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Kurzfassung

Inelastische Kollisionen und Rekombination zwischen Elektronen und Molekilionen

Inelastische Kollisionen zwischen Molekiilionen und langsamen Elektronen spielen eine wichtige
Rolle in natiirlich vorkommenden ionisierten Umgebungen und schlieflen interessante Wechsel-
wirkungsmechanismen mit ein, die auch Gegenstand intensiver theoretischer Studien sind. Am
Schwerionenspeicherring TSR des Max-Planck-Instituts fiir Kernphysik wurden verschiedene
Experimente zur Untersuchung von Kollisionen kleiner Molekiilionen mit langsamen Elektronen
durchgefiihrt. Mit Hilfe des Coulomb-Explosion-Imagings war es moglich, die Vibrationskiihlung
der gespeicherten homonuklearen Molekiilionen Hj und Dj direkt zu beobachten und es konnte
gezeigt werden, dass die Kithlung auf super-elastische Kollisionen (SEC) zuriickzufiihren ist, bei
denen interne Anregungsenergie auf das gestreute Elektron tibertragen wird. Dieser Prozess ist
eng verwandt mit der dissoziative Rekombination (DR). Fiir die unteren Vibrationszustande
von H; und D;’ wurden erstmals absolute DR und SEC Ratenkoeffizienten gemessen. Die Bes-
timmung der atomaren Endzustinde in der DR von LiH* und *HeH* mit langsamen Elektro-
nen war Gegenstand weiterer Experimente. Die elektronische Struktur von LiH, *HeH und
ihrer Tonen ist derart, dass DR nur durch eine nicht-adiabatische Kopplung der Elektron-
und Kernbewegung bei kleine Atomabstianden stattfinden kann. Die Experimente zeigten die
bevorzugte Bevolkerung der hochsten, bei diesen Reaktionen energetisch erreichbaren atomaren
Endzustande. Des weiteren wurde der absolute Ratenkoeffizient fiir die DR von LiH* Tonen mit
langsamen Elektronen gemessen.

Abstract

Inelastic collisions and recombination between electrons and molecular ions

Inelastic collisions between molecular ions and slow electrons play an important role in naturally
occurring ionized media and involve interesting interaction mechanisms which are also under in-
tense theoretical study. Several experiments focused on the collision of small molecular ions with
electrons were carried out at the heavy-ion storage ring TSR, located at the Max-Planck-Institut
fiir Kernphysik, Heidelberg. Using the Coulomb explosion imaging technique it was possible to
monitor vibrational cooling of the stored homonuclear molecular ions Hj and DJ and it could
be shown that the cooling is only due to the interaction of electrons with the molecular ions
in super-elastic collisions (SEC) where internal energy is transferred to the scattered electron.
This process is closely related to dissociative recombination (DR). For the DR and SEC of
H;r and D; ions with near-zero kinetic energy electrons absolute vibrational state specific rate
coefficients were measured for the first time. Another series of experiments was focused on the
investigation of final fragment states in the DR of LiH* and *HeH™ . The electronic structure of
these ions and the corresponding neutral molecules is such that DR proceeds via a non-adiabatic
coupling of electronic and vibrational motion at short internuclear distances. The experiments
revealed a dominant population of the highest energetically accessible final fragment states in
such reactions. In addition, also the absolute rate coefficient for the DR of LiH* molecules with
slow electrons was measured.
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1. Introduction

The understanding of the dynamics both of highly excited and of internally cold molecular sys-
tems in collisions with electrons is an active field of research in basic molecular physics and also
of importance in various natural environments, such as astrophysical plasmas. An example for
an astrophysical plasma finding great interest is the primordial gas - the state of matter before
the formation of the first stars - where the positively charged diatomic molecular ions H;“ , HD* |
LiH* and ‘HeH™ were abundant. In the early universe, these molecular ions played an important
role in the formation of the first generation of galaxies and stars after the Big-Bang][1, 2].

In consequence of the expansion the primordial gas cooled off and photoionization of atoms be-
came gradually ineffective. This led to an increased abundance of neutral atoms (e.g. H, He and
Li), formed by radiative recombinations with electrons. In a next step various small molecular
ions were created in radiative association processes and the radiative cooling of these ions, such
as LiHt and “HeH™ , resulted in an additional cooling of the primordial gas, due to the trans-
formation of translational energy of the atoms into radiation. This additional cooling gave rise
to the gravitational collapse of the primordial clouds and the formation of a first generation of
stars. The understanding of the processes that took place in primordial clouds requires detailed
knowledge about not only the formation but also the depletion mechanism of the molecular
ions. In the cooling primordial gas photodissociation became of less importance and dynamics
of electron-ion collision processes started to play a relevant role. The dominant destruction
process was the dissociative recombination (DR) of the molecular ions with electrons. The DR
cross section is therefore of particular interest for the modeling of the molecular abundances in
the primordial gas[2].

The most abundant molecular ion in the primordial gas, H;’ , has DR rate coefficients strongly
dependent on the vibrational excitation (app =~ 1 — 10 x 1078 cm?/s, for the lower vibrational
states), as will be shown in Chapter 5.

Because homonuclear diatomic molecules, such as Hy , do not cool radiatively due to a missing
dipole moment (lifetime for quadrupole transitions is of the order of 10° s[3]), the vibrational ex-
citation of the HJ molecules has to be taken into account in the models. But, as will be shown in
Chapter 5, recombination of an H;“ (or D;“ ) molecule with slow electrons does not always lead to
dissociation. The formed neutral hydrogen molecules can autoionize (inverse recombination pro-

cess) again. This scattering process is called super-elastic collision (SEC) if internal excitation



1 Introduction

energy is transferred to the escaping electron. The electron induced vibrational de-excitation
(SEC) of Hj (Dj ) turned out to be the dominant process after the recombination with cross
sections between one and two orders of magnitude larger than that for DR (see Chapter 5). Part
of this work was focused on the detailed understanding of the two competing processes, DR and
SEC.

The heteronuclear diatomic molecular ions *HeH* and LiH* , which were also abundant in the
primordial gas, relax vibrationally on a time scale between milliseconds and seconds. Thus,
the DR rate coeflicient for the vibrational ground state is most important. While the DR rate
coefficient for *HeH™ in the vibrational ground state has been already measured[4], the absolute
DR rate coefficient for LiHT in collisions with zero kinetic energy electrons was determined for
the first time in this work.

Besides the importance of the DR rate coefficients for astrophysical models, the different pro-
cesses are also of interest from a more fundamental point of view. There are basically two
different models DR is thought to proceed through, the so-called crossing and non-crossing
mode DR. In the crossing mode DR, a doubly excited potential curve of the neutral molecule
is intersecting the potential curve of the ground electronic state of the molecular ion (typically
close to the vibrational ground state), whereas in the non-crossing mode DR there is no such
curve crossing. In the non-crossing mode DR a coupling of the electron and nuclear motion is
needed, whereas the crossing mode DR can go by a pure electronic transition (see Sec. 2.1). The
DR of hydrogen molecular ions is a prominent example for the crossing-mode, whereas the DR
of *HeH* and LiH™ are examples for the non-crossing mode. Experimental studies of the latter
type of DR at the TSR, performed in the present work, concentrated on the question how the
energetically accessible final atomic fragment states are populated. This question is approached
in this thesis for *‘HeH™ using an established technique based on imaging of the DR fragments
and for LiH™ using a novel method of analyzing the field ionization of the Li fragments (see
Chapter 3).

The different processes discussed above can be investigated under well controlled conditions by
storing fast (v/c =~ 2 —3 %) molecular ion beams in the heavy-ion storage ring TSR. The usage
of storage rings for DR measurements, starting about ten years ago, has improved greatly the
understanding of the recombination processes between electrons and molecular ions. Storage
rings have two principal advantages. Firstly, infrared-active ions can be stored and cooled vi-
brationally by spontaneous emission of radiation. Secondly, the molecular ion beam can be
merged with an intense and cold electron beam in the so-called electron cooler. The electron
velocity and therefore the collision energy can easily be varied by changing the acceleration
voltage, which allows for the investigation of the energy dependence of the DR process. The
merged beam geometry allows for an efficient detection of the recombination products.

This present thesis is structured as follows: In Chapter 2 the different mechanisms of DR and

SEC of diatomic molecular ions with electrons are briefly discussed. Additionally some proper-



ties of the studied molecular ions are summarized. The experimental principles used to study
the properties of DR and SEC, namely the Coulomb explosion imaging (CEI) and the recom-
bination fragment imaging (RFI), are introduced in Chapter 3. The experimental apparatus,
such as the used ion sources, the storage ring TSR together with the electron cooler and the
CEI and RFI setups are discussed in Chapter 4. First experimental results on the absolute
DR rate coefficient for the vibrational ground state and higher vibrational states of H; and
D5 are discussed in Chapter 5. Furthermore, first absolute SEC rate coefficients for the lower
vibrational states of these molecular ions are presented. A comparison of the DR and SEC rate
coefficients reveals the dominance of the autoionization with respect to the dissociation which
was up to now thought to play a minor role in the recombination of hydrogen molecular ions
with electrons.

Final state measurements for the DR of *HeH* and LiH™ , following the so-called non-crossing
mode DR and a first measurement of the absolute DR rate coefficient of LiH" are described in
detail in Chapter 6. For both molecular ions the dominant population of the highest possible

final fragment states was observed which might be a peculiarity of the non-crossing mode DR.






2. Electron collision processes of small

molecular ions

2.1 Dissociative recombination

Dissociative recombination (DR) of a diatomic molecular ion AB* with an electron is described

by the following process

ABT (vJ) + e~ — A(nl) + B(n'l'), (2.1)

" are the final

where vJ is the initial ro-vibrational state of the molecular ion and nl and n’l
states of the fragments A and B, respectively.

For molecules with an electronic configuration where a doubly excited electronic state of the
neutral molecule crosses the ground electronic state of the ion, DR can proceed via two different
paths. The basic DR process is described by a di-electronic recombination in which the incident
electron gets captured into the doubly excited neutral state. This so-called direct DR is a pure
electronic process and the coupling is described by the electronic Hamilton operator He(r, R)
(Eq. A.6). In a second possible DR process, often referred to as indirect DR, the incoming
electron gets first captured into a neutral vibrationally excited Rydberg state which is then
predissociated by the doubly excited state. The recombination in the indirect DR is driven by the
nuclear kinetic energy operator Ty (see Eq. A.13) and the transformation of the kinetic energy
of the incident electron to the nuclear motion of the molecule. This non-Born-Oppenheimer
recombination process is competing with the direct recombination into the doubly excited neutral
state.

The DR mechanism for molecular ions which lack a doubly excited neutral state crossing their
ground electronic state occurs via a nonadiabatic coupling to one of the neutral molecular
Rydberg states at short internuclear distances. As in the indirect process, the recombination in
driven by the nuclear kinetic energy operator T .

The different DR processes mentioned above are discussed in more detail in this section.
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2.1.1 DR with curve crossing: basic and resonant processes
Basic DR process

The so-called direct DR is a dielectronic process in which an electron gets captured into a
repulsive, doubly excited resonant state followed by the dissociation of the neutral molecule.
This process has been first explained by Bates [7]. The hydrogen molecular ion is an example
for a system with a doubly excited state crossing the electronic ground state of the ion, see
Fig. 2.1. The direct DR of Hy is described schematically by:

Hy +e — Hy™ — H+H. (2.2)

The doubly excited state has a (27o,)? configuration.

In competition to the dissociation an electron can be emitted again through autoionization, the
reverse electron capture process. Due to the vanishing electronic coupling between the doubly
excited neutral state and the ionic state at distances larger than the separation at which both
curves cross (denoted by Rg in Fig. 2.1), autoionization is becoming unlikely.

A classical formalism describing the direct DR was discussed by Bardsley and Biondi [8] and
will be only briefly reviewed.

The DR cross section oppr as a function of the collision energy is often expressed as a product of
the cross section for the electron capture o.q, and the probability for the dissociation to occur

(i.e. the complement of the autoionization probability), which is often called survival factor
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S(E)!
UDR(E) = Ucap(E) S(E) (2'3)

The survival factor, as a function of the internuclear separation, was estimated by Bardsley [9]

assuming a classical trajectory R(t) for the dissociating atomic fragments to

S(R) = exp <— / mdt» (2.4)

where 7(R) is the autoionization lifetime 7. In a classical picture recombination with electrons
at a collision energy E can only occur at an internuclear distance R, where the vertical transition
energy to the doubly excited state is identical with the collision energy E. The autoionization

lifetime is proportional to the inverse capture width I'(R) and can be written as [8]

h h

"B = 5w T wmpR)P

(2.5)

with
V(R) = (®ap(r, R) | He(r,R) | 45+ (r, R)$(r) ), (2.6)

where He(r,R) denotes the electronic Hamilton operator (Eq. A.6), describing the interaction
between the electronic state of the ion ® 45+ (r, R) and the free electron ¢(r) and the electronic

state of the neutral molecule ® 45(r, R). Using Eq. 2.5, the survival factor can be written as

S(R) = exp (—% /R R %dﬂf) : (2.7)

where R, denotes the internuclear separation at which the recombination occurred, R (see
Fig. 2.1) the distance at which the doubly excited neutral state of the molecule crosses the elec-
tronic ground state of the molecular ion and v(R,., Rs) the velocity of the dissociating fragments.
The cross section oy for the electron capture is expressed by [8]

B w2 h2 9n
B 2meE \ g

-1

av;
, (2.8)

dR

Gean(E) ) xi(RIPT(R)

where g; and g, are the multiplicities of the electronic states of the molecular ion and the neu-
tral molecule, respectively, V; the electronic potential curve of the ion and y;(R) the nuclear

wavefunction of the molecular ion.

Influence of resonances on DR

The indirect DR, first proposed by Bardsley [10], is a resonant three-stage process in which a free

electron is first captured into a vibrationally excited neutral molecular Rydberg state followed

1 This assumption cannot be fully justified but is very useful for a qualitative description of the DR, process,
see Bardsley [9].
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by a radiationless transition (predissociation) to the repulsive, doubly excited state. Indirect DR,
is a non-Born-Oppenheimer process in which the energy of the incoming electron is transferred
to the nuclear motion of an Hy Rydberg state. The Rydberg states (1so4nlm) are converging
to the ground electronic state of Hy (1so4). The indirect DR of H; is described by

Hy (v) + e~ — Ho*(v') — Hy™ — H+ H. (2.9)

Due to the discrete ro-vibrational energy spectra of the neutral Rydberg states indirect DR is a
resonant process. Some Rydberg states are strongly coupled to the dissociation continuum and
have a short autoionization lifetime [11, 12]. The interference between direct and indirect DR
leads to so-called window resonances in the total DR cross section which are mostly destructive,
i.e. they lower the DR cross section. In the multichannel quantum defect theory (MQDT) ap-
proach to DR [11] these interferences are included and it has been shown that the cross section
near window resonances takes the form of a peak, a dip or a Fano profile [13], depending on the
relative magnitudes of the direct recombination matrix elements and the matrix elements for
the interaction of the Rydberg state with the electron ion continuum (autoionization) and with
the dissociative state (DR) [14].

The potential curves of higher neutral Rydberg states (1soynlm) are described in a good ap-
proximation by the ground electronic state of Hy (1soy), shifted by the binding energy Enpy, of
the atomic Rydberg state (nlm). The energy position Ey g of a window resonance in the DR

cross section for a vibrational excitation Awv can therefore be estimated, neglecting rotational
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excitation, to
Ewr = Eav — Epim, (2.10)

where Ea, denotes the vibrational level spacing, see Fig. 2.2.

2.1.2 Non-crossing mode DR

For molecules that lack a doubly excited state crossing the ionic potential curve one would expect
the DR cross section to be small. The molecular ions LiHt, *HeH* and H;‘ are examples for
such molecules. However, experimental studies of the DR of these molecular ion at ion storage
rings yielded high rate coefficients, o =~ 7 x 1072 cm3 /s for *HeH* [4], a ~ 6 x 1077 cm?/s
for LiHT [15] (see Sec. 6.1.2) and a =~ 1 x 107" c¢m3/s for Hf [16, 17], as compared to e.g.
o~ 2 x 1078 cm?/s for Hj (see Chapter 5).

For the studied molecular ion *HeH™ (see Sec. 6.2) two theoretical calculations, based on
R—matrix theory and MQDT by Sarpal, Tennyson and Morgan [18] and Guberman [19], respec-
tively, were performed and a reasonable agreement with the experimental results was obtained.
Both calculations assumed that at short internuclear separations a nonadiabatic coupling exists
between the ground electronic state of *HeH™ (plus a free electron) and the neutral Rydberg
states of “HeH. Both theories described the DR with the same mechanism but predicted the
population of different final fragment states. The dominant dissociation routes are X2+ and
C?Yt in the calculations by Sarpal et al. and Guberman, respectively. The C?%% state is
connected to H(n = 2) + He(2s?) which has been experimentally shown to be the dominant
process, see Sec. 6.2 and references therein. The MQDT calculations for the DR of ‘HeH* by
Guberman will therefore be briefly discussed.

The coupling matrix element describing the capture into a Rydberg state with an effective prin-
cipal quantum number n* is given by a matrix element over the total Hamiltonian (Eq. A.2).
The matrix element over the electronic (H,) and the nuclear-nuclear (V ) Hamiltonian vanishes

and the matrix element over the nuclear kinetic energy operator T%, (Eq. A.13) is given by [20]

Ty = o (W5 X 1T 5550 ) (2.11)

where p denotes the density of states. The dissociative and ion wavefunctions are labeled d and v,
respectively, and 1 and y describe the many-electron and vibrational wavefunctions, respectively.
z/}fjk includes the free electron orbital and the angular momentum and the wavenumber of the
electron are denoted by the label I and k, respectively. The matrix element T, 4 falls off as
(1/n*)3/2 [20].

The “direct” DR cross section (i.e. the one not involving any Rydberg resonances similar to

those depicted in Fig. 2.2) for an ion in a vibrational level v is given by [11]

T dn 47r2T112,d
Oy = W g_ oo 3 (212)
)
(1+ %, =12 ,)
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Figure 2.3: The calculated HeH dissociative potential-energy curves (solid lines), the n = 3
Rydberg states (dashed lines), and the HeH' ground state (slid line) with the v = 0 level are
shown. The v = 8 resonance level of the D*S7 state is shown as the dashed line. The dotted line
shows the product, 2A(R)dxo/dR, with its ordinate axis on the right. Plot taken from Ref. [19].

where k is the wavenumber of the incident electron, g, and g; are the statistical weights of the
neutral and ion state, respectively and v’ is an index running over the energetically open ion

vibrational levels as final states of autoionization. The interaction matrix element

(Q/}dXd|T1]}V|Q/}va> (2.13)
can be written as
By +2am) 2 (2.14)
2% Xd R Xv ) s .

with
= o 2.15
B(R) = <¢d R2 1/)v> (2.15)

and

A(R) = <wd %‘ ¢v> : (2.16)

S. Guberman [19] showed that the second term in Eq. 2.14 is large at small internuclear distances
(see Fig. 2.3 from Ref. [19]). Thus, the term A(R) is non-negligible and the Born-Oppenheimer
approximation (Sec. A.1) is not valid at these internuclear distances.

For *HeH™ there are presently no further calculations available for the partial DR cross section

10
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of energetically accessible dissociation paths at larger collision energies.

For the second studied molecular ion, LiH™ (see Sec. 6.1.2), no such calculations are presently
available. As will be discussed in Sec. 2.3.3, LiH" is a weakly bound molecule. Thus, DR of
LiH™ in the vibrational ground state with low kinetic energy electron can proceed via a various
number of neutral Rydberg states, see Fig. 6.2 (Sec. 6.1.3). Applying the scaling law for the
coupling matrix element T, 4 oc (1/n*)3/2, DR is expected to proceed via the lower neutral
Rydberg states. In Sec. 6.1 an experiment studying the final fragment states in the DR of
LiH* with zero kinetic energy electrons is discussed and it will be shown, that the coupling
to the highest energetically accessible neutral Rydberg states is stronger than the coupling to
lower lying Rydberg states which is contradictory to the predicted results using the scaling law

discussed before.

2.2 Super-elastic collisions

The homonuclear isotopomers of the hydrogen molecular ion do not possess a dipole moment
which is needed for a radiative cooling. Thus, storing of such an ion in a storage ring is ex-
pected to be insufficient for obtaining internally cold molecules. But, vibrational cooling of the
homonuclear hydrogen molecules H; and D;“ has been observed in several experiments at differ-
ent storage rings in the past [21, 22]. The cooling mechanism was ascribed to different processes.
M. Larsson et al. [21] claimed collisions with the residual rest gas for the observed removal of
vibrational excitation in DJ , whereas W. van der Zande et al. [22] assigned the observed vibra-
tional cooling of HJ to electron-ion collisions in the electron cooler and conjecture vibrational
state specific DR rate coefficients being responsible for the cooling. Another possible cooling
mechanism, the channel of super-elastic collisions (SEC) of electrons with vibrationally excited
molecular ions, was ruled out as an efficient cooling process. This conclusion was based on the
results of calculations of the SEC rate coefficients by Sarpal and Tennyson [23] and Nakashima

et al. [24]. For collisions with low kinetic energy electrons SECs are described by

HoT(v) + e (E) — Hy™(¢v) + e (E+AE) | (2.17)
(' < v, AE > 0) :

where a part of the internal excitation energy of the molecule (ro-vibrational excitation) is trans-
ferred to the scattered electron by autoionization of the doubly excited intermediate state H5*
(see Eq. 2.2). Experimental evidence for SEC was found by Tanabe et al. [25] in DR experiments
with Hj ions and Saito et al. [26] with HJ and Dj ions. First SEC rate coefficients for the lower
vibrational states were obtained from vibrational population measurements presented in Sec. 5.4
of this thesis (see also Krohn et al. [27]) and estimated by to be of the order of (1-4) x10~¢ cm3s~!

and therefore about an order of magnitude larger than calculated values [23, 24]. A detailed
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2 Electron collision processes of small molecular ions

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

coefficients, is discribed in Chapter 5.

2.3 Some properties of the studied molecular ions

2.3.1 Hj and its isotopomers

16 —
=
S L
- 14
B | HD+H'
12
i Q2 series —> H(21)+H(nl)
10 - —
8 — —]
L QI series—> H(1s)+H(nl) i
6 — —
L ) ]
Y +
4 (2p5)) N
i 1 H(1s)+H"
2~ 6's, (1sc,4do|
L =i = H(1s)+H(3l)
- 5%, (ISGgSSGg)
0 \/ 4]Lg (155,300 ) H+H"
L W H(1s)+H(21)
. 3'Y. (1s6,256,)
2 \ 2 g
| S 2'y, @po, i
_4 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1
0 2 4 6 8 10

Internuclear distance (a.u.)

Figure 2.4: Potential energy curves of Hy and Hy. Solid blue lines: adiabatic curves of the
two lowest ionic states, calculated for HD" in Ref. [28]. Dashed blue curve: Born-Oppenheimer
curve of the second excited ionic state [29]. Solid red curves: adiabatic curves of the lowest
excited bound states of Hy [30], showing avoided crossing with the lowest Q) curve (dashed
black line) [6, 31]. Solid black lines: states from the antibonding Q1 and Q9 series [6]. To the
right, the atomic fragment states are noted.

H;’ is the simplest diatomic molecular ion and therefore often used to compare theoretical mod-
els with experimental results. The electronic structure is identical for all its isotopomers. In
Fig. 2.4 the (1soy)?S} and (2po,)?%, potential energy curves of Hy [5] are plotted together
with the two series of doubly excited neutral states [6], often referred to as Q1 and Q2 series. The
doubly excited neutral states play an important role in the direct and indirect DR, as discussed
in Sec.2.1.1. The ro-vibrational energy levels structures are different for all isotopomers due

to their reduced masses, see Eq. A.14. The dissociation energies from the vibrational ground
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2.3 Some properties of the studied molecular ions

state range from Ey ~ 2.65eV to Ey ~ 2.70eV (Sec. B.2, Tab. B.2) for Hy , HD* and DJ . The
binding length is R, ~ 1.06 A [32] for all isotopomers. There is a principal difference between
HD™ on one hand and H; and D; on the other. The heteronuclear molecule HDT possesses a
dipole moment. The radiative relaxation times for ro-vibrational transitions are between 10 ms
and 60 ms [33] and a complete cooling into the vibrational ground state has been observed after
about 500 ms of storage [34]. The homonuclear diatomic ions Hy and D lack such a dipole
moment and the radiative lifetimes for quadrupol transitions are of the order of 10°s [3]. These
lifetimes are much too long to observe ro-vibrational cooling in storage ring experiments.
Thus, first experiments investigating the DR of the molecular hydrogen ion at heavy-ion storage
rings have been performed at vibrationally cold HD'. A first DR cross section measurement
for HD" has been carried out at the TSR [35, 36]. In the following years the DR cross section
of HD™ has also been measured at other storage rings, such as CRYRING [37], Sweden, and
TARN 1I [38], Japan. Further studies of the DR of HD" in Heidelberg were focused on the
investigation of the branching ratio into the final fragment states at different collision ener-
gies [39, 31], vibrational state specific DR rate coefficients [40] and the threshold structure of
the DR cross section at the opening of additional final fragment states [41].

Experimental studies of the dependence of the DR cross section of H;“ on the vibrational popula-
tion have been carried out at the storage rings CRYRING [22], Stockholm, and ASTRID [42, 43],
Aarhus. In the experiment at the ASTRID storage ring the population of the higher vibrational
states has been reduced by photodissociation of these states, whereas the higher vibrational
states have been depeleted in the CRYRING experiments by electron-ion collisions. In both
experiments a lower DR cross section for the vibrationally colder H; ion beams [22, 42, 43] has

been measured.

2.3.2 The helium hydride ion: ‘HeH™

The helium hydride ion *HeH™ has a binding length of R, = 0.774 A [44]. The dissociation energy
for the vibrational ground state amounts to Ep =~ 1.85eV (Append. D.1). Some additional
spectroscopic data are summarized in Append. D.1. In Fig. 2.5 the potential energy curves for
the X' ©7 ground electronic state of *“HeH* and for some excited electronic states are shown. The
calculations were performed by A. Orel et al. [45]. Additionally plotted are some important singly
excited Rydberg states and a series of doubly excited states of the neutral “HeH molecule [45].
HeH is an excimer, i.e. the X%+ ground state potential is repulsive and the excited states are
bound (Fig. 2.5). All doubly excited states of HeH are energetically several eV higher than the
electronic ground state of *HeH*. “HeH™ is therefore an example for a molecular ion which
recombines with slow electrons via a non-crossing process [19].

Due to the short radiative lifetimes of ro-vibrational transitions (Append. D.2), *HeH™ cools
vibrationally into its ground state on a time scale of several ms, which is short compared to

typical storage times in the TSR of up to about a minute. DR of a vibrationally cold *HeH™ ion
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2 Electron collision processes of small molecular ions

with zero kinetic energy electrons has two possible final fragment channels, He(1s%)+ H(1s)
and He(1s%) 4+ H(21). The next higher fragment state (i.e. He(1s%)+ H(31)) opens at a collision
energy £ =333 meV.

Radiative cooling of “HeH™ ions in a Planck radiation field

The temperatures in ion sources are typically a few hundreds of Kelvin. The ions produced in
these sources are therefore rotationally and vibrationally excited when injected in the storage
ring. The rotational and vibrational cooling of stored polar molecules into a thermal equilibrium
at 300 K, according to the ring temperature, occurs via emission and absorption of radiation.
The spontaneous and stimulated emission are responsible for cooling and the absorption for
heading. The coefficients describing these three processes are commonly known as the Einstein
coefficients [32].
For several experiments performed at storage rings it is important to know if an ion beam can
get into a thermal equilibrium with the environment while stored in the ring, e.g. cooling of
stored CHT [46]. A simple model can be used to simulate the cooling of an ensemble of stored
ions in a radiation field corresponding to a temperature of 7' = 300 K [47, 48].
The *HeH™ molecule cools within several ms in its vibrational groundstate, see Tab. D.3 for the
radiative lifetimes of the lower vibrational states. Therefore only the time needed for rotational
cooling into an equilibrium with the thermal radiation of the ring is of importance for the study
of the recombination of *HeH™ with electrons.

In our model only the lowest 6 rotational states (J = 0 —5) have been considered. This as-
sumption is reasonably because of the rather large rotational constant of *HeH™ (see Table D.2).
The excitation energy for *HeH™ (J = 5) is & 120 meV, or expressed in a temperature ~ 1400 K,

whereas the ion source temperature is less than 1000 K.

The energy density pr(v) of the radiation field at a temperature T is given by the Planck
distribution law for a particular wavenumber v and can be written as
-3
U

o(heo[kpT) _ 1’ (2.18)

pr(v) = 8wh

where c is the speed of light and kp the Boltzmann constant.

The Einstein coefficient A7 ;_; gives the probability for a spontaneous transition per time in-

terval from J — J — 1. The dipole moment matrix element |u| is approximately constant for

lower rotational states (see Appendix D.2) and A ;1 can be written as

1673 17‘3}’ J1 J
3eoh 2J+1

The dipole moment matrix element for the transition J =5 — J = 4 can be obtained from

Eq. D.4. The Einstein coefficient As4 has been calculated by Datz and Larsson [49] and the

A= |l (2.19)
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Figure 2.5: Potential energy curves for the 'S and 3%7T states of HeH", the singly excited
257+ states and the doubly excited states of HeH [45] together with the corresponding asymptotic
atomic states.

transition wavenumber is given by
vy7-1= 2B, (2.20)

where By o denotes the rotational constant for the ro-vibrational ground state, see Table D.2.
The product of the Einstein coefficient B ;_; and the energy density pr(7;;—1) for the tran-
sition J — J — 1 represents the probability for a stimulated transition per time unit and
pr(Zy—1,7)Bs-1,; the absorption from J —1 — J. Both coefficients can be written as:

1 J
6egh? 2J + 1

2J+1

— By 2.21
27 —1)+1 77 (2.21)

|l By 1,5=

Byj1=

Einstein has shown that the coefficients for spontaneous emission and stimulated emission are

related by
AJ’J_l = 8whi® BJ’J_l. (2.22)

The time evolution of the population p; of a rotational state changes according to the rate

equation:

pr = pi{—Asi-1—pr@Wrr-1)Bris-1— pr(Vs541)Bris1} +
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Figure 2.6: Calculated rotational cooling for two different initial population distributions in
a Planck radiation field corresponding to T = 300 K. In case (a) 100 % of the molecules where
in J =5 and in case (b) 100 % where in J = 0 at t = 0s. For both cases an almost complete

thermal equilibrium is reached in less than 10s.

pryi{Arir s+ pr(Vri1,1)Bryg} +

pr—1{pr(Ps-1,7)Br-1,1}-

(2.23)

The set of coupled rate equations for all considered rotational states can be solved as explained

in Appendix E.

