
Dissertation

submitted to the

Combined Faculties for Natural Sciences and for Mathematics of the

Ruperto-Carola University of Heidelberg, Germany

for the degree of

Doctor of Natural Sciences

presented by

Dipl.-Phys. Christian Domesle

born in Wasserlos

Oral examination: 4th of July, 2012





Momentum Imaging of Photofragments and

Photoelectrons using Fast Ion Beams

Referees:

Prof. Dr. Andreas Wolf

Priv.-Doz. Dr. Alexander Dorn



Photofragment und Photoelektronen Spektroskopie an schnellen Ionen-

Strahlen — Im Rahmen der vorliegenden Arbeit wurde eine Methode zur Frag-
mentations-Kanal spezifischen Detektion von Photoelektronen der photonenindu-
zierten Dissoziation von schnellen Molekül-Ionen Strahlen etabliert. Hierfür wurde
ein neuartiges Sattelpunkt Elektronen-Spektrometer zunächst zur Untersuchung der
Photodetachment Dynamik an einem Strahl negativ geladener O− Ionen bei 532 nm
in Betrieb genommen. Um alle Reaktionsprodukte der Photolyse von kleinen Wasser-
clustern (H2O)nH

+ (n ≤ 3) im Wellenlängenbereich von 13.5-40 nm zu erfassen,
kam zusätzlich ein neu entwickeltes Detektionssystem für schwere Ionen-Fragmente
zum Einsatz, welches in Kombination mit dem Sattelpunkt Spektrometer zur Unter-
suchung der dissoziativen Photoionisation des Hydronium- (H3O

+) und des Zundel-
Ions (H5O2

+) eingesetzt wurde. Hierbei konnte nachgewiesen werden, dass im Falle
von H3O

+ drei dominierende Zerfalls-Kanäle ein binärer H2O
+ +H+ und zwei Drei-

Körper Aufbrüche OH+ +2H+, OH+ +H+ +H durch Ionisation eines Außen-Valenz
Elektrons initiiert wird. Durch die erstmalig gemessenen Elektronen-Spektren konnte
gezeigt werden, dass vorrangig die Ionisation des 3a1 Orbitals den binären Kanal be-
dingt, wohingegen eine Vakanz im 1e1 Orbital zur Fragmentation in den Dreikörper-
Kanal führt. Weiterhin wurde die Photolyse von H5O2

+ studiert, wobei fünf domi-
nante Kanäle identifiziert werden konnten, bei denen in einer Großzahl von Reaktio-
nen das Hydronium-Ion selbst abgespalten wird. Das gemessene Elektronen-Signal
zeigt auch hier, dass vorranging Vakanzen in den Außenorbitalen zur Dissoziation
des Moleküls führen.

Momentum imaging of photofragments and photoelectrons using fast ion

beams — Within the framework of this thesis a method for break-up channel spe-
cific detection of the photoelectrons from photon-induced dissociation processes of
fast moving molecular ion has been established. For this purpose, a novel saddle-
point electron spectrometer was commissioned while investigating the photodetach-
ment dynamics on a fast moving beam of oxygen anions. For a complete detection of
all outgoing reaction products emerging from the photolysis of small water clusters
(H2O)nH

+(n ≤ 3) in the wavelength range of 13.5-40 nm a new fragment analyzing
system has been developed and, in combination with the novel saddle-point spectrom-
eter applied, to investigate the dissociative photoionization of the hydronium (H3O

+)

and the Zundel ion (H5O2
+). In case of the hydronium ion, a binary H2O

+ + H+

and two three-body channels OH+ +2H+, OH+ +H+ +H have been identified to be
initiated by outer valence vacancies where the binary channel is mainly triggered by
the ionization of the 3a1 orbital and the three-body channels follow ionization from
the 1e1 orbital. The photolysis of H5O2

+ is found to proceed via five prominent path-
ways where for a large number of processes the hydronium ion is split off as a stable
structural unit. Also here, the investigation of the photoelectron spectra revealed
the prominent dissociation pathways to be initiated by outer valence vacancies.
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Chapter 1

Introduction

Cluster formation of water molecules around a proton is often found in the gas as

well as liquid phase. Especially small systems like (H2O)nH
+(n ≤ 3) have attracted

immense research interest since they have been identified as fundamental structural

units of cluster formation [Mar99, Nie08]. The hydronium ion H3O
+ is also of key

importance for the oxygen chemistry in interstellar environments and planetary at-

mospheres [Ste95, Hol99]. In these media the major destruction mechanisms of such

a system is dissociative recombination with electrons but also photodissociation and

dissociative photoionization can be initiated by photons in the vacuum ultra-violet

(vuv) and soft x-ray spectral regions [Leq91, Ste95, Sta05].

Dissociative recombination [Buh10] and photodissociation have been subject to

numerous theoretical and experimental researches. Up to now, only little is known

about the dissociative photoionization of these clusters where a further ionization

promotes the system into a dissociative state of the dication. The potential energy

which is associated with the valence vacancy is equivalent to the orbital energy of

the ionized shell. Thus, one important quantity to get insight on the dynamics of the

dissociative photoionization is the energy spectrum of the emitted photoelectrons.

This yields precise information on the amount of energy which is deposited in the

target and on the potential energy surface as it arises from valence ionization. On the

other hand, the dissociative potential surface can lead to a variety of final channels

via largely unexplored pathways. In this decay the potential energy is transformed

into internal excitation of the fragments and measurable kinetic energies of the break-

up products, lying in the range of a few eV. Thus, the production of the different

fragment types provides information on the dissociative dicationic potential surface.

1



2 1. Introduction

The best control over the target conditions in laboratory setups to investigate

photon induced fragmentation mechanisms like dissociative photoionization can be

achieved by gas-phase experiments which allow to study the species of interest with-

out the environmental interactions as they are present in the liquid phase. Up to

now, such investigations on dilute gas-phase targets and in particular on ions, were

impeded by the absence of an appropriate light source delivering a sufficient photon

flux. With the advent of Free Electron Laser light sources, like the Free-electron

LASer in Hamburg, the molecular break-up dynamics after inner or outer valence

shell ionization can be probed. Among others, the fast beam method has been

shown to be an appropriate means giving access to all fragments emerging break-up

processes triggered by valence shell ionization.

In order to study photodissociation and dissociative photoionization processes

on molecular ions under xuv-conditions, the fast ion beam infrastructure TIFF

(Trapped Ion Fragmentation with an FEL) has been set up at FLASH facility. The

ion beam with a typical kinetic energy of 2 − 8 keV is perpendicularly crossed with

the laser beam. With three-dimensional imaging detectors the emerging photofrag-

ments, travelling on a forward cone around the parent ion beam, can be analyzed

employing time and position resolution.

The first dissociative photoionization experiments at TIFF on the H3O
+ and

the Zundel ion H5O
+
2 were done at photon energies of 92 eV and 90 eV, respec-

tively [Ped09, Lam10]. The hydronium ion H3O
+ was found to fragment into a

dominant binary H2O
+ + H+ and a three-body OH + 2H+ break-up channel. For

H5O
+
2 a prominent two-body fragmentation pathway H2O

++H3O
+ has been identi-

fied. In these studies neither the photoelectrons nor most of the heavy ionic fragments

could be observed.

One critical aspect in assigning the fragmentation pathways, especially for larger

systems, arises from the requirement of efficient detection of all break-up products.

Within the framework of this thesis a new fragment detection system has been de-

veloped and successfully applied to detect a number of additional fragments arising

from the break-up processes. Additionally a novel electrostatic saddle-point electron

spectrometer has been commissioned and used to detect electron emission following

photoionization in the optical and soft x-ray regime. The recent upgrade of the TIFF

detection system, performed in the framework of this thesis, in fact allows coincident

detection of all outgoing reaction products, from the incident photoelectron to the



3

neutral and all ionic fragments.

In the following, the background of molecular photodissociation and photoion-

ization is discussed (chapter 2). The experimental setup and the newly developed

components are introduced in chapter 3. In dedicated investigations of the photode-

tachment dynamics on a fast moving O− beam at photon energies of 2.3 eV and

4.7 eV, using the newly built saddle-point spectrometer and also a magnetic-bottle

electron spectrometer, methods have been developed to map the angular distribution

of the photoelectron into the time-of-flight domain. The results revealing the prop-

erties of photoelectron spectroscopy on fast ion beams are presented in Chapter 4.

Chapter 5 reviews the experimental results obtained for the dissociative photofrag-

mentation of H3O
+ at a photon energy of 56.7 eV. Here, the novel saddle-point

electron spectrometer has been successfully brought into operation, allowing for the

first time to detect the photoelectrons ionized from a fast-moving ion beam under

xuv-radiation. Also the findings obtained with the new heavy charged fragment de-

tection system are described. With this system a break-up channel resolved analysis

of the photoelectron as well as the photofragment spectrum is possible. Within the

experimental campaign the dissociative photofragmentation of H5O2
+ at a photon

energy of 56.7 eV has also been investigated. Chapter 6 deals with the results which

have been found therein. Among the manifold of possible fragmentation pathways

two dominant channels have been identified in which the hydronium ion is split off

as a stable structural unit. Moreover, photoelectrons could be detected also for this

species. Chapter 7 provides a summary of the experimental results and gives an

outlook on future experiments.
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Chapter 2

Background

In the upcoming chapter the dissociation of polyatomic ions initiated by valence

shell vacancies is discussed. Within the framework of the potential energy surface

the process of photoionization and subsequent dissociation is qualitatively illustrated,

whereas in the second half of the chapter the fast beam method applied to study the

dissociation and photoionization mechanisms will be introduced.

2.1 Dissociative photoionization of polyatomic ions

2.1.1 Potential energy surface

A molecule comprises N bound electrons and more than one atom, where the elec-

trons are shared among the core level and valence orbitals of the individual atoms.

The core electrons, which are closest to the nuclei, exhibit the largest binding ener-

gies. In contrast to them, the valence electrons, which are shared among the inner

and outer valence orbitals, participate in the bonding of the molecule. The Hamil-

tonian of a molecular system with N electrons can be written in the form

(TN + Te + Vc)ψ( ~{R}, r1...rN ) = Eψ( ~{R}, r1...rN), (2.1)

where the kinetic energy operators of the system’s nuclei and electrons are repre-

sented by TN and Te, respectively. The potential energy of the system due to the

Coulomb interaction is expressed by Vc. The coordinates of the nuclei are given by
~{R} and the position of each of the N electrons with respect to the center of mass

of the system is denoted by ri. Since the masses of the nuclei and electrons differ

5



6 2. Background

significantly the time scale of the nuclear motion is much longer compared to the

one of the electrons. In the Born-Oppenheimer approximation [Bor27] this effect is

used in a way that the wave function of the molecule can be separated into a nuclear

component χ( ~{R}) and an electronic one φ( ~{R}, ~r) . This well-known approach is

treated in great detail in many textbooks about molecular physics and shall be il-

lustrated only briefly at this point. The eigenfunctions φn( ~{R}, ~r) of the electronic

motion are determined for a fixed nuclear distance ~{R}

(Te + Vc)φn( ~{R}, r1...rN) = En( ~{R})φn( ~{R}, r1...rN), (2.2)

and the eigenenergies En( ~{R}) of the electronic wave function, which include energy

contributions from the Coulomb repulsion between the nuclei and the electronic

binding, are used to formulate the nuclear Schrödinger equation

(TN + En( ~{R}))χn( ~{R}) = Eχn( ~{R}). (2.3)

and to derive the nuclear wave function χn( ~{R}). The total wave function of the

molecule in an electronic state n is obtained by solving eq. (2.2) and eq. (2.3) for each

nuclear configuration ~{R} as the product of φn({~R}, ~r)χn({~R}).
The electron energy En( ~{R}) as a function of the nuclear coordinate ~{R} define in

case of a diatomic molecule, the adiabatic potential energy curve and for a polyatomic

system the adiabatic potential energy surface (PES), where the dimension of the con-

figuration space {R} is a function of the number of nuclei.

In case of a diatomic molecule a single internal coordinate R is relevant, representing

the distance between the nuclei. For (R → 0) the potential energy is dominated by

the Coulomb repulsion between the nuclei, and for (R → ∞) the constant value is

given by the sum of the energies of the two atoms which are bound in the molecule.

In the geometrical equilibrium R0, the potential energy curve exhibits a minimum

and thus a vibrational motion of the nuclei is described as an oscillation around that

minimum.

For a polyatomic system the dynamics of internal vibrations or reactions can be

described within the potential energy surface (PES). For a two dimensional repre-

sentation an appropriate coordinate like a bond length or an angle between two bonds

has to be introduced to express the internal motion of the nuclei on the PES. Every

molecule allows certain symmetry transformations, like a rotation around a selective

axis of the system, which preserve the nuclear configuration, whereupon the same
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type of atoms within the molecule are considered to be indistinguishable. The PES

is characterized by the properties of the electronic wave function with respect to this

symmetry transformation. By this, the electronic state can be classified through a

symmetry group, which is usually expressed in the Schönflies notation [Dem03] and

determines, among others, the allowed and forbidden transitions between different

electronic states.

As illustrated above, in the Born-Oppenheimer approximation the electronic and

nuclear motion are treated independently. For photoionization processes the ki-

netic energy of the nuclei can become large, which may lead to a breakdown of the

Born-Oppenheimer approximation, i.e. the electronic and nuclear motion cannot be

considered as decoupled anymore. The adiabatic potential curves are not allowed

to cross [Neu29], so the coupling of the electronic and nuclear motion would lead

to avoided crossings. In case of a polyatomic system the potential energy surfaces

of two electronical states with identical symmetry can cross at a so called conical

intersection [Ced04] with strong coupling of electronic and nuclear motion becoming

visible in the vicinity of such intersections.

2.1.2 Photoionization of molecular ions

In the context of this thesis only such molecular cations are considered where an

additional proton is attached to a neutral closed shell system, as for example H+ +

H2O → H3O
+. Therefore, the following discussion of the ionization processes is

focused on this type of singly charged molecular ions. For all experiments which

are presented in the upcoming chapters the employed photon energies range from

Eγ = 2− 100 eV, i.e., they are sufficient to ionize valence electrons only.

If the energy of a single photon of the irradiating light, ~ω, exceeds the ionization

threshold of either an inner or outer valence shell an electron can be removed from

these orbitals. The time scale of the electronic motion is short compared to that of

the nuclei. Thus, the ionization can be considered as a vertical transition between two

potential energy surfaces where the dication is formed in a repulsive state. Depending

on whether an inner or outer valence electron is removed different relaxation processes

can occur, i.e., the system can either undergo a direct dissociation or may release

further electrons via autoionization processes.

Fig. 2.1(a) illustrates the photoionization of an inner valence electron, which may
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Figure 2.1: (a) Illustration of single photon inner valence shell ionization.(b) Auger au-
toionization process.

be followed by the Auger decay [Aug25] shown in fig. 2.1(b). Before the system

dissociates the inner valence vacancy is refilled by an outer valence electron of less

binding energy. The energy gain which is associated with the refilling is transferred to

another outer valence electron which is then emitted. The Auger decay is considered

as a process that takes place within a single molecule.

For larger systems such as water clusters (chapter 6) also different autoionization

pathways like Intermolecular Coulombic Decay (ICD) may take place if an inner

valence electron is ionized from the cluster. This process was first proposed by

Cederbaum et al. in 1997 [Ced97]. In the following, the mechanism, illustrated in

fig. 2.2, is briefly reviewed for the protonated water dimer according to the discussion

given in [Mue05]. As it will be shown in chapter 6, the water molecules are arranged at

about equal distance to each side of the central H+. An inner valence vacancy at one

of the water molecules can be refilled by an outer valence electron of the same water

molecule. Because of the valence vacancy on this water molecule, the binding energy

of the remaining electrons is increased and autoionization is suppressed. However,

the energy gain associated with the refilling process can be transferred to the remote

site, leading to the ejection of an outer valence electron on the other water molecule.

The secondary, slow electron thus reflects the orbital structure of the unionized water

molecule.

2.1.3 Electron and heavy fragment energies

The upcoming paragraph deals with the energetics of the dissociative photoionization

process for a polyatomic system ABC+ initiated by outer valence shell ionization.
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Figure 2.2: Illustration of ICD process. (a) Elevated binding energy due to inner valence
vacancy. (b) The energy gain associated with the refilling of the inner valence vacancy is
transferred to a neighboring water molecule where another outer valence electron is ionized.

The photoionization process of the molecular ion can be formally written as

ABC+({v}, J, n) + ~ω → ABC++ + e−, (2.4)

where ({v}, J, n) are the vibrational, rotational and electronical quantum numbers of

the monocation. Starting out from an initial state i with a certain vibrational level

{v} of the monocation, the ionization process promotes the system into a repulsive

state of the dication ABC++ with a final state energy Ef . The probability P (Ef ) for

such a process to take place is proportional to the Franck-Condon factor ∝ | 〈χf |χi〉 |2,
which is given by the overlap integral of the initial and final state nuclear wave

functions χi and χf .

For illustration fig. 2.3 displays the dissociative photoionization process of a di-

atomic molecular ion AB+ + ~ω → AB++ → A+ + B+ along the repulsive potential

curve V2(R) (blue line) into two singly charged atomic fragments. The energy balance

for this reaction is

~ω + Ei = E(k,e−) + Ef + E(A+ + B+), (2.5)

with E(k, e−) the kinetic energy of the emitted electron and E(A+ + B+) the energy

of the dissociated system.

For the polyatomic system the discussion has to be carried out in the frame-

work of a potential energy surfaces (PES). As mentioned in the previous section the

dimension of the PES depends on the number of atoms which are bound in the par-

ent molecule. Therefore, the relaxation of the dicationic state can proceed on this
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Internuclear distance R (a.u.)

A+ + B+

E(k, e-)

En
e

rg
y

E
K

ER

E
P

h
o

to
n

AB+

AB++

A+B+
E(A++B+)

E(A+B+)

V1(R)

V2(R)

Ei

Ef

AB

Figure 2.3: Potential energy curve of a diatomic molecule after valence shell ionization,
assuming a repulsive state of the dication. The gray shaded area represents the Franck-
Condon region. The red vertical arrow indicates the available photon energy.

multidimensional surface via several pathways into different final channels

ր AB++ + C (1)

ABC++ → AB+ + C+ (2)

ց A+ + B+ + C. (3) (2.6)

Moreover, in this case the molecular fragments may include internal excitation energy

as it is depicted in fig. 2.4. Considering reaction channel(2) in eq. (2.6), the energy
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Figure 2.4: Energy level scheme for dissociative photoionization process of a polyatomic
molecular ion ABC+ into different channels.

balance of the dissociative photoionization is given by

~ω + Ei = E(k,e−) + Ef + E(AB+ + C+), (2.7)

where E(k, e−) expresses the kinetic energy of the emitted electron and Ei denotes the

vibrational energy of the initial state. The energy of the dissociated system

E(AB+ + C+) = E0(AB
+ + C+) + EInt.(AB

+) (2.8)

is the sum of E0(AB
+ + C

+
), when both break-up products are formed in their

ground state and EInt.(AB
+)), which reflects the internal excitation of the molec-

ular fragment, see fig. 2.4. The dissociation energy Ef of the dicationic state is

therefore transformed into internal excitation and kinetic energy of the fragments

Ef = EInt.(AB
+)) + EKER.

