR rate 
oeÆ
ient. In addition, the referen
e step serves to prevent system-

ati
al errors from the wobbling pre
edure at very low measurement energies (several meV): If

the ele
tron energy is swit
hed from 
ooling to measurement mode under these 
onditions, the

ele
tron velo
ity in
reases slowly enough that the ions adiabati
ally follow by the 
ooling for
e

(Chapter 3.3), resulting in an a

eleration of the ions whi
h shifts the relative energy towards

zero. Therefore, the referen
e step with its rapid 
hange in relative velo
ity was pla
ed between

the 
ooling and the measurement steps, so that the relative energy is always adjusted down

towards the measurement value. Sin
e the experiment with the narrow ele
tron beam aimed

at mu
h higher energies (1 � 4 eV), this pre
aution was not needed, and E

ref

was set to zero

for improved ele
tron 
ooling.

At the beginning of ea
h wobbling step, the ADC and the s
aler measuring the ion 
urrent

were disabled for 5 ms, by swit
hing o� a gate signal to the router module between ADC

and memory module, and by raising an \inhibit" signal to the s
aler. This gave the power

supplies of the ele
tron 
ooler some time for adjustment to the new 
athode voltage; after

that the ADC and the s
aler were a
tivated for 20 ms. Also, 
orresponding to the 
urrent

wobbling step (referen
e, measurement, or 
ooling mode), either one of the three outputs of the

upper NIM-driver (a programmable I/O register) was set, whi
h de
ided whether the digital

router let the ADC output pass to the memory module un
hanged (referen
e step), or if 512

(measurement) or 1024 (
ooling) was to be added in between. This way, a separate histogram
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was kept in the memory module for ea
h of the three wobbling states. After 20 ms of data

taking, the ADC and the s
aler were again disabled and a LAM 2 was generated. Upon this the

measurement software �rst read out both s
aler 
ontents, then 
leared the one used for the ion


urrent measurement, swit
hed the ele
tron 
ooler energy to the next wobble state and �nally

started the next sequen
e of 5 ms delay and 20 ms of data taking with the se
ond NIM-driver.

Be
ause the transfer of data from the memory module to the measurement 
omputer system

takes a few ms to 
omplete, the histrograms in the memory module were a

umulated until a

another interrupt (LAM 3) was re
eived, whi
h was generated by the software instead of LAM

2 after a 
ertain number of wobble steps (at intervals of �1 s). The storage time was also read

out at these o

uren
es, using a 
ombination of a 100 Hz 
lo
k signal and the se
ond s
aler,

whi
h was only 
leared by the inje
tion signal.

4.3 Analysis

In the example ADC histogram shown in Fig. 4.2, the peaks 
orresponding to the mass of single

H or D and 
oin
ident H+D fragments are 
learly visible. Be
ause the peak 
orresponding to

H fragments 
annot be separated from the ele
troni
 noise (visible to the left in the ADC

histogram), only the fragment numbers N

i

D

and N

i

H+D

were integrated for ea
h readout of

the three ADC histograms, with i2fref;meas; 
oolg denoting the 
orresponding wobble steps.

These 
ount numbers were 
onverted into the rates R

i

D

and R

i

H+D

by normalizing to the length

of the ADC gate signal �

i

gate

, whi
h was measured with s
aler 1. But before these rates 
ould be

averaged over all measurements done at a parti
ular energy and wobbling step, and be inserted

in (4.4) and (4.5), several 
uts had to be applied to the measured data. Sin
e these are di�erent

for the two rate 
oeÆ
ients, and also depend on the experimental 
onditions, ea
h measurement

is dis
ussed in a separate se
tion below.

Also, the e�e
ts of the �nite time resolution of the shaping ampli�ers (and thus imperfe
t

distin
tion between 
orrelated and un
orrelated parti
les in the ADC histograms) had to be


ompensated prior to any further data evaluation: If fragments from di�erent DR or DE events

arrive at the dete
tor with a time di�eren
e shorter than the integration 
onstant of the shaping

ampli�er, they will appear as a single parti
le having the total mass of the fragments. This

is visible as an additional peak at twi
e the mass of a D parti
le, in the magni�ed region of

Fig. 4.2, whi
h is 
aused by 
oin
iden
es of deuterium fragments from two DE events, and also

at higher masses from 
oin
iden
es involving fragment pairs from DR. It is therefore expe
ted

that the peak 
orresponding to the mass of a DR fragment pair also 
ontains a 
ontribution of


oin
ident H and D parti
les from two DE events.

Hen
e, a pro
edure was developed to eliminate these 
oin
iden
es in R

H+D

, whi
h is des
ribed
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Fig. 4.2: Mass spe
trum of fragments from DR and DE, obtained by digitizing the signals from the

solid-state dete
tor at referen
e energy. The magni�ed zone on the right shows the additional peaks

arising from signal pileup, at masses 
orresponding to the 
oin
ident hit of un
orrelated parti
les.

Pileup between DR events (HD+HD) is not seen be
ause the 
orresponding signal amplitude ex
eeds

the dynami
 range of the shaping ampli�er, whi
h 
uts o� the spe
trum at 320 ADC-
hannels.

for both measurements in appendix A, and is from hereon assumed to be already applied to

the data.

DR of HD

+

with the wide ele
tron beam

Before obtaining the DR rate 
oeÆ
ient from the measured parti
le rates by (4.4), I

ion

has

to be known at all times during the experiment. But sin
e the minimum 
urrent of several

�A needed for a reliable measurement with the DC transformer and the voltage-to-frequen
y


onverter (VFC) is so high that the resulting fragment rate would destroy the solid state

dete
tor, �

DR

(E) in (4.4) was normalized to R

ref

D

instead of I

ion

. This rate is measured along

with R

meas

H+D

at all times and is proportional to I

ion

be
ause of the 
onstant referen
e energy:

I

ion

= �R

ref

D

(4.6)
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The 
onstant � was determined in several steps. First, to bridge the gap to the ion 
urrent

ne

essary for the DC transformer to work, R

ref

D

was related to the trigger rate of the beam

pro�le monitor (whi
h is also proportional to the stored ion 
urrent) by determining

� =

dR

BPM

dR

ref

D

(4.7)

for ea
h measurement run. Aside from in
uen
es on the BPM signal by 
hanges of the residual

gas pressure, the results in Fig. 4.3(a) show a dependen
e on the storage time: an average value

of �=3:81 � 10

�3

� 1% is obtained for runs with a measurement window of t= 5 � 12 s after

inje
tion, whereas t=15� 22 s yields �=3:43 � 10

�3

� 0:5%. The di�eren
e is probably 
aused

by a dependen
e of the BPM eÆ
ien
y on the diameter of the ion beam, whi
h 
hanges with

storage time be
ause of ele
tron 
ooling. Sin
e this experiment fo
uses on the rate 
oeÆ
ient

at low ele
tron energies, whi
h must be measured at long storage times (see below), only the

se
ond value is applied; the dependen
e of � on the storage time is a

ounted for by enlarging

the experimental error by the di�eren
e between both values:

� = 3:43 � 10

�3

� 12% (4.8)

Then the BPM rate was related to the rate of the voltage-to-frequen
y 
onverter (VFC) mea-

suring the output of the DC transformer. Three dedi
ated measurement runs were done, during

whi
h the dete
tor 
hamber was 
losed so that ion 
urrents of 5� 20 �A 
ould be a

umulated

by the ele
tron 
ooler sta
king method, without endangering the solid-state dete
tor. From

the measured rates of the VFC and the beam pro�le monitor shown in Fig. 4.3(b)-(d), the


alibration fa
tor

� =

dR

V FC

dR

BPM

(4.9)

was determined, yielding the values �

1

=0:1361(4), �

2

=0:1295(12) and �

3

=0:1219(7). By �tting

these with a 
onstant, a weighed average was determined; its experimental error was set to the

standard deviation between the three measurements be
ause of their large di�eren
es:

� = 0:132� 6% (4.10)

Next, the 
alibration �=dU

in

=df

out

of the VFC itself was determined by measuring its output

frequen
y at several de�ned voltages (Fig. 4.4):

� =

dU

V FC

dR

V FC

= 20:6 �V=s

�1

� 1% (4.11)

while the stored ion 
urrent is obtained from the voltage fed to the VFC by the known 
alibra-

tion of the DC transformer

� =

I

ion

U

V FC

= 1 �A=mV (4.12)
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(a) Relation between R
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D

and R
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for all mea-

surement runs (Dots) and average values for ea
h

storage time window (solid lines).
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(b) -(d) Results from the three runs with high ion


urrent (Calibration of R

BPM

to R

V FC
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Fig. 4.3: Calibration of R

ref

D

to the output of the VFC measuring the stored ion 
urrent. Conversion

of R

V FC

to I

ion

is done with the internal 
alibration of the VFC and the DC transformer.
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Fig. 4.4: Calibration of the voltage-to-frequen
y 
onverter slope (�=dU

V FC

=dR

V FC

)

This way, the stored ion 
urrent is known also during the measurement of the rate 
oeÆ
ient,

by applying the total 
alibration fa
tor

� = ���� = 9:3 pA=s

�1

� 19% (4.13)

to (4.6). The relative error in � was obtained from the linear sum of the respe
tive relative

errors from the four 
alibration steps (instead of their gaussian sum), to obtain an estimation

of the maximum error in the 
alibration.

However, the (very small) ba
kground of H+D fragment pairs from 
ollisions between ions and

residual gas mole
ules still has to be eliminated. This ba
kground subtra
tion makes use of the

fa
t that at very high ele
tron energies su
h as E

ref

the DR rate 
oeÆ
ient is mainly determined

by the Fran
k-Condon overlap between the HD

+

ground state and the rydberg states of the Q2

series of HD, whi
h be
omes very small. The substitution R

H+D

7!R

meas

H+D

�R

ref

H+D

is therefore

made in (4.4), so that the measured absolute rate 
oeÆ
ient for disso
iative re
ombination

be
omes

�

DR

(E) =

qef

TSR

�n

e

�

L

TSR

L

EC

�

D

R

meas

H+D

(E)�R

ref

H+D

(E)

E

D

R

ref

D

(E)

E

(4.14)

where h i indi
ates the averaging over all measurements done at a parti
ular energy.