The population p; in a thermal equilibrium corresponding to a temperature 7' is given by a
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2.3 Some properties of the studied molecular ions

Boltzmann distribution and can be written as

v]mam
pr=27" 27 + el /k5T)  with  Z =" (2] + 1)el =P /kT) (2.24)
J=0

where E; denotes the energy of the rotational excitation and Z the partition function.

Fig. 2.6 shows the calculated rotational cooling for two different initial rotational population
distributions. In case (a) 100 % of the molecules where in J = 5 at ¢ = 0s and in case (b)
100 % where in J = 5. For both initial distributions an almost complete cooling into thermal
equilibrium corresponding to the temperature T = 300 K (see Eq. 2.24) in less than 10s can be

observed.

2.3.3 The lithium hydride ion: LiH*

2
=
N
=) |
0 Li* + H(1s)
1 Li4p) + HQ
1 Li§4§’)) : H((lss))
J Li(3d) + H(1s)
2 Li(3p) + H(1s)
- "_ Li(3s) + H(1s)
Li(2p) + H(1s)
-4
: Li(2s) + H(1s)
-6 | i
8 i
-10 1 1 1 1 1 1

2 4 6 8 10 12 14

Internuclear distance (A )

Figure 2.7: Adiabatic potential energy curves for the X' states (dotted lines) of LiH [50]
and the ground electronic state X?%+ of LiH" (solid line) [51] together with the corresponding
asymptotic atomic states.

The lithium hydride ion LiH'is a weakly bound molecule with a dissociation energy of
Ep ~ 116 meV [51] for the vibrational ground state and a binding length R, ~ 2.17 A [51]. In
Append. C some spectroscopic data are presented. To our knowledge LiH™" has never been stud-

ied experimentally and only observed in a mass spectrometer [52]. Fig. 2.7 shows the adiabatic
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Figure 2.8: Calculated vibrational cooling of LiH' (solid lines) in a Planck radiation field
corresponding to a temperature of T = 300 K. For the initial population values from a Coulomb

explosion imaging measurement [54] were taken.

potential energy curve for the 22 ground electronic state of LiHT from ab initio calculations
by Berriche and Gadéa [51]. Ab initio adiabatic and diabatic potential energy curves for almost
all states of LiH below the ionic limit (Li* +H ) were calculated by Boutalib and Gadéa [50].
In Fig. 2.7 the adiabatic curves are plotted together with the corresponding asymptotic atomic
states. Presently there are no doubly excited neutral states known crossing the X?X T state of
LiH" . The excitation of the Li and H atom requires much more energy than a single excitation
of a Li atom. The potential energy curves corresponding to the final atomic fragment states
Li(2s)+H(n = 2) are lying several eV above the ground electronic state of LiH* and do not play
a role in the studied low-kinetic electron-ion collisions. These states are not shown in Fig. 2.7
for the sake of clarity. Thus, LiH' recombines with slow electrons via a non-adiabatic cou-
pling at short internuclear distances, see Sec. 2.1.2. Due to the exceptional low binding energy
high Rydberg fragment states can be reached energetically by recombinations with near-zero ki-
netic energy electrons. A review on spectroscopy and structure of the lithium hydride diatomic

molecules and ions has been given by Stwalley and Zemke [53].

Vibrational cooling of LiH ™"

The time scale for vibrational cooling of LiH" into thermal equilibrium is of particular interest
for the DR measurements and will be studied here. LiH™ in the ground electronic state possesses
a rather large dipole moment (= 0.5 — 3 Debye) [55], but the binding energy is only ~ 120 meV
and hence the vibrational level spacing small. The probability for spontaneous transitions are

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

A model for the vibrational population can be developed similar to that for the rotational
cooling of *HeH™ (Sec. 2.3.2). The modeled time evolution is shown in Fig. 2.8. For the initial
population values from a Coulomb explosion imaging (CEI) measurement [54] measured at the
storeage time t = 0.5 s were chosen, see also Tab. 6.1 in Sec. 6.1. The modeled cooling shows that
a stored LiH' ion beam should be almost in a complete thermal equilibrium with the storage

ring walls after about 7's.
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3. Background of the experimental

technique

This chapter describes the principles and the theoretical background of the experimental meth-
ods used in the present work to study the properties of molecular ions and their interaction
with electrons using fast ion beams in a heavy ion storage ring. In the first part the Coulomb
explosion imaging technique will be explained and its application to measurements of the vibra-
tional population evolution of stored molecular ions discussed. In the second part the projected
fragment imaging technique used for dissociative recombination (DR) measurements will be pre-
sented. Details of the experimental setup are given in Chapter 4 and for example in the review
article [56].

3.1 The Coulomb explosion imaging principle

In order to study molecular ions by Coulomb explosion imaging (CEI) [57] they are accelerated

to velocities of several a.u.!

. When such a molecular ion collides with a thin foil its binding
electrons get stripped off on a time scale of ~ 10717 s. Moreover, if the thickness of the target
foils are less than 100 A typical dwell times of the molecule inside the target are < 10~'6s.
The time scales are short compared to vibrational and rotational times which are about 10714 s
and 10712 s, respectively. Thus, the attractive binding force between the molecular constituents
is abruptly replaced by a pure repelling Coulomb force and the charged molecular fragments
start to repel each other. The Coulomb energy is completely converted into kinetic energy after
several pm of flight and the exploding fragments then move with their asymptotic velocities.
The microscopic binding distance of about 1 A is thus transformed into a macroscopic distance
(few centimeters) after several meters of flight. The resulting distance between the particles,
determined by the center-of-mass motion, the flight distance and the asymptotic velocities, can
be measured by a three-dimensional (3D) detector system. The distance perpendicular to the ion
beam direction is measured using an imaging system, whereas the spatial component parallel
to the ion beam direction is retrieved by measuring the impact time difference between the

fragments on the detector. In Fig. 3.1 the Coulomb explosion process is shown schematically for

1 1la.u.=ac, where a denotes the fine structure constant and c the speed of light
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Figure 3.1: Schematic
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explosion of a diatomic
z[t] molecule.

a diatomic molecular ion.

By calculating the asymptotic velocities of all fragments from the measured fragment distances
information can be retrieved about the molecular structure prior to the Coulomb explosion. In
case of a diatomic molecule, the final velocity vectors V1,V contain this information. Measuring
the velocity vectors for many events one obtains a distribution of the asymptotic fragment
velocities P(V1,V3), the so-called V-space distribution. This distribution is directly related to
the internuclear distance distribution (often referred to as R-space distribution), which for a
pure quantum state (e.g. ro-vibrational ground state) is given by the square of the nuclear
wavefunction if the internal ro-vibrational excitation energy of the exploding molecules is small
compared to the dissociation energy, i.e. the Coulomb energy. For H;’ and D;’, discussed in
this work, the kinetic energy releases are about 10 — 25 eV for the vibrational ground state and
5 — 25eV for the higher vibrational states, whereas the internal vibrational energies of H;’ and
D;‘ are =~ 0.14eV and =~ 2.2eV for v = 0 and v = 10, respectively. Thus, in these cases the
internal kinetic energies of the molecule are sizable and have to be taken into account.

Even for the thinnest target, however, part of the Coulomb explosion occurs inside the target
foil and the positively charged atomic fragments will interact with the target. The charge state
of the atomic fragments can change several times due to electron capture and stripping. The
effective repulsion potential is therefore different from a pure Coulomb potential. This effect is
furthermore increased by additional screening effects caused by target electrons The strongest
perturbation is caused by multiple small angle scattering, which leads to a smearing of the
asymptotic velocities of the dissociating fragments [58, 59, 60]. A further effect occurs due to
wake-fields [61] caused by fragments when passing the foil. A positively charged particle changes

the local electron density in the target and forms a negative wake. Trailing positive fragments get
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3.2 Vibrational population from CEI measurements

attracted and the molecular axis aligns towards the beam direction giving rise to a reorientation
of the molecule and an anisotropy in the orientation distribution. The probability to find the
molecular axis aligned parallel to the beam axis is therefore increased. More target effects are
taken into account by a Monte-Carlo calculation when performing the R—space to V —space

transformation.

3.2 Vibrational population from CEI measurements

In this section a method for obtaining vibrational population distributions from CEI measure-
ments will be discussed and the characteristic shapes of kinetic energy distributions for Coulomb

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

3.2.1 Theoretical aspects of the Coulomb explosion

Neglecting the internal energy of the molecule the relative velocity v(t) between the dissociating
fragments of a diatomic molecule as a function of the internuclear distance depends on the initial

distance R = r(t = 0) and is given by conservation of energy as

2
e
Bt = P8 = Bpa(t) + Bu(t)
Q1Q262 1 2
= 2 4 w(t
) +2uv()
ith lim E _ L 3.1
w1 tirgo total = 5“’0 (3.1)

where Q1 and Q2 are the fragment charge states, e the elementary charge, F¢,,; the Coulomb

energy and p the reduced mass of the molecule. The asymptotic fragment velocity v = Vo — V)

[2Q1Q2
v(R)=¢e R (3.2)

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

can then easily be calculated by

and the fragment distance r(¢) and one can estimate the time for the transformation of 99 % of
the Coulomb energy into kinetic energy which typically amounts to about hundred femtoseconds
or ~ (0.1 pm if expressed in a flight distance.

In this semi-classical description of the Coulomb explosion process, the distribution of the asymp-
totic velocities P(v),,; of the fragments (V-space distribution) is related to the internuclear

distance distribution P, ;(R) (R-space distribution) according to

dv |t

e (3.3)

Pos(w(R) = PlLy(R) \
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with ' (R) = U2;(R), (3.4)

where U, ;(R) is the nuclear wavefunction for the ro-vibrational state v.J and v(R) the asymp-
totic fragment velocity from Eq. 3.2.

The initial momentum of the nuclei prior to the explosion has to be taken into account since the
contribution to the total kinetic energy release is about 10 % for the higher vibrational states.
The correct quantum-mechanical distribution @, 7(v) of the asymptotic fragment velocities in
their center-of-mass frame of reference can be obtained by projecting the initial nuclear wave-
function ¥, 7(R) on Coulomb wavefunctions x¢(R; k, J). The Coulomb wavefunction for a given

total kinetic energy FE}, is characterized by the initial angular momentum J and the wavenumber

1 2Ekm1m2
k=—\——F— 3.5
h my + mg ( )

and my, mqy are the fragment masses. The V-space distribution @, (v) for an initial state v.J is

k, where

expressed by

-1

Quilo) = Q)| (3.
do |t
= |Cps(k) 7k (3.7)
with
Curk) = [ xR 1)y (R)R. (3.8)

The ion source temperature was about 500 K-600 K [34]. This corresponds to a rotational excita-
tion, assuming a Boltzmann distribution, with ~ 90 % of the rotational population in J =0 — 6
and J =0 —4 for D; and H;’, respectively. For these low J values the experiment cannot re-
solve the differences in the V-space distributions from Eq. 3.7, as discussed by Amitay et al. [34].
Thus, for simplicity, J = 0 was assumed throughout the calculations. The V-space distribution
was therefore taken to be

dv|t

v — vJ= k o et .
Qu(v) = |Cor=o (k)| - (3.9)
and the corresponding kinetic energy distribution by
dEy |™!
Qu(Ex) = |Cos=o(k)*|=2F (3.10)

The function Q,(v) represents the V-space distribution for the dissociation of a molecular ion

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

3.2.2 Monte-Carlo simulation of the Coulomb explosion and the detector

system

The V-space distribution derived in the previous section neglects all effects happening inside
the target foil, i.e. charge exchange, electron screening, multiple scattering and wake-fields. To
take the first three processes into account a Monte-Carlo simulation has been developed [59] and
tested in Coulomb explosion experiments with several molecular ions, see for instance Ref. [62]
and references therein. The main input parameters in the simulation are the target thickness
and the target composition?. The wake effect has not yet been implemented successfully in the
Monte-Carlo simulation. To minimize the influence of the wake effect on the measured fragment
distance distribution a cut is applied to the data sample. Events get discarded if the angle ®
between the beam direction (z-, or time-component) and the molecular axis deduced from the
asymptotic velocities of the dissociating fragments is smaller than typically 60°, i.e. cos ® < 0.5.
This cut is therefore often referred to as cosine-cut. With this cosine-cut those events are dis-

carded which are strongest influenced by the wake field effects.

The simulation computes for each vibrational state specific R-space distribution, the classi-
cal trajectories of the dissociating fragments, taking into account multiple scattering, electron
screening and charge exchange. From the simulated trajectories the asymptotic fragment veloc-

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

To compare the measured distributions with the simulated V'-space distributions a second Monte-
Carlo simulation is employed which includes the finite detector resolution of ~ 0.1 mm and
~ 1 mm in the directions perpendicular and parallel to the ion beam, respectively. Furthermore,
the beam size is taken into account as well as the efficiency of the detector. The realisation of the
three-dimensional fragment distance measurement and the resolutions obtained are discussed in
Sec. 4.3.

In this approach the internal energy of the molecular ion is not yet taken into account. To

include these contributions the following procedure was applied for each vibrational state:
1. Calculating the quantum-mechanical distribution @, (v) of the asymptotic fragment veloc-
ities
2. Calculating backwards an effective R-space distribution P;(R) using the semi-classical

relation in Eq. 3.4

3. Using the effective R-space distribution P;(R) as the initial R distribution for the Monte-
Carlo simulations, to yield the modified distributions P;(v) or P;(Ey)

2 The two different target compositions used are build up of a metal grid and a thin layer of either Formvar
resin or Diamond-Like Carbon (DLC), see also Sec. 4.3.
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In Fig. 3.2 the original R-space distributions Py(R) and Pg(R) for D3 ? are shown as well as the
effective functions Pj(v) and Pg(v) obtained following the procedure explained above. Clearly
a shift in the center-position of the humps in the effective distribution for v = 8 towards smaller
internuclear distances compared to the positions in the original R-space distribution can be seen,
whereas the two distributions for the vibrational ground state are almost identical. A shift in
the R-space distribution towards smaller internuclear distances, corresponding to a higher total
potential Coulomb energy, gives rise to a shift in the V-space distribution to higher velocities
and therefore to a higher total kinetic energy release which accounts for the internal excitation
energy. For D;“ in the vibrational state v = 8, the internal energy is about 10 % of the total
potential Coulomb energy and less than 1% for the vibrational ground state, therefore the dif-

ferences in the two distributions is more pronounced for v = 8.

3.2.3 Evaluation of vibrational populations

The vibrational state specific shape of the simulated functions P;(E}y) for the kinetic energy

release can be used to evaluate the relative vibrational population p,(t) >, py(t) = 1] as a

3 The nuclear wavefunctions square have been calculated using Level7.0 [63]
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3.3 Recombination fragment imaging

function of the storage time ¢ in the TSR.
The time evolution of the relative vibrational population p,(#) can be obtained by comparing

the function
P(Ey;t) =Y po(t) Py (Ex) (3.11)

to the measured and normalized kinetic energy spectra; P, (Ej) are the (normalized) kinetic

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

To perform the comparison the simulated kinetic energy distributions P)(Fy) are transformed
into distributions P, (d) of the three-dimensional fragment distances d using the second Monte-
Carlo simulation. The relative vibrational population p,(¢) can then be obtained by fitting the

function

P(d;t) =Y py(t)P;(d) (3.12)

to the measured and normalized fragment distance spectra.

The kinetic energy Ej is related to the three-dimension fragment distance d by

E,my +mo
d=L———— 1
B s (3.13)

where F; is the molecular ion energy E;, L the distance from the target to the detector system

and m; and my are the masses of the exploding particles.

3.3 Recombination fragment imaging

The DR of a diatomic molecular ion with electrons can be studied in more detail by measuring
the distance of the dissociating fragments after a free flight path of several meters. The frag-
ment distance contains information about the relation between the initial vibrational state and
the final atomic fragment states (here often called state-to-state relation). The recombination
fragment imaging (RFT) technique has been developed [39] to study these state-to-state contri-
butions and its practical realization will be discussed in Sec. 4.5.

The projection of the three-dimensional (3D) distance between the DR fragments onto a plane
perpendicular to the beam direction leads to a projected-distance spectrum characterized by
the kinetic energy release Ej in the molecular frame-of-reference of the DR process. Thus each
initial-to-final DR channel, corresponding to a specific kinetic energy release, can be extracted
from a measured fragment distance spectrum. However, the ability for extracting the involved
DR channels is limited by the number of channels and their differences in the kinetic energy

release, as will be discussed in Chapter 4.4. The kinetic energy release Fj, for the recombination
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3 Background of the experimental technique

of a molecular ion in the ro-vibrational state vJ with electrons at a relative energy E is
E,.=FE, +FE—-FE,; , (314)

where
E,;=E,+ J(J+1)B. (3.15)

E,; is the excitation energy of the molecular ion, with E, the ro-vibrational energy for J = 0

and B the rotational constant of the molecular ion*

. The energy of the final asymptotic state
nn' of the atomic DR fragments is denoted as E,,,,. The influence of the electron and ion beam
velocity spread; given basically by the transverse electron temperature (k7| ~ 15meV); is small
and therefore neglected. Using Eqs. 3.14 and 3.15 the kinetic energy release Fj, for recombination
with zero kinetic energy electrons (E = 0eV) can be directly calculated for each initial-to-final
state-to-state DR channel vJnn/, with the initial state v.J and the final state nn' and will be
denoted as E}C’J nn' - Defining all energies in Eqs. 3.14 and 3.15 relative to the ro-vibrational
ground state of the molecular ion, a DR channel is energetically open if E};J ' > ().

Molecular ions, with an energy F; in the laboratory frame, recombine with electrons at a distance
S from the detector and fall apart under an angle 6, where 6 is defined as the angle between the
internuclear axis and the beam direction, see Fig. 3.3. The distance D of the two fragments in

the plane perpendicular to the beam direction is then given by

D = dsinf
= SO0yjnn sinf (3.16)

where

!
mi+my [EPT

mimsa E;

Sy gnn = ) (317)

The fragment masses are denoted by m; and my and d is the three-dimensional fragment dis-
tance, and FE; denotes the ion beam energy.

Recombinations do not occur at a fix distance S from the detector, in fact the interaction region
of the electrons with the ion beam is typically more than 1 m (see the description of the electron
cooler in Sec. 4.5). Thus the value for S is ranging from s; to sy. The angular distribution of
the fragments can be expressed in Legendre polynomials Pfjm, of the order k (only even k for
symmetry reasons) and the distribution of projected distances for a state-to-state DR channel
vJnn' can therefore be written as

Pyt (D) = P2y (D) + a5 P20 (D) + - - (3.18)

vJnn/ vJnn'

4 All rotational excitation energies have been calculated using the rotational constant for the ro-vibrational
ground state.
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3.3 Recombination fragment imaging
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' (D) corresponding to an isotropic distribution of 6

(i.e. kK =0) in the molecular frame-of-reference is given by [64]

(2

POJnn’ (D) =

2

\

1

D D
————— | arcCoS ——— — arccos ———
(52 - 51)5ann’ 520y Jnn/ 510y Jnn’

for 0 < D < $10y1nn

1 D
arccos ——— (3.19)

(32 - 31)61)Jnn’ S$20y.Jnn/

for 510y 1nn < D < 520y 7nn/

0 otherwise.

The first anisotropic component (i.e. k=2) in Eq. 3.18 is

P2

vJnn/

(D) =

,

1

( . . >
arccoOs ——— — arccos ————
4(52 - 51)5ann’ 520y Jnn/ 510y Jnn/

3D <F2 F1>
4(sg —51)0%,, , \s5  s?

for 0 <D< 31611]7171’

1 D
arccos ——— (320)
4(52 - 51)5ann’ S20pJnn/
3D Ty
4(s9 — 31)53]7171' s%

0
\

for 510y < D < 5904 1nm

otherwise,
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3 Background of the experimental technique

/ D
Tio =[5, 3 . (3.21)
vJnn

The anisotropy coefficient as can range from -1 to 2. For experiments performed with zero

where

kinetic energy electrons the anisotropy coefficient is as = 0 and the dissociation is therefore
isotropic in 6.

Molecular ions are rotationally excited when created in an ion source and it is reasonable to
assume an initial Boltzmann distribution corresponding to T}, = 600 + 150 K for the rotational
population, as discussed in more detail for the production of HD™ [34] in the same ion source.
Assuming the DR rate coefficient for a given vibrational state v being independent of the ro-
tational state J, the initial rotational temperature will stay approximately constant over the
whole storage time. For each vibrational state a distribution of projected distances including
the rotational excitation can be derived.

According to our assumptions the population p;y of each rotational state J is proportional to

the multiplicity of that state weighted with a Boltzmann factor, i.e.
ps o< B(J) = (27 + 1)e TTHDB/KTror (3.22)

where 5(J) takes care of the nuclear spin statistics, which for homonuclear diatomic molecules,
gives rise to a J dependent degeneracy, due to symmetry reasons [65]. In particular, for
Hj (nuclear spin of hydrogen® I = 1/2), 8(J = odd)/B(J = even)=3, while for DJ (nuclear
spin of deuterium I = 1), f(J = odd)/B(J = even)=1/2. The projected fragment distance

distribution for a vibrational state v dissociating into the final states n,n’ is thus given by

Pvnn’(D) = ZpJPann’(D)- (323)
J

The projected fragment distance distribution P()(D;t), measured at time ¢ after injection
and normalized to unity, is a linear combination of the normalized functions P,,, (D) for all

energetically possible DR channels (Ej, . pn > 0):
P(Da t) = Z Qunn’ (t)P'unn’ (D)7 (324)
vnn'

with the coefficients gy, (t) representing the contribution of the corresponding DR channel
to the measured spectrum. The coefficients qun,(t) are proportional to the time-dependent

population p,(t) of the vibrational state v and the time-independent DR rate coefficient v, (E):

Qunn’ (t) ~ Oynn/ (E)pv (t) (325)

5 The proton spin quantum number was first determined by measurements of the intensity of spectral lines of
H, corresponding to transitions between levels with either even or odd J, see Ref. [66].
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4. Experimental apparatus and procedures

In this chapter the different ion sources and accelerators used for the experiments discussed in
the framework of this thesis will be described as well as the heavy ion storage ring TSR with its
components and properties. Furthermore, the Coulomb explosion imaging (CEI) setup and the
DR fragment detector system will be explained. The last two sections will focus on the electron

cooler and the principle of cross section measurements.

4.1 Ion production and acceleration

At the Max-Planck-Institut fir Kernphysik in Heidelberg, several ion sources and accelerators
are presently used to provide molecular ion beams for experiments at the heavy ion storage
ring TSR. The single-ended van-de-Graaff and the Tandem accelerator use electrostatic fields
whereas the third accelerator consists of two radio-frequency quadrupoles (RFQ) together with
eight seven-gap resonators operating with oscillating electric fields [67, 68].

The single-ended van-de-Graaff accelerator provides positively charged molecular ions produced
by a Penning source. The maximum terminal voltage is 2.5 MV. This accelerator has been used
to produce a 1 MeV H; beam (beam intensity ~ 1 zA) through electron impact ionisation of a
neutral hydrogen gas.

The second electrostatic accelerator, a so-called Tandem accelerator, uses twice the positive ter-
minal voltage. The maximum terminal voltage is about +11.5 MV. Negatively charged ions from
either a cesium sputter source or a duoplasmatron source get accelerated towards the positively
charged terminal of the Tandem. Part of the electrons get stripped off the ion by collisions
with either a nitrogen gas target or carbon atoms of thin stripping foils. Furthermore, the gas
stripping allows for removing atoms of a molecular ion beam. In case of LiH", the ion beam
has been produced by stripping off two electrons and a proton from a LiH; ion produced in a
cesium sputter source. The beam current reached was = 150 pA.

In the last two years the RFQ accelerator has been additionally used for the acceleration of posi-
tively charged molecules, together with a high current ion beam source, the so-called CHORDIS
(Cold or HOt Reflex Discharge Ion Source) source, developed at the GSI in Darmstadt [69].
Due to the geometry of the acceleration cavity of the RFQ and the frequency of the driving RF
field, the energy of the ion beam is restricted to 500keV/a.m.u., or 250keV/a.m.u. if only half
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4 Experimental apparatus and procedures

of the RFQ system is used [70]. These energies correspond to ion beam velocities of 3.3 % and
2.3% of the speed of light, respectively. Seven-gap resonators following the RFQ system allow
for an additional acceleration to an energy of 1000 keV/a.m.u. A drawback of the RFQ system
is its limitation to a maximum mass-to-charge ratio of 9:1, however, beam current of up to 1 mA
can be achieved.

The three accelerators are connected via a transfer beam line to the storage ring. The transfer
beam line consists of several dipole magnets for mass separation, focusing units and a post-
accelerator, which is build up of several RF resonator structures which can be used for a further
acceleration. An HD' beam from the RFQ has recently been accelerated to 16 MeV [71] using

the post-accelerator.

Accelerator Molecular ion  Ton source Precursors Beam energy TSR rigidity
van-de-Graaff Hy Penning H, 1.0 MeV 0.20 Tm
Tandem LiH* Penning LiH; 6.0 MeV 0.98 Tm
RFQ Hy CHORDIS H, 2.0 MeV 0.28 Tm
Dy CHORDIS D, 2.0 MeV 0.57 Tm
“HeH ™" CHORDIS “*He + H, 2.5 MeV 0.50 Tm

Table 4.1: Summarized beam parameters for the molecular ions studied in the framework of
this thesis.

4.2 The heavy ion storage ring TSR

The heavy ion storag ring TSR (see Fig. 4.1) started operation in May 1988 [72] and was in the
beginning mainly used for experiments with atomic ions. In the recent years it has been taken
advantage of the capability to store molecular ions up to a minute. These storage times are long
compared to typical radiative lifetimes of molecular vibrational states and allow for a complete
thermalization with the background radiation field at around 7" = 300 K. At these temperatures
most molecular ions are completely relaxed to their ground state and a defined inital quantum
state is reached.

The TSR consists of eight dipole magnets, twenty quadrupole magnets and twelve sextupole
magnets bending and focusing the ion beam on a closed orbit of 55.4m circumference. The
injection as well as the extraction of ions is done with the same electrostatic septum, see Fig. 4.1.
To increase the ion beam current stored in the TSR the multi-turn injection technique can be
used. This technique allows for stored ion beam currents increased by a factor up to 40 compared
to an ion beam current of a single injection. The number of stored molecules N ranges from

~ 10° — 10® per multi-turn injection corresponding to an ion current I; ~ 0.01 — 10 zA for a
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4 Experimental apparatus and procedures

typical ion velocity v; ~ 3 % of the speed of light, according to the relation
I; = Nigivi/ L, (4.1)

where ¢; is the ion charge and L the ring circumference. The maximum magnetic field of the
dipole magnets restricts the beam energy. An ion with mass m; moves in the magnetic field B
of the dipole on a curvature with a radius p due to the Lorentz force. The so-called rigidity Bp
of the TSR is therefore defined as

Bp = 1Y%, (4.2)
q;

The radius of curvature in the dipole magnets is p = 1.15m and the maximum rigidity of the
TSR is (Bp)maz=1.4 Tm.

The maximum storage time in the TSR is limited by collisions with residual gas molecules.
Typical 1/e beam lifetimes were 155 for LiHHT, 18 s for ‘HeH* and about 20's for Hf and D3 . The
residual gas pressure inside the TSR is on average 3 x 10~!'! mbar, depending on the temperature
inside the building the TSR is located in. About 90 % of the residual gas is hydrogen and the

other constituents are atomic argon and molecular nitrogen, oxygen and carbon.

4.2.1 Slow extraction

The slow extraction technique [73, 74] allows to continuously remove a small fraction of the stored

molecules. The extraction rate ranges from 10%2s~! to 10*s7!.

The extracted molecules pass
the extraction beam line, consisting of a set of two dipole magnets, magnetic septa, quadrupol
magnets, collimators each and three diagnostic units (see Fig. 4.1) before impinging on the
target of the Coulomb explosion imaging setup. The principle of the slow extraction has been
explained in detail in Ref. [75, 62] and only a short description will be given here. The extraction
is done by a resonant transverse RF field applied to the stored ion beam which drives part of the
ions to unstable phase space regions from which they can be extracted using the electrostatic

septum. The efficiency of the slow extraction has been studied extensively [76].

4.3 The Coulomb explosion imaging setup

In Fig. 4.2 the Coulomb explosion imaging (CEI) setup is shown schematically. This CEI
setup allows for measuring the three-dimensional distance of the atomic or molecular fragments
emerging from the target foil, situated either at position 1 or position 2. The experiment
consists of a chopper, two collimators (0.5 mm to 5 mm diameter) to reduce the beam divergence
(£0.17 mrad), a postdeflector magnetic field for charge and mass separation of the exploding
fragments and two detectors (rectangular and circular shape) for three-dimensional fragment
imaging. The electrostatic chopper (a parallel plate capacitor) can be switched on in about 500 ns

and deflects the molecular ion beam to the wall. The switching is triggered by a fragment hitting
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4.3 The Coulomb explosion imaging setup

chopper collimator 1 collimator 2 . postdeflector magnetic field circular detector  rectangular
target foil detector
S5kV. e N
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Figure 4.2: The Coulomb explosion imaging setup at the TSR. Shown are the two positions
of the target foils used in the experiments and the two different detector systems.

the particle detector. As mentioned above the maximum rate of extracted ions is 10*s~! and
small compared to the inverse switching time of the chopper. Thus we can study one molecule
at a time. After a read-out cycle the chopper is switched off again and a new measurement can
be performed. Two target positions are possible in the present experimental setup, 296.5 cm
and 461.5cm away from the rectangular detector. Two different types of targets are used in
the CEI experiments, Formvar resin [77] and Diamond-Like Carbon (DLC) [78]. The density
of Formvar and DLC is 1.2g/cm?® and 2g/cm?, respectively. Typical target thicknesses used
in CEI measurements are between 30 A and 60 A for DLC targets [79, 80] and around 80 A for
Formvar targets [62]. DLC targets have several advantages compared to the Formvar targets,
e.g. smaller thickness and less pin-holes (see Ref. [62] for more details).

The two detectors have been developed at the Weizmann Institute of Science [81] and are
build up as shown schematically in Fig. 4.3 for the circular detector. Each detector consists
of a mylar foil with a CsI layer, a microchannel plate (MCP) in chevron layout, a kapton foil
with a phosphor layer on the front side and a set of anode strips on the back side. The circular
detector has a diameter of 118 mm and the size of the rectangular detector is 76 x 93 mm?.
The mylar foil with the CsI layer increases the detection efficiency up to 100 %. Electrons get
released from the mylar foil once an ion impinges and accelerated to about 100 eV towards the
MCP. The microchannels in a MCP improve the spatial resolution of the detector system. Inside
the MCP a cloud of about 107 to 10® electrons get produced and further accelerated with 2.5kV
once they leave the plate towards the phosphor screen where they produce a visible light spot
with a diameter of a few hundred micrometer. A CCD camera images the phosphor screen with
either a 25 Hz or 50 Hz frame rate. Each frame is digitized by a Frame Threshold Supressor
(FTS). The FTP sends pixel position and light intensity to a VME-computer if a minimum
intensity is reached. An event consists of a cluster of pixels and a software routine calculates the
intensity weighted center position of each cluster. The spatial resolution for the components of
the fragment distances perpendicular to the beam direction is therefore better than the actual
pixel distance and amounts to about 0.1 mm.