It is instructive to treat the dissociative photoionization process of the molecular

system within a more classical description. For a heavy molecule with a high vibra-
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tional excitation such a treatment is approximately correct [Nod82, Mul71, Adl82]

and the position as well as the momentum of the nuclei are considered as simul-

taneously well-defined. The kinetic energy E(k,e−) of an electron, ejected from the

polyatomic system, is given by

E(k, e−) = hω − (V2( ~{R})− V1( ~{R})), (2.9)

with V1( ~{R}) and V2( ~{R}) being the local potential energies of the mono- and di-

cation for a certain nuclear configuration ~{R}. Here, the recoil of the molecule during

the ionization process can be neglected. The kinetic energy of one ejected electron

therefore reflects the initial and final potential energy surface for a certain nuclear

configuration prevailing during the ionization process. Consequently, the spectrum

of the photoelectrons manifests, within the Franck-Condon region, the shapes of the

initial as well as the final potential energy surfaces. In case of the diatomic molecule

the kinetic energy spectrum of the photoelectrons depends, again within the Franck-

Condon region, on the shapes of the initial and final potential energy curves V1(R)

and V2(R), see fig. 2.3.

For the earlier discussed break-up process (2) in eq. (2.6), the energy of the di-

cationic system

Ei( ~{R}) + (V2( ~{R})− V1( ~{R})) = EKER + E(AB+ + C+) (2.10)

is shared among the fragments as kinetic energy EKER according to eq. (2.10). Thus,

the kinetic energy EKER measured in the photofragment spectrum reflects the po-

tential energy surfaces of the initial and final states as well as the amount of energy

which is transferred into internal excitation of the molecular fragments.

2.2 Fast beam fragmentation

One experimental approach to study photodissociation or dissociative photoioniza-

tion processes is the fast ion beam technique. Typical beam energies range from

2 keV to 100 keV where the species of interest is separated from the main beam by

using magnetic or electrostatic mass spectrometers. The photon and ion beams are

overlapped in an interaction region in either crossed or collinear fashion, see sec. 3.1.

The first experiments on photodissociation of fast ion beams where done with an
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arc lamp used as a light source in the early seventies [Bus72]. As the laser found its

way as a common means in experimental physics they have also been employed as a

light source in photodissociation experiments [Oze72, Van74]. The detection systems

which have been used in these setups were only sensitive to the fragments emitted

along the ion-beam direction. Thus, mainly photodissociation cross sections were

derived in these experiments. A milestone for the fast beam method was the advent

of 3-dimensional imaging detectors like multi-channel plates with delay-line anodes

for position resolution (see sec. 3.3). These detectors allow a position sensitive mea-

surement of the arrival times of the different neutral or multiply charged fragments

emerging from a break-up process in the fast beam geometry. By this, relevant phys-

ical quantities like the total energy release EKER or the emission angle θF of the

fragments relative to the laser polarization can be deduced. For some species a limi-

tation of the method is imposed by the rather dilute target densities and the photon

flux delivered by classical light sources such as synchrotron radiation or lasers not

being sufficient to yield acceptable event rates. The advent of Free Electron Lasers

with not only high photon flux but also high energetic photons allowed to explore a

new range of targets like the small protonated water clusters studied in the context

of this thesis.

2.2.1 Break-up process

The experimental observables of each break-up event are the time-of-flight t and the

impact position R of the various fragments on imaging detectors. In this section

the approach of how the relevant physical quantities can be deduced from these

observables will be introduced. The ion beam propagates with velocity v0 along the

laboratory z−axis, see fig. 2.5. A polyatomic molecule is assumed to dissociate into

a certain number i of break-up products, which travel in the laboratory frame with

the velocity

~v(i, lab) = v0ez + v(i, cm)






sin θi, cm cosφi, cm

sin θi, cm sinφi cm

cos θi, cm




 . (2.11)

θcm represents the angle between the fragment and the ion beam velocity in the

center of mass (cm) frame, and φcm, the azimuth angle between the projection of

v(i, cm) onto the x − y−plane (see fig. 2.5). The time-of-flight t thus contains the
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the experiment are the time-of-flight t and the radial impact position R on the imaging
detector.

longitudinal cm velocities

ti =
L

v(i,z,lab)
=
L

v0

1

1 + (v(i, cm)/v0) cos θi, cm
, (2.12)

whereas the radial position

Ri = ti

√

(v(i,x,cm)2 + v(i,y,cm)2 (2.13)

is determined by the transverse cm velocities. Additionally, momentum conservation

yields for the momenta of the fragments

∑

i

miv(i,cm) = 0. (2.14)
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From eqs. (2.12) and (2.13) the total kinetic energy release can be derived

EKER =
∑

i

1

2
mi

(L− tiv0)
2 +R2

i

t2i
=

1

2
m

i

(

(v
‖
i,cm)

2 + (v⊥i,cm)
2
)

. (2.15)

Under the present conditions, the parallel v‖i,cm = v(i,z,cm) and perpendicular v⊥i,cm =
√
(v(i,x,cm))2 + (v(i,y,cm))2 velocities are defined by the original ion beam direction and

the detector plane, respectively.

As given in [Ped09] a set of generalized coordinates can be introduced. The time-of-

flight t and the radial position R are normalized to the drift length L and the ion

beam velocity v0 according τi = (ti/L)v0 and ρi = Ri/L. With eq. (2.12) and (2.13)

these coordinates can be expressed by

τi = 1/(1− v
‖
i,cm/v0),

ρi = (v⊥i,cm/v0)/(1− v
‖
i,cm/v0),

(2.16)

and the normalized longitudinal and transversal cm velocities are

(1− 1/τi) = v
‖
i,cm/v0,

ρi/τi = v⊥i,cm/v0.
(2.17)

Two-body break-up

A special case arises if the molecule dissociates into two fragments, as illustrated

for the reaction ABC++ → AB+ (1) + C+ (2) in fig. 2.5. Under such conditions

momentum conservation yields

~p1,cm = −~p2,cm, (2.18)

which can be used to determine the kinetic energy as

EKER =
1

2

m2
i

µ

(

(v
‖
i,cm)

2 + (v⊥i,cm)
2
)

, (2.19)

where µ = m1m2

m1+m2
represents the reduced mass. Thus, the complete kinematics of

a two-body break-up can be obtained, if the 3D coordinate of only one product is

accessible. Combining eqs. (2.19) and (2.17), the total kinetic energy as a function of
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the generalized momenta translates into

(
2µEKER

v20m
2
i

)

= (1− 1/τi)
2 + (ρi/τi)

2. (2.20)

Fragments which are formed in a two body break-up will appear within the normal-

ized momentum plane spanned by 1/τi and ρi/τi on a half circle with a radius given

by the relation (2.20).

Three-body break-up

In the third reaction sequence, expressed in relation (2.6), the polyatomic system is

assumed to fragment into a three body break-up channel ABC++ → A+ + B+ +

C. Momentum conservation in the center-of-mass frame forces the fragments of a

three-body break-up process to move in a dissociation plane, indicated by the gray

shaded area in fig. 2.6, which is spanned by the momentum vectors pi of the different

products. With respect to the laboratory coordinate system, the orientation of the

plane can be expressed by the Euler angles Φ, θ, ψ (c.f. fig. 2.6).

Dalitz plots

The geometry of the triangle, which is spanned by the momentum vectors pi of the

fragments, can be visualized within the Dalitz plane. The set of Dalitz coordinates
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was first introduced by R. H. Dalitz in 1953 [Dal53]. For the three-body break-up,

H3O
+ + γ → H3O

2+ + e− → OH + H+ + H+ (c.f. sec. 5.3.4) the coordinates, η1, η2
are defined as follows

η1 =

√

M

3mOH

EH1
− EH2√

3EKER

, (2.21)

η2 =
M

3mH

EOH

EKER

− 1

3
, (2.22)

where EKER denotes the total kinetic energy release of the break-up. Since the

two protons are non-distinguishable the Dalitz plane exhibits a mirror symmetry

on the η1−axis. In addition momentum conservation confines all events within the

inner part of a circle with a 1/3 radius around the center of the plane. The events,

represented within the Dalitz plane are normalized to the total kinetic energy release

EKER of the break-up, allowing a universal representation of this reaction’s break-up

geometries, independent of the total kinetic energy release.

2.2.2 Photofragment angular distribution

Besides the kinetic energy release, the emission angle θi of the fragments relative to

the laser polarization can yield important information on the break-up dynamics. In

the following, the ion flight direction along the laboratory z−axis is assumed to be
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collinear with the laser polarization ǫγ. The emission angle can thus be expressed

θi =







arctan
(

Ri

|L−tiv0|

)

, (L− tiv0) > 0

π − arctan
(

Ri

|L−tiv0|

)

, (L− tiv0) < 0
. (2.23)

The theoretically expected angular distribution of photofragments, emerging from a

photon induced dissociation process of initially randomly oriented molecules was first

stated by [Coo68, Zar72, Gre82]. For an electrical dipole transition and a molecular

break-up, in which only one fragment is detected while neglecting the others, the

distribution of emission angles is given

P(θ, φ)dΩ =
1

4π
(1 + βP2(cos θ))dΩ, (2.24)

with P2(cos θ) =
1
2
(3 cos2 θ − 1) being the second order Legendre polynomial. The

solid angle can be expressed as dΩ = sin θdθdφ, which transforms eq. (2.24) into

P(θ)dθ =
1

2
(1− β

2
) sin θ +

3

4
β cos2 θ sin θdθ. (2.25)

Under the assumption that the laser is polarized along the laboratory z−axis, i.e.

collinear with the ion flight direction

cos θ = n̂v · ǫγ = cos θcmǫγ,z, (2.26)

and with d cos θcm/dθcm = sin θcm, the angular distribution as a function of the

emission angle θcm can thus be rephrased into

P(θcm, β)d(cos θcm) =

[
1

2
− β

4
+

3β

4
cos2 θcm

]

d(cos θcm). (2.27)

A detailed discussion of the characteristic angular distribution for certain values of

the asymmetry parameter β is given in sec. 2.3.

Cross section

The total cross section σIon describes the probability of a photon-induced break-up

reaction. Since the interaction point is not located in the focus of the FEL beam

(c.f. sec. 3.2.1), it can be assumed that during the FEL pulse duration (70 fs) the
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target density remains constant. Moreover, the forward motion of the ions can be

considered as being frozen. The experimental observable, the number of events RIon

of a certain ion species per FEL pulse, is linked in a crossed beams experiment to

the total cross section via

RIon = σIonNγnI/max{DI,DP}, (2.28)

where nI = I/(v0qI) represents the linear particle density and Nγ the number of

photons per FEL pulse. For uniform, circular beam profiles the maximal height of

either the ion or the photon beam has to be taken into account, see fig. 2.8.

In case of Gaussian shaped beam profiles of photon and ion beam, gI(x) and gP(x),

a convolution factor F has been introduced [Ped09]

F =

∫

gI(x)gP(x)dx. (2.29)

With the total number NIon of a certain fragment species, the absolute cross section

for the production of that particular product can be determined according to

σIon =
NIon

F

∑

nS

(NγnI), (2.30)

where the sum extends over all signal cycles nS.
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2.3 Photoelectron detection with fast beams

2.3.1 Photoelectron angular distribution

If one electron is ionized from a randomly oriented molecule, the distribution of emis-

sion angles of the photoelectrons relative to the laser polarization can be described,

in analogy to eq. (2.27) by the formula [Coo68]

P (θ̃, β) d(cos θ̃) =

[
1

2
− β

4
+

3β

4
cos2 θ̃

]

d(cos θ̃) . (2.31)

Here, θ̃ represents the emission angle relative to the laser polarization (here ǫγ = ex,

c.f. fig. 2.10), where β ∈ [−1; 2] is the anisotropy parameter. In fig. 2.9 the distri-

bution of the emission angles for characteristic values of the asymmetry parameter

β are shown. For (β = −1) the photoelectron is preferably perpendicular ejected to

the laser polarization, whereas (β = 2) yields an emission along the polarization.

2.3.2 Photoelectron velocities

The discussion in the previous section, is based on the fact that the target is at rest

during the photoelectron emission, i.e. eq. (2.31) describes the angular distribution

of the photoelectrons in the center-of-mass frame. Now, the kinematics of the pho-

toionization process of a moving anionic, neutral or cationic target M is considered

M + γ →M
′

+ e−. (2.32)

Depending on the charge state of the target, a neutral, singly or doubly negatively

charged molecule M
′
is formed. The ion beam propagates with v0 along the labo-
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ratory x−axis. The coordinate system indicated in fig. 2.10 is chosen such that the

laboratory z−axis is collinear with the axis of rotational symmetry of the employed

electron spectrometer (c.f. sec. 3.2) and the detection unit lies in the x− y−plane of

the respective device. An electron is assumed to appear in the center of mass frame

with a certain kinetic energy E(cm,e).

The fast motion of the ions modifies the observable electron energies in the lab-

oratory frame by a Doppler shift that depends explicitly on the angle of emission

relative to the ion motion. The momentum of the photon with respect to that of

the ion can be neglected (i. e. Eγ/(mivic) ≈ 0). A photoelectron emitted from

the target, propagating at speed ~v = v0ex emerges with a total laboratory velocity

~v(e, lab) given by

~v(e,lab) = v0ex + ve






sin θ cosφ

sin θ sinφ

cos θ




 , (2.33)

which can be rephrased into

~v(e, lab) = v0ex + ven̂e = v⊥e + v‖e , (2.34)

with ve =
√

2E(cm, e−)/me and n̂e = sin θ cosφ ex + sin θ sinφ ey + cos θ ez being the

unit vector in the direction of electron emission in the rest frame of the target. θ and

φ represent the inclination and azimuth angles of the spherical coordinate system.
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With the present definition of the coordinates, v⊥e lies in the x− y−plane and v
‖
e is

parallel to the z−axis, i.e. points towards the detection unit.

Time-of-flight observation

The parallelization describes the process where the momentum vector of the detached

electron is bent towards a detector unit, indicated in fig. 2.10. For both devices,

the magnetic-bottle and saddle-point spectrometer, the detector is at a distance L

from the interaction point symmetrically arranged around the z−axis. A detailed

description of both devices is given in sec. 3.2.2. In the following the parallelization

process for a magnetic bottle spectrometer is described, but the concept can also be

partly applied for the saddle-point electron spectrometer (see end of this section).

In an idealized representation of a magnetic bottle spectrometer all photoelec-

trons are instantaneously parallelized, while maintaining their kinetic energy. In this

step, the transverse momentum mv⊥e with v⊥e =
√

v2i + v2e sin
2 θ + 2vive sin θ cosφ is

transferred by the magnetic field into longitudinal momentum towards the detection

unit, a process known as parallelization [Kru83].

The effective velocity in the laboratory frame after the parallelization is given

v
‖
eff. =

√

(v
‖
e )2 + (v⊥e )

2 =
√

v2i + v2e + 2vive sin θ cosφ. (2.35)

Moreover, since the laser is horizontally polarized ǫγ = (1, 0, 0) the ejection process

can be described by θ̃ the electron emission angle with respect to the laser polariza-

tion (see fig. 2.10) according to

ǫγ ·n̂e = sin θ cosφ = cos θ̃. (2.36)

The time-of-flight of a photoelectron towards a detector can thus be written as

t = L/

√

v2i + v2e + 2vive cos θ̃ , (2.37)

with L being the total distance from the interaction point to the detector. Finally,

combining eqs. (2.31) and (2.37), the following formula for the photoelectron time-
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of-flight distribution as a function of the asymmetry parameter β can be derived:

P (t, ve, vi, β) dt =

1

2



1− β

2
+

3β

8

(
ve
vi

)2
[

1 +

(
vi
ve

)2

−
(
L

tve

)2
]2




× ve
vi

(
L

tve

)3
vedt

L
, (2.38)

which was published in [Dom10]. The idealized eq. (2.38) is only defined on the

interval t ∈ [L/(ve + vi);L/(ve − vi)] and zero elsewhere. The total temporal width

where the distribution is non-zero is given by

w =
2L×min(vi, ve)

|v2e − v2i |
. (2.39)

As mentioned, eq. (2.38) relies on the assumptions of complete and instantaneous

parallelization and on the laser being horizontally polarized (i.e. ǫγ = ex). Eq. (2.38)

shows explicitly, how the time-of-flight distributions of photoelectrons map both

the electron energy by the temporal range covered and the emission anisotropy by

the shape of the distribution. Fig. 2.11 displays the time-of-flight distributions for

characteristic values of the asymmetry parameter and two different electron energies

of E(k, e) = 30 eV and E(k, e) = 1 eV. The detection unit is located 0.15m away

from the interaction point. An isotropic distribution (β= 0) appears as a decreasing

t−3 function between two sharp edges (black curve in fig.2.11). The distribution
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corresponding to (β= 2) shows a minimum between the two edges (blue curve in

fig.2.11) and finally (β = −1) leads to a distribution which is zero at the edges and

reveals a maximum in between.

In case of the electrostatic spectrometer, the saddle-point potential bends the

momentum vector of the photoelectrons towards the detection unit. To ensure an ef-

fective parallelization process, a certain depth of the saddle-point is required. There-

fore, the electrons gain additional kinetic energy due to the saddle-point potential

(c.f. sec. 3.2), i.e. the kinetic energy is not preserved during the bending process.

Considering the bending process as ideal and including an additional energy qUS due

to the saddle-point potential, i.e. assumes an infinitesimal saddle-point region, the

following expression for the electron velocity can be derived (c.f. sec. 3.2)

t = Leff./(

√

(v
‖
eff.)

2
+

2qUS

me

). (2.40)

Here, the effective drift length Leff. = L+∆L accounts for oversimplifying assumption

of an infinitesimal saddle-point region, since it takes the electron a certain time to

leave interaction region (see sec. 3.2).



Chapter 3

Experimental technique

3.1 Trapped Ion Fragmentation setup at FLASH (TIFF)

The upcoming sections give an overview on the basic elements and concepts which

are used at the fast ion beam infrastructure TIFF. With the advent of the Free

electron Laser light sources like FLASH (Free Electron LASer in Hamburg), a

basically unexplored wavelength range delivered by these machines, opens the way to

a completely new type of experiments. The photon flux of FEL light sources exceeds

the one of synchrotron radiation sources by orders of magnitude, hence allowing for

studies on extremely dilute targets. To investigate photofragmentation processes

of molecular ions after valence shell excitation or ionization, the crossed beams ion

beam infrastructure TIFF was set up in 2005 and successfully brought in operation

in 2007 [Ped07]. The fast beam method was chosen to obtain, besides the charged

fragments also the neutral break-up products. The kinetic energy of 2− 8 keV yields

for most of the studied singly charged molecular targets an energy of at least 50 eV
Nucleon

.

Thus, the fragments travel on a forward explosion cone around the mother beam. In

addition, the kinetic energy of the ions still allows that the beam can be controlled

via electrostatic elements, like Einzel lenses and quadrupoles. By this, TIFF offers

versatile possibilities in terms of target preparation, but still keeps the set up rather

compact.