Be
ause �

DR

diverges for E!0 eV, the measured rate 
oeÆ
ient is strongly in
uen
ed by the

distribution of v

rel

, whi
h again depends on the duration of the ele
tron 
ooling applied to the

stored ions before the measurement. It was found that even after prolonging the pre
ooling
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Fig. 4.5: Measured rate 
oeÆ
ient for disso
iative re
ombination with the wide ele
tron beam, after

applying the 
uts from table 4.2 (bla
k) or without them (grey). Also plotted is the 
ontribution from

the energy shift in the toroid regions of the ele
tron 
ooler (blue), whi
h has been subtra
ted from

the measured spe
trum to obtain the ba
kground-subtra
ted rate 
oeÆ
ient (red).

Energy range 0� 6 meV 6� 40 meV > 40 meV

minimum required time for pre
ooling 8 s 1 s 1 s

minimum required storage time 14:5 s 14:5 s 4:5 s

Tab. 4.2: De�nitions of 
uts applied to the measured data. For a given energy, a minimum duration

of the pre
ooling phase is required. In addition, data is only a

epted after a minimum total time of

storage (pre
ooling plus wobbling). New inje
tions into the TSR have been done after a total storage

time of either 14 s or 24 s; in measurements with the shorter storage time, the pre
ooling phase always

lasted 1 s, while either 1 s or 8 s were applied with the longer inje
tion interval.
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phase from 1 s to 8 s by 
hanging the 
ontrolling delay in the ele
troni
 setup, �

DR

was still

smeared out at energies larger than the resolution �E of the ele
tron beam. Therefore the


ooling steps in the wobbling s
heme were used to further prolong the pre
ooling time with

de
reasing relative energy, by applying the set of 
uts listed in table 4.2 before averaging over

all measurements in eq. (4.14).

The importan
e of a sharp distribution of v

rel


an be seen in Fig. 4.5: the bla
k line shows the

measured rate 
oeÆ
ient obtained from the 
ut data only, while the grey line represents the

result of one measurement done with short pre
ooling time, without the 
uts being applied.

The statisti
al errors from the measurement of R

meas

H+D

, R

ref

H+D

and R

ref

D

are not plotted, sin
e

they are very small ex
ept between 0:2�4 eV, where they are re
e
ted by the s
attering of the

data points. In 
ontrast, the error of �19% from the 
alibration of R

ref

D

to I

ion

applies only to

the global s
ale of the spe
trum, but has no e�e
t on the di�eren
e of �

DR

between two data

points; it is therefore indi
ated on the rate 
oeÆ
ient axis.

However, the bla
k 
urve still 
ontains a ba
kground of events originating from the toroid

se
tions of the ele
tron 
ooler, where the beams are merged and demerged (blue 
urve). This


ontribution to the measured rate 
oeÆ
ient was 
al
ulated by the method des
ribed in /mbox-

Chapter 3.3, and has been subtra
ted from the data to obtain a ba
kground-free spe
trum of

the rate 
oeÆ
ent (red 
urve). At low energies, �

DR

is in
reased by the ba
kground subtra
-

tion, be
ause of a very slight energy detuning already inside the intera
tion region whi
h is

only important for the steep slope of �

DR

around E=0 eV.

Although the in
uen
e of statisti
al errors of measured data on the 
al
ulated ba
kground

is very small, systemati
al errors arise from the 
al
ulation of the energy distribution in the

toroid se
tions. These errors are not exa
tly known, but were estimated by 
omparison with

the measurement using the narrow beam, to at least 10% of the 
al
ulated ba
kground. At

1� 4 eV, this leads to an additional systemati
al error of �17% in the ba
kground subtra
ted

rate 
oeÆ
ient.

DR of HD

+

with the narrow ele
tron beam

Be
ause of the small statisti
al sample arising from the very low rate 
oeÆ
ient of

�2 � 10

�10


m

3

s

�1

, a dedi
ated measurement has been 
aried out for the energy region

1� 4 eV [3℄. Rea
tion rates were in
reased by almost one order of magnitude by redu
ing

the expansion of the ele
tron beam from 28:55 to 4, leading to a typi
al ele
tron number den-

sity of 2 � 10

7


m

�3

at a beam radius of 9:5 mm. To prote
t the dete
tor from damage by

high fragment rates, the shutter in front of it (Fig. 3.2) was automati
ally 
losed before ea
h

inje
tion, and was opened only after the pre
ooling phase.
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The narrow pro�le of the ele
tron beam also redu
ed signi�
antly the magnitude of the toroid

ba
kground, be
ause the e�e
tive length of ea
h bending region was shortened from 203 mm to

124 mm by the altered beam geometry. In addition, the maximum energy shift in the bending

regions redu
ed from 23:6 eV to 9:6 eV, whi
h be
ause of the nonlinear dependen
e of energy

shift on position yielded a total redu
tion of the toroidal ba
kground by a fa
tor of 3:6 at

E=1 eV. As the only drawba
k of the weaker expansion, the transverse temperature (3.1) of

the ele
tron beam went up to �30 meV, but the total resolution �E de
reased only by a fa
tor

of �2 at the interesting energies, be
ause it also depends on the longitudinal temperature whi
h

is determined by the 
athode voltage.

The data a
quisition and analysis were almost identi
al to the measurement with the wider

ele
tron beam: the measurement of the stored ion 
urrent and the BPM rate was omitted,

and the referen
e energy in the wobbling s
heme was repla
ed by an additional 
ooling step in

most measurement runs. Therefore R

ref

D

was not available as a normalization signal, so that

the rate of 
oin
ident H+D fragments measured in the 
ooling steps was used, whi
h is also

proportional to the ion 
urrent after suÆ
iently long ele
tron 
ooling.

I

ion

= �

0

R


ool

H+D

(4.15)

In addition, be
ause of the higher transverse ele
tron temperature, the H+D rate at 
ooling is

less sus
eptible to the velo
ity spread of the ions than in the measurement with the wide beam.

At the high ele
tron density, the applied pre
ooling phase of 5 s was found to be suÆ
ient by

examining the measured rate 
oeÆ
ient as a fun
tion of storage time, so that no 
uts on the

ele
tron energy had to be de�ned. However, the sometimes slow operation of the prote
ting

shutter 
aused a loss of fragments espe
ially at high relative energies, where the kineti
 energy

release and thus the fragment distan
e is large. This required a weak 
ut on the data by ignoring

all parti
le 
ounts a

umulated in the �rst two se
onds after the pre
ooling phase, and also in

the last two se
onds before ea
h new inje
tion.

The 
alibration 
onstant �

0

was determined by mat
hing the obtained rate 
oeÆ
ient to the

one from the wide-beam measurement at energies of 8� 25 eV, where di�eren
es in the energy

resolution and the subtra
tion of the toroid ba
kground are least important. The measured

rate 
oeÆ
ient was then determined by

�

DR

(E) =

qef

TSR

�

0

n

e

�

L

TSR

L

EC

�

D

R

meas

H+D

(E)

E

D

R


ool

H+D

(E)

E

(4.16)

where no subtra
tion of ba
kground from residual gas was needed as with the wide ele
tron

beam, be
ause the higher ele
tron density dire
tly improved the ratio of DR to residual gas-

indu
ed rea
tions along the ele
tron 
ooler, by approximately one order of magnitude. Fig-
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Fig. 4.6: Rate 
oeÆ
ient for disso
iative re
ombination of HD

+

, measured with a narrow ele
tron

beam. Bla
k: measured data; blue: 
al
ulated ba
kground from the toroid se
tions; red: ba
kground

subtra
ted data; green: ba
kground subtra
ted data from the measurement with the wide ele
tron

beam, 
onvoluted with the expe
ted ele
tron velo
ity distribution in the narrow beam.

ure 4.6 shows the measured rate 
oeÆ
ient over the whole energy range (bla
k), together with

the ba
kground from the toroid se
tions (blue) and the ba
kground subtra
ted rate 
oeÆ
ient

(red). For 
omparison, the green 
urve shows the ba
kground subtra
ted results from the mea-

surement with the wider ele
tron beam, whi
h have been 
onvoluted with the ele
tron velo
ity

distribution 
al
ulated for the narrow beam [63℄ for E<2 eV. The di�eren
e of approximately

5 � 10

�11


m

3

s

�1

between both (ba
kground subta
ted) measurements at 1�4 eV is interpreted

as the systemati
al error in the 
al
ulation of the magnitude of the toroid ba
kground in the

wide-beam measurement (5 � 10

�10


m

3

s

�1

), whi
h is equal to a relative error of �10%. In

the ba
kground subtra
ted rate 
oeÆ
ent, this translates to the already mentioned error of

5 � 10

�11


m

3

s

�1

or 17% in 
ase of the wide beam, and 2 � 10

�11


m

3

s

�1

or 8% for the narrow

beam.
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Apart from these deviations, both measurements are in good agreement over the whole energy

s
ale. Small deviations at low energies probably arise from systemati
 errors in the 
onvolution

of the wide-beam measurement to the di�erent ele
tron temperatures in the narrow beam. Sin
e

the energy resolution and the statisti
al sample at E>0:3 eV favour the wide-beam measure-

ment, but the narrow beam yields more pre
ise results for higher energies, both measurements

are 
ombined in the next 
hapter, to a single spe
trum of �

DR

(Fig. 4.8) obtained by taking

the wide-beam data for energies below and the narrow beam data above this threshold.

DE of HD

+

The rate 
oeÆ
ient for disso
iative ex
itation of HD

+

is obtained as a by-produ
t in the dis-


ussed measurements on DR. Sin
e in both 
ases the rate of neutral H fragments 
ould not be

measured (be
ause of ele
troni
 noise in the ADC spe
trum, see Fig. 4.2), only the disso
iation


hannel into a neutral D and an H

+

fragment is 
onsidered. The total DE rate 
oeÆ
ient is

approximately twi
e the value for the D 
hannel, sin
e both neutral spe
ies are produ
ed with

about the same ratio over the whole energy range.