The third spatial component, e.g. parallel to the beam direction, is obtained by measuring the

impact time of the fragments on the detector. The measurement of the impact time is done with
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Figure 4.3: Schematic drawing of the circular detector of the Coulomb explosion imaging
system. The CCD camera and timing signals are connected to a data acquisition system con-
sisting of a FTS, Q-ADC moduls and a VME computer. The rectangular detector system has
93 x-channels and no y-channels.

the set of anode strips on the kapton foil (93 in case of the rectangular detector). Each strip is
connected to an amplifier and a combination of a Constant Fraction Discriminator (CFD) and an
Analog Digital Converter (ADC) in a CAMAC-Crate which is connected to the VME-computer.
When a bunch of electrons hits the phosphor screen a fast signal in some adjacent strips is
induced. Each signal triggers the CFD which gives a negative NIM-signal of 16 mA to the ADC.
The ADC cumulates the current from the CFD until a common stop-signal arrives. The common
stop signal is obtained from the induced signal on the back of the MCP and serves as an arbitrary
definition of the zero-point time, which is sufficient since only time differences are needed. The
integrated charge is digitized by the ADC and transfered to the VME-computer. A systematic
study of the time resolution has been done by M. Scheffel [82] and led to the development of a new
electronic board for the signal amplification coming from the anode strips. With this setup we
are able to get a time resolution of about 100 ps (H; measurement) and 60 ps (D5 measurement)
with the old and new amplifier, respectively. A time resolution of 100 ps corresponds to a spatial

resolution in beam direction (beam velocity ~ 0.03¢) of ~ 1 mm.
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4.4 The electron cooler

A more detailed description of the detectors and the electronics has been given elsewhere [75].

4.4 The electron cooler

This section gives a short overview on the setup of the electron cooler device. Further parts deal
with the properties of the electron beam and the calculation of the relative energies between the
electrons and ions, so-called beam dragging effects and the relation between cross section and

rate coeflicient.

4.4.1 The electron beam as a cooling device

The electron cooler shown in Fig. 4.4 is used as a cooling device for the stored ion beams as well
as a target for recombination experiments. The magnetic field guiding the electron beam from
the electron gun to the collector is realized by five solenoidal and two toroidal coils [83]. The
guiding field B;,;! in the electron-ion interaction region amounts to typically ~ 2 —4mT. The
electrons are produced by a thermocathode (diameter D; = 3/8") with a temperature of about
kET; = 120 meV [84]. The emission of the electrons from the cathode is space-charge limited and

the electron current I, is given by

3/2

I, = PUct{th’ (43)
where U,y is the cathode voltage and P the perveance, which is defined by the geometry of
the cathode. For both, an efficient phase-space cooling and recombination experiments a cold
electron beam is needed. This can be attained by adiabatic transverse expansion of the electron
beam (initial temperature k7| ; ~ 120 meV) in the straight section after acceleration and before
the toroid section (see Fig. 4.4) [85]. The transverse electron temperature kT after adiabatic
expansion is
B

kT, =
L= 3

KT\ ;, (4.4)

where B; and B are the magnetic fields prior to and after the expansion, respectively. The ratio
« = B;/B is called ezpansion factor? and it is possible to adjust it between 1 and 30 by varying
B. The lowest possible transverse temperature is therefore kT, ~ 4 meV. The electron beam

diameter D, after expansion is related to the cathode diameter D; by

B;
Dey = || 7 Di = VaDi. (4.5)

1 The guiding magnetic field can be calculated from the adjusted bit-values of the solenoidts (Si2) coil by
Bint = 0.1093 % Sy x 1072 mT.

2 The expansion factor can be calculated from the adjusted bit-values of the gun-solenoid(S¢.) and the
solenoid42 (S42) coil by a = 3.74225¢ /S+2 + 0.003631.
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The longitudinal temperature of the electrons is reduced to kTj ~ 0.1 meV because of the
fast acceleration [86]. Due to the different temperatures of the transverse and longitudinal
component of the electron beam, the distribution of the electron velocity ve is described by a
flattened Maxwellian distribution [87], with

1/2 2 mev?
me ( me mevg,  Mevel)
e) = - - ) 4.

Jve) = gt (27rkT||> . eXp( KT, 2KT| ) (4.6)

where v, = (vZ | + vzH)l/Z.

The electron-ion interaction in the electron cooler gives rise to a phase-space cooling of the
stored ion beam, i.e. reduction of the transverse and longitudinal momentum spread of the
ions, due to the so-called electron cooling force. The phase-space cooling reduces the width of
the horizontal and the vertical beam profile which can be observed as a function of the cooling
time [88] using a beam profile monitor (BPM) [89]; the typical width of a cold ion beam is about
I mm (FWHM). The cooling force is most efficient at matched electron and ion beam velocities,
ie.

(vi) =(ve), (4.7)

with the non-relativistic electron and ion energies
1 2
E. = 3Me (ve) (4.8)

and .
E; = S (vi)?, (4.9)

respectively. Thus, the corresponding electron energy E. = (m./m;)E; is called cooling energy.
Electron-ion interactions in the electron cooler drag the ion beam velocity towards that of the
electrons, i.e. (vi) = (ve). The so-called dragging forces will be discussed in Sec. 4.4.4. Thus,
the energy of the stored ion beam is determined after a certain storage time by the electron

energy, with E; = (m;/me)E. = (m;/me)EL.

4.4.2 The electron beam as a target for collision experiments

The electron beam can be used as a target for collision experiments by changing the electron
energy F,, i.e. changing the cathode voltage U.q,. It has been mentioned in the previous
section, that ion beam dragging forces reduce the collision energy. Thus, the measurement time
at a certain collision energy has to be short compared to the time scale on which the collision
energy is significantly changed due to the dragging effects. The measurement time at a certain
collision energy was typically 25 ms in the experiments presented in this work, see Sec. 4.6 for

more details.
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Figure 4.4: Schematic drawing of the drift region between the electron cooler and the detector
setup. Shown are the positions of the recombination fragment imaging detector (RFI detector)
and the ionisation-detector. The values s; and so correspond to the minimum and maximum

flight distances of the neutral fragments from the DR process.

We define the relative electron-ion velocity v’ as

vVi = ve—v; (4.10)
with v o= [V (4.11)

and the mean relative electron-ion velocity v as

v = (ve)—(v;), (4.12)

with  w=|v] = /{u)2+ (0)2 = 2(u.) (0) cose (4.13)

where ¢ is the angle between the electron and ion beam and v, and v; is the velocity of the
electrons and ions, respectively. It should be mentioned that to obtain a relative velocity v = 0,
the electron and ion beams have to be coaxial, i.e. ¢ =0, see Eq. 4.13. The electron mass m, is
small compared to the ion mass m; (m; = 104me), i.e. the reduced mass u of the electrons and
the ions is identical with the electron mass m.. Thus, for an angle ¢ = 0 the relative energy F

can be written as

1
E = §m61)2 (4.14)

_ (\/Ee_\/EC)Q, (4.15)

with E. = (me/m;)FE;.
E. is the cooling energy (see above), i.e. the electron energy at matched electron and ion
velocities. After the electron cooling of the ion beam, the variance of v is dominated by the

variance of the velocity ve of the electrons.

39



4 Experimental apparatus and procedures

The velocities of the molecular ions studied in the present work were small (8 = v;/c < 5%)
such that the non-relativistic approximation was sufficient. The correct relativistic expression

for the electron-ion energy is [90]:

E; 2 E2 E
E~E, (1+ ’2> gy Mep <<EEZ> +2mi82%Ei> < 42 62>- (4.16)
m;c m; m; m; mec MeC

The electron energy is not only determined by the cathode voltage at high electron densities

(ne ~ 109 =107 cm™2). The cathode voltage felt by the electrons in the inner part of the electron
beam is screened by electrons further outside and the effective electron energy F, is reduced by
about 10 %. The electron energy E.(r) as a function of the distance r from the beam center is

modified by a space-charge potential Us.(r) and can be expressed by
Ee(r) = eUcqth — eUsc('ra Ucath)- (4.17)

The density profile n.(r) of the electron beam is in a good approximation homogeneous [88] and

can be calculated from the electron current I, by,

I
Ne = —————. 4.18
¢ eveﬂ'sz ( )
Then, the shape of Us.(r) is parabolic inside and logarithmic outside the electron beam (radius
R.y) with respect to the symmetry axis, defined by the electron beam direction. Denoting the

diameter of the beam tube by Ry (Rr = 100 mm) the space-charge potential is given by

eneReb r?

Rr
1——+2In : r< R,
Un(r) =4 0 o ) ’ (4.19)
eneReb In RT . .S R
2€p T ' = Theb

The constant ¢y denotes the permittivity of the free space. The electron beam diameter in the
presented experiments varied from 25 mm to 35 mm whereas the diameter of the phase-space
cooled ion beams were typically ~ 1 mm (FWHM).

The electron density depends on the electron velocity v, (Eq. 4.18) which again depends, via the
space-charge potential, on the electron density (Eq. 4.19). Therefore, an iterative calculation of
ve is needed. The ion energy at cooling (i.e. v, = v;) can be determined from the electron energy
function E,(r). Taking into account the Gaussian-like space-charge profile of the ion beam with

a radius o the mean electron energy ( F, ) is given by

[ E.(r (2)° 27rrdr
fe 3 5 27r7°dr

(Ee) = (4.20)

The specific electron beam properties in the different experiments are presented in Tab. 4.2. The

electron energy FE, corresponds to the energy in the beam center. The relative collision energy
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Molecule FE; Ueatnb 1o E, Ne kT, R, a B

MeV \Y mA eV  10cm™?® meV ~mm mT

LiH* 6.024 452.3 11.2 4119 8.48 11.86 14.77 9.61 4.19
‘HeHt 2.410 2939 5.9 2624 13.44 28.50 9.53 4.00 2.09

CD Hy 0.996 300.0 6.5 271.1 6.07 11.88 14.77 9.61 4.19
DR H;‘ 1.996 584.4 15.3 535.3 10.85 12.67 14.29 9.00 4.20
CS Hy 3.119  926.9 31.0 849.1 16.35 11.86 14.77 9.61 4.19
CD Dy 1.934 289.8 5.9 263.2 5.55 11.79 14.81 9.67 4.19
CS Dy 6.328 939.5 314 861.3 16.44 11.86 14.77 9.61 4.19

Table 4.2: Electron beam parameters for the different recombination experiments at relative
energy E = 0eV, i.e. matching velocity of electron and ion beam. The expansion factor of the
electron beam is given by the value a and the guiding magnetic field in the interaction region by
Bint. The longitudinal temperature in all experiments was kT}| ~ 0.1 meV. Type of experiment:
(CD): Combined CEI and DR; (DR) DR; (CS) cross section.

can be changed by varying the cathode voltage. For typical electron beam parameters (see
Tab. 4.2) the mean electron energy ( E. ) is in a good approximation identical with E.(r = 0)
and the ratio between ( E, ) and the adjusted electron energy (i.e. eUeap) is ( Ee) /eUcarn = 90 %.
The variance of E, is expected to be of the same order, i.e. 0(E,)/E, ~ 107> and results in a

negligible smearing of the electron velocity distribution.

4.4.3 Rate coefficients and cross sections

The rate coefficient a(E), e.g. for the DR with electrons at a relative collision energy E, can be

calculated from a measured fragment rate R(FE) by

R(E)

a(E) = BN,

(4.21)
where n, is the electron density and n = L/C' is the ratio between the length of the merged
electron-ion beam in the electron cooler (L = s5—s; ~ 1.5m, see Fig. 4.4) and the circumference
of the TSR (C = 55.4m). The electron density n. can be derived from the measured electron
current I, and the radius of the electron beam R, using Eq. 4.18.

As has been mentioned before the acceleration and expansion of the electron beam leads to
different temperatures in the transverse and longitudinal component and the electron velocity
distribution is described by the flattened Maxwellian distribution in Eq. 4.6. The measured DR,

rate coefficient a(E) is a convolution of the DR cross section o(E) with the flattened Maxwellian

41



4 Experimental apparatus and procedures

velocity distribution f(v,v') and given by

a(E) = (c(')W') = /a(v')v'f(v,v')d%', (4.22)
with d3v’ = 27rvldv'idv|'|.
The electron velocity distribution function at a collision energy E # 0 is given by

1/2 2 me(v), —v)?
n__Mme [ _me mev'?  MMelV]
— SULCLAR . 4.2
Jv) = S (27rkT||> 8 exP( 2KT| 2KT) (4.23)

where v = (v/2 + v"‘2)1/2.

For collision energies E larger than kT, the cross section o(v) can be directly obtained from
the ratio between (o (v)v ) and the collision velocity v.

The shape of the electron energy distribution in the center-of-mass frame of reference is de-
pendent on the collision energy E [87]. At low E (i.e. E <K (kTL)Q/(kTH) ~ 0.2meV ) the
energy distribution is asymmetric and the width is limited by the transversal electron temper-
ature (k7)) ~ 12meV). At large E the distribution is nearly Gaussian with a full width at half
maximum (FWHM) of AE ~ 4(EkT|In2)'/?(x 0.1eV for E = 10eV). Hence, the resolution for

measuring narrow resonances decreases with increasing relative energy FE.

The measured rate coefficients aypiso at £ = 0eV is convoluted with a flattened Maxwellian
velocity distribution (characterized by KT\ < kT ') and can be compared to a rate coefficient
Qiso, convoluted with an isotropic Maxwellian velocity distributions (i.e. KTy = kT '), as both

rate coefficients are related by [91]:

—1
[t+1
Qiso = Qaniso [ _It- arctan \/1_5] R (424)

with the anisotropy parameter ¢, defined as:

_ KT — KT

W (4.25)

If the longitudinal temperature £7j is much lower than the transverse temperature k7’| , Eq. 4.24

reduces to

m\ —1
Qjso = Agniso (E) . (4-26)

4.4.4 Effects changing the relative collision energy
Ion beam dragging

A process influencing the relative collision energy F is the so-called beam dragging which will be

discussed in this part.
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4.4 The electron cooler

An ion beam stored in the TSR circulates with a revolution time of ~ 5 us and interacts each
time with the electron beam when passing the electron cooler. In each collisione this interaction
reduces the relative energy between the electrons and ions. This results in a dragging of the ion

beam by the electrons towards the electron beam velocity and is therefore named beam dragging.

The relative collision energy F is given by Eq. 4.15:

2
= (VE-\[2R) .
m;

where E, and F; are the electron and ion energy, respectively.

The shift of the relative collision energy with respect to changes in the ion energy is given by:

me | FE
dE = —, | —\/ =|dE;], 4.2
Vs[5 E (4.27)

me 1
dE = —, | EE;— —|dFE; 4.28
e || (4.25)

1.e.

with dE < 0.
Consider a single collision of an ion of charge Z with an electron at a collision velocity v. The

momentum transfer is then approximatively given by [92]

27¢?
Ap = —— 4.29
P 4drequb’ (4.29)
at an impact parameter b, and the energy change of the ion is:
(Ap)°
AE;(b) = ——. 4.30
) = 5 (4:30)

Assuming a cylindric electron beam with the homogeneous density n., the energy change in an

interval dz can then be written as (integrating over n.dA = n.27bdb):

‘ dE;

bmaz
| =2 / nebAE;(b)db = ——— " n, Le(v), (4.31)
xr

boin (4mep)2miv?

where L¢(v) is the so-called Coulomb logarithm, defined as:

b
Lc = In- "2, (4.32)

bmin

where b and b is the minimum and the maximum impact parameter, respectively. A
typical value for the Coulomb-logarithm is L = 10 [88]

The change of the ion energy with time can be derived from Eq. 4.31 using dx = v; dt and taking
into account the relative overlap n = L/C of the electron beam with the ion beam in the storage
ring. This transformation leads to the expression

‘ dE;

dE;
dt )

dx

(4.33)

= 771)1
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The relative change in the ion energy with time is therefore given by

4ret v;
= — 7’pLene—— 4.34
(47ep)? e 2EE; (4:34)

1

E;

dFE;
dt

v;
2FE;
and the shift in the collision energy dF can be calculated combining Eq. 4.28 and Eq. 4.35.

= 2.606 x 10 PeVZem?®Z%nLen, (4.35)

For a more detailed study of the beam dragging the velocity distribution f(v,v') (Eq. 4.23) of
the electrons as well as effects of the longitudinal magnetic fields in the electron cooler have to
be considered [88, 92, 93].

Choosing typical electron and ion beam parameters (see Tab. 4.2) an adjusted collision energy
E =100 meV changes by dE ~ 1 meV in about 100 ms. Thus, the electron energy and therefore
the collision energy gets switched between the measurement energy (E > 0eV) and the cooling

energy (i.e. £ =0eV) to minimize ion beam dragging effects in rate coefficient measurements.

Toroid effects

The angle between the electron and ion beam is not zero in the toroid regions of the electron
cooler (see Fig. 4.4). The non-relativistic relative electron-ion energy for a collision angle ¢ can

be derived from Eq. 4.13 and results in
E=F,+ E.—2\/E.E.cosp, (4.36)

where E, is the electron energy in the laboratory frame-of-reference and E. = (m./m;)E;. The
electron beam moves inside the toroid section on a curvature with a radius Rroroig = 800 mm
changing the collision angle ¢ as a function of the position along the ion beam.

Moreover, the space-charge potential Us.(r) is changing with r, i.e. the distance to the center of
the electron beam, see Eq. 4.19. It can be shown [94], that the relative electron energy Eroroid

inside the toroid section as a function of the position AL is

R roi
EToroid(AL) =FE.+ Ee('r) -V 4ECE6(T) Torold (437)

R"Q[‘oroid +AL?
r =\ Riooia T AL? = Rroroid (4.38)

and 0 < AL < ALyqz- The length AL is maximal if r = Ry, the radius of the electron beam,
and given by

with

ALmax = \/(Reb + RToroid)2 - R%“oroid' (4-39)

The position AL is defined as the distance from the position where the angle between the

electron and ion beam is zero and the projected position of recombination onto the ion beam
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4.5 DR fragment detector systems

axis, see Ref. [94] for a more detailed description. As can be seen from Eq. 4.37, Eryreiq = 0
for AL = E and is increasing with AL. At a collision energy £ = 0eV, an ion beam energy
E; =~ 2MeV and an electron beam radius Rg, = 14 mm the maximal change in the collision
energy is Froroid = 18eV at AL;q, &~ 150 mm. The length where the electron-ion beams are
collinear in the electron cooler is about L = 1500 mm. The effects in the toroid region can be
minimized by decreasing the size of the electron beam (R.p), i.e. applying a small expansion
factor a (Eq. 4.5). The increased collision energy in the toroid sections is usually not to critical
for DR rate coefficient measurements at low collision energies (F < 0.01 meV) due to the low
DR cross section at collision energies of several eV, see for instance Fig. 6.6 in Sec. 6.2.1. The
described effects in the toroid sections are taken into account in measurements of DR rate

coefficient spectra using an iterative procedure, see discussion in Sec. 5.3.2.

4.5 DR fragment detector systems

The investigation of the DR requires detector systems which allow for determine either the final
states of the dissociation fragments or the initial-to-final state correlation between the molecular
ion and the atomic fragments. Two methods used for the study of DR will be discussed in this
section.

The initial-to-final state correlation is determined by a specific kinetic energy release which is
related to a fragment distance and can be measured using the recombination fragment imaging
(RFI) technique [39], see also Sec. 3.3.

The RFI technique fails at low kinetic energy releases. i.e. small fragment distances, or if one
atomic fragment is in a Rydberg state and gets field ionized before hitting the detector. The
fieldionization in the fringe field of a dipole magnet occurs for each Rydberg state at a defined
position and gives therefore a Rydberg state specific trajectory of the atomic ions.

This part will give a brief overview on the RFI technique and will present a detector system

which allows for studying the Rydberg state of atomic fragment produced by DR.

4.5.1 The projected fragment imaging

The setup for the RFT is shown in Fig. 4.5 and consists of a MCP (diameter 80 mm) with
a phosphor screen, some readout electronics and a data acquisition unit. The front side of
the MCP was grounded and the back side of the MCP and the phosphor screen were set to
+1.7kV and +3.2kV, respectively. The operating voltage of the photomultiplier (PMT) was
Upyr = 500V at a current of Ippr = 0.13mA.

A particle hitting the MPC produces a light spot on the phosphor screen (functionality, see
Sec. 4.3). The output of the PMT oriented to the phosphor screen gives a short voltage signal
(maximum voltage ~ —200 mV) with a decay time of about 5ms. This signal is amplified and
shaped by a module (ORTEC 572, Amplifier). The unipolar output of that module is connected
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4.5 DR fragment detector systems

to a Constant Fraction Discriminator (CFD) (ORTEC 584). From the positive output signal of
the CFD a gate signal (width 20 pus) is produced in a timer-unit. This gate signal is connected
to an AND-unit.

The light spots on the phosphor screen are also imaged by a 50 Hz CCD camera working on an
interlaced mode, i.e. the readout of odd and even frames occurs every 20 ms corresponding to an
exposure time of 40 ms for each frame. Working in the so-called 25 Hz-mode only even or odd
frames are processed. The arrival time between two particles belonging to a DR event is several
ns, whereas the switching time of the phosphor screen is about 1 us. Each frame is processed
by a Frame Threshold Suppressor (FTS) which is connected to a VME-computer providing the
impact position of the particles on the MCP in units of pixels, see Sec. 4.3 for more details. The
FTP sends a End-of-Frame (EOF) signal which is branched by a logical fan-out-unit into two
signals. One signal switches on the high voltage of the phosphor screen and the second signal
triggers a timer-unit giving a gate signal (width 20 us). The inverse gate signal and the output
gate signal from the other timer-unit (coming from the CFD) are connected to an AND-unit
which again is connected to the switch of the power supply for the high voltage of the phosphor
screen and to the data acquisition system which assigns to each event the time elapsed since
the ion beam injection. Each time the A ND-unit gives an output signal the high voltage of the
phosphor screen is turned off (switching time ~ 1 us). Due to the setting it takes at least 20 us
from the EOF until the phosphor screen can be switched off. This dead-time is necessary since
the switching of the high voltage induces a signal in the PMT such that each time the high
voltage is turned on an “artificial” event is seen turning off immediately the high voltage again.
If the inverse of the DR rate is small compared to the switching time of the phosphor only
particles belonging to one DR event are seen in each frame. The spatial resolution of the RFI
setup is ~ 0.1 mm, whereas the minimum distance of two clusters of pixels has to be ~ 1.5 mm
to be distinguishable. Furthermore descriptions of the image processing is given in Ref. [94]

where also a detector setup for measuring three-dimensional fragment distances is discussed.

4.5.2 The MCP detector for ion fragment measurements

The motional electric field felt by the neutral particles passing the dipole is proportional to the
strength of the magnetic fringe field, see measured fringe field from Ref. [95] shown in Fig. 4.7.
The neutral atoms enter the fringe field of the dipole magnet and get deflected once they un-
dergo field ionisation. The critical electric field for field ionisation to occur is proportional to
1/ n*, where n is the principal quantum number of the atom. The impact position of field ionized
atoms at the MCP-detector is thus dependent on its Rydberg state. The rate of neutral particles
passing straight through the dipole can be measured by a surface barrier detector (SBD) (size
40 x 60 mm?).

The dipole chamber, the RFI-detector and the MCP-detector for atomic ions are shown schemat-

ically in Fig. 4.6. The molecular ions move in the dipole magnet on a curvature with a radius of
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MCP-
AB" detector

Figure 4.6: Schematic draw-
ing of the dipole chamber and
the detectors. For the mea-
surement of field ionized frag-
ments (AY) a MCP-(Multi
Channel Plate)detector with
spatial resolution was used.
The neutral fragments (A,B)
RFI- passing the dipole magnet hit
detector the RFI-detector.

p = 1.15m and get deflected by ¢ = 45°, whereas a field ionized atom moves on a trajectory with
a reduced radius pg = pma/(ma + mp); ma and mp are the masses of the field ionized and
the neutral DR fragment, respectively. If the molecular ion (m; = ma + mp) is much heavier
than the field ionized fragment, the radius p4 becomes rather small and the fragment cannot
reach the MCP-detector. The length of the dipole magnet is d = 88 cm and the distance from
the edge of the dipole magnet to the position where the MCP-detector crosses the ion beam is
[ =69cm. The MCP detector is movable perpendicular to the ion beam axis with an accuracy
better than 1 mm.

The MCP detector consists of two MCPs (Chevron geometry) with an active diameter of 2.5 cm
and a resistive anode which is connected to some electronics responsible for the calculation of
the impact position, see Fig. 4.8. The electronics consists of a set of pre-amplifier for each of the
four wires connected to the edges of the anode and a Position-Computer2502A from Quantar
Technology Inc. which calculates the impact position of the electrons on the anode from the
ratio of the four voltage signals. The Position-Computer has two analog and two digital outputs
(8 bit for x- and y-direction). Events on a detector can be visualized by connecting the analog
outputs to a two channel oscilloscope and displaying channel one versus channel two. The spatial
information about the impact position on the detector can be obtained using a CCD camera
for taking images of the display of the oscilloscope and using the readout electronics discussed
in Sec. 4.5.1. The phosphor screen is here replaced by the display of the oscilloscope. More

information about the detector can be found in Ref. [96].
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4.6 Measurement of absolute rate coefficients

To measure absolute rate coefficients, e.g. for the DR of molecular ions with electrons, the storage
ring technique turned out to be a powerful tool in the beginning of the early 90’s. The stored
molecular ions (E; = 1/2mwv?) can be merged with an intense (density n, = 10¢ — 107 cm~?3) and
cold (kT = 10 — 15meV, kT}; ~ 0.1 meV) electron beam inside the so-called electron cooler on
a length of about 1.5 m. The neutral recombination fragments can be measured using an energy
resolving surface barrier detector (SBD) (size 40x60 mm?) down-stream the electron cooler.
The energy resolution allows to distinguish between fragments belonging to DR and fragments
from scattering with residual gas molecules in the storage ring. In the latter case usually only
one of the two constituents of the molecular ion hits the detector and deposits therefore only
part of the total molecular ion energy. By setting a window on the measured energy spectra
around the peak corresponding to the total ion energy the DR fragment rate R can be obtained
by normalizing the integrated number of events to the total measurement time. In case of the
recombination of a molecular ion AB™ the DR rate coefficient a(E) as a function of the collision
energy F is given by

_ Rap
a(E) = (BN’ (4.40)

where n.(F) is the electron density, N; the number of stored ions and 1 = 0.0269 + 0.0002 the

ratio between the overlap length of the electrons-ion beam in the electron cooler [ = 1.494+0.01 m

and the ring circumference L = 55.4 m. The electron density varies with the adjusted relative

collision energy, see Sec. 4.4. The number N; of stored molecular ions is related to the ion
current I; by ,
13

N; = e (4.41)

with the elementary charge e, the charge state ¢ of the ions and the orbital frequency f = v;/L.

The orbital frequency is obtained using a Schottky pickup electrode and ion currents higher than

1 pA are measured by a DC transformator. The limitation of the sensitivity to ion beam currents

higher than 1 A makes it difficult to measure absolute rate coefficients, as will be discussed in
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Sec. 5.3.2.

4.6.1 Setup and data acquisition

In this section the measurement scheme as well as the setup for the measurement of DR rate
coefficients will be briefly discussed, see Fig. 4.9 for a schematic drawing of the setup.

To obtain a DR rate coefficient the rate of DR fragments as well as the number of stored ions has
to be measured, see Eq. 4.40. The number of ions in the ring is proportional to the ion current,
see Eq. 4.41 which can either be directly measured by a DC transformator (for I; > 1uA) or
indirectly by the trigger signal rate from the beam profile monitor (BPM). The output voltage
of the DC transformator is converted into a frequency by a volt-to-frequency converter (VFC).
The measurement scheme is as follows.

At each injection the offset voltage of the electron cooler is set to 0 Volt, which is also called
cooling voltage. At this voltage the ion beam gets phase-space cooled and reduces to a Gaussian-
like shape with a size of 1 mm (FWHM). After a defined pre-cooling time the data acquisition
gets started by a CAMAC interrupt (LAM 1)3. To avoid beam dragging effects, see Sec. 4.4, the
electron cooler voltage is cyclic changed between the reference, the measurement and the cooling
voltage every 25 ms; this procedure is called wobbling.

In the first step the offset voltage of the electron cooler is set to the reference voltage (REF) by
the data acquisition software which also triggers a Gate Generator (GG). The GG is set such
that it creates a gate signal with a width of 20 ms after a delay of 5 ms. The 5 ms delay is needed
by the electron cooler to adjust the new voltage. While the gate is set the trigger signal from

3 LAM stands for Look At Me
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Figure 4.9: Schematic drawing of the setup used for DR rate coefficient measurement; grey
boxes: CAMAC modules, white boxes: NIM modules and circles: input signals.
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the BPM, the signal from the DC transformer and the gating time (1 MHz clock signal) itself is
fed into Scaler 1 and read into a memory module after the LAM 2, generated by the end signal
from the Gate Generator. The Scalerl gets cleared after each read-out. In the second and
third step the measurement is repeated with the offset voltage set to the measurement voltage
(MEAS) and the cooling voltage (COOL), respectively. This cycle is usually repeated 10 times,
corresponding to a total measurement time of 0.75s. When the last cycle is finished the software
sends a LAM 3 signal instead of a LAM 2 and the data get transfered from the memory module
to the measurement computer system. The data transfer lasts several ms while no data can be
taken.

The data acquisition of the fragment rate is slightly different. The fragments hitting the surface
barrier detector (SBD) produce an analog signal which gets pre-amplified (Pre-Amplifier) and
shaped (Shaping Amplifier) before converted into a 9 bit signal by an analog-digital-converter
(ADC) and fed into a Digital Router. The bit-value is proportional to the energy deposited in the
SBD. The Digital Router is gated by the Gate Generator and adds 2 bit according to the wobble
state (REF-MEAS-COOL) to the 9bit from the ADC. The digital wobble state is set via a NIM-
Driver by software. The 11 bit signal is send to a Histogram Memory Unit (HMU) whereas the
additional 2 bit define the starting address (0 =REF, 512 =MEAS and 1024 = COOL). This way
a separate histogram is assigned to each wobble state. The data in the HMU get accumulated
until a LAM 3 is generated and then transfered to the measurement computer system together
with the injection time information written into the Scaler2. The Scaler2 is connected to a
100 Hz clock signal and gets cleared with each injection.