A schematic drawing of the TIFF setup is shown in fig. 3.1. The ions are produced

with a hallow cathode ion source on a platform potential of 4.2 keV. After the source,

the ion species of interest is separated from the main beam by a separator magnet,

which bends the separated beam towards an ion trap. The trap allows for the

possibility to store the ion beam for several seconds to vibrationally cool the target

25
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Figure 3.1: Schematic drawing
of the TIFF apparatus located
at the PG2 photon beam line at
FLASH. The fundamental elements
are (depicted in top view): (1) Ion
source, (2) Ion trap, (3) Separator
magnet, (4) Electron spectrom-
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prior to irradiation. In a direct transfer mode, the trap is used to chop the DC beam
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in bunches of 1µs length and in addition to match these bunches in time with the

FEL light propagating through the interaction region.

With another quadrupole deflector the ion beam is then bent on the part of the beam

line, where the interaction region the electron- spectrometer and fragment detection

system is situated. Within the inner part of the electron spectrometer the ion and

photon beams are crossed perpendicularly. Under ideal conditions the interaction

point is in the saddle point of the electron spectrometer. The saddle point potential

leads to a parallelization of the electron momentum vector towards the position

sensitive electron detectors. The trajectory of the fragments is unaffected by the

saddle-point. Thus, after leaving the interaction region the forward explosion cone

of the fragments is intersected with the cylindrical symmetric serial arrangement of

the fragment detectors around the ion beam axis. Both detectors allow for a time

and position sensitive analysis of each fragment impact. The first detector with a

central hole of 10 mm radius is sensitive to all charged and neutral fragments which

are emitted with sufficient transversal momentum. Behind the first detector (DET 1)

the main beam and all charged fragments, which escaped from detection are deflected

towards a beam dump. Thus, only neutral fragments can reach the second detector

(DET 2).

During the upgrade of TIFF in summer 2011 a new heavy charged fragment detection

system was installed between DET 1 and DET 2. Here, all heavy charged break-up

products, which were up to now lost for detection on DET 1 enter a set of electrostatic

mirrors and are deflected towards a third non position sensitive multi-channel plate

detector. The entire detection unit for the fragments, as well as for the electrons,

allows for full coincident data acquisition on an event by event basis. In the following

paragraphs the different elements of the TIFF apparatus are introduced in more

detail.

3.1.1 Hollow cathode ion source

For both experiments, using the optical and the free-electron-laser respectively, the

ions are produced with a hollow cathode ion source. During operation the source

is lifted on a platform potential of 4.2 keV. The discharge power supply applies a

potential drop over the gap between anode and cathode. With a controllable valve,

water vapor is leaked into the ion-source. By this, the typical pressure inside the

source is increased up to 1.5 Torr. Before the plasma is initiated the resistance of
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the water vapor in the source, which also fills the gap between anode and cathode, is

much larger than RS. Once the plasma is lighted the resistance between anode and

cathode dramatically decreases and RS serves as a base load for the discharge power

supply. In order to establish a potential well to ensure a diffuse motion of the ions

inside the source the bias electrode is kept on the platform potential. A large fraction

of the ions is mainly produced within the negative glow of the discharge [Alt03]. With

the extraction potential of UExtr. ≈3 kV, the ions are pre-accelerated and pre-focused.

The potential on which the ions are generated inside the discharge is expressed by

UIon. It can be shown that UIon ≈ UAnode, which yields in our case UIon ≈ 4.2 keV.

Ion yields

After the source, the integrated ion beam with a current of about 1.5µA, is guided

towards a mass separating magnet. The charge to mass ratio is obtained via the

following relation:
m

q
=

r2B2

2UPlatform

, (3.1)

where B denotes the magnetic field inside the separator magnet typically ranging

from 0− 500mT. To obtain the mass spectra for a certain setting of the source, the

magnetic field is swept through its range and simultaneously the ion current on a

Faraday cup after the magnet is recorded. In fig. 3.3, the ion yield is shown when

the source is operated in positive mode. If one assumes within the discussed mass
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range the transmission of the beam line to be equal, the observed ionic species can

be assigned to stem from singly charged ions with the mass of (H2O)H+
n=1..4, (H2O)+

and O+
2 , respectively.

For the negative mode of operation fig. 3.4 displays the yield of the anion produc-

tion. The dominating species for these conditions can be addressed to originate from

O−,OH−,F− and O−
2 .
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Electrostatic ion trap

In order to vibrationally cool the ions prior to irradiation an electrostatic ion trap

is implemented in the TIFF beam line. The system was constructed in analogy

to the first ion-trap of this kind built by D. Zajfman et al. [Zaj97]. A detailed

description of the technical aspects of the ion trap, and how to operate the system,

are given in [Alt07]. Each side of the trap consists of a set of seven cylindrical

symmetric electrostatic mirrors M0-M6 and two Einzel lens electrodes Z0-Z1. During

operation the barrier imposed by electrode M1 has to be sufficient to inverse the

motion of the ions along the trap axis. For a beam energy of 4.2 keV, M1 is set to

VM1 = 4600V and the potential is linearly divided among the electrodes M2-M5 to

induce a gradient towards electrode M1. The electrodes M6 and M0 are grounded

to reduce the stray field outside the trap. For field free propagation of the charged

particles inside the resonator Z0 is also kept on ground potential. Depending on the

mode of operation, Z1 is set to a potential ranging from 3200− 4800V. In addition

the entrance and exit mirrors M1 are connected to two independently switchable

power supplies, with typical potentials for high and low level of VM1, low = 2.8 kV

and VM1, high = 4.2 kV. When the lower voltage is for instance applied to the mirror

plates they are transparent for the beam and ions can either be loaded or extracted

from trap. After the upgrade of FLASH, a bunch train, constituting of fifty bunches

at a repetition rate of 200 kHz can be delivered. To meet such a time structure with

the extracted ion bunches the switchable power supply on the exit of the trap had

to be adapted such that a reasonable stability of the high and low level and a fast

transition of about 100 ns between the levels was still given.

M1 M6 M6 M1M0 M0Z1 Z0 Z0 Z1

Trapped 
ions

Injection Extraction

Figure 3.5:

Schematic
drawing of ion
trap, adapted
from [Dah97].
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Beam steering

At TIFF and TIFF jr. two different types of electrostatic elements are used to steer

and to focus the ion beam along the beam line. One set consists of a combination of

an Einzel lens with horizontal/vertical deflection plates.

The second element comprises a serial arrangement of three electrostatic quadrupoles.

For every quadrupole module the opposing electrodes have the same, whereas neigh-

boring ones have alternating polarity. Thus, each quadrupole element defines the

Module 1Module 2Module 3

Ion beam

y

x

z

Figure 3.6: Schematic of
quadrupole triplet unit and
electrical wiring [Alt07].

focus in either the x- or y-plane. For that device, the ability to steer the beam is

implemented by the possibility to apply a slightly asymmetric potential to facing

electrodes of the third module. The gradient resulting from such a configuration

allows deflecting the ion beam along the particular direction. In fig. 3.6 a schematic

of the quadrupole triplet unit with the realized electrical wiring is shown.

3.1.2 Fragment detection system

The fragment detection unit before the upgrade is depicted in fig. 3.7. The ring-

shaped detector for light fragments DET 1 consists of a MCP stack in chevron con-

figuration with a specially designed delay line anode [Spi01]. The central hole has

a radius of rH = 10 mm and the overall radius of the MCP is rD = 40 mm. The

active area of the MCP of DET 1 is covered by three delay line layers with a relative

angle of 60 ◦ around the central hole. For field free propagation of the mother beam

through the central hole an insulating tube with a grounded metallic layer on the

inside shields the stray field emerging from the potential applied to the delay lines.

As a consequence of the geometrical boundaries of the detector and its distance from

the point of interaction, charged and neutral fragments emitted in the explosion cone

of (38 ≥ θF ≤ 150mrad) are mapped on DET 1.

The second detector also consists of a MCP stack in chevron design. The active area

is covered by two delay line layers with a relative angle of 90 ◦. Since all charged
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Figure 3.7: Schematic drawing of the fragment detection unit before the upgrade. The ring
shaped detector is sensitive to all neutral and charged fragments, emitted in an explosion
cone with (38 ≥ θF ≤ 150mrad) opening angle. The second detector is fully sensitive to
all neutral fragments emitted with a solid angle of 0(≥ θF ≤ 38mrad).

particles are deflected towards a beam dump the second detector is only sensitive

to neutral fragments emitted within a cone of 0(≥ θF ≤ 38mrad). The position

sensitivity is described in more detail in sec. 3.3.

3.1.3 New heavy charged fragment analyzer

The serial arrangement of the ring shaped detector (DET 1) and the normal second

detector (DET 2) allows, due to geometrical limitations, only for the detection of

ionic fragments which are released with a certain transversal momentum, i.e. most

of the heavy charged fragments are lost for detection. One approach to compensate

for that deficiency is the use of a set of reflective electrostatic mirrors. For a given

kinetic energy per nucleon of the incident beam, the different mirror plates can be

biased in a way that they are transparent for the parent beam, but reflect ionic frag-

ments of a certain charge to mass ratio towards a third detector (DET 3).
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Figure 3.8: Illustration of new detection unit, with pre- and post-deflector and electrostatic
mirror. The pre-deflector is used to steer the parent ion-beam into the mirror system. The
post deflector steers the unreacted ion-beam towards the beam dump.

Technical aspects

The kinetic energy of the ion beam at TIFF ranges from 2− 8 keV. Thus, to ensure

a wide dynamic range of operation, the mirror has an inner diameter of 210 mm,

where the plates are spaced by 18 mm and insulated with ceramic tubes. Each of

the mirror plates, M1−M7, can be individually biased with a potential in the range

of 0 − 6 kV. The pre- and post-deflector units are used to steer the beam into the

mirror. All elements are situated within a CF 300 vacuum chamber which is directly

attached to the TIFF beam line. In the first phase, the system was equipped with a

non-position sensitive multi-channel plate detector with 40 mm diameter, although

the openings of the entrance and exit grids have a diameter of 80 mm to work with

a larger detector to be installed for the upcoming beam-time.
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Figure 3.9: Technical drawing of CF 300 vacuum chamber with the different components
inside. The key elements, like pre- and post-deflector mirror-unit and the detectors are
directly mounted on the CF300 flange.

Performance

The complete mirror unit including the pre- and post-deflector is modeled with

SIMION. For the optimal design of the system the performance of the mirror, i.e. the

transmission as a function of the kinetic energy release of the break-up, but also the

kinematical properties are extracted from a SIMION based Monte Carlo simulation.

In fig. 3.10 the transmission of the system for different kinetic energy releases of an

ionic fragment (H2O
+), emerging from a two body break-up of H3O

++ is shown.

Emission processes preferably along the ion beam axis (β = 2) are mapped with the
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best transmission on DET 3. Even for a kinetic energy release of 10 eV about 70 % of

the fragments can still reach the Detector. For (β < 2) the transmission is somewhat

worse since the widening of the explosion cone yields that more and more particles

can still propagate through the mirror, but miss the detector. As mentioned above,

DET 3 is only an intermediate detector. The appropriate, position sensitive detector,

for which the mirror is optimized for, will be installed and used in upcoming beam

times.

As illustrated in sec. 2.2.1, under ideal conditions the longitudinal and transversal

momentum in the center of mass frame are preserved. In fig. 3.11 the longitudinal

momenta of H3O
+ and H2O

+ fragments emerging from a two body break of H5O
2+
2

with an kinetic energy release of 2 eV are shown. For the ideal case the events appear

on a straight line with a negative slope, see fig. 3.11. In comparison, the events which

passed through the mirror are shown in the left of fig. 3.11. To model the dispersion
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Figure 3.11: Longitudinal center-of-mass momentum sharing between the fragments
emerging from a two body break-up of H5O

2+
2 → H3O

+ + H2O
+. The ideal case is shown

in (a) and (b) displays the situation for events which passed the mirror.
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of the mirror an effective drift length has to be used. Therefore the events appear

not centered around the zero point of the two-dimensional scatter plot. Moreover,

due to the focusing of the mirror, longitudinal and transversal momentum are mixed,

leading to a distorted kinematical correlation. A detailed investigation of this effect

will be performed once the new position sensitive detection unit is installed.

3.2 Electron spectrometer

One important question to address with the dissociative photoionization is the kinetic

energy of the photoelectron which is in the initial step ionized from the molecular

system. In the upcoming section two different types of electron spectrometer devices

are presented. At first, the conceptually new saddle-point electron spectrometer is

introduced and in the second part the functioning of a magnetic bottle spectrometer

will be illustrated.

3.2.1 Saddle point electron spectrometer

Doing photoelectron spectroscopy measurements under xuv conditions is a challeng-

ing task with respect to many aspects. In the wavelength range of 13.5 − 30 nm,

the photon energy is larger than the ionization potential of the different constituents

of the residual gas. Hence, one major problem arises from background electrons

induced by the photoionization of the residual gas while the FEL light propagates

through the spectrometer. One aspect for the design of the new spectrometer is to

suppress the rest gas induced electrons, i.e. to confine the acceptance volume of the

spectrometer to a small volume around the interaction point.

General layout

The saddle-point spectrometer is an electrostatic device where the parallelization

and stabilization of electron motion towards the detection unit is sustained via elec-

trostatic fields. In fig. 3.12 the side view of the spectrometer is shown. The spec-

trometer electrodes can be classified in the center unit, the ion trap and the drift

unit. The interaction point of the photon- and ion-beam is located in the center of

the spectrometer. The four electrodes of the central unit determine the shape and

consequently the acceptance volume of the spectrometer. The spectrometer obeys
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Figure 3.12: Schematic of
new saddle-point electron
spectrometer for FLASH, with
central electrodes to form
the saddle point, ion trap
electrodes and drift unit.

two symmetries, one rotational symmetry along the vertical spectrometer axis and

a mirror symmetry on the plane, defined by the incoming photon and ion beam,

respectively. The detection system on the top and the bottom of the spectrome-

ter comprises two multi-channel plate detectors with delay-line anodes for position

sensitivity.

Ion trap

One outstanding feature of the device is the capability to trap ions on orbits crossing

the interaction point which allows for instance to probe the lifetime of the trapped

particles by observing the decay of the electronic signal.
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Saddle point mode of operation

When the center electrodes of the spectrometer are kept on ground potential only

those electrons emitted in the direction of the multi-channel plates are detected. If

one assumes an isotropic emission, the fraction 2 · ΩSpec

4π
≈ 0.1 of the total number

of electrons can reach the detection unit. In normal saddle point mode of operation

C1/C2 is biased with −10... − 200V and U0/D0 with +10... + 150V. In fig. 3.13

the side view on the saddle point is shown. Here the potential of U0/D0 is varied

from +80V (fig. (a)) and +95V (fig. (b)). By this, the depth of the saddle point and

consequently the acceptance volume, indicated by gray shade areas, is influenced.

Since the spectrometer exhibits rotational symmetry along the vertical spectrometer

axis, the momentum vector of an emitted electron can be separated in a parallel p‖
and a perpendicular component p⊥ (c.f. sec. 2.3.2). For a given electron energy

Ee the depth of the saddle point has to be chosen such that the perpendicular

momentum component is bent towards the detectors. An effective parallelization

process requires the electrons to be created within a certain acceptance volume, i.e.

the electrons which are induced by the ionization of residual gas molecules outside

the spectrometer are not effectively bend towards the detectors and are thus rejected.
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Biased interaction region

Besides the normal spectrometer operation the central unit can be biased (C1 =

C2 = U0 = D0 = UC) such that the parent beam and hence the charged fragments

have to overcome a potential barrier. If one neglects the extend of the interaction

region, the velocity of the mother beam and the neutral fragments at the interaction

point is thus given by

v
‖
neutral =

√

v20 − (2q/m)UB. (3.2)

Here, UB states the depth of the barrier. The polarity of the barrier potential UB and

the charge state of the break-up products define whether the fragment gains or loses

energy while leaving the biased interaction zone. Hence, the velocity of the charged

fragments after the interaction zone depends on their charge to mass ratio

v
‖
charged =

√

v20 − (2q/m)UB + 2
qF
mF

UB. (3.3)

Fragments

Photon
 beam
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Figure 3.15: Potential landscape
for biased interaction region.
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Drift unit

After the momentum vector of the electrons is parallelized they enter the drift unit of

the spectrometer (c.f. fig. 3.16). In order to sustain the motion of the electrons along

UD
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detector 1

Interaction 

pointe- e-

Figure 3.16: Potential landscape of spectrometer (side view) when operated in saddle-
point mode and a retardation potential UD is applied to drift-unit.

the spectrometer axis a potential of typically UD = −10...− 50V is applied to these

electrodes. In sec. 2.3, it has been shown that for an idealized parallelization process

the effective velocity, veff of a photoelectron emerging from a ionization process on a

moved target, explicitly depends on the emission angle of the electron relative to the

laser polarization. If one assumes in the present discussion an idealized parallelization

process, the velocity of the electrons once they have reached the drift unit is given
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by (c.f. eq. 2.40)

vD ≈
√

v
‖
eff

2
+

2q(US − UD)

me

, (3.4)

where US denotes the depth of the saddle point and UD the potential which is applied

to the stack of the drift electrodes. By this means, it is consequently possible to partly

compensate for the additional energy the electrons gain, while they are generated

in the saddle point. To ensure a tolerable transmission of the spectrometer, the

well of the saddle point has to be larger than the barrier imposed by the drift unit

US ≥ UD. Eq. 3.4 can be used to derive the energy to time-of-flight conversion of

the spectrometer. Here an effective length has to be introduced to compensate for

the oversimplifying assumption of an idealized parallelization process (c.f. sec. 2.3.2).

As it is shown in fig. 3.18, the energy resolution of the spectrometer depends for a

fixed saddle point on the retardation potential, i.e. the best resolution is given for

UD = −45V .

Stray light protection

According to the photoelectric effect, an electron can be ejected from a metal once

the photon energy of the irradiating light is larger than the work function ~ω ≥ Φ

of the material. Under normal operational conditions, the photon energy delivered

by FLASH, exceeds by far the work function of the materials used for the different

components of the spectrometer, i.e. each photon hitting the surface of the elec-

trodes can therefore eject a high energetic electron. If such an electron reaches the

acceptance volume of the spectrometer, it will be guided towards one of the elec-

tron detectors. In order to prevent stray light from entering the inner part of the
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Figure 3.19: Schematic of plain grating monochromator beam-line two at FLASH. Focal
length of different elements taken from [Mar06]. The position of the different stray-light
protection units is indicated by S0−2.

spectrometer, a novel stray light protection system has been developed. In fig. 3.19,

the principle layout of the plain grating monochromator beam line two at FLASH is

shown. The main elements of interest for designing a stray light protection system

are the toroidal Mirrors M1 and M3 which define the horizontal and vertical focusing

of the photon beam in front of the refocusing mirror unit (RMU). As the horizontal

and vertical diameter of the laser beam differ in front of the RMU unit, a cross with

four independently moveable protection plates was installed one meter in front of

the RMU unit. This guard unit S0 is used to collimate the beam to an appropriate

diameter d1. The collimation of the beam with guard unit S0 inevitably generates

stray light emerging from the edges of the guards plates while they actively cut into

the beam. The second guard system S1 is thus installed as close as possible to the

entrance of the TIFF vacuum chamber to prevent that stray light from entering the

interaction region. Since TIFF and TIFF jr. are operated in parallel backscattered

light from FLASH hitting a beam tube of TIFF jr. might also enter the spectrometer.