For both measurements, the rate 
oeÆ
ient is again obtained with di�erent modes of nor-

malization to the stored ion 
urrent, as explained in the last se
tion. The resulting DE rate


oeÆ
ients

�

DE

(E) =

qef

TSR

n

e

�

L

TSR

L

EC

�

hR

meas

D

(E)i

hI

ion

i

(4.17)

from the measurements with the wide and the narrow ele
tron beam (before ba
kground sub-

tra
tion) are shown bla
k in Fig. 4.7.

Compared to DR, the subtra
tion of the ba
kground from residual gas 
ollisions (whi
h is

orders of magnitude stronger than for H+D pairs) has to be done di�erently, sin
e the DE rate


oeÆ
ient vanishes for E<2:67 eV (the disso
iation threshold of HD

+

). Correspondingly, R


ool

D


onsists mostly of residual gas indu
ed events, but is also a�e
ted by the energy shift in the

toroid se
tions. Therefore, the toroid-ba
kground R

0

toro

at E=0 eV must be subtra
ted from

R


ool

D

in order to obtain the 
ontribution from residual gas 
ollisions alone, but its magnitude is

not known a priori. Be
ause of this 
oupling between the ba
kgrounds, both were determined

simultaneously in a �t pro
edure, where R

0

toro

was varied as an independent parameter to

minimize the �

2

between the measured rate 
oeÆ
ient (after subtra
tion of both ba
kgrounds)

and its expe
ted value of zero for E=0� 2 eV. The resulting, de
oupled ba
kgrounds from


ollisions with residual gas

�

res:gas

(E) =

qef

TSR

n

e

�

L

TSR

L

EC

�

D

R


ool

D

(E)�R

0

toro

E

hI

ion

i

(4.18)
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Fig. 4.7: DE rate 
oeÆ
ients for the H

+

+D-
hannel. Measurement before ba
kground subtra
-

tion (bla
k), 
ontributions from residual gas 
ollisions (green) and toroid se
tions (blue), ba
kground

subtra
ted rate 
oeÆ
ient (red). Top: wide ele
tron beam; Bottom: narrow ele
tron beam.
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and from the toroid se
tions are shown as the green and blue 
urves, respe
tively, in Fig. 4.7,

as well as �

DE

after subtra
tion of both ba
kgrounds (red).

The ba
kground subtra
ted rate 
oeÆ
ient obtained with the wide ele
tron beam is larger than

with the narrow beam by �20%, with only a weak dependen
e on energy. This is attributed to

problems in 
al
ulating the ba
kground from the toroid se
tions: Already at E=12 eV in the


olinear part of the ele
tron 
ooler, the shift in the toroid se
tions ex
eeds the high end of the

measured energy s
ale so that the ba
kground had to be estimated by assuming �

DE

to stay


onstant for higher E, whi
h seems to lead to an underestimation of the toroid ba
kground by

roughly 35%.

Be
ause these two measurements do not provide new insights into disso
iative ex
itation, only

the most important features in the rate 
oeÆ
ient spe
tra in Fig. 4.7 shall be explained brie
y,

following the interpretation in [23℄: At energies around 2:5� 3 eV, the ba
kground subtra
ted

DE rate 
oeÆ
ent of both measurements shows the slow onset whi
h is typi
al for the indi-

re
t me
hanism involving the (2p�

u

)

2

state of neutral HD

+

(best seen in the narrow beam

measurment, be
ause of the larger statisti
al sample). Above � 8 eV, the dire
t DE via the

ioni
 2p�

u

state be
omes important, 
ausing the broad peak visible at E � 13 eV, while at

still higher energy the ex
itation of the 2p�

u

ioni
 state is dominant. As dis
ussed before, the

deviations between both measurements are attributed to a systemati
al error in the 
al
ulation

and subtra
tion of the toroidal ba
kground.

4.4 Measured Rate CoeÆ
ient

Figure 4.8 shows the rate 
oeÆ
ient for disso
iative re
ombination of HD

+

(bla
k dots), from


ombining the two ba
kground subtra
ted measurements dis
ussed in the last 
hapter at

E=300 meV. It is to be 
ompared with the red 
urve, whi
h represents a re
ent 
al
ula-

tion of �

DR

[64℄, whi
h has been 
onvolved with the velo
ity distribution in the ele
tron beam

to yield a rate 
oeÆ
ient.

At energies below 3 eV, the 
al
ulation used an MQDT approa
h, in whi
h the intera
tion

between the ioni
 (initial state and DE �nal states) and atomi
 
ontinuum states (DR �nal

states) was treated by a perturbation method, allowing either dire
t transitions between two

ioni
 states (�rst order) or indire
t ones involving an intermediate atomi
 state (se
ond order).

The di�eren
e to most former treatments is the in
lusion of rotational states, not only by

assuming an initial rotational distribution (a

ording to 300 K) in the ion beam, but also by

taking them into a

ount as possible 
apture states for the indire
t DR me
hanism. First-order


al
ulations in
luding rotational states have been done in [45℄, and an iterative method was

presented in [65℄, while the presented 
al
ulation relies on se
ond-order perturbation theory to
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redu
e the 
omputational e�ort. At energies above 4 eV, only the dire
t re
ombination into

states belonging to the Q1 series of HD has been taken into a

ount; in parti
ular, ele
tron


apture into states of the Q2 series has been negle
ted, whi
h explains the sharp drop of the


al
ulated �

DR

at E>13 eV.

In the rate 
oeÆ
ient at very low energies (<1 eV), the e�e
t of indire
t re
ombination is

visible in the so-
alled \window-resonan
es" at energies below the disso
iation threshold of

HD

+

, whi
h mostly appear as narrow dips in the spe
trum. The overall agreement with the

absolute s
ale of the measured rate 
oeÆ
ient is good for energies below 200 meV. For some

window resonan
es (20 and 100 meV), even the depth is reprodu
ed remarkably well. However,

at 1� 4 eV the theoreti
al rate 
oeÆ
ient is larger than the measured one by a fa
tor of 2:5.

Espe
ially the start of the plateau in the theoreti
al rate 
oeÆ
ient beginning at around 0:8 eV

is in disagreement with the experiment, and gives rise for a 
loser look at intermediate energies.
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Fig. 4.8: Rate 
oeÆ
ient for disso
iative re
ombination. Bla
k: merged spe
trum from the ba
k-

ground subtra
ted measurements with the wide and the narrow ele
tron beam. Red: Cal
ulation

from [64℄, 
onvolved with the experimental ele
tron velo
ity distribution.
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4.4 Measured Rate CoeÆ
ient

There, it is more interesting to 
ompare the measured rate 
oeÆ
ient above 1 eV to the energies


orresponding to the opening of new �nal states in the disso
iation step, rather than with the

position of 
apture states for the indire
t me
hanism. This is done in Fig. 4.9, whi
h shows a

magni�
ation of the measured and theoreti
al rate 
oeÆ
ient, along with the threshold energies

at whi
h the fragment states H(1s) + D(nl) with prin
ipal quantum numbers of n�3 be
ome

available. Also plotted is the threshold energy for disso
iative re
ombination into ion pairs

(H

+

+D

�

), whi
h was observed in [66℄. At the opening of ea
h of the �nal states with n=3� 6,

the measured rate 
oeÆ
ient shows a steep rise, whereas a drop is visible in 
oin
iden
e with

the opening of the ion pair 
hannel.

Sin
e the population of �nal states in disso
iative re
ombination at these energies is determined

only after the ele
tron 
apture, by redistribution of quantum-me
hani
al 
ux at the avoided


rossings between states of the neutral mole
ule [22℄, it is not possible to understand these steps
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Fig. 4.9: Coin
iden
es between steps in the DR rate 
oeÆ
ient and the opening of new �nal states.

The lines and numbers represent the threshold ele
tron energy needed for the produ
tion of the

fragment states H(1s) +D(nl) with prin
ipal quantum numbers of n�3. Also shown is the threshold

energy for the produ
tion of ion pairs, whi
h 
ould not be dete
ted.
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as an in
rease in the ele
tron 
apture rate at the opening of new rea
tion 
hannels. Instead,

the observed threshold behaviour is attributed to the survival fa
tor in eq. (2.18), by taking

into a

ount the e�e
ts of 
losed disso
iation 
hannels: For example, at an ele
tron energy

below the n=3 threshold, the fragment state with n=2 is the only one populated, but this

does not mean that there are no transitions at avoided 
rossing with the disso
iating states

to higher quantum numbers: within the semi
lassi
al pi
ture presented in Chapter 2.1, su
h

transitions are possible as soon as the ele
tron energy ex
eeds the potential minimum of the

other state. In this 
ase, all probability 
ux transmitted into the 
losed state is re
e
ted by its

outer potential walls, so that the dire
tion of the nu
lear motion is inverted towards smaller R

for a fra
tion of events given by the Landau-Zener transition probability into the 
losed state.

Thus, the internu
lear separation may on
e again go below the stabilization point R

s

, where

autoionization is important as a stabilization me
hanism 
ompeting with disso
iation, whi
h

signi�
antly de
reases the DR rate 
oeÆ
ient. On the 
ontrary, if energy is raised above the

threshold for n=3, an additional state be
omes available for disso
iation, and mu
h less 
ux

is re
e
ted ba
k towards small internu
lear separations, and less autoionization pro
esses 
an

take pla
e, e�e
tively in
reasing the probability for disso
iation.