At each injection only one defined measurement energy is set. To study the energy dependence

of the rate coefficient the measurement energy is changed at each injection.
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5. Recombination and super-elastic

collisions of hydrogen molecular ions

This chapter is focused on the dissociative recombination (DR) and super-elastic collisions (SEC)
of hydrogen molecular ions with electrons. Both processes give rise to a vibrational cooling
which has been studied and used to derive absolute vibrational state specific DR and SEC rate
coefficients. The unexpected large SEC rate coefficients lead to a complete vibrational cooling

of an Hy or DJ ion beam in less than one minute of storage.

5.1 Observation of electron-induced vibrational cooling of
HJ and D7

As discussed in Sec. 3.2, the vibrational population information can be obtained from the CEI
measurements. Using a slow extraction scheme (Sec. 4.2.1), a small part of the stored beam
was continuously extracted and steered towards a beam line where the CEI experiment took
place. Two different target foils were used, a Formvar target of 70 A [27] and a DLC target
of 40 A thickness [97] in the Hj and D experiment, respectively. The distance between the
target foil and the detector was 2965 + 5 mm for the Hj experiment and 4615 + 5mm for the
D;r experiment.

In order to measure the vibrational state population of the H; (DéIr ) beam, and its change due
to electron recombination processes, namely DR and SEC, the ion beam was stored in the ring
and merged with electrons in the electron cooler for a time ¢. After this time, the electron beam
was turned off, and a small fraction of the ion beam was continuously extracted toward the
CEI setup, until the stored beam intensity became too weak and the rate of extracted ions too
small. The remaining ion beam in the ring was kicked out before a new injection took place. The
projected fragment distance spectra obtained with the CEI detector were measured after various
times of storage and electron interaction. As pointed out in Sec. 3.2, these distributions directly
represent superpositions of the initial nuclear probability distributions for the various vibrational
states of Hf (D3 ) according to their population. Vibrational deexcitation of the molecular ions
will hence show up as a narrowing of the measured fragment distance distributions.

In order to prove that the change in the vibrational state population is only due to the interaction
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with the electron beam, a measurement was done with the electron beam switched off. In the
experiment with the H;“ beam data were acquired over 12s, whereas for D;“ the measurement
time was, due to the higher beam intensity, up to 20s. The acquired events were divided
into three time slices. The time slices were { = 0 —4s, { = 4 —8s and { = 8 — 125 for the
H;’ measurement and ¢t = 0 — 6s, t = 6 — 12s and ¢ = 12 — 20s for the experiment with the
D5 beam. Fig. 5.1 shows a fragment distance spectrum for Hj measured during the first 4
seconds of storage. No changes in the shape of these distributions were observed during the
whole storage period. The normalized fragment distance spectra were fitted by the function
P(d;t) (Eq. 3.12) including vibrational states v = 0...10. The simulated functions P;(d)
were derived following the procedure discussed in Sec. 3.2.3. A cosine-cut! was applied to the
experimental and simulated data sets to diminish the influence of the wake effect as well as the
worse spatial resolution parallel to the beam direction, see Sec. 3.2.2 for more details. On top of
the measured fragment distance spectrum in Fig. 5.1 the fitted distribution P(d;¢) (full line) and
the contributions of the two lowest vibrational states (broken lines) are plotted; all functions are
scaled to fit the experimental spectrum. The bad agreement between the fitted function P(d;t)
and the measured distribution at small fragment distances is due to the contributions of higher
vibrational states which were not taken into account. The results for the vibrational populations
up to v = 5 for each of the time slices are shown in the Fig. 5.2 for the measurements with the
H;’ and D;’ beam.

It can be seen that neither the collision-induced dissociation from the residual gas in the ring
nor the motional electric fields of about 20kV/cm (Hj ) and 40kV/cm (D3 ) induced in the
dipole magnets of the ring cause significant changes of the initial vibrational state distribution
of both molecular ions. This observation is in good agreement with conclusions drawn from pure
DR measurements at CRYRING [22].

1 i.e. discarding events with a large component of the fragment distance parallel to the ion beam direction
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Figure 5.2: Measured vibrational population distributions (v =

through the points are the average values of the population of each vibrational level.

In Fig. 5.3 (H;r ) the initial vibrational population distributions derived from the measured frag-
ment distance spectra in absence of the electron beam and without applying time cuts are shown.
Due to the strong cosine-cut many events were discarded in the measurement with the H;’ ion
beam. To take advantage of better statistics when using all events (i.e. no cosine-cut) only
the two-dimensional fragment distances D in the detector plane and not the three-dimensional
fragment distances d were taken into account. The neglected spatial component is strongest
influenced by the wake-effects (see. Sec. 3.1) and has a worse experimental resolution (see
Sec. 4.3). The Monte-Carlo simulation was used to provide two-dimensional fragment distance
distributions P;(D) for each vibrational state v instead of three-dimensional fragment distance
distributions P;(d) (see Sec. 3.2.2). The vibrational population was then extracted by fitting
a linear combination of the simulated functions P;(D) to the normalized experimental spectra,
following the procedure explained in Sec 3.2.3 for the analysis of the full three-dimensional spec-
tra. The results for Hj , shown in Fig. 5.3, agree within the statistical errors with the results
of Fig. 5.2, obtained from the three-dimensional fragment distance spectra. For D; a fit to the
three-dimensional fragment distance spectra was done. Both measured vibrational population
distributions are compared with earlier results, obtained from photodissociation experiments
with Hy (D3 ), carried out by Von Busch and Dunn [98], and with predicted populations cal-
culated under the assumption that HJ (D] ) is formed in the ion source by ionization of ground
state Hy (Do) obeying the Franck-Condon principle. The populations of the first two vibrational

states measured in the present experiments are several percent higher than the Franck-Condon
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Figure 5.3: Measured vibrational populations in the stored Hy (left) and D (right) beam as
extracted from fragment distance spectra from CEI taken without electron beam. Also shown
are the results from photodissociation experiments by Von Busch and Dunn [98] and from
Franck-Condon calculations. The lines are drawn to guide the eye through the Franck-Condon
values.

populations. Similar deviations for the lowest vibrational states were also seen in the CEI mea-
surement of HDT [34] carried out earlier with our setup. The photodissociation experiments on
Hj (D7) by Von Busch and Dunn [98] show similar deviations from the Franck-Condon values.
Possible reasons for the deviations have been discussed by Amitay et al. [34].

To study the influence of the DR and SEC processes on the vibrational state population, the
fragment distance spectra were measured after several storage times during which the ion beam
was continuously interacting with electrons. As the electron beam was turned off before starting
the CEI measurement, the vibrational population distribution can be assumed to be “frozen”,
as was found for both molecular ions, see Fig. 5.2. Changes in the vibrational population distri-
butions are therefore due to interactions with electron. Measured fragment distance spectra for
different interaction times of electrons with Hy and DJ molecules are shown in Figs. 5.4 and 5.5,
respectively. The experiment with D; molecules was performed with an improved experimental
CEI setup which allowed a faster data acquisition and therefore higher statistics. Furthermore,
the initial ion beam current stored in the TSR was higher which made it possible to obtain
sufficient CEI count rates for longer interaction times with the electron-ion beam. For both
molecular ions a clear change in the vibrational distribution can be seen (i.e. the width is
getting narrower) with time which is an evident sign for vibrational cooling. The shift of the

peak position towards higher distances is due to the anharmonicity of the potential well of the
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Figure 5.4: Three-dimensional
fragment distance spectra of
H;' from Coulomb explosion
measured after different inter-
action times with near-zero
relative energy electrons. For
t = 8s the full line represents
the fitted distribution P(d;t)
(Vmaz = 10), the broken lines
show the contributions from
v =0 and v =1 as indicated.

Figure 5.5: Spectra of the
three-dimensional fragment dis-
tance d for D Coulomb explo-
sion measured after different in-
teraction times (t = 0 — 455s)
with near-zero relative energy
electrons (electron density 5.6 x
10=%cm3/s). The spectra are
normalized to unit area.
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5.2 Vibrational state specific relative DR rate coefficients for H] and DJ

molecular hydrogen ion causing, on the average, an increased internuclear separation which gives
rise to smaller kinetic energy releases in the Coulomb explosion process and therefore smaller
fragment distances.

For Hy the two-dimensional theoretical fragment distance distributions P}(D) were again fitted
to the measured two-dimensional fragment distributions (see discussion above) corresponding to
different time slices, whereas for D; the full three-dimensional information was used to reveal
the time evolution of the vibrational population. Figs. 5.4 and 5.5 show the three-dimensional
fragment distance distributions as measured for the H; and D;’ beam, respectively. Only vibra-
tional states lower than v = 11 have been taken into account. Additionally the fitted distribution
P(d;t) (solid line) and the contributions from v = 0 and v = 1 (dotted lines) are drawn. The
three-dimensional fragment distance spectra for DJ are normalized to unit area for a better
comparison. The results are represented for the first six vibrational states of H;“ and D;“ in the
Figs. 5.6 and 5.7, respectively. For both molecular ions a vibrational cooling can be seen, espe-
cially for D;“ the population of the vibrational ground state increases from initially less than 10 %
to about 75 % in 45s. The population of the first excited vibrational state of D; increases in the
first 20s to almost 35 % and decreases at longer storage times. After about 25s only the lowest
four vibrational states of D; are populated. Both experiments cannot directly be compared due

to different initial vibrational population distributions (Fig. 5.3) and electron densities.

5.2 Vibrational state specific relative DR rate coefficients for
HJ and DJ

The CEI technique (Sec. 3.1) makes it possible to measure the vibrational population p,(t) of
molecular ions stored in the TSR, as has been shown in the previous section, whereas the RFI
technique (Sec. 3.3) provides information about the relative contribution g, (¢) of different vibra-
tional states to DR. These techniques have been used in previous experiments to study the DR of
HD™ [34]. A vibrationally excited HD™ molecular ion cools radiatively to its vibrational ground
state in less than 500 ms [33]. This radiative cooling cannot be observed for the homonuclear
diatomic molecular ions Hj and Dj due to a missing dipole moment.

To obtain vibrational state specific relative DR rate coefficients both techniques, CEI and RFI,
were combined. The relative contribution g,(¢) of a vibrational state v to the DR rate obtained
from the stored ion beam is proportional to the population p, and the rate coefficient «, of
that state. Taking the DR rate coefficient o as reference?, relative DR rate coefficients can be
yielded by

@ _ q(t) pi(t) (5.1)

aq q1 (t) Pov (t)

2 Usually the rate coefficient o for the vibrational ground state is taken as reference, however as will be shown
ay is about one order of magnitude larger than o which reduces the statistical errors on the relative rate
coefficients a, /a1.
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5 Recombination and super-elastic collisions of hydrogen molecular ions

The measurement of the relative contributions g, () of vibrational states to DR will be discussed
and vibrational state specific relative DR rate coefficients will be derived for H;’ and D; in the
following sections.

The two experiments were carried out at ion energies F; =~ 1 MeV and E; ~ 2 MeV for the H;’ and
D; molecule, respectively. For the H;“ experiment the single-ended van-de-Graaff accelerator
and for the D;’ experiment the RFQ accelerator was used. The longitudinal and the transverse
electron temperatures were k7)) ~ 0.1 meV and k7| ~ 12meV for both molecules. The electron
densities were n, = 6.1 x 10 cm™3 and n, = 5.4 x 108 cm™3 at electron beam diameters of about
d = 35mm and d = 30 mm for the H; and D;’ experiment, respectively. In all experiments, the
velocities of the electron beams were set very close to that of the injected beams. Hence, the
electron-ion collisions occurred at near-zero relative energies F and the average collision energies
were given by the transverse electron temperatures k7' . Small differences between the average
velocities of electrons and ions were reduced by the friction force which rapidly drags the ion
beam to a velocity matching the electron velocity (Sec. 4.4.4), such that the energy of average
relative motion between the two beams becomes zero. The angular spread of the ion beam after
injection into the TSR of at most +7 mrad was reduced within several seconds of storage due to
interactions in the merged electron-ion beam. At the same time the ion beam size was reduced

from initially several millimeters to about 1 mm (FWHM).

5.2.1 DR of Hj and D;

The recombination fragment imaging (RFI) technique has been extensively used in recent years
to study the initial-to-final state-to-state correlations in dissociative recombinations (see for
instance Ref. [34]). The experimental method of the RFI technique has been discussed in
Sec. 3.3. A specific kinetic energy release E}C’J n' g related to each initial-to-final state-to-state
DR channel; vJ denotes the initial ro-vibrational state and n and n’ the final atomic fragment
states. The kinetic energy release E}C’J n i3 converted into a macroscopic fragment distance d

of up to several centimeters after a free flight of a few meters, obeying the relation

d ~ /B, (5.2)

see Eq. 3.17 for the exact dependence. The concept of the RFI is based on the measurement
of the distribution P, j,, (D) of projected fragment distances D on the detector plane oriented
perpendicular to the center-of-mass motion of the dissociating fragments. The shape of the ex-
pected projected fragment distance distributions P, jy,,/ (D) are discussed in Sec. 3.3 for different
angular distributions of the fragment relative to the beam direction. It has been shown that
the angular distribution is isotropic at matched electron-ion velocities [94]. Assuming a time
independent Boltzmann distribution of the rotational excitation corresponding to T" = 600 K, a

projected fragment distance distribution P,,, (D) (Eq. 3.23) can be given for each initial-to-final
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5.2 Vibrational state specific relative DR rate coefficients for H] and DJ

state-to-state DR channel®, as derived in Sec. 3.3.

At matched average velocities of electron and ion beam (E = 0eV) one of the atomic fragments
is always produced in the ground state (n' = 1), whereas the final state of the other fragment
is dependent on the ro-vibrational excitation of the molecular ion prior to recombination. For
H;“ in a ro-vibrational state* v < 5 and J < 6, only the final asymptote corresponding to n = 2 is
accessible. The n = 1 asymptote receives a negligible population as has been shown in previous
experiments [39]. Due to the larger reduced mass of DJ the vibrational and rotational energies
are shifted with respect to the values for H; , see Append. B. Therefore, in D; the limits below
which only the final asymptote (n = 1) n = 2 is accessible are v < 7 and J < 8. Assuming
a rotational excitation corresponding to a Boltzmann distribution at 7" = 600 K (measured ion
source temperature T = 600 + 100 K [34]) about 85 % of the Hj molecules are in a rotational
state J < 6 and about 75 % of the D;“ molecules are in a rotational state J < 7. The small con-
tribution from higher J levels for the HJ and D ions in the vibrational states v = 4 and v = 6,
respectively, is negligible and it was assumed that only the n = 2 asymptote is energetically
accessible.

To compare the electron induced vibrational cooling and to extract relative DR rate coefficients
for both molecular ions, the DR and CEI studies (discussed in the previous section) of each ion
were performed in a separate experiment under the same experimental conditions. The exper-
imental conditions, such as the ion beam energy and the electron cooler settings, can be found
in Sec. 5.2 for both experiments.

The impact position of the DR fragments on the detector is obtained using an imaging system,
consisting of a CCD camera, a frame threshold suppressor (FTS) and a VME computer, see
Sec. 4.5.1 for a more detailed description. Each fragment hitting the detector produces a light
spot on the phosphor screen mounted behind the MCP. The fragment positions, measured with
the CCD, camera are given in units of camera pixels and need to be transformed into millimeters
prior to a data analysis can be done. The distance between the CCD camera and the MCP is
slightly different for each experiment. The so-called pixel-to-millimeter calibration is usually
done by putting small metal discs of known diameter in front of the MCP blocking part of the
DR fragments. This way a shadow of the metal disc is obtained in pixel-units. Fitting an ellipse®
to the disc shadow yields a disc diameter in units of pixels which can be directly compared to the
disc diameter in mm. Following this method a value for the pixel-to-millimeter transformation
can be derived with a systematic error of approximately 3 %. The systematic error is due to the
rather large MCP-disc distance of about 25 cm and the ion beam diameter of ~ 1 mm (FWHM).

This leads on one hand to a smeared contour of the disc profile on the MCP and on the other

3 Each projected fragment distance distribution is convoluted with a defined rotational excitation distribution,
see discussion in Sec. 3.3.

4 For all calculations the rotational constant of the vibrational ground state (Tab. B.1) has been used.

5 The pixel distances on the CCD chip are different in the vertical and horizontal direction and have a fixed
ratio of v/2 [75] for the cameras used in our experiments.
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MCP
SBD

65(5) mm

. Disc DR fragments

Electron-ion beam

- 256(5) mm 4{

5720(10) mm
7210(10) mm

Figure 5.8: Schematic drawing of the setup used to measure the projected distance of the DR
fragments together with the positions of the metal disc, the surface barrier detector (SBD) and
the electron-ion recombination region inside the electron cooler with respect to the MCP. It is
possible to chose between discs of different diameters. Also depicted is the disc shadow which
is enlarged due to the divergence of the dissociating DR fragments.

hand to an enlarged diameter, as the DR fragments are not moving parallel, see Fig. 5.8. For
the experiment with the D;’ ion beam, “images” have been taken from the lower edge of a sur-
face barrier detector (SBD), movable in vertical direction, at different positions which can be
precisely adjusted from outside the vacuum chamber. The smaller distance to the MCP reflects
in a smaller systematic error of less than 2 %.

In the experiment with the H; ion beam, projected fragment images have been measured for
electron-ion interaction times from ¢ = 0.5 — 13.5s, whereas for D;r the measurements were
performed up to times £ = 90s. Some measured projected fragment distance distributions for
the DR of Hy ions at matched electron-ion velocities are shown in Fig. 5.9 for different time
slices. The changing shapes of the projected fragment distance distributions reflect the vibra-
tional cooling already seen in the CEI measurement. The large contributions at small distances
disappear with time and are due to DR producing fragments in an excited state with n = 3.
As discussed before, these final asymptotes are energetically accessible only for vibrationally
excited Hy molecules (v > 4). As in previous experiments [39] no contribution of DR with final
asymptotes n = 1 has been observed.

The relative contribution g, of each initial-to-final state-to-state DR channel was obtained
by fitting the function P(D;t) (Eq. 3.24) to the measured distributions which were normalized
to unity. The calculated projected fragment distance distributions for the different vibrational

states take into account rotational excitation and the length of the electron cooler. The ro-
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tational excitation was assumed to be Boltzmann distributed corresponding to a temperature
of T = 600 K. In addition, the angular distribution of the DR fragments was assumed to be
isotropic, see Sec. 3.3. A fixed value for the pixel-to-mm calibration was used. In the lowest
panel (t = 7.5 — 8.55s) of Fig. 5.9 the fitted function P(D;t) as well as the individual contribu-
tions of some DR channels are drawn on top of the measured distribution. The shape of the
individual contributions are expressed by the functions P,,, (D) (Eq. 3.23). The peak position
of the expected projected fragment distance distributions P,/ (D) are well separated for all DR
channels allowing for extracting their relative contributions g,y (t), where >, gynns = 1. The
fitting results are summarized in Fig. 5.10. The relative contributions of the higher vibrational
states (v > 4) disappear almost completely within about 10 seconds. The vibrational states
v > 4 populate predominantly the final asymptotes with n = 3; this corresponds to the DR
channel with the lowest kinetic energy release.

The DR measurement of DJ was also carried out at near-zero kinetic energy collision energies.

The analysis of the projected fragment distance spectra for D; followed the same procedure
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Figure 5.10: Fitting results
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discussed for H; . Some of the measured spectra are presented in Fig. 5.11. The statistics was

high enough for interaction times lower than 60 s to extract meaningful spectra for time windows

of 1s. Only for the longer storage times the fragment rate became too low such that larger time

windows (4s) were needed to obtain reasonable statistics. As for HJ a strong vibrational cooling

is visible and an almost complete disappearance of higher vibrational states (contributions at

small distances) is observed within less than 10s. The fitting results, presented in Fig. 5.12,

reveal an almost complete cooling into the vibrational ground state. After about 40s only the

vibrational states v = 0 and v = 1 contribute to the DR. Due to the lower lying vibrational

energy levels, the final asymptotes n = 3 are only accessible for vibrational states v > 6. As
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Figure 5.11: Measured pro-
jected fragment distance dis-
tributions from the DR of
D; with near-zero kinetic en-
ergy electrons at different in-
teraction times.

Figure 5.12: Fitting results
for the relative contributions

of each channel cor-

Qunn’
responding to DR of D;’ in
an initial vibrational state v
into D(1s)+D(n) ([v,n]) to
the projected fragment dis-
tance distributions measured
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teraction times (t =0 — 855s).
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5 Recombination and super-elastic collisions of hydrogen molecular ions

for H;’ a predominant population of final asymptotes n = 3 is observed for v = 7. The ex-
pected projected fragment distance distributions P,/ (D) (Eq. 3.23) are less separated from
each other due to the smaller vibrational level spacing in D;“ compared to H; . Additionally, the
total number of involved vibrational states is larger for D3 . This made it particular difficult to
extract reliable relative contributions for the first ten time slices (i.e. for ¢ < 11s) and gave rise
to systematic variations in the results. Thus, only DR channels with final asymptotes n = 2
were fitted in a first step. In a second step, the relative contributions of DR channels with final
asymptotes n = 3 were fitted keeping the relative contributions of the other channels fixed to
the values obtained from the first fit. This procedure is possible since the kinetic energy release
and therefore the fragment distance is small for DR channels with final asymptotes n = 3 and
does not influence the shape of the spectra at large projected fragment distances; the shape at
these distances is completely caused by the other DR channels, see lowest panel in Fig. 5.9. The
relative contributions of vibrational states v > 7 to DR disappeared within a few seconds and
are therefore not shown in Fig. 5.12.

A second experiment was carried out with an H; ion beam at higher storage energy and higher
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electron density. The experiment aimed at observing the time evolution of the relative contri-
butions of the lower vibrational states for longer electron-ion interaction times. The two RFQ
accelerators were used together with the seven-gap resonators (Sec. 4.1) to accelerate the Hy ion
beam produced in a CHORDIS ion source to an energy of E; =~ 2MeV. The electron density
was n, = 1.09 x 10" cm™3, about twice as high as in the first experiment, which decreased the
time-constant for the electron induced vibrational cooling by almost a factor of two. The trans-

verse and the longitudinal electron temperatures were K7 = 12.7meV and k7j} ~ 0.1 meV,
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5.2 Vibrational state specific relative DR rate coefficients for H] and DJ

respectively. The measurement scheme as well as the data analysis were identical with the pre-
vious experiments, therefore only the final results are shown in Fig. 5.13. An almost complete

vibrational cooling into the two lowest vibrational states was found in about 30s.

5.2.2 Relative DR rate coefficients for H] and D

The information about the relative contribution gy, () of each initial-to-final state-to-state
channel to DR at a given time can now be combined with the vibrational population p,(t) to
derive state-to-state DR rate coefficients relative to that of v = 1 (final asymptote n = 2,n’ = 1),
i.e. aypi/a121 (see Eq. 5.1). The DR rate coefficient of the first excited vibrational state has
been chosen as reference instead of that for the vibrational ground state because of the small
measured relative contributions gg2;(¢) of v = 0 to DR (see Figs. 5.10 and 5.12) which cause
large statistical errors. Figs. 5.14 and 5.15 present the relative DR rate coefficients for the lower
vibrational states of H; and D;, respectively; after summation over all contributions of each
vibrational state to the final fragment states energetically accessible by DR with near-zero kinetic
energy electrons. For Hj the relative DR rate coefficients are shown for all time slices for which
the vibrational population was known from the CEI measurement, whereas for D; only those
time slices were considered were either the vibrational population or the relative contribution to
DR was significantly different from zero within their error bars. The lines drawn represent the
weighted mean values used as the final results. The required time independence of the values is
given within the statistical error bars and prove the reliability of the method to extract relative
DR rate coefficients.

The final experimental results for the relative DR rate coefficients are shown in the Figs. 5.16
and 5.17 for Hj and D , respectively, as a function of the vibrational state v. The plotted
error bars are larger than the statistical values. The results are summarized together with their
systematic errors in Tab. 5.1. The systematic errors are due to the uncertainties in the factor for
the pixel-to-millimeter transformation, discussed in the previous section and were obtained by a
systematic study of the influence of the uncertainties in the pixel-to-millimeter calibration on the
relative DR rate coefficients. The experimental results for H; as well as for D; are compared
to earlier calculations, based on the multichannel quantum defect theory (MQDT), of the DR
rate coefficients by Nakashima et al. [24] for v = 0 — 4. Furthermore shown are recent results
from new MQDT calculations of the DR of H; at a collision energy £ = 0.01 meV by Schneider
et al. [99]. Rate coefficients become constant at collision energies lower than the longitudinal
electron temperature of k7] ~ 0.1 meV, such that the calculations for E = 0.01 meV represent
the experimental conditions [100]. Theoretical studies of the DR of D; will probably also be
performed in the near future. The calculations by Nakashima et al. considered only the 12;
dissociative state of molecular hydrogen, whereas the results by Schneider et al. were obtained
taking into account also higher dissociative states, belonging to the so-called Qi series. But,

both MQDT calculations did not include rotational excitations. The results by Schneider et
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al. have been convoluted with our experimental (i.e. anisotropic) electron velocity distribution,
whereas the results by Nakshima et al. were convoluted with an isotropic Maxwell-Boltzmann
distribution corresponding to 100K, the approximate transverse electron temperature in the
present experiments. Takagi [101] included rotational excitations in his calculations of the DR
cross section of HDTin v = 0,1 and Hj in the vibrational ground state. Further calculations
of the DR cross section for H;r , HDT and D;“, using the projection operator technique, were
carried out for the vibrational states v = 0 — 4 by Rai Dastidar and Rai Dastidar [102]. These
calculations were performed for collision energies larger than 500 meV and cannot be compared
to our results. Only for the first three vibrational states of Hy a reasonable agreement between
the calculations by Nakashima et al. and our results can be seen. Also the calculations by

Schneider et al. cannot reproduce the measured relative rate coefficients and show almost no
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dependence on the vibrational state.

The theoretical results for D;“ do only agree for v = 1 and v = 3 within the experimental error
bars. Nakashima et al. trace back the very low value for the ground vibrational state of D; to
the small Franck-Condon factor between the continuum vibrational wavefunction of the 12;
dissociative state and the nuclear wavefunction for v = 0. The final experimental results for
relative DR rate coefficients of H;“, HD* and D;r are summarized in Tab. 5.1. The electron-
ion collision energy as well as the longitudinal electron temperature were identical in all three
experiments and amounted to F ~ 0meV and k7] ~ 1 K. The transverse electron temperatures
varied slightly and are quoted in Tab. 5.1. The relative DR rate coefficients show similar trends
for both studied molecular ions. The DR rate coefficients are almost constant for the vibrational

states v = 1 — 4 of Hy and v = 1 — 6 of DJ and are about an order of magnitude higher than
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Hy D HD* [34]

T,=139K T,=139K T, =116K
ap/ay  0.10 £0.05 0.17 +£0.09 0.51 + 0.13
ax/ay 0.82+£0.12 0.73 +£0.22 1.44 + 0.63
az/a; 0.96 £0.19 0.82 +0.20 0.15 + 0.13
ag/ar 0.53 £0.11 1.28 £ 0.50 2.30 + 1.30
as/ay 45 +14  1.25+0.63 0.01 + 0.05
ag/a;  6.3+19 1.08 +£043 148 + 6.3
/oy 469 £1.90 92471

Table 5.1: Experimental relative DR rate coefficients of Hy , D and HD* [34] for collisions
with near-zero kinetic energy electrons and transversal electron temperatures kT'|. The longi-
tudinal electron temperature was kT)) = 1 K in all experiments.

the values for the vibrational ground states. The steep increases in the DR rate coefficient for
higher vibrational states, v > 4 and v > 6 in case of H;‘ and D; , respectively, are due to the
accessibility of additional channels through which DR, can proceed. These vibrational states can
couple to the higher lying dissociative states belonging to the ()1 series, Fig. 2.4. This feature
has also been seen for the relative DR rate coefficients of HD* . Fig. 5.18 shows the experimental
results taken from Amitay et al. [34] and obtained at the same experimental setup. The MQDT
calculations by Schneider et al. can qualitatively reproduce this trend in case of HD™ [34], but
not for Hi [99], see Figs. 5.18 and 5.16. The possible DR via the higher dissociative states of the
Q1 series coincides with the energetic accessibility to the final asymptotes n = 3. The binding
energies of the lower vibrational states (v = 0 — 10, J = 0) of the three hydrogen molecular ions

are summarized and compared to the energies of the final asymptotes n = 3 — 5 in Fig. 5.19.

The comparison of the trend in the relative DR rate coefficients for HDT with those for H;“ and
D; reveals a decisive difference. For HD™ the relative DR rate coefficient of the vibrational
ground state is by fare the largest for all three ions. Furthermore there is a striking variation in
the values for the vibrational states v = 1—5 which was not found for H; and D;’ . The variations
for v = 0 — 4 cannot be explained by Franck-Condon (FC) factors, as the FC dominated DR
rate coefficients from Nakashima et al. barely reproduce the experimental results. The different
behavior of the measured relative DR rate coefficient for the homonuclear hydrogen molecular

ions H; and D; and the heteronuclear hydrogen molecular ion HD is not yet understood.
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5.3 Absolute DR rate coefficients for Hj and D3

H;“ and D;“ ion beams produced by electron impact ionization are vibrationally excited as dis-
cussed in the previous sections. This vibrational excitation and the absence of radiative cooling
makes it difficult to obtain a DR rate coefficient for the vibrational ground state as it has been
measured several times for HD™, see for instance [71]. But, the process of electron induced
vibrational cooling via SEC allows for cooling Hj and Dj ion beams to almost 100 % into their
vibrational ground state in less than 60s; the effective time for a complete vibrational cooling
is inverse proportional to the electron density.

In this section a measurement of DR rate coefficients for the vibrational ground states of Hy and
D; will be discussed.

5.3.1 Monitoring the vibrational cooling

In Sec. 3.3 the principle of recombination fragment imaging (RFI) has been discussed. This
technique allows for monitoring the relative contribution of each vibrational states to DR and
therefore provides indirectly information about the vibrational population of a stored molecular
ion beam. The relative contribution ¢, of a vibrational state v to a RFI spectra is proportional
to the population of that state and its DR rate coefficient a,. The vibrational population p, (%)

can therefore be written as
t)/
pv (t) _ q’U( )/ v .
>0 @o(t)/

Multiplying both, denominator and numerator with a1, the DR rate coefficient for v = 1, leads to

(5.3)

an expression for p,(t) only depending on the relative contribution g, (¢) which can be measured
using the RFI and the relative DR rate coefficients obtained from previous experiments, see
Sec. 5.2. This way we used the RFI to monitore the vibrational population as a function of the
storage time.