Therefore, as a last protection unit a third system of four independently moveable

guard plates S2 is installed at the exit of the TIFF vacuum chamber.
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3.2.2 Magnetic bottle electron spectrometer

The second electron spectrometer which was used for the photodetachment mea-

surement of O− (chapter 4), is the magnetic bottle spectrometer. In such a device

the parallelization and the stabilization of the electron motion towards the detec-

tion unit is realized with a strong and a weak magnetic field. In the first section

a strong permanent magnet bents the momentum of the electron towards the drift

unit. Within the drift tube of about 600 mm length, a weak homogenous magnetic

field guides the electrons towards the 40 mm multi-channel plate detector. Inside

the drift unit a solenoid maintains a field with a typical strength of about (∼ 2 mT).

The aperture on the entrance is electrically insulated from the drift tube and can

be biased, typically UA = 0.. + 20V. By this, the time-of-flight of the electrons is

shifted, allowing to determine the kinetic energy of the observed photoelectrons. A

detailed description of the technical aspects of the magnetic bottle spectrometer are

given in [Muc12, Muc11, For12].
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3.3 Position sensitive fragment detectors

3.3.1 Multi-Channel Plate

A multi-channel plate (MCP) consists of a thin glass plate with an array of parallel

oriented capillaries inside. Front and back side of the glass plate are covered with a

resist to lower the resistance which allows to apply a potential between the front and

back of the glass plate. When a fragment impacts on the front side of the capillary, an

electron is ejected from the surface. The external field further accelerates the electron

inside the micro channels and after multiple hits a cascade of secondary electrons

is generated. Depending on the mode of operation, about 2 kV are applied between

MCP front and back. This yields about 103 − 104 electrons which are stripped off

from the MCP. On a timescale of about 50 ns the power supply cannot deliver the

removed charged and thus the potential drop of MCP power supply can be used to

detect an impact of a break-up product on the MCP. A normal MCP can hence be

used to measure the time-of-flight of the either neutral or charged fragment [Jag02].
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3.3.2 Delay line detection principle

For a kinematical complete investigation of the fragmentation process of the molecule,

the momentum change in the center of mass frame of the break-up products has to

be accessible. To reconstruct the 3D coordinate of the break-up, the position of

the impinging particle relative to the parent ion-beam is of crucial interest. Several

approaches allow for position sensitive fragment detection. One is to make use of the

finite travel time an electrical signal needs to propagate through a conductor. When

a charged particle hits a normal multi-channel plate, an electron cloud is generated.

If that charge is dumped on a positively biased wire, a signal with finite travel time

to both ends of the wire can be observed. Thus the propagation time of the signal

to both ends of the conductor yields for one dimension information on the impact

position. Among others, for a simple position reconstruction a meander shaped

geometry of the electrical wiring can be used (see fig. 3.22). In order to obtain the

impact position for a second dimension, another for instance perpendicularly crossed

meander structure is necessary. When the clock is started, once the FEL light was

present in the interaction region, the arrival time of the signal on each end of the

two wire systems (u, v) is given by,

Tu,1(i) = t(i) + Pu,1(i), (3.5)

Tu,2(i) = t(i) + Pu,2(i), (3.6)

Tv,1(i) = t(i) + Pv,1(i), (3.7)

Tv,2(i) = t(i) + Pv,2(i), (3.8)
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where t(i) denotes the time-of-flight of the particle from the interaction point to the

detector and P ([u, v], [1, 2]) expresses the propagation time of the signal along the

wires. The position can therefore be obtained by measuring the arrival times of the

signal on the four ends of the two wire systems. A complete set of information for a

fragment impact on a normal position sensitive multi-channel plate thus constitutes

of five time information, one for each end of the wire and the MCP signal. A constant

for each event i, which characterizes a complete set of information is given by the

time sum
∑

(i)k = Tk,1(i) + Tk,2(i)− 2Td(i), (3.9)

where Td(i) expresses the signal arrival time measured with the multi-channel plate.

The time difference thus contains the information on the impact position along the

axis k = (u, v)

∆k(i) = Tx,1(i)− Tx,2(i). (3.10)

With the following relation the,

δk(i) = αk[∆k(i) + βk] (3.11)

position of the impact is calculated. The typical propagation time of the electrical

signal along the delay line is given by αk ∝ 0.5mm/ns. The offset of time zero of the

delay line, due to the geometrical crossing, is accounted for with βk. For (DET 2)

the orientation of the delay lines coincides with the laboratory x-y frame, hence δk(i)

states already the x or y position of the event.

For the second detector, DET 2, the situation is somewhat more complex since three

delay line systems k = (u, v, w) are used. In addition the delay lines (u, v, w) are

oriented under 0 ◦, 60 ◦ and 120 ◦ with respect to the laboratory y-axis. Each system

covers two rectangular regions of the active area around the central hole. Therefore

eq. 3.11 has to be extended to

δk(i) =







[∆k(i) + β+
k ], ∆k(i) ≥ 0

[∆k(i)− β−
k ], ∆k(i) ≤ 0.

(3.12)

nder these conditions β+/−
k accounts for a likely asymmetric arrangement of the delay

lines around the center. The transformation into the laboratory x-y frame is then

obtained by applying the standard two dimensional rotation operator RS(j) for a

rotation of 60 ◦ and 120 ◦, respectively. The position in the lab frame is thus given



3.4. The Free-Electron Laser FLASH 47

through

(

x(i)

y(i)

)

= Rk δk(i) +

(

xk,0

yk,0

)

. (3.13)

Due to the geometrical overlap of the delay lines on DET 1 some parts of active area

are covered by three delay line layers. For such a scenario the time sum has to be

used as a criteria to identify the system which yields the most precise information

on the impact position.

3.4 The Free-Electron Laser FLASH

A Free Electron Laser (FEL) is a light source where free, pre-accelerated electrons

interact with their own synchrotron radiation, allowing to generate coherent light.

In contrast to a classical laser where the wavelength is imposed by the properties of

the resonator, an FEL covers within certain boundaries, a tunable wavelength range.

The achievements in this field are manifest in the accessible wavelength range. The

first FEL operated in 1975, reached 10.6µm whereas a state of the art machine can

nowadays reach 1.2 Å [Eli76, Emm10, Ack07]. Common to all FELs are the three

basic components, namely the pulsed electron source, a linear accelerator and the

undulator unit [Sal00, Kon80]. In fig. 3.23, the basic operation principle of FLASH

is shown. An electron gun delivers the free electrons which are transported to a

linear accelerator. There, the kinetic energy of the electrons is increased to almost

relativistic velocities. At 150 MeV and 450 MeV the bunch length is compressed to

reach a current of 2.5 kA. The now following undulator comprises serially arranged

magnetic dipoles with alternating polarity. The vertical magnetic field inside the

undulator imposes a transversal acceleration on the electrons forcing them on a

sinusoidal trajectory along the undulator. By this, each electron emits spontaneous

radiation. Since the electrons are propagating at almost relativistic velocities (β =

v/c ≈ 1), the amplitude of the elongation is relative small. The emitted radiation is

thus confined to a narrow forward cone with an opening angle of 1/γ, which depends

on the ratio of relativistic and rest mass [Kin77]. The emitted radiation can hence

interact with the electrons travelling ahead. The wavelength of the emitted radiation

is given by

λ =
λU
2 γ2

(1 +K2/2), (3.14)
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Figure 3.23: Layout of FLASH facility with fundamental units: Radio frequency electron
gun, bunch compressor, accelerators, undulators and experimental hall. The pre-accelerated
electron bunch is injected into the undulator unit, there the strong magnetic field forces
the electrons on a sinusoidal trajectory. By this, the electrons interact with their own
synchrotron radiation leading to a micro bunching. After the undulator all electrons emit
coherently and five end station within the experimental hall can be provided with the laser
light.

where λU represents the undulator period and K = eB0 λU

2πmc
the undulator parameter,

which depends on the magnetic field strength B0 inside the undulator. The param-

eters of the undulator, like the periodicity and field strength, but also the energy of

the electrons, can be used to tune the wavelength of the FEL radiation.

Self-stimulated spontaneous emission

The small relative velocity between the synchrotron radiation, emerging from the

electrons’ spontaneous emission and the bunch itself, leads to an interaction between

the both. To outline the conditions for an optimal energy transfer between the

electron beam and the radiation, some considerations are dedicated to the processes

in the undulator unit. In the following, the electron beam is assumed to propagate

along the y-direction. For an optimal energy transfer it can be shown that during

a half cycle of the electrons motion, the radiation has to pass a distance which

is longer than half the wavelength of the electron propagation [Sch08]. Thus the



3.5. Data acquisition and analysis 49

runtime difference is

∆t = te − trad. =
[ 1

vy
− 1

c

]λU
2
. (3.15)

With the condition for an optimal energy transfer c∆t = λrad./2, the wavelength is

given through

λrad. =
λU
2 γ2

(1 +K2/2) (3.16)

When the electron bunch is injected into the undulator unit, only a part of them

fulfill the conditions for a positive energy transfer. The position of a single electron

within the undulator can be stated by

y(t) = vyt+
φ(t) + π/2

krad. + kU
. (3.17)

The first part of the equation expresses the position of the bunch within the undulator

unit, whereas the second one states the position of an electron within the bunch. The

pandermotive phase therein is given by φ = (krad. + kU)z − ωrad.t+ φ0. At time zero

when the electron package enters the undulator φ = φ0 and can be assumed as

homogeneously distributed. The phase dependence of the electron energy,

dW e

dt
∝ −cos(φ), (3.18)

leads to an exchange of energy between the field and electron bunch. As a conse-

quence, the electrons which obey a phase |φ0| > π /2, donate energy to the field.

In contrast, the ones with π /2 < |φ0| < π, gain energy from the field. Thus, the

electron density is increasing in a vicinity of maximal energy exchange. The so called

self-amplified spontaneous emission leads to a micro-bunching of the electron bunch

inside the undulator unit. After the electrons have passed the undulator unit, they

emit coherently with an intensity proportional to the square of the number of injected

electrons, N2
e.

3.5 Data acquisition and analysis

In the above sections, the TIFF apparatus as well as the key elements of the photon

beam-line have been introduced. In the upcoming paragraph a brief outline of the

data acquisition system and the basic steps of the data analysis procedure are given.
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3.5.1 Data acquisition

The high voltage power supplies for the elements of the ion beam line the mirror and

the spectrometer are controlled via a LabView program. The Data-acquisition (DAQ)

system is triggered by a TTL pulse delivered from the FLASH facility. Depending

on the target of interest, these timers have to be shifted to match the arrival times

of photon and ion beam within the interaction region.

In total four RoentDek 3D-imaging detectors are used at TIFF, where each of them is

red out with a RoentDek module. The unit comprises built in differential amplifiers

with an integrated constant fraction discriminator (CFD) circuit for each channel

which transform the electrical signal of the delay lines and the multi-channel plates

into logical pulses (NIM). The system allows for a pulse-pair resolution of 20 ns. Here,

the threshold of the CFD of each channel has to be adapted to suppress ringing and

to let the real hits pass through.

The exact arrival time of the FEL pulse in the interaction region is monitored with

an electrically biased photon beam dump. That signal and the one from DET 3 have

to be externally converted into a logical pulse sequence.

The various logical signals of the detectors are then fed into the two VME based time

to digital converter (TDC) cards with 16 channels per card and a time resolution of

24 ps. In the current status of TIFF 28 channels of the TDC cards are occupied. The

readout of the TDC unit is also organized via a LabView control panel. To acquire

the analog signals as the intensity of the ion and photon beam a 12 channel analog

to digital (ADC) converter is also implemented in the DAQ system. In addition,

another 8 channel ADC unit is used to monitor the status of the different high

voltage elements of the beam line.

A typical time structure of FLASH is depicted in fig. 3.24. The macro bunch train

arrives with a repetition rate of 20 Hz. The micro bunches can be delivered with a

repetition rate between 200 kHz and 1 MHz. The time structure of the FEL micro

pulse train as, it is requested for the experiment, is determined by the time of flight

of the particles to the different fragment detectors, typically 1−10µs. When the trap

is operated in direct transfer mode, the four measurement cycles of the experiment

are organized as follows:

Signal cycle: One FEL pulse train with 50 micro bunches is temporally overlapped

with 50 ion bunches of ∼ 1µs width in the interaction region. To ensure that the

power supplies have reached stable conditions, typically 60 ion bunches are generated,

from which the tenth to the last bunch are irradiated. The electrical signal, extracted
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Figure 3.24: Time-structure of typical FEL bunch train. Macro cycle with 20 Hz repetition
rate constitutes of 50 micro bunches. Blue line illustrates micro bunch train with 200 kHz
repetition rate.

from the photon beam dump marks the zero time of each micro bunch to which the

signals of the different detectors are referenced.

Ion only cycle: In between the next FEL pulse train a cycle where only fifty ion

bunches are present is interlaced to measure the ion induced background on the

fragment detectors. For these signals the average arrival time of the FEL micro

bunches is used as a time zero marker.

Dark measurement: During one cycle neither ion nor photon beam are present in

the interaction region. This sequence is acquired to detect switching noise on the

fragment detectors.

Photon only cycle: In the now following photon only cycle the fifty photon bunches

are passing without ions through the interaction region. Such a trace is acquired to

measure the photon induced background.

Typically 500 cycles (trains) with 50 FEL pulses are written in an ASCII format

to the output files. For each cycle the TDC and ADC values of all elements are

acquired.

3.5.2 Data analysis

The data analysis procedure can be subdivided into two fundamental steps. At first

every TDC value is referenced to the cupper dump time of the respective FLASH

pulse. For cycles where no photons were present in the interaction region, an average

cupper dump time is used as a time reference. By this, each TDC value can be

assigned to a certain FEL bunch and train (bi, ti) which defines the identity of the

hit where the ADC values are used as a marker to separate signal and background
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Figure 3.25: Illustration of timing scheme of the four measurement cycles.

traces from each other.

In the second more complex step, the corresponding hits on the delay lines and the

multi-channel plates of the imaging detectors have to be assigned. For that purpose

all hits which appeared within a certain FEL bunch and train are isolated and the

time sum according eq. 3.9 for each permutation is computed. The combination of

hits which yields the optimal time sum is then considered to stem from a real event.

Once the real events are assigned, the impact position of the fragments is computed

according the algorithm outlined in sec. 3.3.

Coincidence analysis

After the fundamental steps of the data-analysis procedure have been performed,

every hit on the imaging detectors is categorized via (Ti, xi, yi, bi, ti, m(bi, ti)), where

Ti denotes the time-of-flight, (xi, yi) the impact position and m(bi, ti) the multiplicity

of the respective bunch and train. For the normal multi-channel plate detectors

the events are organized according (Ti, bi, ti, m(bi, ti)). It is therefore possible to use

either of the entries of the event list, the time-of-flight, the impact position or the

multiplicity as a criteria to require hits on different detectors to appear with such

coincidence restriction.

In the following, the coincidence analysis procedure using the time-of-flight as a

criteria is illustrated. Here, a time window (region of interest ROI) is set around a

certain time-of-flight region (Tmin ≤ Ti ≤ Tmax) of one detector, for instance DET 1.

The events, which are enclosed in the time window, are either signal or background
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Figure 3.26: Assumed signal and background distribution of DET 1 and DET 2.

induced N(Tmin≤Ti≤Tmax, D1) = N(S,1,∆T1) +N(B,1,∆T1). For simplicity, the background

is treated as such and is not distinguished to be photon or ion induced. The bunch

and train number of each hit within the ROI is determined and the events on the

other detector (like DET 2), which occurred within the same bunch and train are

extracted.

The obtained coincident signal comprises, besides the real coincident hits all, various

combinations of false coincidences, i.e. a real signal hit on DET 1 is for instance

accompanied by a background hit on DET 2.

To estimate the false coincidences, the hits of DET 1 enclosed within the ROI are

correlated with the hits on the second detector which are obtained for the next

following signal bunch train (bi, ti + 1). With such a correlation no real coincident

signal hits on the second detector are prevailing. Under the assumption that the

background remains constant the false coincident events can be estimated.
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Chapter 4

Electron emission from fast O− ions

In sec. 3.2 the magnetic bottle and the newly developed saddle-point electron spec-

trometer have been introduced. For both devices the idea is to do photoelectron

spectroscopy on fast moving molecular ion beams under xuv radiation. In a first test

both spectrometers have been employed to investigate the photodetachment process

on a fast moving beam of O− anions at a wavelength of 532 nm and 266 nm, respec-

tively. Here the interest was on how the kinematical broadening, imposed on the

energies of the emitted electrons by the movement of the ion beam (see sec. 2.3),

can be applied to map information on the anisotropy of the electron emission into

the observable time-of-flight (TOF) distribution of the photoelectrons. In case of

the measurements performed with the saddle-point spectrometer a SIMION based

Monte-Carlo Simulation (c.f. sec. A) was developed and applied to represent the ob-

served photoelectron spectra.

Moreover, the photodetachment of the oxygen anion O−, with the electron config-

uration 2s22p5, is an important process for understanding the effects of correlated

electron motion in an open shell system. Through photoabsorption, an electron-

oxygen state in the scattering continuum is generated, which is characterized by

various final states, composed of a free electron and a neutral oxygen atom,

O−(2P) + ~ω → O(2S+1L) + e− + E(k,e−). (4.1)

Within the LS-Coupling, the scattering continuum has components of 2P, 2D or 2S

symmetry (∆L = 0, ±1) (c.f. fig. 4.1). Since the electron has been detached from

a p-orbital the continuum electron can either have s or d wave character. The in-

tegral effects of the photoabsorption and the scattering reaction are observationally

55
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Figure 4.1: Illustration of the photodetachment of atomic oxygen at 266 nm. The
shaded area along the energy axis indicates the region of experimentally known cross
sections [Bra65, Neu85, Suz87]. The horizontal arrows mark photon energies where an-
gular distributions and branching ratios into the 3PJ multiplet states have been ob-
served [Hal68, Bre78, Han89, Cav07]. The blue, red and black arrows indicate the allowed
coupling of the scattering continuum of 2S,2D,2 P symmetry into the different final states.

manifest both through the angular distribution of photoelectrons, described by the

anisotropy parameter, and through the relative populations FX (X=3PJ,1DJ,1SJ )

of final excited states of the neutral O-atom, as identified by the photoelectron en-

ergy [Dom10].

4.1 Magnetic bottle spectrometer

At first, the results which are obtained with magnetic bottle spectrometer are re-

viewed. A detailed account for all aspects is given in cite [Dom10]. The photon
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energy of Eγ = 4.66 eV is sufficient to populate the first excited state of the residual

neutral oxygen atom O(1D), indicated by black dashed lines in fig. 4.1. The major

focus of the experiment was on how the parametric Monte-Carlo model intruded in

sec. A.2 can be applied to represent the photoelectron spectrum and to explore the

unknown asymmetry parameter and branching of the transitions into the different

final states of the residual neutral oxygen atom O(1D) and O(3P), respectively.

4.1.1 Experimental parameters

A schematic drawing of the recently built TIFF jr. ion beam line and interaction

zone equipped, with the magnetic bottle photoelectron spectrometer (c.f. sec. 4.2) is

shown in fig. 4.2. Both, the ion and the photon beam, move in the horizontal plane.