This interpretation is ba
ked up by the multistate 
urve-
rossing (MSCC) 
al
ulation [42, 3℄

from Chapter 2.2.3, whi
h was improved to obtain the survival fa
tor as the bran
hing ratio

into an additional autoionization 
hannel. In 
ontrast to the 
ase of bran
hing ratios of the

disso
iative states, whi
h are almost una�e
ted by energeti
ally forbidden states and whi
h

were obtained in a single-pass 
al
ulation within the explained semi
lassi
al framework, su
h


losed 
hannels are taken into a

ount by assuming that all 
ux diverted into them is re
e
ted

at the outer potential walls. Additionally, the distribution algorithm is iterated until all 
ux has

left the system either by one of the disso
iation 
hannels, whi
h 
orrespond to fragment states

with quantum numbers up to n=6, or by autoionization below R

s

. The ion pair produ
tion is


onsidered as a loss 
hannel, be
ause the 
orresponding fragments 
ould not be dete
ted in the

experiment. Sin
e this 
al
ulation does not aim on the absolute s
ale of the rate 
oeÆ
ient,

the resulting survival fa
tor is multiplied with a 1=E 
apture 
ross se
tion in analogy to (2.18),

folded with the relative velo
ity distribution, and then s
aled to mat
h the measured rate


oeÆ
ient at energies of 0:5� 2:4 eV (the upper limit representing the threshold for 
hannels

with n>7, whi
h were not taken into a

ount).

The results are 
ompared to the experimental data in Fig. 4.10, whi
h shows an ex
ellent agree-

ment not only with the present rate 
oeÆ
ient data, but also with the previous experimental

and theoreti
al results for the bran
hing ratios into the neutral fragment states (Fig. 2.3). Es-

pe
ially the reprodu
tion of the stru
ture in the rate 
oeÆ
ient at around 1:9 eV is interesting,

sin
e there the n=4 �nal state is 
ompeting with the ion pair 
hannel: First, at 1:8 eV, the
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4.4 Measured Rate CoeÆ
ient

disso
iation into neutral fragments H(1s) + D(4l) be
omes possible, leading to an in
rease in

�

DR

. For little higher energy (1:9 eV) the ion pair 
hannel opens, whi
h is shown as loss


hannel at negative rate 
oeÆ
ients in Fig. 4.10, be
ause the fragments were not dete
ted. At

this point, the MSCC model predi
ts that the measured rate 
oeÆ
ient for DR into neutral

fragments a
tually drops, be
ause the in
reasing survival fa
tor does not 
ompensate for the

relatively large bran
hing ratio into ion pairs, whi
h is in 
omplete agreement with observation.

Also the overall drop beginning at around 2:5 eV, slightly below the series limit, is qualitatively

explained by e�e
tive loss 
hannels: Here, the quantum number of the ex
ited fragment 
an

be high enough for the fragment to be ionized by the motional ele
tri
 �eld in the TSR dipole

magnets, leading to a misinterpretation of the remaining ground state fragment as 
oming from

DE (whi
h is not visible as a ba
kgroud in the DE rate 
oeÆ
ient only be
ause �

DR

is too low

at this energy).
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Fig. 4.10: Comparison between measurement (bla
k) and the multistate-
urve 
rossing model, whi
h

explains the stru
ture in �

DR

by autoionization pro
esses during disso
iation. Red: total MSCC rate


oeÆ
ient, folded with experimental resolution; Blue: 
ontribution from single rea
tion 
hannels to

the MSCC result.
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This proves that indeed a previously unknown 
ompetition between autoionization and disso-


iation has been observed in DR, whi
h mediates an in
uen
e of the �nal state distribution

on the total rate 
oeÆ
ient or 
ross se
tion. Still, the two-step model of DR 
an be kept up,

but the 
al
ulation of the survival fa
tor in the separated 
ross se
tion (2.18) be
omes more


ompli
ated, sin
e the simple model of integrating the autoionization probability between the


apture point R




to the stabilization point R

s

has to be repla
ed at least with a semi
lassi
al

treatment allowing the re
e
tion of 
ux by 
losed 
hannels. In prin
iple it should be possible

to in
lude this e�e
t in MQDT 
al
ulations, by allowing higher-order intera
tion between the

neutral states themselves and also with the ioni
 states (whi
h would also yield bran
hing ratios

in addition to the 
ross se
tion). But sin
e the above MSCC model showed a slow 
onvergen
e

(needing about 30 iterations), it might be more e�e
tive to treat the bran
hing ratios as addi-

tional input to the 
al
ulations, or to use di�erent models su
h as time-dependent wave pa
ket


al
ulations.
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5. Inelasti
 Collisions of HD

+

with Ele
trons

The following se
tions des
ribe the measurement of the rate 
oeÆ
ient for vibrational ex
itation

of HD

+

by 
ollisions with slow ele
trons, whi
h was the �rst time that this pro
ess has been

ovserved in a storage ring.

Be
ause the experiment was not designed to measure the vibrational ex
itation of HD

+

by

ele
trons, but to observe interferen
e in the bran
hing ratios for the 2s and 2p fragments states

of disso
iative re
ombination, the original idea will �rst be outlined, allowing to explain the

experimental setup in this 
ontext before presenting the analysis of the measured data. Thus,

the interpretation of the experiment and the 
omparison with theory is left to Chapter 5.4.

5.1 Design of the Laser Disso
iation Experiment

At relative energies between 0 and 1:15 eV, only the fragment states H(1s) + D(2l) and

H(2l) + D(1s) are populated in the DR of HD

+

, be
ause of energy 
onservation. Only above

1:15 eV, fragments with n�3 may be produ
ed. The 2p substate de
ays to the ground state

within �

2p

=1:6 ns [67℄, while the transition from 2s is forbidden by dipole sele
tion rules. This

state de
ays mainly by emission of two photons at a lifetime of �

2s

=0:12 s [67℄, whi
h is treated

as being in�nite.

To estimate the relative population of 2s and 2p states in the fragment beam for given bran
hing

ratios b

2s

and b

2p

along the ele
tron 
ooler, it is assumed that ions enter the 
ollinear se
tion

at a 
onstant rate R

ion

and with the velo
ity v

ion

. At any position z (measured from the

beginning of the 
ollinear se
tion, in the dire
tion of the ion movement), the respe
tive parti
le

rates are assumed to be R

2s

(z) and R

2p

(z) (both�R

ion

). At z + dz=z + v

ion

dt, a fra
tion pdt

of the ions will additionally have undergone DR, in
reasing the fragment rates by R

ion

b

2s

pdt

and R

ion

b

2p

pdt respe
tively (p being the DR probability of a single ion per unit time), while a

fra
tion dt=�

2p

of the 2p-fragments will have de
ayed to the ground state.
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Fig. 5.1: Normalized fragment rates R

2s;2p

=pR

ion

, as a fun
tion of position along the 
olinear se
tion

of the ele
tron 
ooler. Cal
ulated from (5.1) for the experimental 
onditions (E

ion

= 15:876 MeV,

v

ion

=
=0:1063), and assuming that b

2s

=b

2p

.

The net in
rease in the fragment rates for ea
h state is given by the rate equations

dR

2s

= pR

ion

b

2s

dz=v

ion

dR

2p

= pR

ion

b

2p

dz=v

ion

�R

2p

dz=v

ion

�

2p

(5.1)

whi
h are satis�ed by

R

2s

(z) = pR

ion

b

2s

z=v

ion

R

2p

(z) = pR

ion

b

2p

�

2p

�

1� e

�z=v

ion

�

2p

�

(5.2)

For the 
ase of equal bran
hing ratios b

2s

=b

2p

, the normalized fragment rates R

2s;2p

=(pR

ion

)

are plotted in Fig. 5.1 as a fun
tion of z.

As the fragments exit the 
ollinear se
tion they have to pass the bending region, where ele
trons

and ions are de-merged, and the magneti
 guidan
e �eld B

2

for the ele
trons is no longer parallel

to the ion velo
ity (see Chapter 3.3). In the 
omoving frame of referen
e, the ions therefore

experien
e a transverse ele
tri
al �eld
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5.1 Design of the Laser Disso
iation Experiment

E

?

=

1

r

1�

v

2

ion




2

v

ion

B

2

sin� (5.3)

where � is the angle between the ion velo
ity and the magneti
 guidan
e �eld, whi
h is

equal to the angle (3.5) with the ele
tron traje
tories. With B

2

=0:02 T and v

ion

=
�0:1,

E

?

rea
hed �100 kV/m at the end of the bending region, by far ex
eeding the �eld strength

of 47:5 kV/m [68℄ ne
essary for Stark mixing of the metastable 2s with the rapidly de
aying 2p

state. The 2s state is e�e
tively quen
hed and all fragments leave the ele
tron 
ooler as ground

state atoms, making it impossible to dete
t the 2s or 2p fragment state populations outside the

ele
tron 
ooler

1

.

Therefore it was planned to measure the neutral fragment rate with the MSP dete
tor, and

to photoionize the 2s fragments inside the ele
tron 
ooler with a pulsed UV laser beam. The

beam of the dye laser (Chapter 3.5) was dire
ted through the slit in the MSP towards the

ele
tron 
ooler, allowing an overlap with the fragment beam (and also the ions) along the

whole intera
tion region (Fig. 5.2). Be
ause usually the ion orbit inside the ele
tron 
ooler is

slightly shifted and also tilted against the TSR axis, the fragment beam and the laser do not

overlap with the ions outside the ele
tron 
ooler, making it easier to adjust s
raper 1 without

losing the stored ions.

Sin
e the MSP does not provide multihit-resolution below several 10 ns, it 
annot distinguish

between both DR fragments hitting or only one; so it was also ne
essary to prevent either the

H or the D fragment from rea
hing the dete
tor, while letting the other one pass with suÆ
ient

velo
ity for dete
tion. That was a
hieved by putting a thin quartz plate (Infrasil, diameter

25 mm, thi
kness 0:27 mm) into the fragment beam. The plate is transparent for the laser light

and by its thi
kness lets the D fragments pass, but blo
ks all H atoms. Sin
e the diameter of

the fragment beam (�3 mm at the dete
tor, 
aused by the kineti
 energy release in the DR)

was smaller than the size of the MSP-slit, the quartz plate was mounted 150 mm in front of the

dete
tor, instead of the shutter in the dete
tor 
hamber (Fig. 3.1 and 5.2). That allowed one

to pro�t from the s
attering of the D fragments in the plate, by in
ating the beam diameter to

15� 20 mm at the dete
tor, so that only 30 % of the fragments were lost by passing through

the slit in the MSP.