Both experiments were carried out at the same ion energy per nucleon (E;=1MeV/a.m.u.). The
ions were produced in a CHORDIS ion source and accelerated using the RFQ accelerator together
with the seven-gap resonators. The injection cycles were 60s and 80s for the experiments with
the D; and H; beam, respectively. The electron density was n, = 1.6 x 10" cm ™ and the
transverse and longitudinal temperatures were K7, = 11.8 meV and k7| = 0.1 meV, respectively,
in both experiments. The electron cooler was adjusted to zero collision energy.

The 1/e ion beam lifetimes were about 20s for both ions. A sufficient large fragment rate on
the detector even after 80s of storage was needed, therefore the number of injected ions had to
be rather high. To protect the detector system from damage due to too high fragment rates a
metallic shutter was used in the first 20s to cover the MCP. Thus, only data for storage times
longer than 20s are available. In Sec. 5.2 the analysis of measured DR 2D spectra has been

discussed in detail and the reader is referred to Sec. 3.3 for more extensive descriptions.
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For both molecular ions measured projected fragment distance distributions are shown in
Fig. 5.20 (HJ) and Fig. 5.21 (D3). The spectrum for Hy was taken between 75 and 80s and
for D; between 55 and 60 s after injection. Each spectrum shown has been corrected for back-
ground contributions coming from uncorrelated fragment pairs. Single neutral fragment can
emerge from dissociative excitation (DE) or collisions with residual gas molecules. The center-
of-mass position of two uncorrelated fragments in the detector differs from the position of two
fragments coming from DR. Thus, a cut in the center-of-mass position can reduce the back-
ground contribution. In the present experiments an oscillation of the horizontal center-of-mass
position was observed caused by periodic temperature drifts in the cooling water system making
a precise cut rather difficult. Fig. 5.22 shows the center-of-mass position in y- and x-direction,
corresponding to vertical and horizontal orientation, respectively, as a function of the acquired
event number. These temperature drift leads to small changes in the ion beam orbital and gives
rise to either a small variation in the angle between the electron-ion beam or a parallel shift of
the ion beam with respect to the electron beam. The oscillations are therefore only observable
in the horizontal component of the fragment position. For storage times longer than about 45s
the contribution of the vibrational ground state to DR convert to values lower than 100 %, see
Fig 5.23%. In addition the time evolution of the vibrational ground state population of Hy and
D;‘ is shown in Fig. 5.24, calculated using Eq. 5.3 and the relative DR rate coefficients from
Tab. 5.1. Two possible explanations can be given for that observations.

Assuming the electron induced vibrational deexcitation to be in equilibrium with a vibrational

excitation by residual gas scattering, i.e. both rates for vibrational excitation and deexcitation

6 After 20s of storage only the two lowest vibrational states, v = 0 and v = 1, contribute to the DR 2D spectra.
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have to be the same. Taken into account that about 99.5 % of the molecular ions are in the
vibrational ground state (Fig. 5.24) and a residual gas density” of npg = 1.3 x 10% cm™3 the rate
coefficient for vibrational excitation by residual gas scattering is arg ~ 5x 107? ¢cm3/s. The 1/e
lifetime for vibrational excitation of the vibrational ground state due to scattering on residual
gas molecules is, for the given residual gas density, about 150 s and would cause a change in the
vibrational population distribution of several percent in about 10s even if there is no electron
beam. This has not been observed in the CEI measurements, see discussion in Sec. 5.2. A second
heading process, known from earlier experiments, is the electron induced vibrational excitation
due to collisions in the toroid sections. But, the rate coefficients for this process is of the order
of 107! cm3/s as has been shown by M. Lange [71] and therefore much to small.

A second explanation for the subtotal cooling into the vibrational ground state could be some
remaining background contributions. The fitted function P(D) plotted in Fig. 5.20 cannot to-
tally reproduce the measured projected fragment distance distribution in the region between
7-9mm. The shape of the function P(D) in that region is determined by the contribution of the
first excited state (P(D),—1). This could be a hint that this part of the spectrum is caused be

background events.

For storage times longer than 40 s the contributions of the vibrational ground states to DR are

7 The residual gas density depends on the vacuum pressure inside the TSR which is typically 5 x 10~ mbar.
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approximately constant for both molecules and amount to:
Hf : qo(t>40s) = 89.6+1.4% (5.4)
DS : qo(t>40s) = 95.6+1.9%. (5.5)

The DR rate coefficients discussed in the following Section were measured after 40 s pre-cooling,
They therefore represent not the value for the vibrational ground states and need to be corrected

using the values from Eqs. 5.4 and 5.5, i.e. by factors 0.90 and 0.96, respectively.

5.3.2 DR rate coefficient measurements

The setup and the principle for rate coefficient measurements has been discussed in Sec. 4.6,
therefore only a short overview on the measurement procedure is given here. The molecular
ions were injected in the TSR and electron cooled for 40s, i.e. the electron cooler was set to
cooling energy (F.o, = 0eV). After the pre-cooling period the electron energy wobbling was
started, i.e. changing cyclic the collision energy every 25 ms from FE,..; — Epeas — Ecooi- The
reference energy was set to E,.; = 44.1eV in the measurement runs with the H; beam. For the
measurement runs with the D;’ beam the reference energy was either set to E,..; = 93.1eV or
the electron beam was switched off. To obtain an energy spectrum for the DR rate coefficient
the measurement energy was changed with each injection. The DR fragments were detected

using an energy resolving surface barrier detector (SBD). The analog output signal from the
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SBD is proportional to the deposited energy and was digitized by an ADC before written into
a Histogram Memory Unit (HMU). To each wobbling mode a defined starting address in the
HMU is assigned providing separated energy spectra. In case of an H;“ or D; beam basically
two energy components show up in the ADC spectra, the total energy in case of DR and only
half the energy in case of dissociative excitation (DE), where one of the dissociating fragments is
chrges, in the toroid sections of the electron cooler or collisions with residual gas where typically
only one fragment hits the SBD. If the fragment rate is too high uncorrelated particles might
hit the SBD at the same time (i.e. within the resolution of the Shaping Amplifier) and give rise
to additional peaks in the ADC spectra at higher energies. In the present experiments these
contributions were less than 0.1 %. The total number of DR events for a wobbling state was
obtained by integrating over all events in the full fragment energy region of the corresponding
ADC spectrum. The integrated number of events at a wobbling state were then transformed

into a DR rate by normalizing to the total measurement time at that state.

Ion current calibration

The DR rate coefficient a(E) at a collision energy E is given by

R(E)meas

a(E) B ne(E)nNi’

(5.6)
where R™¢* denotes the DR fragment rate at measurement energy E, n.(FE) the electron density
at the energy E, N; the ion current and 5 = 0.026940.0002%, a TSR specific constant. To obtain
a DR rate coefficient, the DR fragment rate R™“** as well as the number of stored ions have to
be measured.

The number of stored ions is proportional to the ion current I; and can be written as

I.
Ni = : s
e frsr

(5.7)

with the elementary charge e and the revolution frequency frggr of the ions in the TSR. The
ion energy was E; = 1.556 MeV /a.m.u. in both measurements corresponding to a revolution
frequency of frgr = 0.311 MHz. The SBD used for measuring the DR fragment rate should not
be exposed to rates higher than 2-3kHz. Thus the injection had to be adjusted such that the
maximum ion current in the ring was much less than 1 gA, the minimum current which can be
measured by the DC transformer. In the present experiment the DR fragment rate R (i.e.
the electron cooler was set to cooling; £ = 0eV) was used as a signal proportional to the ion

current. The relation between both ion current and fragment rate is given by

I; = DR (5.8)

8 nis the ratio between the overlap length of the merged electron-ion beam in the electron cooler and the ring
circumference.
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To link I; to the rate R the relation constant ® had to be determined, which was done in
several steps.

In a first step the DR fragment rate was related to the trigger rate Rppysr of the beam profile
monitor (BPM) [89] by determining

Rppm
= Rcool (59)
for each measurement run. Fig. 5.25 shows the relation v for different measurements. The BPM

can be used to measure the residual gas ionization rate by the stored ion and is therefore sensitive
to changes in the residual gas pressure. This fact gave rise to systematic fluctuations of v in
each measurement run. The error bars on the data points in Fig. 5.25 therefore represent the
standard deviation of a single measurement. The mean values for both measurements amount

to:

H;‘:*y
D;‘:*y

1414 + 48, (5.10)
832 + 17. (5.11)

In a next step the BPM trigger rate was connected to the rate of the volt-to-frequency converter
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(VFC). The VFC rate Ry pc is proportional to the output voltage of the DC transformator®
and the ratio A between BPM and VFC trigger rates is given by

Repum
A= ———r. 5.12
Ryrc (5.12)

9 This measurement was done with a higher ion current and closed shutter situated in front of the surface barrier
detector

79



5 Recombination and super-elastic collisions of hydrogen molecular ions

Fig. 5.26 shows the ratio A obtained from different measurements with H; and D; ion beams.

The weighted mean values are:

Hy: X = 3.05+0.06, (5.13)
Dy : X = 3.05+0.03. (5.14)
The same ratio A was found for both the H; and D; beam. This observation is consistent with

the fact that the cross section for residual gas ionization is proportional to the ion energy per

nucleon which was about 1 MeV /a.m.u. for both measurements'?. The larger error in the mean

< A < A
D} H;
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3+ ¢ 3 P 3t : 5
A =3.0540.9% A =3.05+2.0%
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Figure 5.26: Relation \ between the BPM signal trigger rate and the volt-to-frequency con-
verter rate for different measurements and both molecular ion beams.

value for the calibration with the H;’ beam is probably caused by stronger fluctuations in the
ring pressure which has been already seen in the previous calibration step.

The calibration of the VFC was done at several DC transformator output voltages, see Fig. 5.27;
the accuracy of the DC is about +£0.5mV. The relation between the DC voltage Upc and the
VFC rate Ry pc is defined as

OUpc
€= . 5.15
ORyFc (515)
The slope € yielded from a linear fit to the measured values is:
e = 0.0228 + 0.001 mV /Hz. (5.16)

The DC transformator output voltage corresponds to an ion current according to the known

10 The residual gas consists of about 90 % of Hy and the cross section for ionization of Hs can be approximated

by: 0 &~ 4 x 107'"¢>A/E cm?, where E/A is the beam energy in MeV/a.m.u. and ¢ the charge state of the
stored ion [89].
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Using Eq. 5.8 the ion current can directly be related to the signal rate R with the relation

constant
ge
d=— 5.18
s (5.18)
which amounts to
Hy: & = 53+0.5pA/Hz, (5.19)
Dy: & = 9.0+0.5pA/Hz, (5.20)

for the two different ion beams. The errors are obtained from the sum over the uncertainties
in the different calibration steps and represent the maximum error in the calibration of the ion
current with respect to the DR fragment rate R°?. The number of stored ions can be derived

combining Eqs. 5.7 and 5.8:

T cool
Ni=— =g (521)
efrsrk  efrsr

To get the correct DR rate coefficient uncorrelated fragment pairs from collisions between the

molecular ions and residual gas molecules need to be subtracted. The DR rate coefficient at
large collision energies, such as the reference energy in the experiments, is very low because of
the small Franck-Condon overlap between the wavefunctions of the vibrational ground state of
Hj (D) and the Rydberg states of the so-called Qg series. The fragment pairs at reference

energy can therefore be assumed to be uncorrelated and their rate R(E)"¢/ was subtracted from
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the rate at measurement energy. Combining Eqgs. 5.6 and 5.21, the background corrected DR
rate coefficient is given by
efrsr 1 (R(E)™ — R(E)")

FE) =
0[( ) Ne) P (Rcool> ?

(5.22)

where all rates were averaged over the different measurement runs, expressed by ( ).

DR rate coefficients for H;“

Fig. 5.28 shows the measured DR rate coefficient of Hj (black dots). The reference energy was
E,c; = 44.1eV for all measurement runs. The two peaks at around 9eV and 16eV are due
to recombinations via the so-called Q; and Q9 series'! and have approximately the same DR
rate coefficient as for HD™ [71]. This is consistent since at such high collision energies isotope
effects should not play a role anymore. The error on the absolute scale is caused by the error
in the ion current calibration and amounts to +8.4%, see Eq. 5.20. The increased collision
energy in the toroid sections of the electron cooler (Sec. 4.4.4) gave rise to an enhanced DR rate
coefficient in the collision energy regime between £ = 0.5 — 5eV, because of the large DR rate
coefficient at collision energies of about £ = 8 — 10eV. Although the overlap length between
the electron-ion beam in the toroid section is rather small compared to the total overlap length
DR at these collision energies is much more likely and enhances the recombination rate at the
adjusted energy E. To correct for the toroid effects an iterative procedure, first introduced for
a dielectronic recombination experiment by A. Lampert [103], was applied to the experimental
data. The corrected spectrum is shown in Fig. 5.28 (solid line with dots) together with the
toroid contributions (dotted line). As has been found by analysing the RFI data (Sec. 5.3.1),
the relative contribution of the ground vibrational state to DR stays constant and amounts to
go = 89.6 + 1.4 % after a storage time of 40s, thus the presented data were taken after 40s of
pre-cooling and the measured rate coefficient needs to be corrected for the contribution of the
first excited vibrational state to obtain the correct value for v = 0. As discussed in Sec. 4.4.3
the experimental DR rate coefficient for merged-beam experiments is a convolution of the DR
cross section with the anisotropic thermal electron velocity distribution. For our merged-beam
conditions (k7T = 11.8 meV and kTj; = 0.1 meV) and taking into account the contribution of
v=1 (i.e. go(t > 40s)= 90 %), we got a DR rate coefficient of

ampy = 0.9 -(2.1+£0.2) x 1078 em?/s
= (1.940.2) x 1078 cm?/s. (5.23)

Assuming a 1/E behavior of the DR cross section, this rate coefficient can be converted into a

thermal rate coefficient (isotropic Maxwellian distribution) for 7' = 300 K with

a=(0.8+0.1) x 1078 cm?/s, (5.24)

11 The dissociative Rydberg series of Hy having a 2po, and 2pm, core are called Q1 and Q2, respectively [6].
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Figure 5.28: Measured rate coefficient for DR of Hy with electrons. The spectrum was mea-
sured after 40s of pre-cooling. The systematic errors on the plotted rate coefficients are 8.4 %.
The background contribution from collisions in the toroid region (dotted line) was subtracted
from the experimental data (black dots). Furthermore, the background corrected rate coefficient
is plotted (solid line with dots).

using Eq. 4.26 and assuming
oT) ~ (1/T)%5. (5.25)

M. Lange studied threshold effects in the DR of vibrationally cold HD" [71, 41] and presented
DR rate coefficients for two different transverse electron temperatures; the longitudinal temper-
ature was k7] ~ 0.1 meV in both experiments. At electron-ion collision energies £ < 1 meV the
DR rate coefficient amount to o &~ (3.04£0.6) x 1078 cm?3/s and a ~ (1.340.3) x 108 cm3/s at
transverse temperatures k7| = 4meV and k7| = 28 meV, respectively. To compare the DR rate
coefficients of HDT with that of Hj the results need to be scaled to our merged-beam conditions
(kT, ~ 12meV). Assuming again the dependence «(T) = (1/T)%5 (Eq. 5.25) on the electron
temperature, one obtains for the two DR rate coefficients a mean value o &~ (1.8 +0.4) x 108

cm? /s, which is, within the error bars, the same as the DR rate coefficient for H; . This has been
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already seen before in DR experiments at CRYRING [22], where a convergence of the relative
DR rates for HD* and Hj to the same value was found after approximately 30s of storage time
and electron cooling. Recently, new MQDT calculations were performed by Schneider et al. [99]
of absolute anisotropic (k7. = 12meV and kT}; = 0.1 meV) DR rate coefficients at a collision
energy £ = 0.01 meV. The calculated DR rate coefficient amounts to

a(E=0.01meV) = 4.54x10 ®%cm?/s. (5.26)

This values is about a factor of two higher than the experimental DR rate coefficient for vibra-
tionally cold H;“ ions.

Due to the electron energy distribution the measured DR rate coefficient should be constant for
collision energies of the order of the transverse (Sec. 4.4.3) electron temperature (i.e. at collision
energies smaller than approximately 12 meV), whereas the measured DR rate coefficient further
increases at lower collision energies. This feature could be caused by the actual shape of the
DR cross section at very low collision energies. The measured DR rate coefficient is a convolu-
tion of the DR cross section o(FE) with the flattened Maxwellian electron velocity distribution
(Sec. 4.4.3) in our experiment and could be dominated by the longitudinal electron temperature
at sub-thermal collision energies. J.R. Mowat [100] discussed the shape of DR rate coefficients at
collision energies lower than the thermal electron temperature and different 1/E™ cross section
behavior (with n=1.10, 1.15 and 1.20) and found for all values of n an increase in the DR rate
coefficient at sub-thermal collision energies. The increase is becoming more pronounced with
larger values for n. The increasing DR rate coefficient for £ < 10 meV could therefore be a hint
for a DR cross section o o< 1/E™ with n > 1.0 for low collisions energies.

Another explanation for that behavior could be a drop in the DR cross section at a collision
energy E ~ 1 meV. It was not possible to assign a destructive window resonance (Sec. 2.1.1) to

that energy.

DR rate coefficients for D

Fig. 5.29 shows the measured DR rate coefficient spectrum for D; taken after a pre-cooliong time
of 40s, i.e. no further vibrational cooling (Sec. 5.3.1). The spectrum is divided into two parts.
The reference energy for the measurement at collision energies £ < 0.6eV was E,..; = 93.1eV,
whereas for higher collision energies a negative cathode voltage offset'? was chosen as reference
energy, sufficient high enough that no electrons got extracted from the cathode. The positions
and absolute rates of the peaks caused by capture states belonging to the Q1 (=~ 9eV) and
Q2(= 16 eV) series (see discussion for the Hj measurement) are approximately the same as for
H;’ and HD™ . The value for the DR rate coefficient drops dramatically in the collision energy

range from E =~ 10~* to E ~ 1072, This strong effect has not been seen in the H; measurement

12 The relative collision energy is defined by the cathode voltage of the electron cooler, see Sec. 4.4.
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Figure 5.29: Measured rate coefficient for DR of Dy with electrons. The spectrum was mea-
sured after 40 s pre-cooling. The systematic errors on the plotted rate coefficients are 5.9 %. The
reference collision energy in the left part of the plotted spectrum was E,.; = 93.1 eV, whereas
the electron beam was turned off in the reference energy step at the measurement for collision
energies 2 > 0.55 eV, see plot. No toroid background correction has been applied to the data.

and is still not understood. A reason for that behavior might be problems with the reference
energy. The time given to the electron cooler to adjust to the measurement energy before starting
the data acquisition (5 ms, see Sec. 4.6.1) could have been to short. If the setting was too slow the
collision energy could have been still too high and the DR fragment rate therefore too small. But
this does not explain why the fragment rate at £ < 10~*eV, corresponding to the cooling energy,
was the same as in the next wobble step when the electron cooler was set to cooling energy. To
fully understand the drop in the DR rate coefficient, new experiments are planed in the closer
future. There are no toroid corrections applied to the spectrum because of the small number of
data points and the problems in the understanding of the spectrum. If the problems discussed
above are due to problems with the adjustment to the measurement energy and connected to the

reference energy, the step to the cooling energy is not problematic and the DR rate coefficient can
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Hy Dy

Table 5.2: Summarized results for the
v | AT = 11.9meV | BT, = 11.8 meV absolute DR rate coefficients (in units of
0 1.87+£0.15 1.18 £0.09 10~8 ¢cm3/s) for the lower vibrational states
1 18.7+11.2 6.9+ 4.0 ofH;' and D;’ . The electron-ion collision en-

ergy was E =~ 0meV and the temperature
2 15.349.5 5.1+3.4 of the longitudinal electron velocity KT =~
3 18.0+11.5 5.6 3.6 0.1 meV in both experiments. The transverse
4 0.9-+6.3 89+64 electron temperature was as stated on top of

each column. For vibrational states below
g sa£57 8.7+6.8 the drawn horizontal lines DR via the higher
6 118 +80 7.5+£5.4 dissociative state belonging to the Q1 series
7 _ 32.6 +23.4 is energetically possible.

be obtained from the DR fragment rate at the cooling energy. The DR rate coefficient at cooling
energy Feoo is defined by our merged-beam conditions (k7 = 11.8 meV and £T}| = 0.1 meV).
Taking into account the contribution of v =1 (i.e. qo(t > 40s8)~ 96 %), the DR rate coefficient

is

ampy = 0.96 - (1.24£0.1) x 1078 cm?/s
= (1.240.1) x 1078 cm?/s. (5.27)

As for H , this DR rate coefficient can be converted into a thermal rate coefficient (isotropic

Maxwellian distribution) for 7" = 300 K and amounts to
a = (0.45 + 0.04) x 1078 cm?/s. (5.28)

Taking the relative DR rate coefficients for Hy and D3 from Sec. 5.2.2 and the absolute DR,
rate coefficients for v = 0, discussed in this section, absolute values for the lower vibrational
states can be derived. The final results for the absolute DR rate coefficients of Hy and Dj are

summarized in Tab. 5.2.

5.4 Absolute SEC rate coefficients for Hy and D5

The vibrational cooling rates observed in an Hj and D ion beam interacting with electrons
will be discussed in this section. There are two processes taking place in a merged electron-ion
beam at near-zero collision energies, DR and SEC. In Sec. 5.3 absolute experimental DR rate
coefficients for H;“ and D; are presented which can be used to obtain first absolute SEC rate
coefficients for both molecular ions. In the first part a model describing the vibrational cooling

will be developed and applied to estimate absolute SEC rate coefficients for H;“ . In the following
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two parts more elaborate studies of the vibrational cooling will be discussed and absolute SEC

rate coefficients presented for H;’ and D;’ .

5.4.1 First estimated absolute SEC rate coefficients for Hy

The two processes, SEC and DR, affect the vibrational population distributions of H; and D;“ ,
but in different ways. While DR preferentially removes molecular ions in those vibrational states
that have larger DR rate coefficients than the others, SEC transfers population from high to
low vibrational states. No significant changes in the vibrational population are taking place
in the absence of the electron-ion interactions (Sec. 5.1). Thus, it seems appropriate to use a
simple model where only DR and SEC are affecting the vibrational population of the molecular
ions interacting with electrons at approximately zero relative energies. Radiative transitions can
be neglected. Dipole transitions are not allowed for Hy and D due to a missing static dipole
moment and the estimated lifetime for quadrupole transitions from v =1 to v = 0 in H;’ is of
the order of 10%s [3]. The rates for radiative transitions between vibrational states are therefore
much smaller than the smallest DR or SEC rates at the applied electron densities.

Assume an ensemble with N, () molecules in the different vibrational states v and initial (¢ = 0)
occupation numbers NO. Furthermore assuming there are 7 vibrational states (v = 0 up to

v =n — 1), the numbers N, (¢) are given by a set of coupled differential equations:

dNy (t)
dt

= - (av + ,Bv) nean (t) + B’U+1n6an+1(t)7 (529)

where n, denotes the electron density, n the ratio between the electron cooler length and the
ring circumference and (3, and «, the SEC and DR rate coefficients, respectively, for a given
vibrational level v, with 8y = 0 and (neglecting feeding from higher states v > n) 8; = 0.
It was assumed that the cooling can be described in good approximation by using only the
SEC rate coefficients for Av = 1. This assumption is consistent with theoretical calculations
for SEC rate coefficients which predict SEC rate coefficients for each vibrational state v with
Av = v — v’ > 2 which are almost an order of magnitude lower than the corresponding rates for
Av =1 (see Tab.5.5). These calculations are based either on the MQDT (Schneider et al. [99]
and Nakashima et al. [24]) or on the R-matrix theory (Sarpal and Tennyson [23]). This set of
coupled differential equations can be solved following the procedure discussed in Append. E. The
time evolution of the population of a vibrational state v can then be obtained by normalizing

N,(t) to the total number of molecules:

N, (t)
() = = 5.30
S Y8 A0 (530
In a first step the measured vibrational population distributions for H;“ (Fig. 5.6) were compared
to the modeled time dependence using DR and SEC rate coefficients predicted by theory [27].

For the DR rate coefficients «, the values calculated by Nakashima et al. [24] were used for
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the first five vibrational states (corrected for the present electron velocity distributions and
temperatures). For the SEC rate coefficients we used the values calculated by Sarpal and Ten-
nyson [23]. Their calculations have been performed only for the vibrational states v = 1,2,
yielding f; = 8.5x107% cm?®s™! and By = 2.0x10~7 cm3®s~!. In order to evaluate the time
dependence of the vibrational population for v = 0 — 5 we have arbitrarily assumed the SEC
rate coefficients for the levels v = 3,4,5 and 6 to be equal to the one calculated by Sarpal and
Tennyson [23] for the v = 2 level. Sarpal and Tennyson assumed that the SEC rate coefficients
for the higher vibrational states are smaller than for the first two vibrational states. For the DR
rate coefficients, only the values for the v = 5 and 6 levels are missing, and they were set equal
to the rate coefficient for the v = 4 level, as calculated by Nakashima et al. [24], assuming that
their values are not very different from v = 4 It will be shown later, when the time evolution
obtained from the model is compared to the experimental data, that the main conclusions do
not depend on these assumptions. The initial number of ions N? in a vibrational state v were
set to the measured values of the initial population p (see Fig. 5.3); the level v = 6 was included
(n = 7) to describe feeding of v = 5, and feeding from v > 6 was neglected.

Fig. 5.30 shows a comparison of the measured populations of the vibrational states v =0 —5
(taken from Fig. 5.6) with time evolutions for p,(¢) as calculated for DR and SEC separately as
well as for the combination of both processes, using the rate coefficients as calculated or assumed
on the basis of available calculations and described above. Clearly, none of these modeled time
evolutions (dashed and dotted lines) can explain the experimental data. To make sure the mis-
match between experimental data and the modeled time evolutions is not caused by the applied
restriction to SEC changing the vibrational quantum number by only one unit, we extended our
model to transitions with Av > 1. Additionally we used SEC rate coefficients by Schneider et
al. [99], obtained from modified MQDT calculations; these SEC rate coefficients are summarized
in Tab. 5.5. The time evolutions, obtained with the modified model and the new set of SEC
rate coefficients (E = 0.01 meV), are very similar to the results shown in Fig. 5.30 and therefore

not shown here!3

. The remaining mismatch between theory and experiment is not surprising
since the SEC rate coefficients for v = 1 — 3 are of the same order of magnitude as the ones
calculated by Sarpal and Tennyson. Additionally, the SEC rate coefficients for higher vibra-
tional transitions are at most 25 % of the corresponding transition with Av = 1 and have only
small contributions to the vibrational cooling. In order to fit the data we kept the calculated
DR rate coefficients fixed to the values given above and increased, by trial and error, the SEC
rate coefficients until we archived a reasonable agreement with the experimental data. The full
lines in Fig. 5.30 represent the calculated time dependence for SEC rate coefficients 5, set to the
following values (in units of 1x107% cm3s~!): 51=0.6, f2=1.2, f3=2.2, B4=2.4, and B5=4.4 [27].

It seems that the SEC rate coefficients needed to reproduce the observed vibrational cooling are

13 The experimental electron-ion collision energy was E < 0.1 meV. The SEC rate coefficients for this energy
correspond to the values calculated for E = 0.01 meV, shown in Tab. 5.5

88



5.4 Absolute SEC rate coefficients for H2+ and D;

Population (%)

Time (s)

Figure 5.30: Time evolution of the vibrational population for the first six vibrational states of
Hj as a function of the interaction time with near-zero relative energy electrons (filled symbols)
in comparison to the model results for DR only (dotted lines), SEC only, based on Sarpal and
Tennyson [23] (dashed lines), DR plus SEC as based on Sarpal and Tennyson [23] (dash-dotted
lines), and DR plus SEC with modified SEC rate coefficients as given in the text (full lines).

considerably larger, mostly by more than one order of magnitude, than the calculated values by
Sarpal and Tennyson [23], were 5{* = 0.085 x 1076 cm?3 /s and 85 = 0.2 x 1076 cm? /s ™.

The measurement of the absolute vibrational state specific DR rate coefficient of H; was per-
formed after the publication of these SEC rate coefficients [27]. However, measurements by W.
van der Zande et al. [22] had shown, that the DR rate coefficient for vibrationally cold Hj is
similar to the value for vibrationally cold HD* and of the order of 2 x 1078 cm?3/s, which is
in good agreement with the calculated value for v = 0 by Nakashima et al. [24]. This result
justified the selection of the calculated DR rate coefficients and proved for the first time that

SEC is the dominant vibrational cooling process.

14 SEC rate coefficients for higher vibrational states were estimated to be even smaller [23].
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5.4.2 Absolute SEC rate coefficients for Hj

With the relative DR rate coefficients determined in Sec. 5.2 the RFI technique can be used
to obtain the time evolution of the vibrational population p,(#) of a vibrational state v by
measuring its relative contribution ¢, () to DR. Thus, an additional DR experiment was carried
out to study the longtime behavior of the vibrational cooling and was used to derive, together
with the experimental absolute DR rate coefficients (see Tab 5.2), absolute SEC rate coefficients
for H;‘ . The RFT technique replaces a direct measurement of the vibrational population and
has the advantage that the vibrational population distribution can be observed for all storage
times, whereas the CEI technique allows the vibrational population distribution to be studied
only for a fixed storage time interval following each injection. Hence, the CEI technique has a
large duty circle. The applied DR measurement for an H;“ ion beam has already been discussed
in Sec. 5.2.1. The relative contribution ¢,(¢) of a vibrational state v to the DR with a DR rate
coefficient «, is expressed by
po(t)ay

Q@(t) = ma (5.31)

where p, () is the time evolution of the population of that vibrational state. The functions
qv(t) were simultaneously fitted (see Fig. 5.32) to the measured relative DR contributions of the
first six vibrational states by least-square minimization, using the SEC rate coefficients as free
parameters. The functions p,(t) were calculated using Eq. 5.30 and the model was restricted
to n = 7 vibrational states and vibrational transitions Av = 1. The DR rate coefficients were
kept fixed and set to the their absolute values known from the relative DR rate coefficient
measurement (Sec. 5.2.2) and the absolute DR rate coefficient measurement for the vibrational
ground state; see Sec. 5.3. The initial vibrational population was set to the values plotted in
Fig. 5.3. The fitted time evolutions ¢,(t) are plotted (full lines) on top of the experimental
data (filled symbols) in Fig. 5.31. The thin lines show the time evolution using the calculated
and estimated SEC and DR rate coefficients from Sarpal and Tennyson [23] and Nakashima
et al. [24], respectively, as discussed before. Tt clearly turns out that the time constants'® for
vibrational cooling are too long and subsequently the calculated SEC rate coefficients too small.
The fitting results for the SEC rate coefficients are summarized in Tab. 5.5 and compared
to SEC rate coefficients calculated by Schneider et al. [99] for our experimental conditions,
i.e. anisotropic electron velocity distribution with the transversal and longitudinal electron
temperature k7’| = 12meV and kTj| = 0.1 meV, respectively. It should be mentioned again that
the experimental SEC rate coefficients were obtained based on the assumption that only Av =1

transitions are allowed. This assumption is not supported by a propensity rule as the calculated

15 The time constant 7 for electron induced vibrational deexcitation is defined by the rate coefficient 3, the
electron density n. and the constant n = 0.027 (see Sec. 4.6) and amounts to 7 = (8n.n)~" (see Eq. 6.2).
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Figure 5.31: Measured relative contributions of the first six vibrational states to the two-
dimensional DR spectra (filled symbols) for Hj . The full lines represent the modeled time
evolutions q,(t) as obtained from a simultaneous fit to the six projected fragment distance
spectra. The fits were performed using the SEC rate coefficients as free parameters and keeping
the DR rate coefficients fixed to the measured values. The thin lines represent the modeled time
evolutions using the calculated DR and SEC rate coefficients.