An ion beam of oxygen anions (∼ 2 nA) with a kinetic energy of E0 = 4.45 keV was

extracted from a hollow cathode ion source operated in negative mode (see sec. 3.1.1).

From TIFF, ion pulses with a width of 10µs were transported through TIFF jr.

to the interaction point. There, the ion pulses were crossed at 90 degrees by a

horizontally polarized laser with 266 nm wavelength. A mean pulse width of ∼ 5 ns

and a pulse energy of ∼ 50µJ correspond to ∼ 7× 1013 photons per pulse. The laser

was operated with a repetition rate of 40 Hz. The spatial profiles of the two beams

were determined inside the electron spectrometer with a movable beam flag [For10].

The ion beam could be represented by Gaussian distributions in both, horizontal

and vertical directions with widths (RMS) of 1.5 mm and 1.4 mm, respectively. The

photon beam was nearly circular with a Gaussian width of 0.9 mm, thus, a total

of ∼ 40 ions were irradiated in each laser pulse. Each signal cycle (photon and ion

beam on) was interlaced with a cycle where only the photon or only the ion beam

was present in the interaction region. For each laser pulse the relative intensity and

the precise arrival time at the interaction point were monitored by a fast photodiode

while the absolute mean pulse intensity was recorded using a slower thermal power

meter.
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Figure 4.2: Schematic drawing of TIFF jr. ion beam line with quadrupole triplet unit
to focus and to steer the beam into the interaction region equipped with magnetic bottle
spectrometer [For10] and the arrangement of the optical elements to double the frequency
of the 2nd harmonic of a Nd:YAG laser. The neutral fragments are detected with a non-
position sensitive multi-channel plate.

4.1.2 Experimental results

Photoelectron time-of-flight distribution

Fig. 4.3 displays the observed electron time-of-flight distribution for the photode-

tachment of O− at 266 nm after background correction. The distribution exhibits a
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Figure 4.3: Measured electron time-of-flight distribution for photodetachment of O− at
266 nm obtained with the magnetic bottle electron spectrometer.

rather sharp on and offset around 550 ns and 820 ns. In comparison to the computed

distributions in sec. 2.3.2 the shape of the feature, enclosed between 550 − 820 ns,

indicates these electrons to stem from a (β = 0) transition. The smooth characteris-

tics of the second feature, ranging from 750 ns down to 1500 ns, mimics a (β = −1)

transition. In the vicinity around 800 ns both electron families seem to contribute

to the integrated distribution. The signal on the neutral fragment detector is not

displayed since there only the time-of-flight of the neutral O-fragment appeared.

4.1.3 Monte Carlo model

The previous discussion illustrated the occurrence of two distinct components of the

electron time-of-flight distribution. In the rest frame of the reactants a photoelectron

appears with a kinetic energy [Dom10]

E(cm, e−) = (Eγ − ED,O − EX,O) , (4.2)

with Eγ = 4.67 eV and ED,O = 1.46 eV the detachment threshold energy of oxygen.

The excitation energy of the residual neutral oxygen isEX,O(3P) = 0 and EX,1D = 1.97 eV,

respectively. This yields Ek,e = 3.20 eV and Ek,e = 1.23 eV. Under the assumption of
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Figure 4.4: Measured electron time-of-flight distribution after photodetachment of O− at
266 nm. The dashed black curve shows a fit to the distribution with a Monte Carlo model.
The gray (thin) curves show the individual contributions from transitions to O(3P) and
O(1D) to the total fit.

an idealized parallelization process in the inhomogeneous field, eq. (2.38) can be

applied. By this, the overall distribution can be qualitatively represented and the

components can be assigned to transitions into the 3P (Ek,e = 3.20 eV, t= 550-820 ns)

and the 1D (Ek,e = 1.23 eV, t= 750-1500 ns) state of atomic oxygen.

Thus, for a quantitative modeling of the observed TOF distribution with the

parametric Monte Carlo model (c.f. sec. A.2), two independent components have to

be implemented and each of them is weighted by the respective amplitude (FP, FD)

Pexp(t) = FP PMC(t, 3.20 eV, βP,p)

+ FD PMC(t, 1.23 eV, βD,p). (4.3)

The set of parameters which goes into the simulation can be separated in the ones

which characterize the physics of the detachment process like the unknown channel

fractions (FP, FD) and the unknown anisotropy parameters (βP, βD). The temporal

width of the laser pulse δt, the drift Length Ld and (A0,A1) which account for the

adiabatic parallelization go into the model as setup depended parameters p = (A0,

A1, Ld, δt). The evaluation of the parametric Monte Carlo model is described in
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sec. A.

In fig. 4.4, the dashed black line represents the resulting model distribution. The

measured electron spectrum can thus be nicely represented by the parametric Monte-

Carlo model and turns out for the transition to the O(3P) state

FP = 0.76± 0.04,

βP = 0.00± 0.10, (4.4)

and for the transition to the O(1D) state

FD = 0.24± 0.04,

βD = −0.90± 0.10. (4.5)

4.1.4 Discussion

From the present experiment the branching ratio between excited and ground state

oxygen production at 266 nm can be determined to be FD/FP = 0.32± 0.06. A rough

estimate has previously been given based on the total photodetachment cross section

[Bra65]. On the theoretical side, several calculations around 266 nm have reported

the total [Rob67, Zat06] and partial channel resolved cross sections allowing for a

direct comparison to the present experiment. The ratio 1D : 3P after detachment has

so far been calculated to: ∼ 0.8 [Coo62] , ∼ 0.6 [Gar67] , ∼ 0.5 [Cha72] , and most

recently ∼ 0.25 [Wu03] . In comparison, the most recent calculation [Wu03] slightly

underestimates the experimental result, while the earlier calculations all significantly

overestimated the 1D : 3P ratio.

The present experimental investigation is also the first to address the electron emis-

sion anisotropy in the region where both 1D and 3P states of oxygen are accessi-

ble, while several experiments have been performed at lower energies [Hal68, Bre78,

Han89, Cav07] (see also fig. 4.1). For the transition to 3P, the angular distribution

mimics a pure s-wave with β close to zero as given in eq. (4.4), while the transition

to the 1D state is accompanied by a negative value of β∼−0.9 far away from either

pure s-wave (β = 0) or pure d-wave (β = 1) behavior, thus giving clear evidence

for superposition of the outgoing waves. Only few calculations [Coo68, Ste79] for

photon energies below 4 eV have given explicit values for the β parameter. Thus, a

direct comparison to theory is not possible at this stage. For the transition to the 3P

state, a simple linear extrapolation to higher energies seems to favor the Cooper-Zare



62 4. Electron emission from fast O− ions

formula [Coo68] over the theory of Stehman and Woo [Ste79] giving a value for βP
close to the experimental value (0.00 ± 0.10).

Summarizing, these findings illustrate that the parametric Monte-Carlo model

appears as a precise method to represent the photoelectron spectra, observed with a

magnetic bottle spectrometer for the photodetachment on a fast moving O− beam

at Eγ = 4.66 eV. In the next paragraph, the results of the photodetachment mea-

surement on O− employing the saddle point electron spectrometer are presented.

4.2 Saddle point spectrometer

The main motivation for the investigation of the detachment process of a fast moving

O− beam using the newly build saddle-point spectrometer was to develop a SIMION

based Monte-Carlo simulation to represent the observed electron spectra. The photon

energy of Eγ = 2.33 eV, as employed during the experiment, is not sufficient to

populate the first excited state of the residual neutral oxygen atom. Moreover, in

these energy regime the detachment process has already been investigated in great

detail [Cav07] which allows to employ these findings as calibration factors for the

simulation.

4.2.1 Experimental parameter

The experiment was done at the X-Ring fast ion beam infrastructure which was

recently built around the old ion injection beam line of the ASTRID storage ring in

Aarhus, Denmark. A detailed description of the setup is given in [Ped12]. The oxygen

anions were produced with a sputter ion source at a kinetic energy of 3 keV and a

final dc current of 2 nA in the interaction region. Similarly to the setup described

above, the photon and ion beams were perpendicularly crossed, but in contrary the

2nd harmonic of a Nd:YAG laser was used. The laser was vertically polarized, i.e.

along the spectrometer axis (ǫγ = ez).

Two different spectrometer configurations have been employed: A flat saddle point

(a) C1,2 = −72V with U0, D0 = +56V which yields US = −13V with a retardation

potential of UD = −12.8V; and a steep saddle point (b) C1/2 =-144V with U0, D0 =

+112V which yields US = −26V with a retardation potential of UD = −25.6V (c.f.

fig. 4.5).
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Figure 4.5: Potential landscape for an electron inside spectrometer (side view) when op-
erated in saddle-point mode and a retardation potential UD is applied to drift-unit.

4.2.2 Experimental results

Time-of-flight distribution

The observed time-of-flight distributions of the signal electrons, obtained for the

two different operation modes of the spectrometer, are shown in fig. 4.6. Under

the conditions of the flat saddle point, (c.f. fig. 4.6 (a)) the signal covers a time-of-

flight range from ∼ 130 − 250 ns whereas the signal obtained for the steep saddle

point (c.f. fig. 4.6 (b)) appears in a more compressed fashion within a time window

∼ 120 − 180 ns. In comparison to the computed spectra, shown in fig. 2.11, the

overall shape of the observed distribution mimics a (β = −1) transition. In the

spectrum as it was obtained with the magnetic bottle spectrometer shown in fig. 4.3

the corresponding signal (O(3P) + e−) occurred within 520-820 ns.
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Figure 4.6: Electron time-of-flight spectra on upper electron detector for photodetachment
of O− at 532 nm obtained with the saddle point electron spectrometer.
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Figure 4.7: Measured electron time-of-flight spectra on upper electron detector (red curve)
for configuration(1) fig. (a) and configuration (2) fig. (b). The dashed blue and black
lines indicate the simulated spectra for (E(k, e−), β) = (0.87 eV,−0.8) and (E(k, e−), β) =
(1.00 eV,−0.2), respectively.

4.2.3 Monte Carlo Simulation

The parallelization process of the photoelectrons inside the spectrometer cannot be

represented by the parametric Monte Carlo model. Hence, to assign an asymmetry

parameter to the observed distribution, the detachment process has to be modeled

by a Monte Carlo simulation where the electron trajectory inside the spectrometer

is computed with SIMION (c.f. sec. A).

Also here, two sets of parameters which go into the simulation have to be distin-

guished (compare table A.1). At first the setup depended parameters are illustrated.

The potentials, applied to the different elements of the spectrometer are known

within a precision of ∆U = ±0.2V. The drift length from the interaction point to

detector surface is Ld = 150 ± 1mm. Since the measurements were performed with

about equal event rates on the upper as well as lower electron detector, it can be as-

sumed that the interaction point coincides with the saddle point. The kinetic energy

of the ion beam can be determined to be 3± 0.1 keV and the one of a photoelectron

emerging from a detachment process, leaving the neutral oxygen in its ground state

is derived according eq. (4.2) to be E(k,e) = 0.87 eV . In [Cav07, Bre78] an asymmetry

parameter of βP = 0.85± 0.05 for this photon energy has been reported, which was

used in the simulation.

The dashed blue line in fig. 4.7 displays the simulated electron time-of-flight distribu-

tion as it is obtained for (E(k,e−), β) = (0.87 eV,−0.8) and the two different operation

modes of the spectrometer. To demonstrate the accuracy of the simulation, the in-

put parameters of the simulation are varied to (E(k,e−), β) = (1.00 eV,−0.2), yielding
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the distributions as indicated by the black dashed lines. Here, it appears already

obvious that for the flat saddle point (c.f. fig. 4.7 (a)) the difference in the shape

of both distributions is more pronounced as for the steep saddle-point configuration

(c.f. fig. 4.7 (b)). Especially for larger electron energies this will limit the ability to

assign an appropriate asymmetry parameter to the observed electronic signal (see

sec. 5.4).

The physically relevant input parameters of the simulation E(k,e−) and βP are well

known quantities for the photodetachment of O− at 532 nm. Since the computed

distribution nicely reflect, within the boundaries of the setup dependent parameters,

the measured electron time-of-flight spectra, the calibration i.e., the geometries of

the different electrodes of the spectrometer are therefore correctly embedded in the

simulation. Thus, this method can be extended to assign an energy as well as an

asymmetry parameter to the electronic signal as it will be for instance observed for

photoionization processes of molecular systems with photons in the vuv to soft x-ray

spectral region (compare chapter 5 and 6).

4.3 Conclusion

The presented experiments represent a first example where the Doppler shift of elec-

trons emitted from a fast moving ion beam has been used in combination with

the magnetic bottle or saddle-point spectrometer to study angular distributions of

photoelectrons [Dom10]. The possibility of angular resolved measurements using a

magnetic bottle spectrometer was already discussed by Kruit et al. [Kru83] using

retarding potentials, however, the Doppler effect has been mostly considered to be

an artifact limiting the achievable energy resolution [Che87]. The method presented

here appears as an alternative to approaches based on the rotation of the laser po-

larization, with a detector at a certain angle, but also to photoelectron imaging

techniques [Peg89, Han99, Ped99]. Additionally, as indicated in fig. 4.2 and fig. 3.1,

the spectrometers can be combined with fragment analyzing systems to detect the

emerging break-up products from photon induced dissociation reactions in coinci-

dence with the outgoing photoelectrons.
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Chapter 5

Free electron laser experiments on H3O
+

With the hydronium ion H3O
+ as a first molecular target the dissociative photoion-

ization at 56.7 eV photon energy was investigated with the upgraded detection sys-

tem. In 2009, the hydronium ion has already been subject to fragmentation studies

at Eγ = 92 eV [Ped09]. There it was found that outer valence ionized H3O
++ pre-

dominantly fragments into a binary H3O
++ → H2O

++H+ and a three-body break-up

pathway H3O
++ → OH+ + 2H+. The detection system in use (c.f. sec. 3.1.2), gave

only access to the light charged and neutral break-up products. The aim of the

current experiment is to employ the newly built saddle-point spectrometer in combi-

nation with the heavy charged fragment analyzer to detect the incident photoelectron

in coincidence with all outgoing reaction products emerging from the respective dis-

sociation process.

5.1 Properties of H3O
+

In the electronic ground state, the nuclei of the hydronium ion form a pyramidal

structure of C3v symmetry. The bond length is found to be rOH = 0.9758Å with an

angle of αHOH = 111.3 ◦ between the different O-H bonds [Sea85]. The vibration of

the H3O
+ exhibits four fundamental modes: a symmetric stretch (breathing) mode

ν1, a symmetric bend (umbrella) mode ν2 and two asymmetric stretch modes ν3, ν4
with each of them twofold degenerated. The electronic configuration in the ground

state of the ion is

(1a1)
2(2a1)

2(1e)4(3a1)
2X 1A1. (5.1)

67
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+

O H

H

Figure 5.1: Theoretical minimum-energy structure of the hydro-
nium ion H3O

+ [Hea05].

The outer valence electrons are shared among the four fold populated 1e1 orbital,

located along the O-H bonds and the doubly populated lone pair orbital 3a1 on the

oxygen atom. The binding energies of the outer valence electrons were calculated

to be 26.0 eV for the 3a1 and 31.2 eV for the 1e1 orbital [Raf77]. The inner valence

orbitals 1a1 and 2a1 basically correspond to the 1s and 2s orbitals of the oxygen

atom, with a binding energy of 49.3 eV for the 2a1 orbital.

5.2 Photoionization pathways

If the photon energy of the irradiating light exceeds the ionization threshold of the va-

lence orbitals, further ionization of the monocation becomes possible (c.f. sec. 2.1.2).

So far, only little is known about the potential energy surfaces arising from valence

vacancies of H3O
++. During the ionization process the nuclear configuration can be

considered as being frozen, which leads to a vertical transition within the potential

energy surface. The ionization process takes the form

H3O
+({v}, J) + γ → H3O

++ + e−, (5.2)

where ({v}, J) denote the vibrational and rotational quantum number of the monoca-

tion. According to Koopmans’ theorem [Koo34], the orbital binding energies in H3O
+

lead to an equivalent excitation of the dication. An energy level scheme for H3O
+

and the valence ionized system H3O
++ is shown in the dark gray shaded column of

fig. 5.2. As discussed in sec. 2.1.2, the potential energy surfaces corresponding to the

excited H3O
++ levels are dissociative and can lead into a number of final break-up

channels. Depending on the internal excitation of the reactant and the molecular

products formed in the different fragmentation channels a certain amount of kinetic

energy is released. Fig. 5.2 depicts the different fragmentation channels, which may

open up for outer and inner valence ionization.
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Figure 5.2: Inner and outer valence ionization energies of H3O
+, adapted from [Raf77],

and level diagram for fragmentation into different break-up channels. Proton affinities and
ionization energies are taken from [Nist, Hun98, Bal92]. The blue shaded areas indicate
vibrational and rotational excitation of the respective molecular fragment.

Expected fragmentation pathways

In the following the energy levels associated with the different break-up pathways

will be discussed. At first the channels triggered either by outer or inner valence
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ionization are considered (indicated by black lines). The simplest fragmentation

scenario arises in case of a two-body break-up, like H++H2O
+ ((1)-(3)) or H+

2 +OH+

(6). The number in parenthesis indicates the respective channel number used in the

level scheme of fig. 5.2.

The level energy of ch. ((1)-(3)) is exemplarily calculated, for all other channels the

same principle is used. In case H2O the proton affinity is E(H3O+→H2O+H+) = 7.2 eV

[Hun98] and the ionization potential is E(I,H2O) = 12.6 eV [Nist]. With the excited

state energies of E(H2O+(A2A1)) = 1.7 eV and E(H2O+(X2B1)) = 4.6 eV the energy of the

two-body break-up pathways, leaving the molecular fragment in its vibrational and

rotational ground state, can be determined via

E0(H
+ +H2O

+(X)) = E(I,H2O) + EH2O
+(X) + E(H3O+→H2O+H+), (5.3)

where EH2O
+(X) reflects the respective electronic excitation of the charged water

molecule, which yields E0(H
++H2O

+(X2B1)) = 19.8 eV ch.(1), E0(H
++H2O

+(A2A1)) =

21.5 eV ch.(2) and E0(H
+ +H2O

+(B2B2)) = 24.4 eV ch.(3).

The dissociation energy of H+
2 is ED,H+

2
= 2.6 eV [Bal92] and the proton affinity of

OH is EH2O+→OH+H+ = 6.1 eV [Hun98]. In combination with the ionization potential

of H with EI,H = 13.6 eV and the one of OH with EI,OH = 13.0 eV the level energy

of the two body channel H+
2 +OH+ is determined to be E(H+

2 +OH+) = 22.7 eV.

As indicated in fig. 5.2 various three-body break-up channels can arise. If the charged

water fragment dissociates further, either a neutral OH is accompanied by two H+

fragments (c.f. fig. 5.2 ch. (4) and (5)), or OH+ is formed together with a H+ and a

neutral H (c.f. fig. 5.2 ch. (7)).

The ground (OH(A2Σ+)) and first excited state (OH(X2Π)) of neutral OH are

separated by 4.1 eV, which yields E0(H
+ + H+ + OH(X2Π)) = 25.9 eV ch.(4) and

E0(H
+ +H+ +OH(A2Σ+)) = 30.0 eV ch.(5).