Without laser light, the dete
tor would show a 
onstant rate R

0

of fragments 
oming from DR

(the ba
kground from 
ollisions between mole
ular ions and residual gas 
ould be measured

and subtra
ted). At every laser shot, D fragments in the 2s state would be photoionized and

1 The di�eren
e between the kineti
 energy release by DR into these states is several oders of magnitude

smaller than the resolution of the TSR imaging dete
tor.
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around TSR axis)
(rotated 90 deg.

ToroidDipole ions
KDX1

Fig. 5.2: Overlap of laser (dashed line), ions (thi
k line) and fragment beam (grey 
one) inside

and after the ele
tron 
ooler (not drawn to s
ale). The magnets KDX1 and KDX2 (whi
h usually


ompensate the de
e
tion by the toroid magnets) were adjusted su
h that outside the ele
tron 
ooler,

the ion beam was qui
kly removed from the laser. The dete
tor and the quartz plate are also shown,

as well as the s
apers.

de
e
ted by a TSR dipole, de
reasing the intensity of the fragment beam for a short time.

The shape R(t) of this \dip" re
e
ts the time-of-
ight distribution of the missing fragments,

whi
h is given by the 
onvolution of the 2s-
urve in Fig. 5.1 (as a fun
tion of t=x=v

ion

) with

the length �

laser

of the laser pulses and the time resolution of the MSP. However, under the

assumption that all 2s fragments are photoionized by the laser, and that the small number of

parti
les remaining in the 2p state 
an be negle
ted, the normalized integral over the dip shape

is dire
tly equal to the bran
hing ratio b

2s

:

b

2s

= 2

�

sig

�

bgr

R

�

bgr

R

0

dt�

R

�

sig

R(t)dt

�

sig

�

bgr

R

�

bgr

R

0

dt

(5.4)

where �

sig

is the length of a time interval 
ontaining the whole dip, and �

bgr

of an interval over

whi
h the ba
kground rate is integrated; R

0

=lim

t!�1

R(t) is the fragment rate outside the

dip. The fa
tor of 2 in the equation re
e
ts the fa
t that even for b

2s

= 1, only half of the

deuterium fragments will be in the 2s state, be
ause the other half originates from DR events

where D(1s) + H(2s) was produ
ed instead.

Under the 
onditions of the experiment, the dip was expe
ted to be distributed over � 50 ns

(the time-of-
ight in the ele
tron 
ooler), so that it is broadened by a fa
tor of �ve 
ompared

to the 10 ns intera
tion time with the laser, and 
attened by the same ratio. In 
onsequen
e,

R(t) would deviate from R

0

by only 10%, so that the measured value of b

2s

would be a�e
ted

strongly by statisti
al 
u
tuations of the DR rate. An additional systemati
 error 
ould be

indu
ed by the sele
tion of the integration limits in (5.4) and the subtra
tion of ba
kground

from residual gas 
ollisions. In a measurement of the 2s bran
hing ratio as a fun
tion of relative
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energy, this would show up as a global shift and s
aling in the measured bran
hing ratio, but

its energy-dependen
e and espe
ially the positions of maxima and minima are not a�e
ted.

Therefore, 
omparison to the interferen
e pattern predi
ted by theory (Fig. 2.4) would still be

possible on a relative s
ale.

To observe signi�
ant stru
ture in b

2s

(E), at least the region E=0� 0:1 eV was to be 
overed,

where also the DR 
ross se
tion (and thus the fragment rate) is high enough to measure with

statisti
al errors below 20 %. If possible, the measurement should have extended up to 1 eV to


over a full period of the interferen
e e�e
t, but at these energies the DR 
ross se
tion is only

�10

�2

of its value at E=0 eV, whi
h seriously prolongs the time needed for a

umulation of

suÆ
ient data.

5.2 Setup and Data A
quisition

At the given thi
kness of the quartz-plate (di
tated by me
hani
al stability), the requirement

to stop all H but no D fragments imposed both a lower and an upper limit on the ion energy.

A value around 16 MeV was found to be optimal; 15:876 MeV were determined from the

measured 
athode voltage and 
olle
tor 
urrent in the ele
tron 
ooling mode (E = 0), using

eq. (3.4). Sin
e the DR fragments travel at the same velo
ity as the stored ions (0:1063 
),

the fragment energies are � 5:3 MeV for H, and � 10:6 MeV for D. At these energies, the H

fragments would be stopped after 211 �m of SiO

2

, whi
h is well inside the plate, while the D

have twi
e the range and 
ould pass through the plate to the dete
tor, with still 1:7 MeV/u

left [69℄.

The ionization threshold of the hydrogen 2s state is 3:400 eV or 364:6 nm (disregarding hyper�ne

stru
ture), whi
h be
ause of the relativisti
 Doppler shift from the ion velo
ity transforms to a

threshold wavelength of 405:7 nm in the laboratory frame. In the experiment, the wavelength

was set to 380 nm (341:5 nm in the ion frame), where the dye \Polyphenyl 1" has its maximum

quantum eÆ
ien
y of 11% [70℄. Although this dye turned out to be out of produ
tion, the

diele
tri
 mirrors for the light transfer to the TSR had already been bought at that time, so

that the repla
ement dye (QUI, see Chapter 3.5) had to be operated also at 380 nm, despite

having only 7� 8% quantum eÆ
ien
y.

With the ele
troni
s setup, whi
h is shown in Fig. 5.3, many s
ans of E over the range of

0� 30 eV have been done, distributed over several measurement runs of typi
ally 1� 4 hours

duration, with new inje
tions into the TSR every 25 s.

The most important ele
troni
 
omponent is the Multihit-TDC (time-to-digital-
onverter), a

CAMAC module whi
h measures the time di�eren
e between a start and up to 16 stop signals
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Fig. 5.3: Ele
troni
s setup used in the measurement of the 
ross se
tion of vibrationally inelasti



ollisions of HD

+

with ele
trons. Grey boxes: CAMAC modules; white boxes: NIM or standalone

modules; white 
ir
les: input signals.
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with an a

ura
y of 1 ns, within a time window of 16 �s after the start. It was used to measure

the fragment rate on the MSP as a fun
tion of the time elapsed sin
e the laser shot, thus

providing the time-dependen
e of the fragment rate during the photoionization-dip: The start

signal was taken from the trigger output of the pulsed ex
imer laser, while the output of a

single-
hannel-analyzer (SCA) working on the anode signal of the MSP dete
tor served as the

stop. The trigger-output of the ex
imer laser was also used to notify the TSR data a
quisition

system (Chapter 3.6) of ea
h laser shot by generating a CAMAC LAM signal (LAM 1), whi
h


aused the software to read out the TDC as well as the Q-ADC and the s
aler, whi
h are both

des
ribed further down.

To make sure that the stop signals always arrived after the start, the time needed for the

light to rea
h the ele
tron 
ooler, as well as for the fragments to arrive at the dete
tor and

for the dete
tor signals to rea
h the TDC was 
ompensated by delaying the SCA-output by

1:5 �s, using a long 
able. After this delay, the signal had signi�
antly lost in amplitude; it

was refreshed by a se
ond SCA before being fed into the TDC. Therefore, the time-spe
trum

produ
ed by the TDC 
ontained fragments arriving from 1 �s in advan
e of ea
h laser shot,

until 15 �s after it.

At ea
h inje
tion into the ring, the software was noti�ed by a LAM signal (LAM 2), whi
h

started the transfer of previously measured data from the VME 
omputer to the PC. In the

meantime, the newly inje
ted ion beam was phase-spa
e 
ooled by the ele
tron 
ooler (
alled

pre
ooling). The ex
imer laser was swit
hed o� during this time, by an anti-gate signal produ
ed

with a programmable output register (the NIM-driver). Five se
onds after inje
tion another

LAM (3) was generated, indi
ating the end of the pre
ooling mode. At this point, the software

would swit
h on the ex
imer laser, whi
h would then run freely at 200 Hz repetition rate until

the next inje
tion 20 s later. At every 10th laser shot, the adjustable HV power supply at

the ele
tron 
ooler (3.3) was swit
hed either ba
k or forth between 
ooling mode (E=0 eV)

and a measurement energy E>0 eV, whi
h was 
hanged with ea
h inje
tion in order to obtain

the TDC spe
tra as a fun
tion of E and of the storage time t

inj

. To measure t

inj

, a 1 kHz

TTL-signal from a 
lo
k was fed into a s
aler, whi
h was read out with every laser shot and


leared only by the TSR inje
tion signal; this way, the storage time at ea
h laser shot is known

with a pre
ision of several ms (some unavoidable jitter was 
aused in the module readout by

the software).

In addition, the energy 
ontained in every laser pulse was measured with a fast photodiode,

whi
h operated on the strongly attenuated light transmitted by the �rst folding mirror after the

dye laser. Additional opaque glass �lters were used to attenuate the light further, so that the

diode would generate a 
harge signal depending linearly on the energy of the shots. This 
harge
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was a

umulated by a Q-ADC, whi
h was read out after every laser shot. The ADC needed an

additional gate signal to 
ontrol its a
tive time window, whi
h was generated by a sequen
e of

two timers, 
oupled to a trigger output of the ex
imer laser, and whi
h were adjusted to 10 ns

delay and 200 ns gate.

5.3 Results of the Laser Disso
iation Experiment

At the beginning of the experiment, it was 
he
ked that the ele
troni
s setup was working and

that all 
onditions ne
essary for the experiment were met: The energy of the laser shots, and

also the pro�le of the laser beam inside the ele
tron 
ooler was suÆ
ient for photoionizing a

signi�
ant fra
tion of the D(2s) fragments; the fo
us of the laser beam was 
he
ked to be some

meters behind the beam dump on the far side of the used TSR se
tion, thus ensuring almost


onstant beam diameter inside the ele
tron 
ooler. In a test measurement done some months in

advan
e of the a
tual experiment, also the thi
kness of the employed quartz plate was proven

to be appropriate for stopping the light hydrogen fragments, but letting the deuterium pass

with suÆ
ient energy for dete
tion by the MSP. From other experiments, it is known that

after 400 ms, the vibrational degree of freedom of the ions is in thermal equilibrium with the

surroundings at 300 K. Therefore, after the pre
ooling phase of 5 s, only the vibrational ground

state of the ions was expe
ted to be populated, so that from the 
al
ulated 
ross se
tions

(Fig. 2.26) photodisso
iation of the stored ions was ruled out as a possible ba
kground pro
ess.