SEC rate coefficients in Tab. 5.5 show. Including also higher vibrational transitions (Av = 2)
in the model made the least square fitting procedure unstable.

The fitted SEC rate coefficients are systematically smaller than the estimated values published in
Ref. [27] and discussed before, which is due to the different set of absolute DR rate coefficients.
The experimental absolute DR and SEC rate coefficients were therefore used to model the
vibrational population evolution under the experimental conditions (modified electron density
and thus different time constants for the vibrational cooling) of the CEI measurement (see
Fig. 5.6 in Sec. 5.1) used to derive first absolute SEC rate coefficients. The results are shown in
Fig. 5.32. Besides for the vibrational ground state a rather good agreement between experimental
and modeled data is discernible and proves the reliability of the model. The modeled time
evolution for the vibrational ground state is systematic about 3-4 % lower than the measured

data for £ > 0s which might be due to a systematic errors in the measurement of the initial
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Figure 5.32: Time evolution of the vibrational population for the first six vibrational states of
H;' as a function of the interaction time with near-zero relative energy electrons (filled symbols).
The solid lines represent the modeled population evolutions. For the SEC rate coefficients the
values from Tab. 5.5 and for the DR rate coeflicients the experimental results were taken. The
thin lines represent the time behavior of the population if the calculated SEC rate coefficients

are used.

vibrational population distribution (Fig. 5.3) which was used as an input to the model.

The statistical uncertainties on the SEC rate coefficients in Tab. 5.3 are less than 5 % for fixed
DR rate coefficients. The rather large systematic errors on the relative DR rate coefficients,
discussed in Sec. 5.2.2, need to be considered. Since no simple analytic expression can be found
for py(t) (Eq. 5.30) a simple calculation of the propagation of errors is not feasible. To estimate
the errors on the absolute SEC rate coefficients the absolute DR rate coefficients were varied
within their uncertainties and a new set of SEC rate coefficients obtained by following the fitting
procedure discussed above. The uncertainties in the absolute SEC rate coefficients were found
to be less than 20 % and are therefore much smaller than the errors on the relative DR rate
coefficients which can be explained by the smaller contribution of DR to the vibrational cooling

with respect to SEC.
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Figure 5.33: Vibrational population evolution of the first six vibrational states of D;’ as a
function of the interaction time with near-zero relative energy electrons (filled symbols). The
full lines represent the modeled time behavior as obtained from a simultaneous fit to all shown
spectra. The fits were performed using the SEC rate coefficients as free parameters and keeping
the DR rate coefficients fixed to the measured values.

5.4.3 Absolute SEC rate coefficients for D5

The vibrational population evolution within the first 45s of interaction between D; molecular
ions and electrons (collision energy E ~ 0eV) has been discussed in Sec. 5.1. These results are
shown in Fig. 5.7. These data were used to obtain absolute SEC rate coefficients for DJ by a
simultaneous fit of the vibrational populations p,(t) (Eq. 5.30) to the measured data choosing
the SEC rate coefficients as free parameters and keeping the absolute DR rate coefficients fixed.
The absolute DR rate coefficients for vibrational states v = 0—7 are known from the experiment
discussed in Sec. 5.1 and scaled with the absolute DR rate for the vibrational ground state, known
from the DR rate coefficient measurement with an almost vibrationally cold D ion beam (see
Sec. 5.3). The functions p,(t) were calculated using Eq. 5.30 restricting the model for the

vibrational cooling again to n = 7 vibrational states and vibrational transitions Av = 1. The
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initial vibrational population was set to the values obtained from the CEI measurement without
electron-ion interactions, see Fig. 5.3. The fitted time evolutions p,(t) are plotted in Fig. 5.33
(full lines) on top of the measured data (filled symbols) from Fig. 5.7. The absolute SEC rate
coefficients are summarized in Tab. 5.3. The uncertainties for the absolute SEC rate coefficients
were obtained following the procedure discussed for the SEC rate coefficients of Hy and amount
to about 20 %, see Tab. 5.3 for all vibrational states. The overall agreement between experimental

data and fitted time evolutions proves that SEC is the dominant vibrational cooling process.

+ +
Hy D, Table 5.3: Summarized results for the
v | kT =12.7meV | kT| = 11.8 meV absolute SEC rate coefficients (in units of
—8 3 . .

1 39+ 8 3647 107° em? /s) for the'lower V1brat1ona1'sta.ttes of
H;' and D;’ . The size of the uncertainties are
2 7616 89+18 discussed in the text. The temperature of the
3 121 £ 26 125 £ 25 longitudinal electron velocity kT) ~ 0.1 meV
4 146 + 30 150 =+ 30 in both experiments. The transverse electron
temperature was as stated on top of each col-

5 210 £42 220 +44 mn

5.5 Discussion: experimental results versus theoretical predic-

tions

The results for the absolute DR and SEC measurements are summarized in Tab. 5.4. The
relative DR rate coefficients were scaled with the absolute values of DR rate coefficients for
vibrationally cold H;“ and D;“ ions. The uncertainties on the values were obtained from the sum
over the uncertainties of the different measurements and represent the maximum errors on the
rate coefficients.

The SEC rate coefficients for the initial vibrational states v = 1 — 5 are identical for H;’ and
D5 within their error bars, whereas the DR rate coefficients for the first four vibrational states
of Hj are between 1.6 and 3.2 times larger than for D5 . A comparison of DR rate coefficients
of vibrational states larger than v = 4 is difficult due to the additional dissociative DR channels
energetically accessible from the vibrational states v =5 and v = 7 for H;“ and D;“ , respectively.
Besides for the vibrational state v = 4 all rate coefficients for Hy are larger than for D .

The recombination of an electron with a hydrogen molecular ion is a dielectronic process forming
a doubly excited neutral hyrogen molecule. This state can either dissociate into two neutral frag-
ments (DR) or autoionize again (inverse recombination process). The latter process corresponds
to a SEC if the molecular vibrational state has changed. The cross section o4, for the recom-
bination (Eq. 2.8) is proportional to the capture width T'(R) (Eq. 2.5) (R is the internuclear

separation) and the square of the initial vibrational wavefunction, see Sec. 2.1.1. Within the
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Hy DJ

DR SEC DR SEC
v | kT, =11.9meV  EkT| =12.7TmeV | kKT =11.8meV kT = 11.8 meV
0 1.87£0.15 - 1.18 £0.09 -
1 18.7+11.2 39£8 6.9+4.0 367
2 15.3£9.5 76 £16 5.1+3.4 89+18
3 18.0+11.5 121 +26 5.6 £3.6 125 £25
4 9.9+6.3 146 £ 30 89+6.4 150 £ 30
5 84 £ 57 210+ 42 8.7+6.8 220 £ 44
6 118 £80 - 7.5+5.4 -
7 - - 32.6 £23.4 -

Table 5.4: Summarized results for the absolute DR and SEC rate coefficients (in units of
10=8 ecm3/s) for the lower vibrational states of Hj and Dy . The electron-ion collision energy
was E ~ 0 meV and temperature of the longitudinal electron velocity kT|| ~ 0.1 meV in both
experiments. The transverse electron temperature was as stated on top of each column. For
vibrational states below the drawn horizontal lines DR via the higher dissociative state belonging
to the Q1 series is energetically possible.

fixed nuclear, or adiabatic approximation T'(R) is independent of the nuclear mass, i.e. identical
probabilities for the recombination of an electron with an H;“ and D; ion. The autoionization
lifetime 7(R) is proportional to the inverse capture width (Eq. 2.5). Assumig a classical treat-
ment of the nuclear motion, the probability for DR to occur is given by the product between the
cross section o,y and the so-called survival factor S(R) (Eq. 2.7), which describes the probabil-
ity for DR to occur. The survival factor is dependent on the capture width and the velocity of
the dissociating fragments and becoming larger with increasing velocities, see Eq. 2.7. The two
molecular hydrogen isotopomers have different reduced masses, p = 1/2 (HJ ) and =1 (D),
and the relation between the dissociation velocities is given by Uy = V2 Upg- The survival
factor for Hy is therefore larger than for DJ and one would expect DR rate coefficients for HJ to
be larger than for Dj and the SEC rate coefficients for Hy to be smaller than for D5 . The
observed larger DR rate coefficients for H;’ are consistent with this classical approach, whereas
the rate coefficients for SEC do not show this isotope effects. This could be a hint that elastic
collisions (EC), where initial and final vibrational state are identical, are more likely for D;’.
Unfortunately, it is not possible to study EC with our experimental setup. Geddes et al. used
photodissociation experiments to derive autoionization lifetimes of the superexcited 'S states
in hydrogen [104, 105]. They found isotope effects and measured a larger autoionization width

for the superexcited states of D2. We could not see this isotope effect in SEC, but cannot claim
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5 Recombination and super-elastic collisions of hydrogen molecular ions

Experiment FE =0.01meV FE =12meV

v—v" 10 8%cm?/s 10 8cm?3/s 108 cm?/s
1—0 39+£8 4.69 1.97
2—1 76 £16 9.85 5.41
2—0 - 0.63 0.44
33— 2 121 4+26 16.25 6.20
3—1 - 4.77 2.10
3—0 - 0.61 0.26
4 —3 146 £ 30 26.10 13.49
4 — 2 - 4.50 2.96
4 —1 - 3.33 2.16
4—0 - 0.47 0.32
55— 4 210 £42 101.52 34.59
5 — 3 - 11.78 4.10
5 — 2 - 2.42 0.82
5 —1 - 1.93 0.68
5—0 - 0.33 0.12

Table 5.5: Comparison between experimental (E ~ 0meV) and calculated [99] (E = 0.01 meV
and E = 12 meV) anisotropic SEC rate coefficients for Hf . The calculated SEC cross sections
are convoluted with an anisotropic electron velocity distribution (KT, = 12meV and KTy =
0.1 meV), corresponding to the experimental conditions. The experimental SEC rate coefficients
were obtained using a rate equation model neglecting transitions where an initial vibrational
state v is changed by more than one unit, see text.

that this is also true for EC. An explanation of the dominance of Av = 1 transitions in SEC
using the classical model failed. This shows already the problematic arising from a classical
description of the two competing processes, SEC and DR.

Different calculations were performed in the past, based either on R—matrix theory [23] or on
multichannel quantum defect theory (MQDT) [24, 99]. A comparison between experimental
data for Hf (E =~ 0meV) and recent results from MQDT calculations of anisotropic SEC and
DR rate coefficients for different electron-ion collisions energies (E = 0.01 meV and E = 12 meV)
by Schneider et al. [99] are shown in Tab. 5.5 and Tab. 5.6, respectively. The calculated SEC
and DR cross sections are convoluted with our experimental anisotropic electron velocity distri-
bution (kT = 12meV and k7)| = 0.1 meV).

Even though the uncertainties on the experimental DR rate coefficients are not small their values
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5.5 Discussion: experimental results versus theoretical predictions

Theory Experiment

v 10~% cm?/s 107%cm? /s Table 5.6: Comparison between experimen-

0 4.54 1.87+0.15 tal (E ~ 0meV) and calculated [99] (E =
0.01 meV) anisotropic DR rate coefficients for

! 6.03 18.7+11.2 Hj . The calculated DR cross sections are

2 6.68 15.3+9.5 convoluted with an anisotropic electron ve-

3 6.75 18.0+11.5 locity distribution (kT'| = 12 meV and kT)| =

4 705 9.9+ 63 0.1 m'e.V), corresponding to the experimental
conditions.

5 6.56 84 £ 57

are, besides for v = 0, larger than the calculated values for collision energies £ = 0.01 meV.
The increase in the experimental DR rate coefficient for the vibrational state v = 5, presumable
due to the additional dissociative states belonging to the (Q; series, is also not reproduced. The
discrepancies range up to a factor of = 3. For the SEC rate coefficients the mismatch between
experiment and theory is even stronger. The experimental data are almost an order of magni-
tude higher than the values calculated for the electron-ion relative energy £ = 0.01 meV. This
comparison reveals underestimated rate coefficients for both processes, SEC and DR, whereas
the disagreement for the SEC rate coeflicients is even more striking. Possible reasons for the
disagreement between experimental data and theoretical predictions could be the rotational ex-
citation of the stored ions, which were not taken into account in the MQDT calculations. The
overall underestimation of both rate coefficients could be due to a wrong capture width I'(R).
The capture width used in the MQDT calculations for H;’ is the same as the one used for the cal-
culations of the absolute DR rate coefficients for HD™ | published in Ref. [34]. This is somehow

in contradiction to the isotope effects observed by Geddes et al. [105], see discussion above.
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6. Final states of non-crossing mode

recombination processes

In this chapter the DR of two further small two diatomic molecular ions, LiH" and ‘HeH™
proceeding by the non-crossing mode DR, will be discussed (see Sec. 2.1.2). Absolute DR rate
coefficients as well as a new final-state measurement scheme will be presented for LiH™ . A high-
resolution measurement of the energy dependence of final-state branching ratios at the opening

of a new energetically allowed final channel will be presented for the DR of *HeH™ .

6.1 DR of LiH" : Rate coefficients and final states

This section is focused on the discussion of experiments exploring the non-crossing mode DR
of LiH" ions with low-energy electrons. The results have been already published and can be
found in Ref. [15]. In the first part experimental results for the absolute DR rate coefficient of
LiH' and in the second part a measurement of the final-state populations revealed using frag-

ment imaging and state-selective field ionization will be presented.

6.1.1 Experimental conditions

The LiH" ion beam was produced in the MPIK Tandem accelerator by gas stripping and dis-
sociation of LiH; ions from a cesium sputter source. After acceleration to an energy of 6 MeV
and magnetic mass selection, the beam was injected into the TSR and kept circulating for up
to about 17s. In the electron cooler section, the ion beam (initial diameter &~ 2 ¢m) was merged
with a collinear electron beam of ~1.5 cm diameter over an interaction region of 1.5 m length
(2.7% of the ring circumference). The motional electric field due to stray transverse components
of the magnetic guiding field in the straight overlap region amounted to < 3V/cm. The stored
LiH" ion beam was electron cooled during ~5 s after the injection by Coulomb collisions in the
merged electron-ion beam at matched velocities, yielding an ion beam diameter of <2 mm and a
relative momentum spread of <10~*. The density of the electron beam was n, = 8.5 x 105 cm ™3
and the flattened electron velocity distribution was characterized by a longitudinal and trans-

verse temperature of kT)| ~ 0.1 meV and kT'| = 12meV, respectively. The LiH' beam lifetime
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6 Final states of non-crossing mode recombination processes

was = 13 s when the electron beam was turned off and ~5 s with the velocity-matched electron

beam turned on. The pressure was ~ 5 x 10~ mbar an all sections of the TSR.

6.1.2 DR rate coefficient measurement

The DR rate coefficient measurements were carried out using the experimental setup described
in Sec. 4.6. The measurement scheme was the same as in the DR rate coefficient measurement
for Hf and DJ , see Sec. 5.3.2. Additionally, the radiative vibrational cooling of LiH' was
studied using Coulomb exlosion imaging (CEI). The experiment has been already discussed by
L. Knoll [54], therefore only the results are presented in Tab. 6.1 together with the modeled

populations discussed in Sec. 2.3.3. In Sec. 2.3.3 the vibrational cooling of LiH" in a Planck

Population (%)

Experiment Model

v t=0-1s t=1-2s  t=0.5s t=1.5s
0 421+£25 46.7+4.3 42.1 54.3
1 354436 352+6.3 354 25.4
2 10.7+£2.8 10.24+4.5 10.7 10.5
3 98+£13 39+x1.6 9.8 7.3

Table 6.1: Vibrational populations of a LiH" ion beam after t = 0.55 and t = 1.5 s of storage
without electron-interaction measured using Coulomb explosion imaging [54] compared to the
calculated values using the rate equation model discussed in Sec. 2.3.3. The measured popula-
tions for t = 0 — 1 s have been used as the initial populations in the calculations.

radiation field was studied and shown was shown that a LiH" ion beam should have cooled down
vibrationally almost completely towards the thermal equilibrium corresponding to 300 K after
a storage time of about 7s. The calculated value for the population of the vibrational ground
state after 1.5s is larger than the measured value, whereas for v = 1 the calculated population
is lower than the measured population, see Tab. 6.1. The differences might be due to either
the calculated dipole moment matrix elements in Ref. [55] or, more likely, due to systematic
problems in the analysis of the CEI data [54]. The relative errors on the measured populations
for t = 1 —2s are between ~ 10 % — 50 %. The actual time for cooling into thermal equilibrium
might take longer than calculated. Unfortunately there are presently no further (CEI) data
available for longer storage times. It should be mentioned that at this thermal equilibrium only
~ 78 % of the molecular ions are in the ground vibrational state, ~ 14% in v = 1 and the
residual =~ 8 % are distributed over higher vibrational levels. This feature is due to the unusual
shallow potential (dissociation energy of ~ 116 meV from v = 0) of the ground electronic state
of LiHT .
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6.1 DR of LiH* : Rate coefficients and final states

The measurement procedure was similar to the one discussed in the Secs. 4.6 and 5.3.2. The
electron energy wobbling (i.e. changing cyclic the collision energy every 25ms from E,.; —
Epeas — Ecoor) was started after a pre-cooling time of 7s. The energy dependence of the DR
rate coefficient on the electron-ion collision energy was measured by changing the measurement
energy F,cqs for each injection. The DR fragments were detected by an energy resolving surface
barrier detector (SBD) as a function of the time elapsed since injection. The SBD allowed to
distinguish between DR events where pairs of neutral Li and H atoms were produced from
events yielding only single Li or H atoms, similar to the H; and D; cross section mesurements
in Sec. 5.3.2. At matched electron-ion energy a large rate of single H fragments was observed,
whereas the rate on Li and H fragment pairs was only ~ 15 % of H signal rate. Both signal rates
revealed the same energy dependence, i.e. constant ratio between rate of single H fragments and
rate of Li and H fragment pairs at different collision energies. Thus, both the H and the Li+H
signal were assigned as being due to low-energy DR. It will be shown that the occurrence of a
single H fragment in = 85% of all events is due to field ionization of Rydberg (n > 8) Li atoms
in the dipole magnet (see Sec. 6.1.3). Fig. 6.1 shows the measured energy dependence of the DR
rate coefficient for collisions energies ranging between F = 0.1 meV and E = 300 meV, obtained
by evaluating the H plus Li+ H fragment rate. The single H fragment rate measured at zero
relative collision energy was used as a reference signal proportional to the number of stored ions.
Additionally shown in Fig. 6.1 is the calculated dependence of the DR rate coefficient on the
collision energy E assuming a DR cross section o o« 1/E and using the experimental electron
temperatures (solid line). The measured spectrum was scaled to the value for the absolute DR
rate coefficient measured at zero relative collision energy, see below, and shows no prominent
structures at electron-ion collision energies lower than 300 meV. However, a shoulder occurs at
~ 50 meV. Starting from its values at £ < 10~*eV the DR fragment rate drops to ~1/4 of the
maximum value already at 5meV (less than the transverse electron temperature) and to <3 %
at 50 meV, whereas the calculated rate drops to =~ 1/2 of the maximum value at 5meV and to
~ 30 % at 50 meV. This could be an indication for a strong resonance in the DR cross section
at sub-thermal collision energies, see discussion in Sec. 5.3.2. The energy dependence of the
calculated and the measured DR rate coeflicients for collision energies larger than ~ 50 meV are
similar. The absolute DR rate coefficient at matched electron-ion velocities (i.e. E = 0) was
derived from the lifetimes of the LiH' ion beam at different applied relative collision energies.
The decrease of the beam current was monitored, using the time dependence of the H fragment
yield as a signal proportional to the ion beam current. The lifetime of the LiH ion beam could
therefore be derived from the rate of single H fragments on the SBD. The ion beam lifetime

7(E = 0) with the velocity-matched electron beam (i.e. E = 0eV) turned on can be written as

= +—, (6.1)
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6 Final states of non-crossing mode recombination processes

10 10 10 10
E (eV)

Figure 6.1: Energy dependence of the rate coefficient for DR of LiH" with electrons, obtained
by measuring the single H fragment plus Li+ H fragment pair rate. The error on the rate
coefficients amounts to 33 %. The measurement were performed after a pre-cooling time of 7's.
The solid line represents the calculated dependence of the DR rate coefficient on the collision
energy F assuming a DR cross section o « 1/E. The dashed lines mark the measured and
calculated DR rate coefficients for a collision energy E corresponding to T =~ 300 K.

were 1/7pr and 1/7gg are the single H fragment rates due to DR and residual gas scattering.
Increasing the relative electron-ion energy to values larger than ~ 100 meV led to the reduction
of the DR fragment rate by about two orders of magnitude, see Fig. 6.1. The ion beam lifetimes
T7(E > 100eV) at these collision energies are in a good approximation identical with the beam
lifetime 7re determined by residual gas scattering. The lifetime due to DR can therefore be
derived from Eq. 6.1, using the measured values for Tr; and 7(F = 0) and amounted to Tpr =
(7.14 £ 2.55) s. An absolute DR rate coefficient o can be derived from the electron density n.,
the ratio of the electron-ion interaction region to the ring circumference n = 0.027 and the beam

lifetime 7 using the relation

(6.2)
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6.1 DR of LiH* : Rate coefficients and final states

Hence, the absolute DR rate coefficient ayy,;, for our merged-beam conditions (anisotropic thermal
electron velocity distribution with T, = 12meV and £T}; = 0.1 meV and zero relative collision

energy) can be calculated from the lifetime 7pp and amounts to
amp = (6 £2) x 1077 cm?/s. (6.3)

It has been shown in Fig. 6.1 that the DR cross section opr does not vary as o« 1/E (i.e.
a o< 1/V/T) at collision energies F < 50 meV. Hence, the calculation of a thermal rate coefficient
(isotropic Maxwell-Boltzmann distribution) using Eq. 4.24 is not correct. However, the measured
DR rate coefficient is larger than the value used in recent early universe models [106] and the DR
of LiHT is therefore one of the fastest reaction among those taken into account in the different
models (see Tab. I in Ref. [106]). The estimated thermal DR rate coefficient for LiH" in that
table amounts to a = 2.6 x 10 8 cm?/s for T = 300K [106]. However, it is important to
recall that the LiH' ion beam is expected to be still in a superposition of vibrational states as
discussed in Sec. 2.3.3. As will be shown in Sec. 6.1.3 the vibrational population distribution
was found in a steady-state after about 7s of cooling. This observation is consistent with
the modeled vibrational cooling (Sec. 2.3.3). The CEI measurements were performed without
merging the ion beam with electrons. The electron-ion interaction in these measurements might
have caused some additional electron induced vibrational cooling. To check this open question
some additional CEI measurements for longer storage times are needed. Results from CEI
measurements with and without electron cooling could reveal the influence of the electron-ion
interaction on the vibrational cooling. At the moment it is not yet clear if both, electron cooling
and extraction of LiHT molecules, is feasible because of the weak LiH' ion beam produced in
the Tandem.

6.1.3 Final fragment states

This section deals with the study of the final fragment states in the DR of LiH' with low-energy

electrons which can be depicted as
LiH" (v) + e (E) — Li(nl) + H(1s) + Ej, (6.4)

where v, n and [ denote the initial vibrational state of the molecular ion and the principal and
orbital quantum numbers of the Li product, respectively, while E}, is the kinetic energy release.
A very uncommon characteristics of LiH™ is the low dissociation energy (~116 meV from the
v = 0 level in the X2X T ground state state potential). The ionization energy of atomic lithium is
5.39eV (see Append. F). This small dissociation energy leads to an exceptionally large number
of energetically allowed final states for the neutral Li fragment, where (see Fig. 6.2) Rydberg
levels up to 11s can be reached even from the v = 0 level at near-zero electron energy. It
has been already mentioned in the discussion of the DR rate coefficient measurement that the

vibrational level spacings of LiH are so small that already at the temperature inside the TSR
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0.15]

0.1

0.05 I
i Figure 6.2: Potential energy

curve for the X?%1 state of
the LiH™ molecule (Berriche
et al. [51]) with positions of
the vibrational levels and the

U (eV)

0.00

-0.05 I
. fragment energy levels for the

H(ls) +Li(nl) channel with
[ =0and 1 (s and p).

-0,11L
1 2 3 4 S 6 7 8 9 10
Internuclear distance (A)

(T = 300 K) several excited vibrational levels are populated. Even higher Rydberg levels can

therefore be reached energetically by recombination with slow electrons.

Detector setup

Fragments resulting from the DR of LiH" ions, as well as from their collisions with residual
gas molecules, were detected behind the first dipole magnet following the electron cooler. The
distance from the center of the interaction region to the dipole magnet is about 6.5 m. Neutral
fragments passing straight through the dipole magnet were analyzed either by the SBD (see
Sec. 6.1.2) or by the RFI detector system (see Sec. 4.5.1). Due to its energy resolution the
SBD could distinguish DR events where pairs of neutral Li and H atoms were produced from
those yielding only a neutral H or Li fragment. Li fragments reaching the dipole magnet (field
strength ~0.87 T) in Rydberg states n > 8 can get field ionized by its strong (=100 kV/cm)
motional electric field!. Lit ions produced by interactions with the background gas or by field
ionization of neutral Li fragments were counted on a spatially resolving MCP detector located
on the inner side of the closed ion orbit (see Fig. 6.3). The detector was movable along an axis
perpendicular to the ion beam direction. The spatial resolution of the ion fragment detector was
obtained by a resistive anode mounted on the back of the MCP, see Sec. 4.5.2. All measurements

were performed after a pre-cooling time of 7s which was sufficient to reach thermal equilibrium

1 The motional electric field F is related to the magnetic field strength B and the fragment velocity ¥ by
F=¢xB.
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with the storage ring walls, see modeled vibrational cooling in the Sec. 2.3.3. Two methods
were applied to analyse the Li fragment states formed in the DR process at zero relative beam

energy.

Recombination fragment imaging

The method of RFI, discussed in Sec. 4.5.1, which consists in measuring event-by-event the
projected distance between pairs of neutral products, using the zero-degree MCP detector (see
Fig. 6.3). A measured projected fragment distance distribution reveals the relative contribution
of each intial-to-final state-to-state channel to DR (see Sec. 3.3). The measured projected dis-
tance distribution of neutral Li and H fragment pairs which were not affected by field ioniziation
and thus could reach the imaging detector is shown in Fig. 6.4. The dashed line represents the
expected projected fragment distance distribution for the DR of LiH" with electrons at matched
electron-ion velocities into the product states Li(2s) and H(n = 1). The measured distribution
reveals that Li fragments in states with n < 5 are essentially absent (< 1% of the total counts
in the fragment distance spectrum) and that final channels up to n ~ 10 are more and more
populated as n increases. The observation that a significant fraction (= 15 % according to the
SBD measurements described above) of the Li atoms formed in high (n > 8) Rydberg states
can escape field ionization is consistent with the calculated radiative lifetimes of Li Rydberg
states [107] (see Tab. F.3 in Append. F.3), which for n = 8 — 10 and [ = 0 are comparable
with the time-of-flight from the electron cooler to the dipole magnet of =~ 500ns. The RFI

distribution in Fig. 6.4 cannot reproduce any contributions with n > 10 since the efficiency for
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Figure 6.4: Histogram of observed projected distances of neutral Li and H fragments, measured
between 7 to 11s after injection, and the expected shape of the histogram for the Li(2s) final
channel (dashed line). Also indicated are the maxima of the expected distributions from higher
final states.

detecting fragment pairs with a very small distance drops dramatically from 100 % to 0 % within

about 0.2 mm at a distance of &~ 1.5 mm, as discussed in Sec. 4.5.1.

Detection of field ionized fragments

The spatially resolved observation of the Li* fragments behind the dipole magnet allowed to
distinguish between ions generated by field ionization of Li atoms (resulting from DR) and
ions directly produced by the dissociation of LiH™ in collisions with residual gas molecules.
The Lit ions directly produced in the residual gas before entering the dipole magnet get bent
immediately when entering its fringe field, whereas Li atoms that undergo field ionization fly
along a straight trajectory until they reach a point where the motional electric field becomes
high enough to cause field ionization (see Fig. 6.3). The exact shape of the magnetic fringe
field has been measured along the ion beam trajectory by Holzer [95] and is plotted in Fig. 4.7
(Sec. 4.5.2). The trajectory through the magnetic field and therefore the impact position on
the MCP detector is dependent on the position where the field ionization occurred in the fringe
field. Thus, an unique relation exists between ionization field strength and impact position on
the MCP detector. The DR fragments were found to be distributed over a band of ~ 10 cm. The

diameter of the MCP is 2.5 cm wherefore several measurements with overlapping observation
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Figure 6.5: Field ionization spectra measured between 7s and 11s and between 11s and 17s
after injection. Critical field strengths F, = C/n* with C = 1/12.8 (see text) are indicated for
various n (t=7-11s).

ranges were needed to scan the whole fragment distribution. The single spectra were connected
applying cross-normalization through the H count rate on the zero-degree SBD.

Distributions of impact positions of the field ionized DR fragments on the MCP are shown in
Fig. 6.5 for two different time intervals (7-11s and 11-17 s after injection). The transformation
from the impact position scale to a scale representing the critical ionization field strength was
done by a numerical calculation of trajectories including the fringe field from Fig. 4.7. A nearly
linear relation was found between impact position and critical electric field. The zero of the
position scale and hence the electric field scale is uncertain within a few kV/cm, since the po-

sition of the stored ion beam with respect to the detector position could not be measured. The
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inaccuracy in the measurement of the distance between the detector and the edge of the dipole
magnet gave rise to an additional uncertainty in the transformation to critical field strength,
due to the divergence of the ion trajectories behind the dipole magnet. This additional uncer-
tainty in the experiment leads to a compression or stretching of the measured distribution of
~ +1.5kV/cm. Li atoms formed in the electron-ion interaction region pass already through
smaller motional electric fields before reaching the dipole magnet; hence, no signal due to field
ionization in the dipole is expected for electric fields below ~ 7kV /cm. The low-field shoulder
of the observed distributions were therefore shifted to this point. The MCP was moved towards
the LiH" ion beam until the injected ion beam got blocked by the metal frame on which the
MCP was mounted. This caused the cut in the spectra at an electric field of about 75kV /cm.