To derive the energy level of the break-up pathway OH+ +H+ +H, one has to take

the ionization potentials of OH (13 eV) and of H (13.6 eV) into account. Since in com-

parison to neutral H, less energy is required to ionize the OH molecule, the energy

level is reduces by 0.6 eV.

With respect to ch. (6) and (7) the energy of ch. (9) and (10) is elevated by the proton

affinity of neutral oxygen of E(OH+→O+H+) = 5 eV.

The chs.(8,11,12) indicate the pathways which may open for inner valence shell ion-

ization. Due to an Auger decay, prior to the dissociation, the dication may release

another electron (c.f. sec. 2.1.2). Thus three excess charges are shared among the
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different fragments. Relative to ch. (7) and (10) the ionization energy of neutral H

and O is required to populate pathway (8),(11) and (12), when the neutral oxygen

and hydrogen are assumed to be in their electronic ground state.

5.3 Fragmentation

The experiment has been split into two parts. In the first phase the fragmentation

was investigated, the thereby obtained findings are discussed in the present section.

The second part of the experiment was devoted to the electron spectroscopy mea-

surements, the corresponding results are given in sec. 5.4.

5.3.1 Experimental parameters

The experiment was carried out at the fast ion beam infrastructure TIFF (c.f. sec. 3.1).

The dc current of 10 nA of the H3O
+ ion beam corresponds for a kinetic energy of

4.2 keV to a linear particle density of nI = 3 · 102mm−1. An average FLASH energy

of 30µJ per pulse was measured with the GMD-tool1. The transmission of the PG 2

beam line, of about TPG2 ≈ 0.5 for photons in the energy range of 38-90 eV [Mar06]

yields an energy of 15µJ per FEL pulse, corresponding to Nγ = 1.6 · 1012 photons in

the interaction region. The height of the ion and photon beam was determined with

the beams’ overlap scanner to be 1.8 mm and 1.5 mm (RMS). The horizontal width

of the laser beam of about 0.9 mm (RMS) yields a total number of approximately

270 ions which were irradiated with one FEL pulse.

The electrostatic mirror-unit (c.f. sec. 3.1.3) was set such that singly charged ionic

break-up products with a kinetic energy of 3.5−4.0 keV, corresponding to HnO
+(n =

0..2), could reach DET 3. In [Ped09] it has been found that the binary break-up

H2O
+ + H+ channel is associated with a total kinetic energy release of up to 10 eV

with a major contribution around 4.5 eV and an asymmetry parameter of β = 2. As

illustrated in fig. 3.10 such a dynamic range and β parameter manifests an expected

transmission (see sec. 3.1.3) of the electrostatic mirror-unit of TM = 0.6− 0.8 .

1Gas monitor detector, installed in the photon beam line to monitor the FEL intensity and
position [Tre05].
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Figure 5.3: Time-of-flight distribution of signal events on DET 1-3 after background cor-
rection for UB = 0V (gray shaded) and UB = 200V (red shaded). The major contribution
on DET 1 stems from H+, on DET 2 from OH, and on DET 3 from OH+ and H2O

+, re-
spectively.

5.3.2 Fragment assignment

In fig. 5.3 the time-of-flight distributions of the signal events on the three fragment

detectors DET (1−3) are shown. The gray shaded spectra were taken with no po-

tential barrier UB = 0 applied to the interaction region. For fragment assignment

the central electrodes of the spectrometer were lifted to a potential of UB = +500V,

depicted in the lower row of fig. 5.3. By this, a certain shift on the fragment arrival

time depending on its charge-to-mass ratio can be imposed (c.f. sec. 3.2.1). In more

detail, a neutral fragment on DET 2 appears at a later arrival time since the parent

ion beam is decelerated when entering the interaction region (c.f. eq. (3.2)). In con-

trary, charged reaction products on DET 1 gain energy (c.f. eq. (3.3)) while leaving

the biased interaction region and arrive at earlier times (c.f. fig. 5.3). The fragments

observed with DET 3 impinge at about the same time-of-flight, since in case of the

biased interaction zone the energy gain of the ionic products is compensated by a

longer path through the mirror.

The signal on the first detector can be determined to stem mostly from H+ with some

contribution of neutral H (≤ 7%). Whereas no H+
2 induced signal is observable on
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DET 1. The dashed black lines indicate the expected arrival time of the respective

fragment species. The signal on the second detector originates from heavy neutral

fragments. Which can be either O, OH or H2. The third detector clearly exhibits to

separated contributions, which can be unambiguously attributed to OH+ and H2O
+,

respectively and no significant contribution of O+. The mirror was also operated in

a mode, transmitting higher fragment masses towards DET 3. By this, no additional

ionic reaction product could be identified.

5.3.3 Fragmentation pathways

At first, the absence of particular fragment species allows for the exclusion of some

of the pathways indicated in the level scheme in fig. 5.2. Since no O+ induced signal

is observable, ch. (9) and (12) can be ruled out. For a H+
2 fragment to reach DET 1

at least a kinetic energy of EKIN,H+
2
= 0.8 eV (UB = 500) is required. As illustrated

in fig. 5.2 ch. (6) and (9) are associated with a kinetic energy release of about 3.5 eV

sufficient for a H+
2 fragment to reach DET 1. Thus these pathways can also be

excluded.

To further identify the dissociation pathways, coincidence cuts are applied to the

signals of the different detectors (see fig. 5.4). For that purpose a time window is set

around a certain fragment species and within that window the events observed for

the same FEL pulse on the respective other detectors are determined (c.f. sec. 3.5).

H2O
+producing pathway: The clear correlation between charged water and H+

can be interpreted as a signature of a dominant binary break-up pathway H2O
++H+

feature (1) in fig. 5.4.

Heavy neutral fragment: The correlation between hits on DET 1 and the neutral

signal of DET 2 (feature (2)), can be interpreted to originate from a three-body break-

up channel, where a neutral OH formed. A further separation of OH into O and H

(ch.10 and 11) would lead to a significantly increased neutral H induced signal on

DET 1, which is not observable.

OH+producing pathway: Since no H+
2 induced signal has been found, the OH+-

fragments have to be produced in a three-body break-up channel. Unfortunately the

statistics acquired in the measurement with biased interaction region is not sufficient

to decide whether OH++H+H+ or OH++H++H+ is prevailing (ch. (7) or (8) fig. 5.2)

since the major part of H+ is produced in H2O
++H+. However, the electronic signal
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as it will be presented in sec. 5.4 does not reveal any contribution of an electron

ionized from an inner valence orbital. Since for ch. (8) the opening requires such a

vacancy, this pathway can also be excluded.

With these findings the following break-up channels can be identified:

Feature (1)H3O
++ → H2O

+ +H+ (1)

Feature (2)H3O
++ → OH+H+ +H+ (2)

Feature (3)H3O
++ → OH+ +H+ +H (3)

The existence of the first and second break-up channel, has already been stated

in [Ped09] for dissociative photoionization of H3O
+ at a wavelength of 13.5 nm. The

discussion given in [Ped09] mentions the possibility of a OH+ containing channel,

which due to the limitations of the detector arrangement, was experimentally not

accessible.
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Branching of fragmentation pathways

As it was pointed out in the previous section, each of molecular fragment species is

produced in one individual break-up pathway. The total number of break-up events

is therefore given by the sum over all molecular hits observed with DET 1 and DET 3.

To determine the real number of signal hits of each species F ∈ {OH, OH+, H2O
+},

the number of observed signal hits N(F ) has to be weighted by the efficiency of the

respective detection unit, i.e. for fragments observed on DET 3, the transmission of

the mirror-unit TM has additionally to be included. The total number of break-up

events can thus be computed via Ntotal = NH2O+/(TMǫ3)+NOH+/(TMǫ3)+NOH/(ǫ2).

To derive the transmission of the mirror-unit, as prevailing during the experiment

the observed coincidence between the charged water induced signal of DET 3 and

DET 1 can be used. The probability to detect two hits in coincidence on different

detectors is proportional to the product of their detection efficiencies. For events on

the DET 1 the geometrical detection efficiency Gβ [Ped09] and for impacts on DET 3

the transmission of the mirror has to be taken into account. Since the efficiencies

of the detectors are known parameters, it is possible to derive the TM. In total

NH2O+ = 12 · 103 H2O
+ fragments have been detected on DET 3. These events were

accompanied by N(H+,coin.,D3,D1) = 1500 coincident H+ fragments on DET 1. The

transmission of the mirror can be computed according

TM = N(H+,coin.,D3,D1)/(NH2O+Gβǫ1ǫ3). (5.4)

With the detection efficiencies of ǫ1 = 0.5±0.1, ǫ3 = 0.5±0.1 and the geometrical fac-

tor Gβ=2 = 0.7 the transmission of the mirror can be calculated to be TM = 0.8±0.2.

For events on DET 3, f(F ) = NF/(TMǫ3Ntotal) (F = (OH+, H2O
+) and on DET 2

f(F ) = NF/(ǫ3Ntotal) (F = (OH) the relative branching can be stated to be fH2O+ =

0.65±0.35, fOH = 0.28±0.15 and fOH+ = 0.08±0.08. The total number of observed

molecular fragments yields an integrated count rate of about 9.6±0.7 events per 100

laser shots.

5.3.4 Photofragment momentum imaging

The analysis of the kinetic energy release offers the possibility to obtain the initial

state from which the fragmentation process started, and to assign the final state of
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Figure 5.5: Background corrected, normalized momentum spheres of all events on
DET 1 (a) and DET 2 (b).

the molecular break-up products. For that purpose the momentum change of the

products in the center-of-mass frame has to be known. In the current experimental

setup, the first and second detector provide position resolution for a kinematical

analysis of the break-up events.

In fig. 5.5(a), the momentum sphere of all H+ events (with only a 7% contribu-

tion of neutral H) on DET 1 is shown. The momentum vectors are normalized to

the ion-beam velocity according to ρF = RF/L1 and τF = TF/L1v0 (c.f. sec. 2.2.1),

with L1 being the distance between the interaction point and surface of DET 1. The

normalized longitudinal and transversal center-of-mass velocities are 1/τF and ρF/τF
(c.f. sec. 2.2.1). As discussed in sec. 3.1.2, the shape of the first detector limits the

detection of the photofragments to those, which are emitted in an explosion cone

with an opening angle of (38mrad ≤ θF ≤ 150mrad). The inner, dashed white line

marks the detection limit which is imposed by the central hole, whereas the upper

line indicates the outer edge of the detector. Besides the clear limits due to the inner

hole, also part of the events which are preferably emitted in transverse direction

(longitudinal momenta ranging from (1/τF ≈ 0.85..1.15) escape from detection.

The kinetic energy release of a two-body break-up is only shared among two frag-

ments. If only one of the two break-up products is observed, like H+ formed in

channel (1) (see previous section) momentum conservation forces them to appear on

a ring-shaped momentum distribution, with a radius given in eq. (2.20). The well

pronounced sphere with
√

(1/τ − 1)2 + (ρ/τ)2 ≈ 0.14 indicates that these events

originate from the binary break-up channel.

If the energy is distributed among more than two products, no clear kinematical

correlation determines the amount of energy which is taken away by one fragment.

Thus, the events which are distributed within
√

(1− 1/τ)2 + (ρ/τ)2 ≤ 0.12 can be
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Figure 5.6: (a): Kinetic energy of all events on DET 1 after background correction (red
line). The blue curve represents the kinetic energy release of the events which can be
attributed to the two-body break-up. The green curve represents the events, which are
detected in coincidence with neutral OH.(b): Kinetic energy release of all events on DET 2.

assigned to stem from a three-body break-up process.

The normalized momentum sphere of neutral fragments on DET 2 is shown in fig. 5.5 (b).

These fragments are identified as OH (see sec. 5.3.3) which yields ρOH = ROH/L2 and

τOH = TOH/L2vI, where the drift length to the second detector is expressed by L2.

The white dashed line indicates the outer limit of the effective detection area, which

is defined by the central hole of the first detector, (c.f. fig. 3.7). It is obvious that

the second detector is fully sensitive to all events, which are, as indicated by the

dashed blue line, confined within a circle. The absence of any ring-shaped structure

underlines the assumption that the neutral fragments emerge in a break-up process

with more than two products.

The center-of-mass kinetic energy of the fragments, impinging on the imaging de-

tectors DET 1 and DET 2, can be obtained via E = p2F/2mF with (F ∈ {H+,OH}).
The energy spectrum of all events of the first detector is shown in fig. 5.6 (a). Due

to the central hole, the distribution has a cut-off for fragment energies smaller than

0.7 eV, indicated by black dashed line. The spectrum exhibits a dominant feature

around 4.3 eV and extends up to 10 eV. To disentangle the contribution of the differ-

ent channels, the kinetic energy of the H+-fragments, detected in coincidence with

either H2O
+ or OH, is determined. The resulting distributions (green and blue

curve), shown in fig. 5.6 are normalized such that the sum of both reflects the kinetic

energy distribution of all fragments of DET 1. These findings illustrate that the

kinetic energy of the H+ fragments stemming from the three-body break-up chan-

nel, OH + H+ + H+ dominates the energy distribution from (0.7 eV ≤ E ≤ 4.0 eV).

Within the energy range (4.0 eV ≤ E ≤ 5 eV) the binary as well as the three-body
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channel contribute.

The kinetic energy of all neutral fragments on DET 2 is depicted on the right of

fig. 5.6. The distribution features a maximum around 0.15 eV and is extended to

1 eV. In the following sections a detailed discussion of the channel resolved kinetic

energy release is given.

Two-body break-up

In the previous section, the kinetic energy spectra of the signal events on the imaging

detectors have been shown. Since the 3D-coordinates of the H+-events, which can be

assigned to be produced in the binary break-up channel are available, the correlation

~pH2O
+ = −~pH+ yields the center of mass momentum of the charged water frag-

ment. By this, the kinetic energy release (KER) of the two-body break-up H3O
++ →

H2O
+ + H+ can be calculated as EKER(H2O+H+) = pH+

2 (1/2mH+ + 1/2mH2O+) (see.

eq. (2.19)). Fig. 5.7 displays the resulting KER spectrum of the binary fragmenta-

tion pathway. The distribution features a sharp onset at 4 eV and a maximum at

around 4.6 eV. The extension of the distribution down to about 10 eV is associated

with a small shoulder at 6.6 eV kinetic energy. The tick marks on the upper abscis-

sae indicate the kinetic energy release for either of the reactions, (H3O
2+(2A1) →

H+ + H2O
+(B2B2,A

2A1,X
2B1, )) with EKER = (2, 4.5, 6.2) eV and (H3O

2+(2E) →
H+ +H2O

+(B2B2, A
2A1)) with EKER = (6.2, 9.7) eV, where the products as well as

the reactants are assumed to be in their vibrational and rotational ground states.
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In sec. 5.5 the photofragment spectrum is further discussed, with respect to different

prospects regarding the internal excitation of H2O
+.

In the following, the dominating mechanisms which may lead to a broadening of

the kinetic energy release distribution for specific reactant and product states are

pointed out. First of all the interaction between photon and ion beam can take place

at any point within the interaction volume rather than in a well-defined interaction

point. The volume is spanned by the finite width of the ion and photon beam of

about 1.5 mm and 1.8 mm, respectively. In case of H3O
+, with a kinetic energy of

≈ 4.2 keV, and under the assumption of Gaussian shaped ion and photon beam pro-

files a broadening of ±∆E = ±0.3 eV can be estimated. Moreover, the non-linearity

of the first detector should also be mentioned. This effect becomes only important

for those fragments which are emitted in transverse direction and depends on the

radial impact position. Fig. 5.8 displays the effect of the nonlinear behavior of the

detector for transversally emitted fragments (b) in comparison to forward and back-

ward emitted particles (a). Since no detailed investigation of that effect is available,

an upper limit can be estimated to be ∆(ρF/τF)/(ρF/τF) ≤ 0.05. This yields for

transversally emitted particles with a kinetic energy of ∼ 4.5 eV an energy increase

less than 0.4 eV.

Three-body break-up

In the upcoming paragraph the kinematics of the three body break-up, OH+H++H+,

are discussed. In fig. 5.6 the momentum distribution of the OH fragments on DET 2

clearly reveals that geometrically these events are fully detected on the second de-

tector. In addition the light charged fragments are covered with high geometrical

efficiency on DET 1. A kinematical analysis of the three-body break-up process re-
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quires a unique assignment of corresponding events on both detectors (see fig. 5.9).

For this purpose, events with at least two hits per FEL pulse on DET 1 (H+) and one

further coincident hit on DET 2 (OH) are extracted and the center-of-mass velocity

is determined. By applying a center of mass velocity cut the true events, stemming

from a single three-body break-up process can, be unambiguously assigned.

Once the appropriate hits on both detectors are found, the total center of mass kinetic

energy release (KER) is calculated according to EKER = EKIN,OH+EKIN,H++EKIN,H+ .

In fig. 5.10 the KER-spectrum of the three-body break-up is shown. The distribution

features a maximum at about 5.5 eV. The tick marks on the upper abscissae indicate

the expected KER if the three-body break-up is initiated by a valence vacancy in the

3a1 orbital and the hydroxyl radical OH is produced in its electronic ground OH(X2Π)

and first excited OH(A2Σ+) state, (H3O
++(2E) → H+ +H+ +OH(A2Σ+, X2Π) with

EKER = (1.2, 5.3) eV. A detailed discussion of the photofragment spectrum is given

in sec. 5.5.
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The Dalitz coordinates, which have been introduced in sec. 2.2.1, can be used to

represent the geometry of the three-body break-up. Fig. 5.11 displays the event

distribution within the Dalitz plane as it is obtained for the dissociative photoion-

ization of H3O
+. The energy sharing between the H+ fragments defines the position

of an event along the η1 axis. Events, where both H+ products carry the same

amount of energy, are located along the η1 = 0 line. Since the H+ fragments, are

un-distinguishable, the Dalitz plot exhibits a mirror symmetry with η1 = 0 as the

reflection axis. The η2 axis represents the amount of kinetic energy carried by the

OH fragment. For (η1, η2) = (0, 1/3) the OH fragment carries the largest amount

of energy, in contrast to (η1, η2) = (0, −1/3), where the OH fragment stays at rest.

Thus, the center of the Dalitz plane represents the events where the energy is equally

shared among the products.

Unfortunately the statistic, as it was acquired during 3h of data taking time is

strongly limited, which makes a rather rough binning necessary. In spite of the lim-

ited statistics, some tentative conclusions on the break-up geometry can be drawn.

The distribution shows that for a large number of events the energy is equally shared

among the H+ fragments. Moreover, only a few processes occur where the OH frag-

ment stays either at rest (η2 = −1/3) or takes the maximum amount of kinetic energy

(η2 = 1/3). In addition, the observed pattern exhibits that basically none of the frag-

mentation process proceeds with (η1, η2) = (0, 0). Two areas within the Dalitz plane

carry the major part of the intensity. The one centered around (η1, η2) = (0, 0.15)

expresses processes with an angle of 50◦ ≤ (OH∠
H+

H+) ≤ 70◦ between the light charged

fragments. The majority of events appear with −0.25 ≤ η2 ≤ −0.05, which indicates

that break-up processes with an angle of 100◦ ≤ (OH∠
H+

H+) ≤ 130◦ are preferred.
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The position of an event along the η2 axis depends on the relative fraction of the

total kinetic energy release, which is carried by the molecular fragment. Hence, for

break-up processes which appear with −0.25 ≤ η2 ≤ −0.05 less than half of the

maximal relative kinetic energy of 2mH/M ≈ 12% of the total KER is transformed

into translational motion of the OH fragment.