Surprisingly, a strong peak was found on top of the 
onstant ba
kground rate from DR in

the TDC spe
trum (Fig. 5.4), whi
h prevented the observation of the 2s=2p interferen
e by

monitoring the dip in R

D

, indi
ating that the experiment was sensitive to a di�erent e�e
t.

Sensitivity of the MSP dete
tor to the laser light was ruled out as a possible sour
e of this peak

by 
omparison with a measurement run without ions, as was ele
troni
 
ross-talk between the

dis
harge in the ex
imer and the MSP/TDC 
ombination. A
tually, opti
al 
ross-talk by laser

light falling onto the MSP 
an be seen in the spe
trum of some (but not all) runs as a se
ond,

smaller peak before the strong one.

The time di�eren
e of 160 ns between the 
ross-talk and the fragment peak is smaller than

the expe
ted time of 21 ns for the light to travel from the MSP to the 
enter of the ele
tron


ooler (6:5 m distan
e), plus the 216 ns needed by the illuminated fragments to make the way

ba
k to the MSP. This shows that the 
ross-talk does not originate from the �rst passage of

light through the MSP slit, but is 
aused by light whi
h is re
e
ted ba
k at the MSP by the

exit window of the TSR. In this 
ase, the light has to travel a total of �25 m (equalling 83 ns)

before being dete
ted by the MSP, thus pre
eding the fragments by only 154 ns, whi
h is in

good agreement with observation. In addition, its width of 90 ns (FWHM) indi
ates that not
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Fig. 5.4: In
rease in fragment rate in 
oin
iden
e with the laser shots. Upper plot: sele
ted windows

for integration over the fragment rate in the peak (signal) and the 
at part (ba
kground) of the

spe
trum. Lower plot: magni�
ation of the fragment peak, showing the narrow pre
eding peak 
aused

by opti
al 
ross-talk between the laser and the MSP dete
tor. The spe
trum was integrated over a

whole measurement run to obtain reasonable statisti
al errors (not shown).

all fragments in the peak are originating from the 
ollinear region of the el
tron 
ooler (then the

width should only be �50 ns), but also from some length before and after it. This broadening


annot be attributed to the time resolution of the system, be
ause the width of the 
ross-talk

shows that this is in fa
t better than 10 ns (the 
ount numbers do not allow �ner binning of

the data). Both the existen
e and the width of the fragment peak show that there must be an

unexpe
ted intera
tion at work between the laser light and the ions themselves, instead of the

DR fragments.

The only 
andidate pro
ess whi
h 
ould possibly produ
e an enlarged fragment rate in 
oin
i-

den
e with the laser shots is photodisso
iation of HD

+

. But be
ause of poor Fran
k-Condon

overlap, the 
ross se
tion is very small for HD

+

in its ground state, whi
h indi
ates that the
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peak a
tually arises from the photodisso
iation of vibrationally ex
ited ions. Sin
e these are

known to de
ay within �400 ms, and the ions have been stored for more than 5 s before mea-

suring, there had to be a me
hanism for vibrational ex
itation of the stored ground state ions.

An important 
lue is that (as will be shown further down) the ratio between the area below the

peak and the DR ba
kground shows a 
lear dependen
e on the relative energy of the ele
tron


ooler beam. This strongly suggests that the stored ground-state ions are vibrationally ex
ited

in 
ollisions with ele
trons.

In this 
ase, the in
rease (per unit time) of the probability of an ion to be ex
ited to a vibrational

state v, by ele
trons of relative energy E, is given by the respe
tive two-body rate 
oeÆ
ient

for vibrationally inelasti
 
ollisions (IC):

dp

v

dt

=

L

EC

L

TSR

�

IC;v

(E)n

e

(5.5)

with the number density of the ele
tron beam n

e

(whi
h slightly depends on the measurement

energy), and the relative velo
ity v

rel

=

q

2E=m

e

. The length ratio between the ele
tron 
ooler

and the TSR 
ir
umferen
e (L

EC

=L

TSR

= 0:0269) has to be introdu
ed to take into a

ount

that ele
trons are only present in the intera
tion region. A

ordingly, the produ
tion rate of

ions in the vibrational state v from a given number N

ion

of ground state ions is

_

N

v

(E) = N

ion

dp

v

dt

= N

ion

L

EC

L

TSR

�

IC;v

(E)n

e

(5.6)

assuming that the number of ground state ions stays signi�
antly higher than the one of ex-


itd ions, and that further intera
tion of vibrationally ex
ited ions with the ele
trons 
an be

negle
ted. Introdu
ing a mean lifetime �

v

for ea
h vibrational state (with respe
t to de
ay

or feeding by radiative 
ooling, and to ion depletion by photodisso
iation), the equilibrium

number of ions in ea
h vibrational state and at a relative energy E is approximately given by

N

v

(E)=

_

N

v

(E)�

v

. The fragment rate from vibrational ex
itation followed by photodisso
iation,

integrated over all possible v, is then

_

N(E) =

�

L

EC

L

TSR

�

2

"

X

v

�

IC;v

(E)�

v

�

PD;v




#

N

ion

n




n

e

=

�

L

EC

L

TSR

�

2

�

IC+PD

(E)N

ion

n




n

e

(5.7)

where the expression in bra
kets was repla
ed by the three-body rate 
oeÆ
ient �

IC+PD

(E)

(units 
m

6

s

�1

) to allow for a simpler des
ription of the 
ombined rea
tion. In 
ontrast to the

DR/DE 
ase, the length ratio L

EC

=L

TSR

enters into the rate equation twi
e, be
ause also the

laser beam overlaps with the ions only inside the ele
tron 
ooler.

To obtain an energy spe
trum of this rate 
oeÆ
ient,

_

N(E) has to be determined from the ex-

perimental data. First, the 
ounts (per laser shot) in the peak and the ba
kground are obtained
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by integration over the intervals of length �

sig

and �

bgr

shown in Fig. 5.4. These 
ounts are

summed up over all inje
tions done at a parti
ular measurement energy, whi
h yields the total

signal and ba
kground 
ount numbers N

meas

sig

(E), N

meas

bgr

(E), so that the ba
kground subtra
ted

photodisso
iation rate is given by

_

N(E)=N

meas

sig

(E)=�

sig

�N

meas

bgr

(E)=�

bgr

. The measurement

energy is derived from the settings of the DAC 
ontrolling the o�set to the 
athode voltage,

as des
ribed in Chapter 3.3. Be
ause in some measurement runs the 
ount numbers were

still very small, the energy s
ale of the experiment was rebinned to intervals of a width of 20

DAC-settings, so that E now denotes the energy at the 
enter of ea
h bin.

The absolute rate 
oeÆ
ient for vibrational ex
itation followed by photodisso
iation is thus

�

IC+PD

(E) =

�

L

TSR

L

EC

�

2

1

�

sig

N

meas

sig

(E)�

1

�

bgr

N

meas

bgr

(E)

N

shots

(E) hN

ion

i

E

hn




i

E

n

e

(E)

(5.8)

where N

ion

is the number of HD

+

ions stored in the TSR at the time of a laser shot, n




the

number density of photons in the shot and N

shots

(E) the number of laser shots done at ea
h

energy, while h i

E

indi
ates the averaging over all laser shots done in all inje
tions with a

parti
ular measurement energy.

Be
ause the absolute number of ions stored in the ring was not measured, it is derived from

N


ool

bgr

(E), whi
h is the number of fragments in the ba
kground window in ele
tron 
ooling

mode, as a fun
tion of the measurement energy in the respe
tive inje
tions. In ele
tron 
ool-

ing mode, the parti
les hitting the dete
tor originate mainly from DR at E=0 eV, where

�

DR

�2 � 10

�8


m

3

s

�1

, so that (4.1) 
an be used with n

e

=5:2 � 10

7


m

�3

to estimate the aver-

age number of ions stored in the TSR:

hN

ion

i

E

=

L

TSR

L

EC

�

N


ool

bgr

(E)

�

bgr

N

shots

(E)

�

1

�

DR

n

e

�

�

�

�

E=0

(5.9)

with �

DR

n

e

�1 s

�1

at E=0 eV.

As explained in more detail in Appendix B, problems were en
ountered with the measurement

of the laser pulse energy using the photodiode, so that this data 
ould not be used to normalize

the runs. This required the introdu
tion of an average photon density �n




= 1:9 � 10

14


m

�3

derived from the average energy (3 mJ) and duration of the laser pulses, and a s
aling fa
tor

k

i

for ea
h measurement run, whi
h was applied to the data before merging all runs, yielding

the measured rate 
oeÆ
ent

�

IC+PD

(E) =

L

TSR

L

EC

�

D

k

i

h

�

bgr

�

sig

N

meas

sig

(E)�N

meas

bgr

(E)

iE

i

D

N


ool

bgr

(E)

E

i

�n




n

e

� �

DR

n

e

j

E=0

(5.10)

where h i

i

denotes the average over all measurement runs. This rate 
oeÆ
ient, whi
h is shown

as bla
k dots in Fig. 5.5, still 
ontains two types of ba
kground, whi
h have to be eliminated:
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First, there may be vibrational ex
itation of stored ions by 
ollisions with residual gas mole
ules.

At a given ion velo
ity, the fragment rate due to this pro
ess depends only on the number of

stored ions and on the number density of residual gas mole
ules. Sin
e pressure in the TSR

remained almost 
onstant at �10

�10

mbar throughout the experiment, the fragment rate from

this pro
ess is only proportional to the number of stored ions. However, be
ause �

IC+PD

(E) is

normalized to the ele
tron density n

e

(E), the same has to be applied to the 
ontribution from

residual gas 
ollisions, leading to a ba
kground rate 
oeÆ
ient

�

res:gas

bgr

(E) =


onst:

n

e

(E)

(5.11)

whi
h 
an dire
tly be subtra
ted from �

IC+PD

(E) as soon as the 
onstant is known.