The relative peak heights in the two spectra plotted in Fig. 6.5 are identical within the statistical
errors on the measured events. This proves the existence of an equilibrium in the vibrational
population distribution for ¢ > 7s. Additionally shown (upper spectrum, Fig. 6.5) are critical
field strengths for ionization of various Rydberg states which will be derived in the following

section.

Assignment of Rydberg levels from the field ionization spectrum

Most of the Li atoms represented in the field ionization spectra of Fig. 6.5 get field ionized in
the near-linear region of the fringe field (cf. Fig. 6.3), where the field strength rises with a slew
rate of S ~ 4.4 kV (cmns)~!. The critical ionization fields F, are expected [108] to depend on
the initial quantum state of the Li atom as well as on the quantum mechanical time evolution
of the system during the field is ramped. For low slew rates field ionization occurs adiabatically
whereas at high slew rates the field ionization process is getting more and more diabatically,
such that one defined Rydberg state may have several critical electric fields at which it gets
ionized [109].

The n—dependence of the critical electric field required for ionization will be derived first ne-
glecting level shifts caused by the electric and magnetic fields. Applying an electric field?> F

along the z axis to an H atom gives rise to an effective Coulomb-Stark potential?,

1
V=—+4Fz (6.5)

r
with r = \/22 4+ y2 + 22 and a saddle point on the z axis at z = —1/+/F. The potential energy
at the saddle point is V = —2v/E and the binding energy of an hydrogen atom with a principal
quantum number n is E = 1/2n?. Thus, for an atom in a Rydberg state n and vanishing

angular momentum along the z axis (i.e. m = 0) the field F' for classical saddle point ionization

2 Fis given in atomic units, where 1 a.u.=5.14 x 10° V/cm.

3 All following equations are given in atomic units.
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is, neglecting Stark splitting, given by

1

Eq. 6.6 reveals the dependence of the electric field on the principal quantum number of the
ionizing Rydberg state. The additional centrifugal term for atoms in a higher |m| state increases

the threshold field and gives rise to a relative change in the required field of [110]

AR _ |mlVE _ |m|

. = (6.7)

The field ionization of an hydrogen atom is always diabatic [108] whereas the field ionization
of alkali atoms is strongly dependent on the slew rate and may occur either adiabatically or
diabatically. The field ionization of the hydrogen atom will therefore be discussed in a first step
as an example for the diabatic process. An applied electric field leads to a Stark structure (see
for instance Ref. [111], Fig. 5, or Ref. [112] for Stark effects to arbitrarily high order). It has
been shown [108] that the strongest bound Stark states get field ionized once the binding energy
is above the potential energy at the saddle point. The relation between the principal quantum

number of that Stark state and the critical electric field is

1

= (6.8)

Stark states with a lower binding energy do not field ionize once their energy levels are above the
saddle point energy, as has been shown by Bailey et al. [113] who calculated the field ionization
probabilities for the hydrogen atom, also including tunnelling. Data on tunnelling effects in the
field ionization of Li are presented in Ref. [114]. This unexpected behavior can be explained by
a strong localisation of the electrons along the z axis. Electrons belonging to Stark states with
decreasing binding energy are located more and more away from the saddle point in the effec-
tive Coulomb-Stark potential, such that an effective potential can be related to each Stark state
with an increased saddle point energy, see Ref. [108], Chapter6. Eq. 6.8 represents therefore
the lowest electric field needed for the ionization of a hydrogen atom in a Rydberg state with a

corresponding principal quantum number n.

There are two main differences between the Stark structure and the field ionization properties
of alkali atoms and the hydrogen atom. Firstly, the Stark manifolds of adjacent Rydberg states
in alkali atoms do not cross [115] as they do in H. Secondly, the field ionization of Stark states
of alkali atoms occurs rapidly once their binding energy is above the classical saddle point limit.
The second difference can be understood as a scattering of the Rydberg electron on the core
electrons which gives rise to their spatial de-localisation along the electric field axis. The s
states of Li atoms are the strongest bound components of the Stark manifolds due to their

largest quantum defect. Thus, they need the highest electric field to overcome the saddle point
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barrier. The field ionization is called adiabatic if all crossings are avoided and ionization takes
place at the classical saddle point limit for the Stark shifted level energy. Dynamical effects
at avoided crossings are becoming more and more important with increasing slew rate for the
ramped electric field. The probability for a diabatic transition at an avoided crossing is given
by the Landau-Zener transition probability. The validity of the Landau-Zener theory has been
demonstrated at an avoided crossing in Li by Rubbmark et al. [116]. The criterion for the

critical slew rate for a crossing may be written as [108]

wj

~dE_dBy
dF dF

Se (6.9)

where wg denotes the separation between the two Stark levels, F; and Es, at the avoided crossing,
which can be approximated [108] by
wo ~ 1/n. (6.10)

The largest possible value for the denominator in Eq. 6.9 is proportional to n?. The critical slew

rate can therefore be approximated for a Rydberg state using the scaling law
S, oc 1/n'0. (6.11)

Rubbmark et al. [116] studied the dynamics of traversing an avoided energy level crossing in
a Rydberg state of lithium (n = 19) and found diabatic transitions to start at a critical rate
S, =~ 0.2kV(cm ns)~!. The rate S, can be used together with Eq. 6.11 to estimate the Rydberg
state from which diabatic transitions can be occur. At our slew rate of S ~ 4.4kV(cm ns)!
we expect diabatic transitions to set in for n > 11, i.e. some of the crossings are traversed
diabatically whereas other crossings are avoided. Based on these considerations field ionization
of Li atoms in a defined inital state can therefore proceed via different paths under the existent
experimental conditions. The reader is referred to the books on Rydberg atoms by Stebbings
and Dunning (editors) [117] and Gallagher [108] for more detailed descriptions of the adiabatic
and diabatic processes in the field ionization of Rydberg atoms.

Conclusions about the Rydberg state populations were obtained from the measured field ioniza-

tion spectrum (Fig. 6.5) using the semiclassical scaling law F o< 1/n* (Eq. 6.6).

Influence of magnetic fields on Rydberg atoms

The energy shift of Rydberg levels caused by the magnetic field present in the dipole magnet
was not taken into account. It will be shown that these shifts are small compared to the Stark
splittings. A magnetic fields can lead to a linear energy shift as well as to a diamagnetic shift
which is often called quadratic Zeeman effect.

To show the small effect of the magnetic field compared to the induced electric field we estimate

the linear and quadratic energy shifts for an H atom in a magnetic field B. Considering the
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Hamiltonian for an H atom in a magnetic field* B it can be shown that the level shift of a

Rydberg state is given (in atomic units) by [118]

B B?
AE = mT + 5 4wt (6.12)

The quadratic diamagnetic term is not negligible if n*B > 1 [108]. The magnetic field strength
in the dipole magnet was B = 0.855T and the highest Rydberg state contributing to the
measured spectra of field ionized Li atoms was n ~ 16. Replacing n by the effective quantum
number n; =n — §; (see Append. F.1 for quantum defect parameters) for Li atoms one obtains
n;‘,4B ~ 0.24 for Li atoms in a p state and n = 16. The quadratic energy shift can therefore be
neglected and Eq. 6.12 reduces to the expression for the linear Zeeman effect. The Zeeman shift
at our experimental conditions was AFE = 1.82 x 107% (a.u.) = 0.05 meV and small compared
the a Stark shift of the order of several meV [115].

Results for final fragment states and conclusions

Considering completely adiabatic field ionization of a low-[ initial Rydberg state, as calculated
for Li(n = 19) by Rubbmark et al. [116], ionization is expected to take place at fields, described
by F. ~ 1/12.8n*. These fields are marked in Fig. 6.5 for some Li Rydberg states n. The spacing
between the critical fields F, as well as their positions are in a reasonable agreement with the
low-field limits of several multiplets. On the other hand progressively diabatic evolution of low-
[ initial states through the field region where avoided crossings between different n manifolds
occur [116] leads to increasing ionization fields F,. ~ 1/9n*, as discussed above. As a consequence,
the peak structure in the n multiplets is likely to originate from Rydberg states with different /
or |m| states (see Eq. 6.7) that evolve adiabatically to the field ionization limit. In contrast, the
diffuse tails of the multiplets towards higher ionization fields probably correspond to systems
evolving via random alternative paths where the level crossings are partly traversed diabatically.
The variety of possible evolution paths along the Stark manifolds gives rise to a complex structure
of the field ionization spectra. In a future experiment it would appear possible to obtain a better
understanding of the structure of these spectra by depleting Li fragments in a well defined
Rydberg state by induced radiative transition to lower lying state which do not get field ionized.
The difference in two field ionization spectra taken with and without applying induced radiative
transitions could reveal the contribution of the chosen Rydberg state. Another approach to
improve the assignment of states could be experiments at lower ion energies. The lowered
maximum motional electric fields and ion velocities result in smaller slew rates of the electric
field in the dipole magnet and therefore diminished probabilities for diabatic field ionization.

Nevertheless, already the present interpretation of the field ionization spectra indicates that the

DR of LiH" ions with low-energy electrons populates predominantly Rydberg levels of neutral Li

4 B is given in atomic units, where 1a.u.=2.35 x 10° T.
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with n &~ 10 — 12. The lack of sensitivity of the field ionization method to the population of low
lying Rydberg states (n < 8) can be compensated using the RFI technique, as discussed above.
The RFI measurement indicates that these levels are indeed not populated significantly. Hence,
these results clearly demonstrate the strong tendency for this non-crossing DR mode to produce,
among all the energetically accessible states, the highest possible excited fragments (cf. Fig. 6.2).
Such a situation also exists in the non-crossing mode DR of *HeH™ , where the predominant
branching to the final channel He(1s?) 4+ H(2[) was observed in several DR experiments [119,

120] and explained by nonadiabatic couplings at small internuclear distances [18, 19].
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6.2 DR of *‘HeH" : Branching ratio at the opening of a new final

fragment state

The DR of *HeH* is a further process following the non-crossing mode. The experiments pre-
sented in this section aim at the understanding of the DR at the threshold of a new accessible
final fragment state. The DR of vibrationally cold *HeH™ ions with low kinetic energy electrons
(E < 5eV) is discussed in more detail in Sec. 2.1.2 and will be therefore only briefly reviewed
here. The DR can be depicted by the reaction

‘HeH (v = 0;J) + e (E) — He(1s?) + H(n), (6.13)

where J is the initial rotational state. Two final fragment states of the hydrogen atom are ener-
getically accessible at near-zero collision energies, H(n=1) and H(n=2). Previous recombination
fragment imaging (RFI) measurements, carried out at the CRYRING [4, 120] and the TSR [120]
revealed the dominance of the formation of excited hydrogen atoms (i.e. H(n=2)), as has been
predicted by MQDT calculations performed by Guberman [19]. The next final fragment state
H(n=3) is energetically accessible at a collision energy E = 333 meV and a complete switch-over
to this state was observed at a collision energy E = 577 meV [120]. The experiment discussed
in this section was focused on the question how the branching ratio into the new possible final
fragment state rises directly at the threshold to that final channel when studied with higher

energy resolution.

The *HeH™* ion beam was produced in a CHORDIS ion source and accelerated to an energy of
E; = 2.41 MeV using both RFQ accelerators (Sec. 4.1). The diameter of the electron cooled ion
beam was ~ 1 mm. The electron density was n, = 1.3 x 107 cm ™3 and the transverse and lon-
gitudinal electron temperature amounted to kT = 28.5meV and kT}| ~ 0.1 meV, respectively.
The pressure inside all sections of the TSR. was on average ~ 5 x 10! mbar.

In the first part a measured DR rate coefficient spectrum will be presented and the observed
structure discussed. The second and third part address the measurement of RFI spectra at

collision energies between E =~ 250 meV and E ~ 380 meV and their interpretation.

6.2.1 DR rate coefficient spectrum

The collision energy dependence of the DR rate coefficient was measured using the experimental
setup discussed in Sec. 4.6. In order to avoid ion beam dragging effects (Sec. 4.4.4), which
reduce the adjusted electron-ion collision energy significantly, the experiment was carried out
in the wobbling mode, i.e. changing cyclic in the collision energy every 25ms, see Secs. 5.3.2
and 6.1.2 for more details. The time needed for a complete vibrational relaxation of all stored
“HeH™ ions into the ground state is less than 100 ms (see Tab. D.3 for the radiative lifetimes of

the lower vibrational states) and for a radiative rotational cooling into thermal equilibrium with
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Figure 6.6: Measured (open triangles) and background corrected (solid circles) DR rate coeffi-
cient spectrum for *HeH"t . The statistical errors on the experimental data are not plotted and
amount to ~ 1.5 % at E < 200 meV and =~ 15 % at E =~ 2 eV. The threshold energies for the pro-
duction of excited hydrogen fragments H(n) as well as the energies of Rydberg resonant states
(fragment states He(2s?) + H(n = oo) and vibrational excitation v) of *HeH are shown, see
text. The absolute value for the DR rate coefficient at about 10meV is a 7 x 1072 em? /s [4].

the TSR walls corresponding to a temperature of T' =~ 300 K is about 7s, see Sec. 2.3.2. Hence,
all experiments were carried after a pre-cooling time of 7s. The surface barrier detector (SBD)
(see Sec. 4.6) was used in this measurements and DR event were identified by requiring the full
energy on this detector. Fig. 6.6 shows the measured (open circles) and background corrected
(full circles) DR rate coefficient spectra. The expansion factor and therefore the radius of the
electron beam were small, see Tab. 4.2. Thus, background contributions of DR in the toroid
sections (see Sec. 4.4.4) were strongly reduced which can be seen by the rather small difference
between the measured and background corrected spectrum. The DR fragment rate measured at
cooling energy was used as a reference signal which is proportional to the number of stored ions,
whereas no ion current calibration was performed for the presented spectrum which therefore
is shown in arbitrary units. The absolute value for the DR rate coefficient at about 10 meV
was found in other experiments to be a ~ 7 x 1072 cm?/s [4]. The peak structure at collision

energies larger than ~ 7eV has been observed in several measurements [4, 119, 121, 122] and
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explained by the capture of an electron into repulsive, doubly excited Rydberg states of the
neutral HeH [45, 123] molecule. The peak structure at collision energies lower than 1eV has
been studied in several DR experiments with an *HeH™" [4, 124] and an 3HeH™ [124, 125, 126] ion
beam. Stromholm et al. compared their measured spectrum with the theoretical predictions of
Sarpal, Tennyson and Morgen [18] and Guberman [20] and could not find a reasonable agreement.
Tanabe et al. [124] assigned the structure at energies below 0.3 eV to a new indirect mechanism.
The incident electron gets first captured into a vibrationally excited Rydberg state (n > 2) which
then couple to the dissociative n = 2 Rydberg state. An overall understanding of the structure
at low collision energies (E < 1eV) is not yet achieved and improved theoretical models are
needed.

In addition, in Fig. 6.6 are shown some threshold energies for the production of excited atomic
hydrogen (n = 3 — oo for v = 0). The RFI measurement discussed in the following section was
performed at collision energies around the threshold energy E = 333 meV where the production
of hydrogen in n = 3 starts to become energetically possible. Exactly at that energy a small

peak appears in the DR rate coefficient spectrum, which will be discussed below.

6.2.2 RFT at collision energies F ~ 250-380 meV

For a more detailed study of the observed [120] switch-over in the final state branching ratios
at the opening of the H(n = 3) channel we used the RFI technique, discussed in Sec. 4.5.1.
This technique allows to measure, with high resolution, the small kinetic energy release of the
DR into the H(n = 3) channel at collision energies slightly above the threshold energy. The
disadvantage of the RFI technique is the vanishing detection efficiency for fragment distances
on the MCP smaller than ~ 1.5 mm. This detection efficiency problem arises from the average

spot size of an impinging DR fragment on the phosphor screen of ~ 1.5 mm.

RFI measurements and results

The measurement scheme was as follows. A new *HeH* ion beam was injected every 18s and
the measurement was started after a pre-cooling time of 7s, a time sufficiently long for a total
radiative cooling into the vibrational ground state and an almost complete radiative rotational
cooling into thermal equilibrium with the TSR walls corresponding to temperature of T' =~ 300 K,
see Sec. 2.3.2. Thus, it is reasonable to assume that the rotational population follows a Boltz-
mann distribution. The electron beam parameters can be found in Tab. 4.2. To minimize
changes in the collision energy due to ion beam dragging effects (Sec. 4.4.4), the electron energy
was set to matched electron-ion velocities in the first 7s of pre-cooling and then cyclic varied
between the required collision energy and the cooling energy. The dwell time on the cooling
(i.,e. E = 0) and measuring energy was 1s and 0.5s, respectively. The changes in the adjusted

collision energies (E = 250 — 350 meV) due to ion beam dragging were estimated to be less than
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5meV. This shift in the collision energy AE was calculated combining Eqs. 4.28 and 4.35 and
using the electron beam parameters shown in Tab. 4.2 and a value for the Coulomb logarithm of
L¢e =10 [88]. Different projected fragment distance spectra have been taken at collision energies
around the threshold energy E = 333 meV and are represented in Fig. 6.7. The statistics is very
low due to the small DR rate coefficient of less than ~ 4 x 107'% cm3/s at these collision ener-
gies. Clearly, a two peak structure is observable in the distributions corresponding to energies
E > 285meV. The peak at small fragment distances can be assigned to DR into the H(n = 3)
fragment channel and the other peak to the H(n = 2) fragment channel. A clear change in

the fragment distance distribution towards smaller distances with increasing collision energies is
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discernible. This is already a sign for a fast switch-over into the higher excited fragment state.
The exact distribution of electron energies in the vicinity of the given nominal collision energies
(see Sec. 4.4.2) is discussed below (see Fig. 6.11). The projected fragment distance distribution
Pyy152(D) (Eq. 3.23) (including rotational excitation) for an isotropic angular distribution of
the fragments relative to the beam direction corresponding to DR into the H(n = 2) channel
was fitted to the individual spectra. The results of these fits are shown in Fig. 6.8 for the spec-
trum taken at E = 295 meV. The fitted function cannot explain the additional contributions at
distances ~ 3 — 12mm; the deviations could not be explained by a possible anisotropy in the
angular distribution of the DR fragments, see Sec. 3.3. Similar contributions to a PFI spectrum
were already observed in an earlier TSR experiment, see Semaniak et al. [120] (Fig. 2). The
production of H(n = 3) fragments in DR reactions taking place in the toroid regions at larger
collision energies (cf. Sec. 4.4.4) are also not expected to play a significant role, due to the
small electron beam diameter, see discussion above (Sec. 6.2.1). The relative contribution of the
H(n = 2) channel to DR was therefore obtained by integrating over all events having a fragment
distance larger than the maximum possible distance for DR into the H(n = 3) channel (dashed
line in Fig. 6.8) plus an estimated number of events, also belonging to the H(n = 2) channel
at smaller distances. These numbers were obtained by a linear extrapolation of the measured
contributions of the H(n = 2) channel towards smaller fragment distances. Then the complete
spectrum was integrated and the H(n = 2) contribution was normalized to the total number of
events. The energy dependence of the relative contributions to the H(n = 2) channel is presented
in Fig. 6.9. The systematic errors on the nominal collision energy E are estimated values and
caused by the uncertainties in the electron beam parameters. To estimated the systematic er-
rors on the relative contributions shown in Fig. 6.9, the projected fragment distance distribution

Pyy142(D) (see Eq. 3.23) for the corresponding collision energy E was fitted to the normalized
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spectra. The relative contribution to the H(n = 2) channel was used as the fit parameter. The
difference between the relative contributions plotted in Fig. 6.9 and values obtained from the fit
determined the systematic errors.

The relative contributions to the H(n = 2) channel, presented in Fig. 6.9, show a decrease to
about 40 % at the threshold energy E = 333 meV with increasing collision energies and are ap-
proximately constant at higher collision energies. It should be mentioned no experimental data
for higher collision energies are available due to the fast decrease in the DR rate, see Fig. 6.6.
The observed decrease in the relative contributions to the H(n = 2) channel at collision energies
already below the expected threshold of E = 333 meV can be explained by (a) the rotational ex-
citation of the *HeH™ ions (see Tab. 6.2), which gives rise to a reduction of the collision energies
required to access the H(n = 3) final fragment state, and (b) the collision energy distribution
shown in Fig. 6.11 for a nominal collision energy E. The rotational levels as well as the Boltz-
mann distributed rotational populations (7" ~ 300) are shown in Tab. 6.2. As can be seen in
Tab. 6.2, approximately 50 % of the “HeH™ ions have rotational energies of 25 meV and more.
The vanishing detection efficiency for fragment pairs with distances smaller than =~ 1.5 mm
gives rise to a too small number of events belonging to the H(n = 3) channel. Thus, the relative
contributions of the H(n = 2) channel to DR derived from the described method and shown in

Fig. 6.9 are larger than the actual contributions. The presented relative contributions are in fact

J E; DI
meV %
0 0 15.2
1 8.3 31.2
2 25.0 29.0
Table 6.2: Excitation energies Ej for
3 49.9 15.5 the lower rotational states J = 0 — 6,
4 83.2 5.5 as well as the Boltzmann distribution
5 124.8 1.3 of the rotational population pj cor-
responding to a temperature of T =
6 174.7 0.2

300 K.

a convolution of the actual branching ratios for both populated final channels and the exper-
imental conditions. To extract information about the branching ratios into the final fragment
channels a Monte-Carlo simulation was developed, taking into account the well known exper-
imental conditions and allowing for testing different models for the energy dependence of the
branching ratios. Thus, by comparing the energy dependence of simulated relative contributions
to the H(n = 2) channel to the experimental results information about the energy dependence

of the branching ratios the can be retrieved. The Monte-Carlo simulation as well as the result
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for the energy dependence of the branching ratios will be discussed in the following section.

Monte-Carlo simulation of the DR

The Monte-Carlo simulation included all conditions of the experiment considered to be relevant.
The energy dependence of the branching ratio for J = 0 *HeH ions into the final fragment state
H(n = 3) is defined as

0 E < FEjg
B(E) = (6.14)
B3(E) E > E3

where F3 = 333meV is the threshold energy for the accessibility of the final state H(n = 3)
for ro-vibrationally cold *HeH' and the function B3(E) which will be discussed later. For
collisions with rotationally excited “HeH* ions (v = 0) the threshold energy Ej is reduced
by the rotational excitation energy FEj; presented in Tab. 6.2. All conditions included in the

simulation are summarized in the following list:

e exact geometry of the experimental setup (1.5m interaction region and distances from

electron cooler to MCP detector, see Fig. 4.4)
e shape of the ion beam (Gaussian like shape, FWHM =~ 1 mm)
e isotropic angular distribution of the DR fragments

e transverse and longitudinal electron temperatures (k7. = 30 meV and KT} = 0.1 meV),

see energy distribution in Fig. 6.11

e Boltzmann distributed rotational excitation (7' = 300 K), see populations in Tab. 6.2
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Figure 6.10: Comparison between different simulated contributions to the H(n = 2) channel.
The constant branching ratio was Bs(E) = 1 in all simulations. The solid triangles represent
the energy dependence for zero transverse (kT = 0) and longitudinal (KT = 0) electron
temperatures and zero rotational excitation (I' = 0K). The solid circles show the results of
the simulation including rotational excitation (T' = 300 K). The settings in the third simulation
(solid boxes) were as stated in the plot.

e detector efficiency for fragment distances D near the cut-off distance D = 1.5 mm, as found

in previous measurements

e ion beam dragging effects (linear energy changes as a function of the time by AE/At =
10 meV/s)

e branching ratio B(F), as defined in Eq. 6.14

e the DR cross section was assumed to be constant over the simulated energy range (i.e.
E =200 — 400 meV)

e DR cross section independent of the rotational excitation

The influence of the energy dependence of the DR cross section o(F) on the results has not

yet been thoroughly tested and needs to be implemented in a next step in the Monte-Carlo
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simulation. In addition, recombinations in the toroid sections were not taken into account in
the simulation; however, they do not play a significant role in the studied collision energy region,
as can be seen in Fig. 6.6. Several models for the energy dependence of B(FE) have been tested,
e.g. B3(F) =1—exp(—(F — E3)/0), where Ej3 is the threshold energy for the H(n = 3) channel
and o a constant which could be varied. A very good agreement between the simulated and
the measured data was achieved using a constant value for the branching ratio Bs, i.e. the
branching ratio for the population of the fragment state H(n = 3) jumps from zero to the value
B3 once this channel is open. Recently, a wave packet treatment of the dissociation dynamics,
performed by A. Orel [127], revealed such a step in the branching ratio B(E) with Bs ~ 0.5.
The simulations were performed for collision energies between F = 200 meV and E = 400 meV
in steps of 5meV and various values for Bs. The relative contribution of the H(n = 2) channel
at the different collision energies and branching ratios B3 was obtained by a fit of the projected
fragment distance distribution function Pyy;42(D) (Eq. 3.23) to the simulated and normalized
spectra. Fig. 6.10 shows the results for different experimental conditions and a probability of
100% (i.e. B3z = 1) to populate the H(n = 3) once this channel is energetically accessible.
Neglecting rotational excitation (i.e. T'= 0K) and a spread in the electron velocity distribution
in the simulation gives rise to a step-like shape at the threshold energy £ = 333 meV as presented
by the solid triangles. Taking into account a rotational excitation in the simulation (7' = 300 K)
leads to an decrease in the relative contribution starting already at an energy F ~ 260 meV
(solid dots), which corresponds to DR of *HeHTin J > 3, see Tab. 6.2. The decrease of
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Figure 6.12: Simulated contributions to the H(n = 2) channel as a function of the collision
energy for various constant branching ratios By = 0.6,0.7 and 0.8 as indicated in the plot,
compared to the measured contributions (solid circles). The transverse and the longitudinal
electron temperatures were set to the experimental values.

the relative contribution to the H(n = 2) channel is becoming even more pronounced if the
velocity distribution of the electrons is included (solid boxes). Fig. 6.11 represents the simulated
electron energy distribution for a flattened Maxwellian velocity distribution of the electrons at
an adjusted collision energy of 330 meV. The asymmetric shape of the energy distribution in
Fig. 6.11 is caused by the transformation of the transverse and longitudinal electron velocity
distributions in the co-moving frame of reference, see discussion in Sec. 4.4.3. This, together
with the definition of the nominal collision energy, leads to the effect that the electron energy is
in about 78 % of the recombinations larger than the nominal value.

The experimental data (see Fig. 6.9) are compared in Fig. 6.12 to the results obtained from
the Monte-Carlo simulation, were the branching ratio B3 was set to a constant value. In the
simulation, the rotational temperature was set to 7" = 300 K and the longitudinal and transversal
temperature was set to kT} = 0.1 meV and kT'| = 30 meV, respectively. The detector efficiency
at small (< 1.5 mm) distances is not known precisely, but it could be shown that the uncertainties
on the simulated values are negligible. The best agreement between experimental and simulated
data is found for a branching ratio B = 0.70 + 0.02. However, as has been mentioned before,

for a collision energy £ = 577 meV a branching ratio By = 1.0 was measured by Semaniak et
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Figure 6.13: Smoothed DR rate coefficient a(FE) = as(FE) + a3(FE) (in arbitrary units) from
Fig. 6.6 in the energy region from E = 200 meV to E = 400 meV (solid line) and the rate
coefficients ay(F) and a3(FE) of the two final fragment state channels H(n = 2) (dotted line)
and H(n = 3) (dashed line), respectively. The dash-dotted line marks the threshold energy.

al. [120]. Since there are presently no further PFI data available for the energy region between
E = 360meV and E = 577 meV no statement can be done on the energy dependence of the
branching ratio B3(FE) in that energy region.

The measured spectrum of the DR rate coefficient «(F) in Fig. 6.6 has a small hump around
the threshold energy E = 333 meV. As will be shown, this hump is due to the opening of the
additional final fragment state H(n = 3) at that energy. Since there are only two final fragment
states populated, H(n = 2) and H(n = 3), the DR rate coefficient «(FE) can be written

a(E) = as(E) + a3(E), (6.15)

where ay(E) and as(E) are the rate coefficients for the DR channels related to the final state
H(n = 2) and H(n = 3), respectively. With ¢2(F) and ¢3(E) = 1 — ¢2(E) being the individual
relative contributions of the final fragments H(n = 2) and H(n = 3), respectively, to DR, Eq. 6.15

can be written as

a(E) = g2(E)(E) + (1 - ¢2(E))a(E) . (6.16)
:o;;(E) :o:o,r(E)

The relative contribution ¢2(E) can be obtained using the Monte-Carlo simulation as has been

shown above. However, in the rate coefficient measurement a surface barrier detector (SBD)
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6 Final states of non-crossing mode recombination processes

was used. Compared to the imaging detector system used in the RFI technique the SBD does
not have efficiency problems for the detection of fragment pairs with small distances. Thus,
in a new simulation the detection efficiency was set to 100 % for all fragment distances and
the branching ratio into the higher final fragment state was set to B3(F) = 0.7, see above. In
Fig. 6.13 the smoothed measured DR rate coefficient «(E) (Fig. 6.6) is plotted for the energy
region from F = 200 meV to E = 400 meV together with the individual contributions of the two
final fragment channels ay(F) and as(F), obtained using Eq. 6.16 and the energy dependence
of the relative contribution ¢o(F) from the Monte-Carlo simulation. Clearly, the rate coefficient
as(E) falls off exponentially and the additional DR rate is caused by the new accessible final
fragment state H(n = 3). This unexpected fast decreasing DR rate with increasing collision
energy is not yet understood.

In summary, a large switch-over into the H(n = 3) final fragment channel was found at collision
energies £ > 333 meV, which can explain the hump in the DR rate coefficient starting at around
E =300 meV, see Fig. 6.13.

Both molecular ions, *‘HeH* and LiH" , are examples for the non-crossing mode DR. The experi-
mental studies of this process revealed a favoured population of the highest energetically possible
fragment states. This behavior seems to be a common trend in the DR via the non-crossing

mode.
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7. Conclusions and perspectives

In this thesis several experiments are presented focused on inelastic collisions and recombination
processes between slow electrons and different molecular ions. All experiments were carried out
at the heavy ion storage ring TSR at the Max-Planck Institut fiir Kernphysik in Heidelberg.
The results of these experiments and some conclusions are summarized in the following section.

The last section gives some perspectives on possible future experiments.