Absolute cross section

The second detector is fully sensitive to all neutral OH fragments (c.f. fig. 5.10(b))

allowing to estimate the absolute cross section of the neutral OH containing break-

up channel. The observed number of OH fragments NOH has to be weighted by the

multi-channel plate efficiency of DET 2 given by ǫ2 = 0.5 ± 0.1. Additionally the

transmission of the PG 2 photon beam line TPG2 = 0.4 ± 0.1 has to be considered

to determine the average number of photons per pulse Nγ. The convolution factor

can be determined to be F = (5.5 ± 1.0) cm−1. In combination with the linear

density nI, the cross section is calculated according to eq. (2.30) to be σOH+2H+ =

(0.32 ± 0.16) · 10−18 cm2, whereas in [Ped09] a σOH+2H+ = (0.37 ± 0.18) · 10−18 cm2

has been reported (see sec. 5.5) . A detailed discussion of the error bar on the cross

section, mainly dominated by the photon flux delivered to the experiment, is provided

in [Ped09]. The relative strength of the OH fragment containing channel was found

to be fOH+2H+ = 0.28± 0.15 (see sec. 5.3.3) resulting in an absolute cross section for

all break-up events of σ = (1.2± 0.8) · 10−18 cm2.

5.4 Photoelectron spectroscopy

In the previous section the three dominating break-up channels of H3O
+ have been

identified. It has been shown that the break-up proceeds from H3O
++ into a dom-

inant binary and two three-body break-up channels. In the upcoming paragraph

the electronic signal is correlated to certain ionic break-up products and the thereby

obtained distributions are modeled by a Monte-Carlo simulation.

5.4.1 Experimental parameters

The expected kinetic energy of an electron photoionized from the (1e) orbital (Eγ =

56.7 eV) is E(k, 1e) = 25.5 eV and for the (3a1) orbital with E(k, 3a1) = 30.7 eV. An
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electron ionized from the 2a1 inner valence orbital appears with a kinetic energy

E(k, 2a1) = 7.4 eV. The major constituent of the residual gas H2 has an ionization

threshold of 15.4 eV [Nist] which leads to a kinetic energy of an electrons photoion-

ized from H2 of E(H2) = 42 eV. Since T ∝ 1/
√
E the time-of-flight of the signal

photoelectrons is expected to lie in a region where the background electrons, mainly

stemming from the ionization of H2 are expected to dominate. Under operational

conditions a pressure of pint = 5 · 10−10 mbar was prevailing in the interaction region.

In analogy to eq. (2.28) the residual-gas induced count rate per FEL pulse, can be

derived from

RB ≈ σBNγ

(
pint
kBT

)

Lacc., (5.5)

where the photoionization cross section σB, is dominated by the main constituent

of the residual gas, H2, with σH2
= 1 · 10−18cm2 for a photon energy of 60 eV. Lacc.

expresses the effective length of the acceptance volume of the spectrometer (sec. 3.2).

An energy per FEL pulse of 30µJ , as it was used for the fragmentation measurement,

would result in a residual-gas induced count rate of RB = 15 events/pulse, which

does not allow for electron spectroscopy measurements, based on a pulse counting

technique. Therefore the electron spectroscopy was realized in a different phase of

the experiment, where the laser was reduced to an energy of 2µJ per FEL pulse.

Therefore a background induced count rate of about RB = 0.8 events/pulse can be

expected. The dc ion beam current was again 10 nA.

The newly installed stray light protection unit S0 before the refocusing mirror unit

(RMU), see sec. 3.2.1, was used to collimate the photon beam to an appropriate

diameter and in addition to block the halo around the main beam. The guard sys-

tem S1 and S2 before and after the interaction region was then iteratively closed to

minimize the stray light induced noise on the electron detectors. The spectrometer

was operated with C1,2 = −144V and U,D0 = +112V. As a free parameter, the

potential of the drift unit, UD, was varied between −25, −30, −, 45V. In case of

UD = −25V the dynamic range of the spectrometer covers Ek,e− ∈ 0..40 eV and for

UD = −45V only electrons with a kinetic energy in the range of Ek,e− ∈ 20..40 eV

can reach the detection unit. Since the lower detector could not properly be operated

only the signal on the upper detector could be used in the analysis described below.
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5.4.2 Experimental results

Even though the FEL intensity had been reduced, the signal-to-noise ratio on the

electron detector was very low. In fig. 5.12 the electron time-of-flight distribution is

shown. Except for a small region around 50 ns, the photon induced background (green

curve) almost dominates the complete signal trace (red line). Besides the residual-

gas induced background on the electron detectors another reason for the limited

signal-to-noise ratio can be seen in the fact that the reduction of the laser intensity

resulted in a less stable pointing of the photon beam. This might have negatively

influenced the geometrical overlap of the two beams. In contrast to the electron

detectors, the signal on the light fragment (DET 1) and heavy charged fragment

detector (DET 3) is practically background free. By requiring the electronic signal to

appear in coincidence with the signal on one of the low-noise fragment detectors the

background could be suppressed and those FEL pulses which had a proper overlap

of ion and photon beam could be separated.

5.4.3 Coincidence with light charged fragment

Fig. 5.13 displays the time-of-flight spectra of the electrons towards the upper elec-

tron detector, which are detected in coincidence with H+. The error bar reflects the

statistical uncertainty of the coincident signal. The energy scale as it is depicted on

the upper axis of the respective plot in fig. 5.13 is calibrated according to eq. (3.4).

The time-of-flight to energy conversion is made under the assumption that the in-

teraction point lies exactly in the saddle point. The electron energies corresponding
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to the different TOF values for the respective retardation UD are indicated on the

upper abscissa. Consequently, hits which appear in the time-of-flight distribution

with a fictive kinetic energy smaller than 0 eV stem from electrons which are created

somewhere in the spectrometer.

The spectrum obtained for UD = −25V (fig. 5.13(a)) features a significant peak

around 40 ns. Under such retardation conditions electrons with a kinetic energy of

25 eV up to 34 eV appear in a rather compressed fashion. In contrast in the range

where an inner valence electron would be expected around 55 ns (corresponding to

8 eV) no contribution is observable. To further differentiate the electronic signal the

potential barrier was increased. As it has been shown in sec. 3.2.1, the energy resolu-

tion of the spectrometer for a given saddle point depends on the retarding potential

of the drift unit, i.e. the higher |UD| the better the spectrometer resolution. A de-

celeration with UD = −45V indeed leads to a broadening of the electronic signal

and an indication of a separation into a fast and a slow component, centered at

∼48 ns (E(k,e−) = 32 eV) and ∼58 ns (E(k,e−) = 26 eV), respectively.

In sec. 2.3.2 the physics governing the photoionization process under such conditions

have been discussed. There, it has been shown that the motion of the beam imposes

a certain width on the electronic signal, which explicitly depends on the ion velocity

v0. Specifically, an electron which is emitted in beam direction gains energy from

the ion beam propagation, whereas the ones which are emitted antiparallel loose

energy. Thus, parallel or antiparallel emitted electrons with a kinetic energy of 26 eV

in the center-of-mass frame, appear in the laboratory frame with kinetic energies of

24.5 eV and 27.5 eV. In sec. 2.3.2, it has been shown that this effect is not limiting
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the possible energy resolution. Moreover, the kinematical energy spread of ±1.5 eV

is smaller than the observed width of the peaks, see sec. 5.4.6.

In the following the other processes, which limit the resolution of the spectrometer

are illustrated. The widths of ion and photon beam of 1.8 mm and 1.5 mm (RMS)

and the gradient of 1V/mm in the vicinity of the saddle-point can be assumed to

impose an additional energy of ±∆ES = ±0.25 eV.

The precise spectral distribution of the photon beam was determined with a FLASH

beam diagnostics tool, to be Eγ ±∆Eγ = 56.7± 0.5 eV.

Finally the resolution of the data acquisition system on the order of ∆T±1 ns has also

be mentioned. For the observed electron energies, Ee ∈ [25 eV..30 eV] and a retarda-

tion with UD = −45V, an uncertainty in the time-of-flight of ±1 ns translates into an

∆EDAQ ≈ 1 eV. Under this retardation conditions and beam parameters the observed

electronic line appears broadened by ∆E ≈
√

∆ES
2 +∆Eγ

2 +∆EDAQ
2 ≈ ±1.15 eV.

5.4.4 Coincidence with charged water

The dissociative photoionization of H3O
+ proceeds into three channels with each of

them containing at least one H+ fragment. The coincident electron spectra shown in

fig. 5.13 of the previous section therefore represent the integrated electronic signal of

all three channels. A further differentiation, i.e., a more channel-specific discussion of

the electronic signal can be obtained if the electrons are required to be accompanied

by one of the heavier molecular fragments like OH,OH+ or H2O
+ on the neutral

(DET 2) or heavy charged fragment detector (DET 3). The signal-to-noise ratios of
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the neutral fragment detector (DET 2) and the limited statistics of the OH+ signal

(DET 3) do not allow for a direct correlation between the OH or OH+ break-up

products and the electronic signal.

However, in fig. 5.14 the black curve shows the electronic signal which is detected

in coincidence with H2O
+ for two different retarding modes of the spectrometer. In

case of UD = −45V (b) the coincident electron time-of-flight spectrum reveals the

heavy charged water to be mainly accompanied by fast electrons with clearly smaller

contribution of slow electrons.

Similar to the derivation of equation 5.4 the transmission of the spectrometer TS can

be determined. In total N(e−,coin.,D3,Eup) = 440 signal counts on the upper electron

detector are found in coincidence with NH2O+ = 5900 H2O
+ hits on DET 3. Since

only the upper detector was operated the electrons which are emitted into the lower

hemisphere are lost for detection. Hence the transmission of the spectrometer can

be estimated according to

TS = N(e−,coin.,D3,Eup)/(NH2O+(0.5 · ǫEǫ3TM)). (5.6)

With ǫE = 0.5± 0.1,ǫ3 = 0.5± 0.1 and TM determined in sec. 5.3 the transmission of

the spectrometer is TS = 0.8± 0.3, which matches the expected simulated transmis-

sion for electron energies in the range of E(k, e−) = (26..32 eV) and a retardation of

UD = −45V (see fig. 3.17). Further differentiation of the signal is not possible since

a retardation potential beyond UD = −45V would strongly affect the transmission

of the spectrometer.

5.4.5 Double coincidence with light fragments

In case of the two three-body break-up channels OH+H+ +H+ and OH+ +H+ +H

the molecular fragment is accompanied by two hits on DET 1. Hence the coincidence

requirement that an electron has to be accompanied by two events on the first de-

tector, gives indirect access to the electronic signal of the two three-body break-up

channels.

The coincident signal suggests that these channels are mainly accompanied by the

less energetic electrons. Based on the intensity ratio of OH and OH+ fragments a

relative branching R(OH/OH+) ≈ 3.5 has been found. Consequently, the coincident

electronic signal as it is observed for the two-fold coincidence with a light fragment
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Figure 5.15: Electron time of flight
spectra for UD = −45V. The
black curve displays the coincident
electronic signal, when a coincidence
with exactly two hits on DET 1 is re-
quired.

on DET 1 is dominated by the neutral OH containing channel.

5.4.6 Monte Carlo Simulation

In the previous section it has been shown that the separation of the electronic sig-

nal on the upper electron detector, once an appropriate retardation is applied, sup-

ports the assumption that two electrons with different energies are photoionized from

the hydronium ion. In order to determine the electron energy, the photoionization

process for randomly oriented molecules is modeled with a Monte Carlo Simula-

tion. For a certain asymmetry parameter, the ejection probability into an angle

[cos θ̃, cos θ̃ + d cos θ̃] is computed according to equation 2.31. The trajectories of

photoelectron propagating inside the spectrometer from the interaction region to-

wards the electron detector are computed with SIMION. The photoelectron spec-

troscopy measurement on H3O
+ was done with three different retardation modes,

UD = (−25V, −30V, −45V). One major problem which might hamper the abil-

ity to assign an energy to the observed electronic signal stems from the fact that

the crossing point of the ion and photon beams does not exactly lie at the saddle

point. To account for this scenario, the electron spectra taken with different retar-

dation potentials have to be included in the simulation. Once an appropriate offset

∆xs = (∆xS,∆yS,∆zS) is found, the only free parameters left in the simulation are

the electron energy and asymmetry parameter of the two electrons (Ei, βi) (i = 1, 2).

Thus, if a parameter set can be found such that the time-of-flight spectra can be

uniquely described with that set, an energy can be assigned to the observed elec-

tronic signal. This approach is justified since a variation of the retarding potential

on the drift unit of the spectrometer does not affect the position of the saddle point
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Figure 5.16: The black curves display the measured electron time-of-flight spectra for a
retarding potential of UD = −25V (fig. (a)) and UD = −30V (fig. (b)). The dashed red
line represents the simulated electron time-of-flight distribution, for two electron energies
and beta parameters of (E1, β1) = (25 eV, 2) and (E2, β2) = (31.5 eV, 2).

and since the crossing point of ion and photon beam can be assumed to remain

stable over time. Thus an absolute calibration of the simulation, under the present

experimental conditions can be obtained.

The simulated spectra in fig. 5.16,(red curve) are obtained for a retardation with

UD = (−25V, −30V) and for two electron energies of (E1, β1) = (25 eV, 2) and

(E2, β2) = (31.5 eV, 2). As it turned from the simulation, the interaction point was

in the saddle point, i.e., ∆xs = (0, 0, 0) could be used for these kind of electron

energies.

The dashed red line in fig. 5.17 (a) displays the simulated time-of-flight spectrum as

is obtained (E(k,e−), β1) = (31.5 eV, 2). In the right part of fig. 5.17 the red curve

expresses the simulation for (E(k,e−), β2) = (25 eV, 2).
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Figure 5.17: Electron time-of-flight spectra for a retarding potential of UD = −45V ap-
plied to drift unit of spectrometer. Dashed red lines represent the simulated electron time-
of-flight for (E(k,e−), β2) = (31.5 eV, 2) (fig. (a)) and (E(k,e−), β1) = (25 eV, 2) (fig. (b)).
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Figure 5.18: Electron time-of-flight spectra for a retarding potential of UD = −45V. In
fig. (a) the red and blue line represent the simulated electron time-of-flight distribution for
(E(k,e−), β1) = (34 eV, 1) and (E(k,e−), β1) = (29 eV, 1). In fig. (b) the red and blue line
represent the simulated electron time-of-flight distribution for (E(k,e−), β) = (27 eV, 1) and
(E(k,e−), β) = (23 eV, 1).

A similar representation of the observed time-of-flight spectra could also be ob-

tained if β = 1 was used in the simulation. The large uncertainty of the asymmetry

parameter arises from the very short time-of-flight for these electron energies. In

sec. 2.3.2 the effective velocity of the photoelectron has been expressed in terms of

the emission angle relative to the laser polarization. Under the present conditions,

the kinematics of the photoionization process on a moved target imposes an addi-

tional energy of ≈ ±1.5 eV on the kinetic energy of the ejected photoelectron (see

sec. 5.4.3). This yields for the drift length of LDrift = 0.15m a broadening of the

expected time-of-flight distribution of ∆T ≈ 3 ns. Hence under the prevailing condi-

tions the asymmetry parameter β can only be stated in rough boundaries.

Within the above discussed broadening mechanisms the assignment of the electron

energy to the respective signal can be considered as rather precise. The uncertainty

on the expressed electron energies is hence dominated by the intrinsic energy res-

olution of the setup of about ∼ 1.2 eV for these kind of electron energies. The

slow electron can be expressed to appear with a center-of-mass kinetic energy of

E(k, e−) = (25±1.2)eV and a spread of ∆E(k, e−) = ±1.5 eV, whereas the fast electron

is found with E(k, e−) = (31.5 ± 1.2)eV and a similar spread of ∆E(k, e−) = ±1.5 eV.

In fig. 5.18 the computed spectra display the distributions when an energy beyond

the respective energy interval is used in the simulation.
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5.5 Discussion

In the previous sections the feasibility of photoelectron spectroscopy measurements

under xuv radiation on a fast moving H3O
+ ion beam has been demonstrated. In

combination with the heavy charged fragment detection system a break-up chan-

nel resolved investigation of the observed photoelectron and photofragment spectra

is possible. By this, the fragmentation was found to proceed from outer valence

shell ionized H3O
++ into three pathways: A dominant two-body and two three-

body break-up channels. In the upcoming paragraph, the observations made for the

fragmentation as well as for the electron spectroscopy measurements are combined

and discussed regarding their significance for the physics of the photofragmentation

process.

5.5.1 Two-body break-up: H2O
++H+

The fragmentation and photoelectron spectroscopy measurements were done in dif-

ferent phases of the experiment. Regarding the electron spectroscopy, the path of

the ion beam through the spectrometer was not straight. This affected the orbit of

the outgoing H+ fragments, i.e., it does not allow to deduce the total kinetic en-

ergy release from the H+ break-up products. Hence, the electronic signal and the

photofragment spectra cannot be directly correlated on an event-by-event basis. To

qualitatively combine the observed kinetic energy spectra of the photoelectrons and

photofragments, some pre-considerations have to be made.

As expressed in the energy balance of eq. (2.7), the experimentally accessible spec-

trum of the photoelectrons is linked to the kinetic energy release spectrum of the

photofragments

~ω + E(i,H3O+) = E(k,e−) + EKER + E0(H2O
+ +H+) + EInt.(H2O

+) (5.7)

where E(i,H3O+) reflects the initial vibrational energy of the target (indicated by a

cyan shaded area in fig. 5.19), see sec. 2.1.3. Eq. 5.7 can be rephrased into

EKER = ~ω − E(k,e−) − E0(H2O
+ +H+)

︸ ︷︷ ︸

E0
KER

+E(i,H3O+) − EInt.(H2O
+.) (5.8)
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In such a representation, E0
KER denotes the expected kinetic energy release if nei-

ther the target nor the charged water fragment carries vibrational excitation. From

eq. (5.8) it is obvious that an excitation of the target or the charged water fragment

leads to an increase or decrease of the total kinetic energy release EKER. From the

present experimental data neither the internal excitation of the reactant nor that

of the products is directly accessible. These quantities are therefore the unknown

parameters in the following discussion.

The kinetic energy release (KER) of the photofragments, the photoelectron spec-

trum as well as the level scheme of the fragmentation of H3O
++ into the binary

break-up channel H2O
+ + H+ are shown in fig. 5.19. Moreover, the resulting di-

cationic state energy distributions ~ω − E(k,e−) are arranged in the energy scheme.

For a certain electronic excitation of the charged water molecule, the cyan shaded

areas indicate vibrational and rotational excitations.