In addition, the rate 
oeÆ
ient for ex
itation by ele
tron s
attering is 
onvoluted with the

energy shift in the bending regions, inside the toroid magnets of the ele
tron 
ooler. In or-

der to eliminate the toroid 
ontribution by the algorithm des
ribed in Chapter 3.3 and [56℄,

the ba
kground from residual gas 
ollisions has to be already subtra
ted from the raw data;

otherwise, the toroid ba
kground will be estimated too high. But be
ause the strength of the

residual gas ba
kground 
annot be dedu
ed independently from the experimental data, both

ba
kgrounds are determined simultaneously in a manual �

2

-�t pro
edure: For ele
tron energies

below 1:1 eV, only the vibrational states v=1� 4 
an be ex
ited, whi
h show no signi�
ant

photodisso
iation be
ause of the small 
ross se
tion (Fig. 2.5). In 
onsequen
e, the measured

rate 
oeÆ
ient below 1:1 eV is a superposition of both ba
kground e�e
ts only; the ba
kground

subtra
ted rate 
oeÆ
ent must be 
onsistent with zero within the statisti
al errors. Therefore

the subtra
tion of the residual gas ba
kground is done for several values of the 
onstant in

(5.11); ea
h time the toroid ba
kground is estimated in the usual way and subtra
ted. Then

a �

2

between the ba
kground subtra
ted rate 
oeÆ
ient and zero is 
al
ulated for E�1:1 eV,

and minimized as a fun
tion of the magnitude of the residual gas ba
kground, to obtain its

value (0:55 � 10

�20


m

6

s

�1

). The resulting, ba
kground subtra
ted rate 
oeÆ
ient is shown as

the red 
urve in Fig. 5.5, while the residual gas ba
kground is plotted in green and the toroid

ba
kground in blue.

Finally, the dependen
e of the measured rate 
oeÆ
ient on the storage time was examined, to

dete
t possible in
uen
es of the drag-for
e exerted by the ele
trons (des
ribed in Chapter 4.2).

The measured data was divided into two sets depending on the time after inje
tion: one set


ontinuing the data from 5� 10 s, and the other from 10� 15 s. Both sets were then 
ompared

by 
al
ulating the ratio between the 
orresponding rate 
oeÆ
ients, but within the statisti
al

erros no di�eren
e from unity was found, proving that the measured rate 
oeÆ
ient does not

depend on storage time at least on a s
ale of se
onds.
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5.4 Measured Rate CoeÆ
ient

Figure 5.5 shows the measured rate 
oeÆ
ient for vibrational ex
itation followed by photodis-

so
iation (bla
k dots, with statisti
al errors only), together with the ba
kground 
ontributions

from residual gas s
attering (green) and energy shift in the toroid se
tions (blue). The overall

s
ale of the y-axis is a

urate to approximately one order of magnitude, due to the system-

ati
 errors from the determination of the stored ion 
urrent and the average photon density,

whi
h is not in
luded in the error bars. The red 
urve shows the measured rate 
oeÆ
ient after

subtra
tion of both ba
kgrounds; systemati
 errors from the ba
kground estimation have been

negle
ted, therefore error bars are identi
al to the ones plotted along the bla
k 
urve.

As was dis
ussed already in the last 
hapter, the vibrational states whi
h are ex
ited by ele
-

trons at low energy do not lead to a per
eivable photodisso
iation signal. The onset of the

photodisso
iation signal at 1:2 eV approximately 
oin
ides with the thresholds of 1:07 eV and

1:25 eV [47℄ for the produ
tion of the vibrational level v=5 or 6, whi
h are the lowest vibrational

levels of HD

+

with a signi�
ant photodisso
iation 
ross se
tion (Fig. 2.5). At higher energies,

the strong dependen
e of �

IC+PD

on E shows that indeed the 
ollisions between ions and free

ele
trons are responsible for the majority of vibrationally ex
ited HD

+

ions, while ex
itation

by 
ollisions with residual gas yields only a small 
ontribution, whi
h is important only at very

small or very high ele
tron energies and whi
h (together with the toroidal ba
kground) a
tually


aused the problems in observing the 2s=2p interferen
e.

Above v=6, all vibrational states have similar radiative lifetimes (10� 15 ms [71℄). Sin
e these

are short 
ompared to the storage time, many vibrational states with lower v will also be pop-

ulated in the radiative de
ay pro
ess, even if only one spe
i�
 state would be ex
ited at a given

ele
tron energy. Hen
e, although �

PD;v

depends on v (Fig. 2.5), the mean photodisso
iation


ross se
tion (averaged over all vibrational levels populated in the ion beam) varies only slowly

with E, so that the features in �

IC+PD

(E) are mostly due to the ex
itation step.

Be
ause of the poor Fran
k-Condon overlap between initial and �nal wave fun
tion for dire
t

ex
itation of vibrational states, the measured rate 
oeÆ
ient is attributed to the indire
t IC

me
hanism presented in Chapter 2.2.2: In analogy to the DE 
ase, the onset of �

IC+PD

at low

energies is explained by ele
tron 
apture into the (2p�

u

)

2

state, with subsequent autoionization

to a vibrationally ex
ited HD

+

ion, while the maxima at 7 eV and 13 eV are attributed to

indire
t ex
itation involving states from the Q1 or Q2 manifold of HD, respe
tively.

HD

+

v=0

+ e

�

�! HD

�

�! HD

+

v

0

+ e

�

(5.12)

To obtain an estimation of the rate 
oeÆ
ient for the inelasti
 
ollision pro
ess alone, it is

assumed that all states ex
ited in the pro
ess have approximately the same average lifetime of
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Fig. 5.5: Measured three-body rate 
oeÆ
ient �

IC+PD

(E) for vibrational ex
itation of HD

+

followed

by photodisso
iation, together with the ba
kgrounds from residual gas s
attering and from energy

shifts in the toroid se
tions.

��=50 ms, whi
h was measured for v=5; 6; 7 in [51℄ and is di�erent from the radiative lifetime

be
ause lower v levels are fed by the de
ay of higher ones. Also, the photodisso
iation 
ross

se
tion is averaged over all vibrational levels above v=4 (��

PD

=10

�18


m

2

), so that with (5.7),

the rate 
oeÆ
ient �

IC

(E) for vibrational ex
itation in inelasti
 
ollisions is

�

IC

(E) �

�

IC+PD

(E)

�� � ��

PD




=

�

IC+PD

(E)

1:5 � 10

�9


m

3

(5.13)

The resulting rate 
oeÆ
ient, whi
h is still integrated over all available vibrational states with

signi�
ant photodisso
iation probability, is shown in Fig. 5.6. No error bars are plotted be
ause

the statisti
al 
u
tuations are probably ex
eeded by the systemati
al errors inferred from the

elimination of the photodisso
iation step in (5.13). These do not only 
ause a global error in

the s
ale of �

IC

(whi
h is estimated to be �1:5 orders of magnitude), but also a�e
t its energy-

dependen
e. Within these large errors, the order of magnitude of the dedu
ed rate 
oeÆ
ient

is still in agreement with a present 
al
ulation [72℄ of vibrational ex
itation of H

+

2

by slow
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Fig. 5.6: Estimated rate 
oeÆ
ient for the vibrational ex
itation step alone, integrated over all

energeti
ally open vibrational levels of HD

+

.

ele
trons (8:7 � 10

�10


m

3

s

�1

), although it 
onsidered ex
itations v=0!2 by ele
trons with a

thermal velo
ity distributions 
orresponding to 10

4

K.

Be
ause the ele
tron 
apture step in this me
hanism is the same as in disso
iative re
ombination

or ex
itation, the autoionization into vibrationally ex
ited ions a
ts an additional loss 
hannel

to both rea
tions. This has not been taken into a

ount in theory up to now, but may be

of importan
e e.g. to the total DR 
ross se
tion if the probability for disso
iation is already

small be
ause of strong autoionization into the ioni
 
ontinuum. It must be noted, however,

that the absolute rate 
oe�
ient for IC is smaller than the one for DR or DE by two orders of

magnitude. This is fortunate, from an experimental point of view, be
ause the small values of

�

IC

mean that the relative number of vibrationally ex
ited ions in the beam is still at most

10

�4

, even at the maximum of �

IC

. Thus, 
ontributions from higher vibrational levels in a

supposed measurement of the ground state DR rate 
oe��
ient (su
h as in Chapter 4.2) are

not expe
ted even from v=6, whi
h is known to have a DR rate 
oeÆ
ient ex
eeding that of

the ground state by a fa
tor of 100 at E=0 [51℄.
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6. Con
lusions and Outlook

Within this work, two experiments have been presented whi
h were 
arried out at the TSR stor-

age ring at the Max-Plan
k-Institut f�ur Kernphysik in Heidelberg. Both experiments examined

the intera
tion of free ele
trons with stored HD

+

mole
ular ions in their vibrational ground

state, fo
using on the 
ompetition between various rea
tions involving 
harge-transfer rea
-

tions to the (2p�

u

)

2

state of neutral HD. The most important results from these measurements

are summarized in the following list:

� The rate 
oeÆ
ient of disso
iative re
ombination of ion and ele
tron into neutral atomi


fragments was measured on an absolute s
ale, with a high resolution of ele
tron energy,

and with high statisti
s. A spe
ial 
alibration s
heme was used to monitor the stored

ion 
urrent during the measurement, whi
h 
annot be measured dire
tly at the same

time as the fragment rates from DR. The results were 
ompared to a re
ent MQDT


al
ulation, whi
h took into a

ount the 
ontribution from both the dire
t and the indire
t

DR me
hanism to the rate 
oeÆ
ient, with good agreement below 1 eV and at high

ele
tron energies, but signi�
ant di�eren
e at 1� 4 eV.

� In a se
ond measurement of this type, the parameters of the ele
tron beam, namely its

adiabati
 expansion fa
tor, were optimized for the �rst dedi
ated measurement in the al-

most uninvestigated mimimum of the DR rate 
oeÆ
ient, at ele
tron energies of 1� 4 eV.