7.1 Summarized results and conclusions

This work was focused on one hand on the study of the competition between super-elastic col-
lisions (SEC) and dissociative recombination (DR) in collisions between slow electrons with the
hydrogen molecular ions Hj and DJ and on the other hand on the investigation of the non-

crossing mode DR.

The main results of the collision experiments of zero kinetic energy electrons with hydrogen

molecular ions are summarized in the following list:

e The electron induced vibrational cooling of the non-polar molecular ions Hy and D was
observed using the Coulomb explosion imaging (CEI) technique. It was proven that the
vibrational cooling is caused by electron-ion interactions in the electron cooler. Two pro-
cesses can be responsible for the observed cooling, namely SEC, an inelastic scattering
process in which internal excitation energy is transferred to the scattered electron, and
the vibrational state specific DR which preferentially depletes hydrogen molecular ions in

excited vibrational states.

e The recombination fragment imaging (RFI) technique allowed the time evolution of the
individual contributions of the different vibrational states to DR to be monitored. The
experimental data from CEI and RFI were combined to derive first relative DR rate coefhi-
cients for the lower vibrational states v = 0—6 and v = 0—7 of H;“ and D; , respectively. A
comparison of the experimental relative DR rate coefficients to calculated values revealed

a disagreement for several vibrational states.
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7 Conclusions and perspectives

e The electron induced vibrational de-excitation was used in two experiments to prepare

vibrational cold ion beams of H; and D;’ . For these vibrationally cold ions first absolute
DR rate coefficients were measured. The absolute DR rate coefficient for D;“ is smaller than
for Hy which can be explained by the smaller overlap between the nuclear wavefunction
and continuum wavefunction. For Hj a good agreement with recent calculations, based
on the multichannel quantum defect theory (MQDT), was found, whereas for D;’ no new

MQDT calculations are presently available.

It was shown that the observed vibrational cooling is predominately caused by SEC and
that the experimental SEC rate coefficients of both molecular ions studied are of the order
of 10" — 107% cm?3/s, about an order magnitude larger than the rates predicted by MQDT
or R-matrix calculations. The absolute SEC rate coefficients were obtained using a rate
equation model based on the DR and SEC processes, whereas the SEC were restricted to
transitions with Av = 1. Based on the experimentally known absolute DR rate coefficients
the modeled time evolutions of the vibrational populations were fitted to the experimental

data varying the absolute SEC rate coefficients as free parameters.

The molecular ions LiHt and “HeH™ recombine with slow electrons via the non-crossing mode

process. The final state population in the DR proceeding by such processes was of specific

interest in this work. The experimental results are summarized in the following list:

e The LiH' molecular ion was investigated experimentally for the first time. The DR of a
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LiH" ion beam with low kinetic energy electrons was studied. A measurement of the DR
rate coefficient yielded an absolute value of the order of 10~7 cm?/s. Additionally, the
final fragment state population was studied by measuring the spectra of field ionized Li
Rydberg atoms from the DR. An exact assignment of atomic states to the spectra was not
possible due to the complexity of the field ionization process. However, the results indicate
a predominant population of the very high Rydberg states with n = 10 — 12, which are

among the highest energetically possible final states.

Experimental studies of the DR of a vibrationally cold *HeH™ ion beam with electrons
at collision energies around the threshold of a new final fragment state (i.e. He(1s?) +
H(n = 3)) were concentrated on the population of that state. A branching ratio of ~0.7
into that final state was found for collision energies above the threshold. It could be shown
that the accessibility of that new final fragment state causes an increased DR rate around

the threshold energy.

The predominant population of the highest energetically accessible final state in the DR
of LiHT and *HeH indicates a common trend for molecular recombination via the non-

crossing mode.



7.2 Perspectives

7.2 Perspectives

Based on the presented results and the recent technical progress at the TSR and the DR imaging
system a variety of open questions might be approached. Three basic improvements concerning
the study of DR are presently in preparation, a new electron target[86], a faster two-dimensional
imaging system (= 950 frames/s ) and a new three-dimensional imaging system[128]. Several

interesting physical questions are itemized and discussed below.

e Ts it possible to cool the rotational degree of freedom of Hy (D3 ) by SEC?

Using the new electron target SEC could cool an H;’ ion beam to a temperature of the
order of the transversal electron temperature (K7 ~ 1meV), i.e. the ion beam would be
ro-vibrationally cold.

The rotational cooling could be observed by adjusting the electron-ion collision energy
slightly below the threshold energy for the accessibility to the next higher fragment state
(i.e. H(3l) + H(1s)) from the vibrational ground state. Thus, only rotationally excited
ions can access that DR channel. The disappearance of that channel from a RFIT spectra
would prove the rotational cooling. Monte-Carlo simulations of such experiments taking
into account the detector efficiency at short fragment distances (= 1 mm) have been made

and show the feasibility.

e Can SEC be studied at other homonuclear diatomic molecular ions, such as OF or Nj ?
For the required observation of the vibrational cooling it might be difficult to use CEI as
it was done for molecular hydrogen. Presently, the CEI technique is not yet sufficiently
enough developed to determine the exact internuclear separation of many-electron molec-
ular ions prior to the electron stripping, which is essential for the CEI technique to work as
a method to probe vibrational populations. These problems were studied by L. Knoll[54]

for the molecular ions LiH* , *HeHt and CH* and some further tests are needed.

e What are the dominant vibrational transitions in SEC?
The preparation of an H;’ ion beam in a defined vibrational state prior to injection into
the TSR and the relaxation of that state could answer this question. A possible procedure
to prepare an H;’ ion beam in such a defined initial vibrational state could be as follows.
Recently, the construction of a 22-pole ion trap has been started[129], which allows for
preparing a vibrationally cold Hj ion beam. The development of new lasers with short
wavelength (UV) could be used to apply the STImulated Raman Adiabatic Passage
(STIRAP)[130] technique which allows for a coherent population transfer to a defined
excited vibrational state. A feasibility study of this procedures needs to be done in a first
step. The preparation of an ion beam in such a well defined excited vibrational state is
very complex. Hence, it is reasonable to prepare an ion beam with an initial vibrational

population distribution different from that produced in the ion source using for instance
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ion-atom collisions. It is a strong hint that Av = 1 transitions in SECs are dominant if
the measured vibrational cooling of such an ion beam can be reproduced by the modeled
(i.e. only Av = 1 transitions) time evolutions based the measured SEC rate coefficients

presented in this work.

How fast is the actual vibrational cooling of a LiH"ion beam and is a cooling due to
electron-ion interactions competitive with radiative processes?

The actual vibrational population distribution in the presented DR rate coefficient mea-
surements is not known. The population was assumed to be Boltzmann distributed which
should be verified in further experiments. Even though the analysis of CEI data from
LiH™T is problematic the CEI technique can be used to monitor the vibrational population
over storage times of up to at least 10s. The influence of the electron-ion interaction on

the vibrational population could be studied similar to SEC with the H; and D; ion beams.

Is it possible to study the collision energy dependence of the branching ratios in the DR
of *HeH* ?

Using the new electron target together with the present electron cooler ion beam dragging
effects could be reduced. In addition, the development of a faster imaging system is in
preparation which allows for the acquisition of higher fragment rates. Hence, a scan over

a larger collision energy region with sufficiently high statistics would be possible.

The presented experimental results on the DR and SEC of H;r and D;“ and the DR of *HeH™ and

LiH" have the potential for giving new inside into the chemistry of the primordial gas in the

Early Universe and lead to a better understanding of the physics of inelastic collisions and

recombination between electrons and molecular ions.

128



Appendix

129



Appendix

A Diatomic molecular ions

In this section the Born-Oppenheimer approximation will be briefly introduced and the calcu-

lation of ro-vibrational wavefunctions for diatomic molecules discussed.

A.1 The Born-Oppenheimer approximation

The forces on the electrons and nuclei in a molecule are of the same order of magnitude, whereas
the masses are rather different. The velocity of the nuclei is therefore slow compared to the veloc-
ity of the electrons and the motion of electrons and nuclei can be considered to be independent.
This separate treatment of the electron and nuclei motion is commonly known as the Born-
Oppenheimer approximation. A more formal derivation of that separation will be presented

here. The full molecular Hamiltonian can be written as:

~2 2 2
P; e ZZe Zje
H(r,R) = ‘ —— (A1
(rR) ,2me+Z|ri—rj|+22M Z|ri—Rj| (A1)
7 7>1 1)
= Te+Ve+TN+VN+Ve,N7 (A2)

where {r, p} refers to the electronic coordinates and momenta and the {R, P} to the nuclear
coordinates and momenta. Z; and M; are the charge and mass of the nucleus ¢ and m, is
the electron mass. The notations in Eq. A.2 describe the operators for the electron kinetic
energy (T,), the electron-electron potential energy (V.), the nuclear kinetic energy (Ty), the
nuclear-nuclear potential energy (V) and the electron-nuclear potential energy (V. n). The

time independent Schrodinger equation has the form:
H(r,R)|¥(r,R)) = E|¥(r,R)), (A.3)

where | ¥(r, R) ) is the energy eigenfunction in the full coordinate space; i.e. nuclear and elec-

tronic coordinates. This wavefunction can be written as

| U(r, R)) = |¢(r; R)) [x(R)), (A.4)

where | 1)(r; R) ) is the electronic part of the total wavefunction for a given nuclear wavefunction

| x(R) ). The electronic potential energy F(R) at a fixed value of R is
He(r,R)[4(r; R) ) = E(R)[4(r; R) ), (A.5)
with

H.(r,R) =T.+ V¢ + Ven. (A.6)
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A Diatomic molecular ions

Substituting | ¥(r, R) ) = |¢(r; R) ) | x(R) ) back into the time independent Schrodinger equation
(Eq. A.3) and using Eq. A.5 one obtains:

H(r, R)[¢(r; R)) | x(R)) = E(R) |$(r; R) ) | x(R))
VNn(R)[4(r; R)) [ x(R))
T [9(r; R)) | x(R)) (A7)

+
+

where Viy(R) and Ty are the energy eigenvalues of the nuclear-nuclear potential energy operator
V n and nuclear kinetic energy operator Ty, respectively. The nuclear kinetic energy operator
acts on both wavefunctions |¢(r; R)) and | x(R) ):

Ty [¢(r;R)) [x(R)) =

2 2 T, r: 2
—%{um»a Igg%;R))+28|¢ééR))3|>égb)>+|¢(T;R)>%}7 (A8)

with the reduced mass p of the molecule.

Within the Born-Oppenheimer approximation the terms including derivatives of the electronic
wavefunction with respect to the nuclear coordinates are neglected since the size of these terms
goes approximately as the mass ratio of electrons to nuclei. The nuclear kinetic energy operator
Ty does therefore not act on the electronic wavefunction | (r; R)) and the full Hamiltonian

for the nuclear motion has the form

H|x(R)) ={E(R) + Vn(R) +Tn} | x(R)), (A.9)
V(R)

with the potential energy V' (R).

A.2 Ro-vibrational wavefunctions for diatomic molecular ions

In this part a simple expression for the Schrodinger equation of diatomic molecules is presented
within the Born-Oppenheimer approximation, allowing the calculation of ro-vibrational wave-
functions. As been shown in the previous section the potential energy of the nuclei and electrons
is expressed by V(R). With the internuclear distance R and the angles ¢ and 6, defined by the
orientation of the internuclear distance relative to the laboratory coordinate system, the nuclear

kinetic energy operator (T ), expressed in spherical coordinates, is given by [131]

1o ,0 K [1 0(., 0 1 9
Tn(R0.9)= 5 e ar” or R Lme% (Sl“"%) JEryY:

] o (A0)

where

s (A.11)

m1+m2’
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is the reduced mass of the diatomic molecule. The nuclear angular momentum J expressed in

spherical coordinates has the form [32]:

., o[ 1 9. o 1
_ B A2
Jo=—h [sin@@@ b5 ) T 20 04 (A.12)

The nuclear kinetic energy operator Ty can therefore be written as a sum of operators describing
the vibrational (T% (R)) and the rotational (T4 (R,#, ¢)) motion,

1 0 0 J2
Ty=-ob — %p2 % A13
N=To ROR " OR T 2uR? (A-13)
N ~ ——
TS (R) T4 (R.0,6)

The molecular ions studied in this thesis are all in an electronic state where the projection

of the total electronic orbital angular momentum on the internuclear axis vanishes. The ef-

!

fective potential energy curve V(R)’ can be found in literature and the wanted ro-vibrational

wavefunctions | x,.7(R)) can be obtained by solving the one-dimensional Schrodinger equation:

[_h_Q < 2 JJ+1)

2u \dR2 ~ R2 > +V(R) - EUJ] | xvs(R)) =0, (A.14)

where J denotes the rotational quantum number. The nuclear wavefunctions and energy levels
needed in the framework of this thesis where calculated using either a very convenient numerical
technique proposed by Cooney et al. [132] or a more sophisticated program package called
Level7.0 [63].

The total energy of a diatomic molecule in a ro-vibrational state |v.J ) relative to the minimum

potential energy V(Ry)' is

E,; = E,+ Ej (A15)
2

= BEy+ —J(J+1 A.16

vt o7 (A.16)

= E,+BJ(J+1), (A.17)

where B is the rotational constant and Ry the equilibrium distance of the molecule.
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B Spectroscopic data for Hj , HD* and DJ

B Dissociation energies and rotational constants for Hj , HD* and D;

Dissociation energies and rotational constants are presented for the different isotopomers of
the molecular hydrogen ion. All calculations were performed using the program Level7.0 [63].
This program calculates the ro-vibrational energy levels and wavefunctions as well as the ro-
vibrational state specific rotational constants for diatomic molecules. As an input to the program

the the ground electronic potential curve from Sharp [5] has been used.

B.1 Rotational constants for Hy, HD* and D3

The rotational constants B, ; for the lower ro-vibrational states are presented in Tab. B.1.

Hy HD* Dy

em™" meV  em™' meV cm

Byo 2918  3.62  21.97 272 14.72 1.83
Biog 2764 342 2097  2.60 14.17  1.76
By 26.15 3.24  20.00 2.48 13.64  1.69
Bzp 2468  3.06 19.03  2.36 13.11 1.63

Bso  23.29 2.89 18.10 224  12.59 1.56

-1 meV

Table B.1: Rotational constants B, ;j for the lower ro-vibrational states of H; , HD* and D;’.

B.2 Dissociation energies for Hj, HD' and DJ

The dissociation energies for the different isotopomers of the hydrogen molecule are presented
in Tab. B.2. The differences in the dissociation energies are due to the reduced masses of H,
HD* and DJ.

The computed dissociation energies for HD' by Esry and Sadeghpour [28] and Balint-Kurti et
al. [133] using more elaborated methods show a systematic shift of ~ 1.5 meV towards smaller
dissociation energies and a difference of ~ 0.1 % in the level spacings of the lower vibrational

states.
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v Hy HD* D
cm ™! eV cm ™! eV cm ™! eV
-21376 -2.650  -21529 -2.669  -21710 -2.692
-19186 -2.379  -19616 -2.432 -2013 -2.496
-17123 -2.123  -17800 -2.207  -18622 -2.309
-15186 -1.883  -16079 -1.993  -17173 -2.129
-13370 -1.658  -14452 -1.792  -15789 -1.958

0
1
2
3
4
) -11667 -1.447  -12910 -1.601  -14467 -1.794
6
7
8
9

-10084 -1.250  -11455 -1.420  -13198 -1.636
-8601 -1.066  -10090 -1.251  -11987 -1.486

-7237 -0.897 -8798 -1.091  -10846 -1.345

-0955 -0.738 -7602 -0.942 -9750 -1.209

10 -4792 -0.594 -6465 -0.802 -8709 -1.078
11 -3771 -0.467 -5402 -0.670 -7733 -0.959
12 -2890 -0.358 -4444 -0.551 -6789 -0.842
13 -2148 -0.266 -3588 -0.445 -5892 -0.730
14 -1541 -0.191 -2840 -0.352 -5061 -0.628

Table B.2: Dissociation energies for the lower vibrational levels of H;“, HD* and D;r , calculated
using Level7.0 [63].
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C Spectroscopic data for LiHt and LiH

C Spectroscopic data for the lithium hydrides LiH" and LiH

C.1 Vibrational level spacing of LiH"

Comparison between different calculated vibrational level spacings. For the calculation with
Level7.0 [63] the adiabatic ground electronic potential curve of LiHT from Berriche et al. [51]

has been used.

Ref. [63] Ref. [51]  Ref. [134]
v E,— E, E, — B, E,— E,

-1

cm meV  cm !

meV cm ! meV

357.3 44.30 357.43 44.32 335  41.5
265.5 32.92 265.61 32.93 245 304
173.0 21.45 172.96 21.45 152 18.8
92.4 1145 92.20 11.43
37.6  4.66 3745 4.64
9.3 115 9.22 1.14

S O s W N

Table C.1: LiH" electronic ground state vibrational level spacings.

C.2 Rotational constants

The rotational constants of LiH™ in the electronic ground state where calculated using the pro-
gram Level7.0 [63].

1 meV

cm
By 3.78  0.469
By 3.23  0.400
Bs g 2.62  0.325

Bso 192  0.238

Table C.2: Calculated rotational constants By, j for the lower ro-vibrational states of LiH" .

C.3 Radiative transition probabilities

The transition probability for a spontaneous emission from an initial state | i) to a final states

| f) can be expressed by the Einstein A;s coefficient and the radiative lifetime of the initial state
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|4) time is given by
Tiil = ZAlf (C].)
f

The Einstein coefficient is given by (in units of s~ 1)
Aip =3.137 x 1077 |uif|? v}y, (C.2)

where p is the dipole moment matrix element in Debyes ! and v; 7 the transition frequency in

reciprocal centimeters.

The dipole moment matrix element for a ro-vibrational transition is defined as

[oe]
P / U, () u(R) Uoy (R) dR, (C.3)
0

where R is the internuclear separation, ¥, ; and W,/ ;» are the normalized initial and final wave-
functions, respectively, and p(R) the dipole moment function.

The total Einstein coefficient for transitions in a X!ET — X! 2+ system can be simply obtained
by (in units of s~1) [135]

1 v
A,y = 57+ 1 J Z AUJ’,U/J,I + (J + 1) Z AUJ’,UIJ+1 . (C4)
v'=0 1;/=:10
The total Einstein coefficients for LiHtin a initial vibrational state v = 1 and J = 0 — 3

can be computed using the transition frequencies obtained from calculations using the program
Level?7.0 (see Tab. C.1) and the rotational excitation energies. The rotational excitation energy

is expressed by
Ejy :BU’JJ(J‘F].), (05)

where B, ; denotes the rotational constants from Tab. C.2 and J the rotational state.

To estimate the lifetime of the different vibrational states v it is sufficient to calculate the Einstein
coefficient for the rotational ground state, as can be seen from Tab. C.3. The calculated lifetimes
are summarized in Tab. C.4.

Radiative transition with Av > 1 have a dipole moment matrix element which is small compared

to that for transition with Av = 1 [55] and were therefore neglected in the presented calculation.

1 1 Debyes = 0.3935 a.u. = 3.336 x10~*° Coulomb m
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C Spectroscopic data for LiHt and LiH

2
| Uy, T, J’ AU,J
-1

0, ) [T ot
Debyes? cm ! S
) 0.0322 349.7  0.432
) 0.0296 363.8
) 0.0338 341.1  0.430
|1,2) |0,1) 0.0284 369.0
)
)
)

[1,0) 0,1
[1,1) 10,0

0.0355 331.3  0.419
0.0274 373.4
0.0376 320.5  0.408

[1,3)  [0,2

Table C.3: Total Einstein coefficients for the possible ro-vibrational transitions from v = 1 and
J =0 — 3. The dipole moment matrix elements were computed by Gianturco et al. [55].

0, 0) 10 T) g Ay 7o
Debyes? s—1 s
) ) 0.0322 0.432 2.3
) ) 0.0797 0.435 2.3
13,0) |2,1) 0.1400 0.207 4.8
) )
) )

0.2050 0.045 224
0.2520 0.004 277.9

Table C.4: Total Einstein coefficients and radiative lifetimes for the vibrational statesv = 1—4
and J = 0. The dipole moment matrix elements were calculated by Gianturco et al. [55].

C.4 The neutral lithium hydride LiH

The neutral lithium hydride LiH has been studied theoretically and a short summary of these
publications will be given here. Ab initio calculations of adiabatic and diabatic potential energy
curves for nearly all states below the ionic limit (i.e., Li(2s,2p, 3s, 3p, 3d,4s and 4p) + H(1s))
have been performed by Boutalib and Gadéa [50]. Yiannopoulou et al. [136] extented their cal-
culations to higher excited electronic states (i.e., Li(3s, 3p, 3d, 4s,4p,4d,4f,5s and bp) + H(1s)).
Additional calculations concerning the LiH molecule have been done by Gemperle and
Gadéa [137], Gadéa and Boutalib [138] and a general overview about spectroscopy and struc-
ture of the lithium hydride diatomic molecules and ions has been published by Stwalley and
Zemke [53].
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D Rotational lifetimes for “HeH™* in its vibrational ground state

In this part calculated dissociation energies and rotational constants for the lower vibrational
states are presented. All calculations were performed using the program Level7.0 [63]. The
X13* ground state for ‘HeH™ has been calculated by Kolos and Peek [139].

D.1 Dissociation energies and rotational constants for ‘HeH™

In Tab. D.1 the calculated dissociation energies for the vibrational states of “HeH™ up to the

vibrational state v = 10 are shown.

v cm ™! eV
0 -14881.7 -1.845
1 -11969.6 -1.484
2 -9365.1 -1.161
3 -7068.8 -0.876
4 -0085.7 -0.631
)
6
7
8
9

-3424.0 -0.425
-2094.8 -0.260
-1108.6 -0.137

-467.3 -0.058

-140.3 -0.017

10 -25.4 -0.003

Table D.1: Dissociation energies for the vibrational states of * HeH", calculated using Level7.0
[63].

The rotational constants of *HeH" were calculated using Level?7.0 [63] and are shown in Tab. D.2.
Matsushima et al. [140] measured the rotational constants for the lower rotational states J and
different istotopomers of the molecule HeH'. Their results are in a reasonable agreement with
the calculated values from Tab. D.2.

D.2 Radiative lifetimes for (v, .J) levels of “HeH™"

“HeH™ cools within several ms in its vibrational ground state because of its short radiative
lifetimes, see Tab. D.3. To estimate the time for rotational cooling of *HeH™ in its vibrational
ground state into thermal equilibrium at T'=300 K, radiative lifetimes for rotational transitions
need to be known. In Tab. D.3 only the lifetime for J = 5 is presented. The radiative lifetimes

of rotational states smaller than J = 5 can be estimated assuming the integral over the dipole
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cm ! meV

Byo 3355 4.16
Biy 3083  3.82
Byo  28.10  3.48
Bsy 2530 3.14
Bio 2240  2.78

Table D.2: Rotational constants B, j for the lower ro-vibrational states of ‘HeHT.

radiative lifetimes (ms)

v J=0 J=5 J=10 J=15 J=20
0 oo  110.70 4.24 4.67 247
1 1.09 2.32 2.50 2.43 2.22
2 0.64 2.39 1.70 2.00 2.48
3 0.52 1.14 1.45 2.04

4 0.48 1.08 1.47 2.51

) 0.50 1.16 1.73

6 0.58 1.40 2.48

7 0.77 1.99 5.50

8 1.27 3.84

9 2.98 14.64
10 10.82
11 119.64

Table D.3: Radiative lifetimes calculated for various (v,.J) levels of the X ¥ state of * HeH™,
from Ref. [49].

moment function px(R) in Eq. C.3 to be independent of J.
o¢]
/ »7(R) W(R) ¥y yr(R) dR = const  for J < 5 (D.1)
0

The Hamiltonian in the Schrédinger equation (Eq. A.14) for the *HeH™ molecule has a centrifugal
distortion term V,4. This term is given by

ORI +1)

A Gl ) D.2
d 2/.L R2 ( )

where p is the reduced mass of the *HeH* molecule and R the internuclear distance of the two
atoms. This term is small for lower rotational states and the nuclear wavefunctions ¥, ;(R)

become, in first order, independent of the rotational state J. Therefore the function in Eq. D.1
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can be assumed to be approximately constant.
The transition probability for a pure rotational transition where AJ = —1 is given by the

Einstein coefficient (see Eq. C.2) weighted with the appropriate Honl-London factor [141]

Avy'];vajfl = 3137 X 1077 2J + 1 |/JI,U7J;’U$']71|2 V’?I’,J;’U,Jfl (D3)

= Ty,Jw,J-1 (D-4)

The dipole moment matrix element 1 5,04 in Eq. D.3 can be calculated using the lifetime 79 5.0 4
from Tab. D.3. The lifetime of the lower rotational states can then simply be obtained from
Eq. D.4 using that matrix element and the transition frequencies vy j, 7—1. The calculated

values are presented in Tab. D.4.

J  T0,0,00-1
ms

1 18870

2 1966

3 544

4

)

221
110

Table D.4: Calculated rotational lifetimes for *HeH" in the ground vibrational state.

The exact values for the lifetimes are probably higher than the numbers given in Tab. D.4 since
the position of the nuclear wavefunctions moves slightly to smaller R for lower J and the dipole
moment function u(R) ~ R [49]. Therefore, the integral in Eq. D.1 becomes smaller and the

lifetime longer.
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E Technique for solving coupled differential equations

In this part it will be explained how coupled differential equations can be solved. In a first step
a simple example for such a set of n rate equations, similar to the equations solved in this thesis,
will be given and in a next step a general solution will be presented.

Assuming a system with n different states and two processes changing the number of particles N
in a certain state 7, which are for instance dissociative recombination (DR) and super-elastic col-
lisions (SEC). These processes have rate coefficients o (DR) and 3 (SEC) and the rate equation

for a state 7 has the form:
Nz(t) = —-C (Ozi + Bz) Nl(t) + Cﬁprl Ni+1 (t), (El)

with 8y = 8, = 0. The constant factor C transforms the rate coefficients into inverse lifetimes
7 for both processes and is defined as the product between the electron density n. and the ratio
n = 0.027 between the electron cooler length and the ring circumference.

These differential equations may be written in a matrix form as

d
—N(t) = A N(#), (E.2)
dt
with N (¢) = (N, (t), --- , Ni(t)) and the matrix A composed of the rate coefficients:
—(atn + Bn) 0 0
A=C : : L : : (E.3)
0 c 0 By —(aa+ ) 0
0 cee e 0 Bs —ay

The equations can be uncoupled by determine the eigenvectors and eigenvalues of the matrix
A. Assuming there are no degenerate eigenvalues of A (which can be expected for the problem

faced here), the solution for N(¢) is given by
N(t) = S exp(T-t) S ' N°, (E.4)

where S is the matrix of the eigenvectors and T is a vector with the eigenvalues 7; of A. The
vector N© is defined by the initial amount of particles in each state i and the expression exp(T-t)

describes a diagonal matrix,

exp(T-H)=| + & -+ | (E.5)
0O -+ .. (0 emt
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F Quantum defects and radiative lifetimes of Li

F.1 Quantum defect of a nlj state in Li
The term energies T,;; for alkali atoms can be represented by the empirical formula

Ry
(” - 5nlj)2 ’

where Ryq; denotes the Rydberg constant for alkali atoms (Ry,, = 109728.64 cm ™! for "Li).

The quantities 0,;; are called quantum defects which for an nlj state can be parameterized with

Tnlj = (Fl)

a modified Rydberg-Ritz expression[142] and are given explicitly by

52 54 66 68
Onti = 0 F.2
e LN e S L re L e N (2
The parameters 0y, da, - - -, 0o for ‘Li are given in Tab. F.1. The coefficients of higher order in

Eq. F.2 are usually neglectable for high n states. As can be seen from Eq. F.2 the quantum
defects are not only dependent on the orbital angular momentum and the magnetic quantum

numbers [ and m, respectively, but also on the principal quantum number n.

"Li 5o 52 04 86
nsy /o 0.399468 0.030233  -0.0028 0.0115
npi/23/2  0.047263 -0.02613 0.0221 -0.0683
nds/a 50 0.002129 -0.01491 0.1759 -0.8507

nfsjp7/2  0.0003055(40) -0.00126(5)

Table F.1: Quantum defect parameters for "Li, taken from Ref. [108].
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F.2 Energy levels for "Li

The term energies of atomic lithium can be calculated using Eq. F.1 and the quantum defect

parameters from Tab. F.1. In Tab. F.2 the term energies for "Liinn =2 —20 and [ = 0 — 2 are

presented.

Ionisation energy (eV)

n S p d

2 5.3917 3.5439 -

3 2.0186 1.5574 1.5119
4 1.5078 0.8704 0.8507
5 0.6432 0.5539 0.5445
6 0.4339 0.3834 0.3781
7 0.3123 0.2814 0.2778
8 0.2355 0.2151 0.2127
9 0.1839 0.1697 0.1680
10 0.1476 0.1373 0.1361
11 0.1211 0.1340 0.1125
12 0.1011 0.0952 0.0945
13 0.0857 0.0811 0.0805
14 0.0736 0.0699 0.0694
15 0.0638 0.0608 0.0605
16 0.0559 0.0535 0.0532
17 0.0494 0.0473 0.0471
18 0.0439 0.0422 0.0420
19 0.0393 0.0379 0.0377
20 0.0354 0.0342 0.0340

Table F.2: Ionisation energies for "Li in different n,l states.
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F.3 Radiative lifetimes of Li Rydberg states

The lifetime of the Li Rydberg states calculated by Theodosiou [107] are summarized in Tab. F.3.
The calculations included the blackbody radiation corresponding to 0 K and 720 K. The values

for 300 K were obtained by a linear interpolation between the calculated values for 0 K and

720K.

It should be mentioned that the typical time-of-flight of neutral DR fragments from the electron

cooler to the dipole magnet is about 500 ns. This time is comparable to the radiative lifetime of

Li atoms in a s- or d-state.

0K 300K 720K

7(ns) 7(ns) 7 (ns)

8s 403.3 383.0 354.6
9s 5748 538.7 488.3
10s 783.4 726.3 646.4
11s 1057.1 966.5  839.7
12s  1369.5 1239.2 1056.7
8p 1848.2 1622.8 1307.2
9p 2509.5 2154.0 1656.2
10p 3328.0 2797.6 2055.0
11p 4310.1 3565.9 2523.9
12p 5490.3 4474.5 3052.4
8d 2524  247.7 241.1
9d 357.0 348.2  336.0
10d 487.3 472.5 4518
11d 656.7 632.9  599.7
12d 835.0 800.6 7524

Table F.3: Radiative lifetimes 7 of Li Rydberg states in a Planck radiation field calculated by
Theodosiou [107]. The lifetimes for 300 K were obtained by a linear interpolation between the

values for 0K and 720 K.
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