This method improved the DR rate by roughly one order of magnitude, and strongly sup-

pressed the ba
kground from energy shift in the bending regions of the ele
tron beam,

at only a small expense of energy resolution. It was possible thereby to observe pre-

viously unknown step stru
tures in the DR rate 
oeÆ
ient of HD

+

, whi
h o

ured in


oin
iden
e with the opening of additional disso
iation 
hannels with in
reasing ele
tron

energy. These steps were explained by an enlarged autoionization probability of the in-

termediate neutral mole
ule, be
ause of the re
e
tion of probability 
ux by energeti
ally

forbidden disso
iation 
hannels.

� The other experiment aimed at the observation of interferen
e patterns in the relative

population of the DR fragment states with 2s and 2p ele
troni
 
on�guration. Although
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6 Con
lusions and Outlook

this goal 
ould not be a
hieved, it was possible to dete
t vibrational ex
itation of the

stored mole
ular ions by 
ollisions using the photodisso
iation with a UV laser beam

as a sensitive probe. The results showed 
ontributions from two di�erent sour
es for

vibrational ex
itation, either by ele
trons from the TSR ele
tron 
ooler or in 
ollisions

with residual gas. This was the �rst time that any me
hanism 
ountera
ting the radiative


ooling of infrared a
tive ions in a storage ring has been observed, although there have

been dedi
ated experiments [73℄.

� Using an estimation of the average radiative lifetime of the ex
ited states and an aver-

age photodisso
iation 
ross se
tion, an approximate rate 
oeÆ
ient for the vibrational

ex
itation of HD

+

in 
ollisions with ele
trons was obtained.

In both experiments, the 
ompetition between several possible rea
tion 
hannels after the 
ap-

turing of the ele
tron has been of spe
ial importan
e. For example, in the DR at intermediate

energies, it is the 
ompetition between disso
iation into neutral fragments and autoionization

into one neutral and one 
harged fragment, whi
h leads to the observed steps in the rate 
oeÆ-


ient. Be
ause of the low DR rate 
oeÆ
ient, also the autoionization into vibrationally ex
ited

ions may be of importan
e in this region. Although, up to now, no theory is available whi
h

in
ludes DR, DE, SEC and IC in a uni�ed way, it is strongly suggested by the presented mea-

surements that the intera
tion of mole
ular ions with ele
trons be treated within a network

H + D + e
+

HD  +  e
+
v

SEC
+IC

crossings
avoided

HD*
v’

excitation
electronic

capture +
excitation

excitation
of vibrational

motion

*

HD  +  e
+
v’

dissociation
H + D DR

autoionization

DE

or

autoionization

HD
**HD

Fig. 6.1: Network of 
ompeting me
hanisms in the rea
tive s
attering of ele
trons by mole
ular ions.

The red lines mark rea
tion paths whi
h have been of spe
ial importan
e to this work.
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of rea
tions like in Fig. 6.1, instead of looking only at one rea
tion at a time. Espe
ially the

theory of bran
hing ratios in DR as well as in DE demands a more pre
ise theoreti
al inves-

tigation. Similarly, this is needed for the SEC/IC pro
ess, but is mu
h more diÆ
ult be
ause

vibrational-state sele
tive measurements yet remain to be done.

Also the DR into 
harged fragments (H

+

+ D

�

or H

�

+ D

+

) still needs investigation. Experi-

mentally, this 
hannel 
an only be observed by also dete
ting the 
harged parti
les originating

from the ele
tron 
ooler. This is one of the reasons why there is a new dete
tor setup under


onstru
tion at the MPI, where movable dete
tors are planned espe
ially for dete
ting 
harged

H or D fragments already inside the �eld of the TSR dipole magnet. The dete
tor will be

working in 
onjun
tion with a dedi
ated ele
tron target, so that the existing ele
tron 
ooler


an be kept in 
ooling mode throughout the whole measurement. This not only provides a


onstant pro�le and velo
ity distribution of the ion beam during experiments, but also gains

time for data a
quisition, by allowing to omit the ele
tron 
ooling step in the wobbling s
heme.

Moreover, it will also be possible to install a dete
tor system for three-dimensional imaging of

DR fragments, whi
h presently is 
ompli
ated by the smallness of the available spa
e in and

behind the dete
tor 
hamber.

But also the existing dete
tors still provide ex
ellent opportunities for further experiments.

For example, the measurement of the 2s=2p interferen
e might still be possible, despite the

ba
kground vibrational ex
itation: At low energies, only the vibrational levels v=1� 4 
an

be ex
ited in 
ollisions with ele
trons, whi
h have an almost vanishing 
ross se
tion for pho-

todisso
iation. Higher vibrational states 
an only be a

essed in 
ollisions of ions with residual

gas, but sin
e this rea
tion 
ontributes a very smooth ba
kground, the 2s=2p population ratio

might still be measured on top of it with the proposed setup, if enough events are a

umulated

in 
oin
iden
e with the laser.

Finally, the measurement of 
ross se
tions and bran
hing ratios of ions other than HD

+

will

also yield interesting results. Espe
ially the 
ombination with the te
hnique of foil-indu
ed


oulomb explosion imaging (CEI) [74℄, whi
h allows to determine the vibrational population of

the stored beam as a fun
tion of storage time, by measuring the nu
lear wave fun
tion of the

ions, has proven to be very fruitful [51℄.
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Appendix

A Pileup Corre
tion in the DR and DE Measurements

In 
hapter 4.3 it was dis
overed that the amplitude histogram of the signals from the solid-

state dete
tor 
ontained a ba
kground, from random 
oin
iden
es of fragment atoms produ
ed

in un
orrelated DR or DE events (\pileup"). For the H+D peak, a pileup event o

urs whenever

an H and a D fragment from disso
iative ex
itation arrive at the dete
tor with a time di�eren
e

smaller than �


oin

, the e�e
tive 
oin
iden
e window of the dete
tor-ampli�er-ADC 
hain. For

a suÆ
iently short 
oin
iden
e window, and negle
ting 
oin
iden
es between three or more

parti
les, the pileup rate is given by

R

H+D;pileup

= 2�


oin

R

H

R

D

(A.1)

where the fa
tor of 2 re
e
ts the sum over the two possible orders in whi
h the parti
les 
an

arrive at the dete
tor (H or D leading). Sin
e R

H

and R

D

are almost equal, the H+D pileup is

estimated by

R

H+D;pileup

= 2�


oin

(R

D

)

2

(A.2)

The subtra
tion of this pileup is of parti
ular importan
e for the measurement of the DR rate


oeÆ
ient at energies above 10 eV, where R

D

� R

H+D

. Therefore, the 
oin
iden
e window

is determined from the data taken at referen
e energy

1

: Without pileup, the measured rates

R

ref

H+D

and R

ref

D

would both be proportional to the stored ion 
urrent, or

R

ref

H+D

= 
onst: �R

ref

D

(A.3)

However, at referen
e energy the ratio �

DR

=�

DE

is very small, so that pileup be
omes prominent

and the relation between R

D

and R

H+D

is a superposition of the above equation and (A.2).

Thus, �


oin

is determined from a �t of

R

H+D

= 2�


oin

(R

D

)

2

+ 
onst: �R

D

(A.4)

1 The �rst few hours of measurement with the narrow ele
tron beam still employed a referen
e energy in the

wobbling s
heme, whi
h was later repla
ed by a se
ond 
ooling step
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Fig. A.1: Example �t of the 
oin
iden
e time window.

to the parti
le rates measured dire
tly after the pre
ooling phase. As an example, this pro
edure

is shown for one measurement run in Figure A.1. After averaging over many measurement runs

the following values are obtained, whi
h are di�erent for the two measurements of �

DR

be
ause

di�erent time 
onstants were used for the signal shaping in the ampli�ers:

�


oin

=

8

>

<

>

:

2:3� 0:5 �s with the wide ele
tron beam

5:0� 0:5 �s with the narrow ele
tron beam

(A.5)

At all energies, the 
ontribution of pileup to R

H+D

is estimated with (A.2) and subta
ted before

further pro
essing of the measured data.

76



B Mat
hing of Measured Rate CoeÆ
ients for Inelasti
 Collisions

B Mat
hing of Measured Rate CoeÆ
ients for Inelasti
 Collisions

The failure of the measurement of the laser pulse energy with the photodiode was adressed only

brie
y in 
hapter 5.3 and remained open for a more detailed dis
ussion:

The readout of the diode was found to depend on the laser beam pro�le, whi
h 
hanges slightly

with in
reasing age of the dye solution. This was 
on�rmed in a separate measurement, where

the ratio of the diode readout to a powermeter 
hanged by a fa
tor of 2 after repla
ing the used

dye solution with a fresh one. Thus, the photon density 
ould not be measured for ea
h laser

pulse. But sin
e the dye lifetime of �48 hours was very long 
ompared to the typi
al duration

of 1 � 3 hours for a run, the photon density hn




i

E

(averaged over the several thousand shots

done at ea
h ele
tron energy) is 
onstant over ea
h run, and 
ertainly has no 
orrelation with

E. Therefore, data from all measurement runs were evaluated independently, and the resulting

rate 
oeÆ
ient spe
tra were s
aled by a dimensionless fa
tor k

i

to mat
h the spe
trum of a

referen
e run (run 78, being the one with largest statisti
al sample). The results listed in

table B.1 therefore re
e
t both the varying laser power and possible 
hanges in the overlap

with the stored ion beam.

For obtaining the absolute rate 
oeÆ
ient, an average photon density of �n




=1:9 � 10

14


m

�3

was roughly estimated from the pulse energy of 3 mJ inside the TSR, the pulse length of 10 ns

and the laser beam 
ross se
tion of 0:1 
m

2

.

run number i 25 26 27 28 29 30 31 65 66 78

s
aling fa
tor k

i

0:49 0:53 0:50 0:49 0:56 0:48 0:48 0:64 0:98 1:00

Tab. B.1: S
aling fa
tors for all measurement runs, obtained by mat
hing to the referen
e run (78).

Gaps in the numbering of runs re
e
t breaks in the data taking, for optimization of ion sour
es,

a

elerators, beam overlap or ele
troni
s.
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