First the left part of the illustration, referring to the fast electronic signal (indi-

cated by gray shaded area), is discussed. In the previous section it has been shown

that the fast electrons appear in the center-of-mass frame with a certain energy

spread of about ±1.5 eV around the mean of E(k,e−) = 31.5 eV. For a photon energy

of 56.7 eV the di-cationic state energy distribution ~ω − E(k, e−) thus peaks around

25.2 eV (see. fig. 5.19). The latter energy is used as a reference for the photofragment

spectrum. With respect to this energy and the three electronic state energies of the

charged water molecule, different values of E0
KER are calculated according to eq. (5.8)

which are listed in the upper row of table 5.1 and indicated by black dashed lines

(to the left) in fig. 5.19. In comparison to ∆V = V2({R0}) − V1({R0}) = 26 eV (c.f.

eq. (2.9)) as predicted by [Raf77] for 3a1 valence ionization, also listed in table 5.1,

the di-cationic state energy of 25.2 eV suggests the fast electrons to stem from the

ionization of this orbital.

The photoelectron spectrum, as reconstructed from the measurement, can be re-

flected onto the EKER spectrum, indicated for the ground state water product on the

left side of fig 5.19. It is seen that neglecting EInt.(H2O
+) and E(i,H3O

+) the observed

KER distribution is represented rather well by the reflected photoelectron spectrum,

i.e., a small amount (∼ 0.3 eV) of EInt.(H2O
+) would yield perfect agreement. To

populate the A2A1 state of the water product, significant internal excitation of the

parent H3O
+ is required (∼ 1.5 eV). Although this cannot be strictly excluded, such

a high target excitation seems to be rather unlikely. Hence, it is concluded that the

X2B1electronic level is populated after the dissociation induced by a vacancy in the
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Figure 5.19: Closing illustration of the findings obtained for the two body break-up chan-
nel of the dissociative photoionization of H3O

+ with a photon energy of 56.7 eV, set in
contrast to the theoretically expected level scheme of the break-up. The figure on the
top expresses the electron time-of-flight distribution, whereas the kinetic energy release
distribution is illustrated with two figures to the side.

3a1 orbital.

For the smaller, slow component of the electron line (blue shaded) the comparison

is shown on the right hand side of fig. 5.19. The major part of the slow electrons

have been identified to appear with a kinetic energy in the center-of-mass frame of

E(k,e−) = 25.0 eV. This yields, for a photon energy of 56.7 eV, a maximum of the di-

cationic state energy distribution ~ω−E(k,e−) around 31.7 eV. For this energy of the

di-cationic state and the electronic excitation energy of the charged water molecule

the different values of E0
KER are calculated according to eq. (5.8) (listed in the second



94 5. Free electron laser experiments on H3O
+

E(k,e−) ∆E(k,e−) ~ω − E(k,e−) ∆V E0
KER(X

2B1) E0
KER(A

2A1) E0
KER(B

2B2)

31.5±1.2 ± 1.5 25.2 26.0 5.4 3.7 0.8
25.0±1.2 ± 1.5 31.7 31.2 11.9 10.2 7.3

Table 5.1: E(k,e−): measured kinetic energy at the maximum of the photoelectron spec-
trum. ∆E(k,e−): spread of the photoelectron kinetic energy. E0

KER: fragment kinetic energy
release for different electronic states of the charged water fragment, see fig. 5.19. ∆V de-
notes the expected orbital binding energy of [Raf77]. All energies are in eV.

row of table 5.1) and expressed by black dashed lines (to the right). Moreover, the

di-cationic state energy of 31.7 eV lies close to ∆V = 31.2 as calculated from [Raf77]

for 1e photoionization. If the origin of the KER scale is again shifted to this value

(31.7 eV) (see right part of fig. 5.19), one obtains that the reflected photoelectron

spectra in the B2B2 state of H2O
+ gives one of the contributions to the KER spectra

not yet explained through the fast electron line. Thus, this part of the spectrum

could be expressed by a contribution from the B2B2 state with little vibrational

fragment energy. The still unexplained KER at around ∼ 9 eV could indicate that

the target carries internal excitation prior to irradiation.

It may also happen that the lower electronic states (A2AA, X2B1) with corresponding

very large fragment excitation EInt.(H2O
+) ∼ 1.5eV are populated. Also here, this

cannot be decided on the basis of the present data.

Angular distribution of photofragments

The emission angle of the photofragments relative to the laser polarization, which

is collinear to the laboratory z-axis, can be computed according to equation 2.23.

Under the assumption that the fragmentation into the two-body channel proceeds

from H3O
++(2A1,

2 E) into H2O
+(X2B1,B

2B2), the angular distribution of the H+

fragments is determined. The investigation of the emission angle of the H+ products

which are detected in coincidence with charged water on DET 3 is strongly limited by

statistics. Thus, to reveal the angular distribution of the events of the two branches

of the binary break-up channel, an indirect approach has to be applied. For kinetic

energies E ≥ 4 eV it has been shown in sec. 5.3.4 that, besides some intermixing of

the three- and two-body channels for (4 ≤ E ≤ 4.9 eV), mainly the binary channel

contributes to the integrated distribution of events on DET1. One can thus assume

that the H+ events on DET 1, which contribute to the kinetic energy release adjacent

to E0
KER(X

2B1) and E0
KER(B

2B2) originate from the respective transition of the binary
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Figure 5.20: Angular distribution of H+ fragments on DET 1, 4.0 ≤ E ≤ 6 eV (fig. (a))
and to 6 ≤ E ≤ 8 eV (fig. (b)). Calculated angular distribution(red line)for β = 1.5 (fig. (a))
and β = 1.8 (fig. (b)).

break-up channel. The energy spectrum of events on DET 1 is thus split in intervals

around 5 eV (mainly 3a1 ionization leading to H2O
+(X2B1)) and 7 eV (mainly 1e

ionization leading to H2O
+(B2B2)) and the angular distribution of the respective

events is computed.

In the left of fig. 5.20, the angular distribution of H+ events which contribute

to the kinetic energy release of 4 ≤ EKER ≤ 6 eV is shown. The probability to

detect a fragment within the emission angle (θF , θF + d cos θF ) relative to the laser

polarization is given by equation 2.31. The solid red line represents the computed

distribution for an asymmetry parameter β = 1.5. Since the laser polarization is

collinear to the flight direction of the ion beam, the obtained distribution yields a

preferred fragment emission parallel and antiparallel to the ion propagation. Due to

the central hole in DET 1 fragments which are emitted with an angle (0 ≤ θF ≤ 0.3)

and (2.9 ≤ θF ≤ π) are not detected. This leads to the cut-off of the angular

distribution as indicated by the gray shaded areas. As illustrated in sec. 5.3.4, about

20% of the signal events, within the considered energy interval, originate from the

three body break-up. Hence the β parameter for that energy interval, can only be

stated within boundaries which are governed by the mixing of the three and two

body break-up channel. The asymmetry parameter of the transition identified as

H3O
2+(2A1) → H2O

+(X2B1) can be derived to be β1 = 1.5 ± 0.3. This value is in

good agreement with the asymmetry parameter of β = 2 for 4.0 ≤ E ≤ 6.0 eV found

for the dissociative photoionization of H3O
+ at 90 eV photon energy, as reported

in [Ped09].

Fig. 5.20 (b) displays the angular distribution of those H+ events which contribute
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to the kinetic energy release of 6 ≤ EKER ≤ 8 eV. The gray shaded area around

(1.4 ≤ θF ≤ 2), indicates a preferred emission perpendicularly to the ion flight

direction. Since for these events the major part of the kinetic energy release is stored

in the transverse motion, the diameter of the detector is too small and the fragments

escape from detection.

The obvious asymmetry around π/2 can be explained by the fact that emission

angles in the center-of-mass frame of (θF ≤ π/2) represent dissociation processes in

forward ion flight direction. The longitudinal momentum of these fragments is larger

than for the backward emitted particles θF ≥ π/2. Thus, the ratio of transversal to

longitudinal velocity, which defines the radial coordinate on the detector, is smaller.

Hence a forward-emitted particle with the same transversal velocity as a backwards-

emitted one can still reach the detector, while the others miss the detector.

Due to the geometrical limitations of the first detector, the asymmetry parameter

can be stated only roughly. The onset as well as the offset of the distribution allow

to exclude an isotropic (β = 0), as well as a perpendicular emission (β = −1). The

computed angular distribution, as it is depicted by the red line in fig. 5.20 (b), is

determined for β = 1.8. The asymmetry parameter of the transition identified as

H3O
++(2E) → H2O

+(B2B1) can thus be formulated to be β2 ∈ [1...2].

5.5.2 Three-body break-up: OH+H++H+

Besides the binary break-up channel, a significant three-body break-up pathway

OH + H+ + H+ has been identified. The observed electronic signal (see fig. 5.15)

indicates this pathway to be only accompanied by the slower electrons. As shown in

the previous section, this suggests the three-body break-up pathway to be initiated

by a vacancy in the 1e orbital. In fig. 5.21, the level scheme, the photoelectron and

the KER spectrum of the photofragments are depicted. Additionally, the energy dis-

tribution of the di-cationic state ~ω − E(k,e−), with a maximum around 31.7 eV and

an energy spread of about ±1.5 eV as deduced from the simulation (see sec. 5.4.6) is

embedded in the level scheme. The photofragment spectrum is again arranged with

respect to that maximum and the expected E0
KER for the ground and first excited

state of the hydroxyl radical OH (listed in table 5.2) are indicated by black dashed

lines.

A projection of the photoelectron distribution into the electronic ground state
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E(k,e−) ∆E(k,e−) ~ω − E(k,e−) ∆V E0
KER(X

2Π) E0
KER(A

2Σ+)

25.0±1.2 ±1.5 31.7 31.2 5.8 1.7

Table 5.2: E(k,e−): measured kinetic energy at the maximum of the photoelectron spec-
trum. ∆E(k,e−): spread of the photoelectron kinetic energy. E0

KER: kinetic energy release
for different electronic states of the hydroxyl radical OH, see fig. 5.19 and ∆V denotes the
expected orbital binding energy of [Raf77]. All energies are in eV.
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Figure 5.21: Closing illustration of the findings obtained for the three break-up channel
of the dissociative photoionization of H3O

+ at 56.7 eV photon energy, set in contrast to
the theoretically expected level scheme of the break-up. The figure on the top expresses
the electron time of flight distribution, whereas the kinetic energy release distribution is
illustrated with the left figure.

X2Π of the hydroxyl radical OH, neglecting EInt.(OH) and E(i,H3O
+), represents the

KER distribution towards the upper end. The deviation at the lower kinetic en-

ergy release indicates that some part of the dissociation energy is transformed into
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internal excitation of hydroxyl radical, i.e., EInt.(OH) ∼ 0.8 eV would yield a good

representation of the observed KER spectrum.

Energetically, it is also possible that the three-body break-up populates the first

excited state of the hydroxyl radical (OH(A2Σ+)). For this to happen, the overall

available kinetic energy is reduced by the excitation energy of 4 eV from the ground

to first excited state. The neutral detector is still fully sensitive for these events but

the light charged fragments might escape from detection.

The pathway producing OH+ fragments is strongly suppressed in contrast to the

other channels, which allows only for a tentative characterization of the break-up.

The obtained electron spectra as well as the kinematical analysis of the break-up

products provide no indication that inner valence ionization might trigger that dis-

sociation pathway.

Cross section

Finally, the cross section of the neutral OH containing three-body break-up channel

is presented. Within three beam times, the dissociative photoionization of H3O
+ was

investigated at Eγ = 35.5 eV, 56.7 eV and Eγ = 90 eV photon energy. The minimal

photon energy to open the channel is given by the ionization threshold of the 1e-

orbital of E1e = 31.2 eV. The obtained cross section, shown in fig. 5.22, exhibits

its maximum value for a photon energy of 35.5 eV. The biggest uncertainty on the
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Figure 5.22: Absolute cross sec-
tion, obtained for the dissociative
photofragmentation of H3O

+ pro-
ceeding into OH + H+ + H+ at
Eγ = 35.5 eV, 56.7 eV and 90 eV pho-
ton energy.

cross section stems from the variation in the number of photons, delivered to the

interaction region.



Chapter 6

Free electron laser experiments on

H+(H2O)2

The first dissociative photoionization studies on the Zundel ion H5O2
+ at 90 eV

photon energy, performed at TIFF, revealed a dominant binary break-up pathway

H5O
++
2 → H3O

+ + H2O
+ [Lam10, Wol10]. Due to limitations in the detection sys-

tems (c.f. sec. 3.1.2) the heavy ionic break-up products HnO
+ n = (1...3) where only

partially accessible during that investigation. Therefore, the heavy charged fragment

analyzer in combination with the saddle-point spectrometer was employed to observe

all outgoing reaction products including the photoelectrons to fully observe the frag-

mentation pattern.

The remarkable research interest in small water clusters is motivated by the fact that

these systems are considered as the intermediate stage between isolated molecules

in the gas phase and molecules in solution or bulk media [Mue04]. Protonated water

H3O
+, the Eigen ion, and the protonated water cluster (H2O)2H

+, the Zundel ion,

are of key importance for the water cluster formation since they have been identified

as the fundamental units in bulk water and isolated water clusters [Mar99, Nie08].

In the Earth’s atmosphere, charged water clusters are for instance found to partici-

pate in droplet and cloud formation [Ste01]. Besides their relevance in atmospheric

and biochemical processes they can also be considered as model systems for under-

standing the mobility of a free charge in the aqueous surrounding. Hence, numerous

experimental and theoretical works have been devoted to advance the understanding

of these systems [Asm03, Mue04, Mue05, Ven08].

99
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+

+

Figure 6.1: Theoretical minimum-energy structures when two and
three water molecules cluster around a proton according to [Hea05].

6.1 Properties of H+(H2O)2

The geometry of a water cluster is governed by the ambition of the neutral water

molecule to attach via hydrogen bonds to the proton and in addition that during the

cluster formation the water angle ∠HOH is kept nearly preserved. Consequently, the

Zundel ion is composed of two water molecules loosely bound by a central proton

which is equidistantly spaced between the opposing oxygen atoms [Hea05], see fig.6.1.

The bond angle between O− H+ −O is found to be about ∠OH+O = 176 ◦ [Xie94],

i.e., it deviates only a little from linearity. In its ground state the system is of
1XA1(C2v) symmetry and the equilibrium distance between one OH-bond of O −
H+ −O is 1.117 Å [Yeh89].

In comparison to the hydronium ion the number of valence orbitals of the dimer is

increased. The outer valence orbitals can be subdivided in the ones which participate

in the binding and the ones which are basically unaffected by the bond. Starting

out with the latter, the lone pair electrons of each of the oxygen atoms which do not

interact with the bonding constitute the outer valence orbital with the lowest binding

energy of ∼ 20eV [Ven12]. Since the water molecules to each side are equivalent this

level is twofold degenerate at the equilibrium configuration.

The outer valence electrons shared among the non-interacting OH-bonds exhibit a

binding energy of ∼ 26.6eV. These levels are also twofold degenerate.

The lone pair electrons of the oxygen facing towards the central proton can interact

with each other, giving rise to two levels with distinct ionization energies of ∼ 21.9eV

and ∼ 27.4eV, respectively.

The inner valence orbitals are occupied by the oxygen 2s electrons, and are predicted

by different calculations at either ∼ 40 eV [Mue04] or ∼ 49 eV [Ven12]. Inner and

outer valence ionization levels are indicated in fig. 6.2.
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Figure 6.2: Inner and outer valence ionization energies of H5O
+
2 , adapted from [Mue04,

Ven12], and level diagram for fragmentation into possible break-up channels. Proton affini-
ties and ionization energies are taken from [Nist].

6.2 Photoionization pathways

Similar to relation 5.2 the ionization process of H5O2
+ can be written in the form

H5O
+
2 ({v}, J) + γ → H5O

++
2 + e−. (6.1)
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Here, the energy levels that are reached correspond to the orbital energies discussed

in the previous section. Theoretical studies regarding the shape of the potential

surfaces of H5O
++
2 around the approximate energies marked in gray shaded column

of fig. 6.2 have been performed recently [Ven12]. Via the potential energy surface of

the dicationic system fragmentation into a number of energetically allowed, lower

final channels may occur as indicated in fig. 6.2.

6.2.1 Expected fragmentation pathways

As reported in[Sto06], the gas phase dissociation energy of H5O2
+ into H3O

+ and

H2O is ∼ 1.4 eV, see lower corner of left column in fig. 6.2. At first the break-

up pathways which can be initiated by either outer or inner valence vacancies are

discussed (final levels indicated by black lines). A break-up process into the binary

channel H2O
+ +H3O

+ yields the maximum possible kinetic energy release of ∼7 eV

from the lowest H5O
++
2 orbital. This process is illustrated in the leftmost column.

Starting out from that pathway, the sequential separation of the H+ reduces the

overall available kinetic energy by the proton affinity of the respective fragment (c.f.

sec.5.2. Thus, the KER for further fragmentation of H3O
+ leading to the three body

channel H2O
+ + H+ + H2O ch.(3), is reduced by 7.1 eV. In case of a continuing

break-up of H2O
+, resulting in OH + H+ + H2O ch.(4) the KER is further reduced

by ∼6.1 eV.

If the charge remains with the OH+ fragment the available kinetic energy release

of chs.(5,7) is elevated by the difference of the ionization energy of OH and H of

0.6 eV (see section 5.2).

Inner valence ionization requires a photon energy Eγ ≥ 40 eV [Ven12, Mue04] which

may open an autoionization pathway, most likely ICD [Mue05], as indicated with the

cyan shaded area in the level scheme of fig. 6.2. In terms of fragmentation pattern

the experimental signature of such a process is a sharing of the three excess charges

among the different break-up products. The levels which arise from autoionization

are indicated cyan colored lines. In comparison to pathway (2), the available kinetic

energy release of ch. (9) is reduced by the ionization energy of H2O (∼ 12.6 eV)

and in contrast to pathway (5),(7) and (8) ch. (10),(11) and (12) is elevated by the

ionization energy of H (∼ 13 eV) .
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6.3 Fragmentation

At a FLASH photon energy of 56.7 eV the first phase of the experiment was devoted

to fragmentation studies with an average FEL energy of 30µJ per pulse, whereas the

second part was dedicated to electron spectroscopy measurements at a reduced FEL

energy of 2µJ per pulse. The thereby obtained results are presented in section 6.4.

6.3.1 Experimental parameters

TIFF was operated with similar conditions as given in sec. 5.3. The final dc current

of 10 nA in the interaction region corresponds to a linear particle density of nI =

I/(vIqI) = 4.20 · 103 mm−1. The electrostatic mirror-unit (c.f. sec. 3.1.3) was set

such that singly charged ionic fragments with a kinetic energy of 1.9−2.2 keV (HnO
+

(n=0...3)) could reach DET 3.

6.3.2 Fragment assignment

In fig. 6.3 the observed signal time-of-flight distributions on the three fragment de-

tectors for the dissociative photoionization of H+(H2O)2 at Eγ = 56.7 eV photon

energy are shown. Two different measurements were taken: One with a unbiased

interaction region UB=+0 V (black curve) and one with UB=+200 V (red curve).

The dashed black lines indicate the expected arrival times of the respective frag-

ment species for the measurement with biased interaction region. The smooth

distribution around 1000−1400 ns (red curve) is found to be H+ induced, whereas

the sharp feature around 1800 ns originates mainly from heavy charged fragments

HnO
+ (n = 0...2) which reach DET 1 (black dashed line in lower left of fig. 6.3 indi-

cates expected arrival time of H2O
+). Here the number of hydrogen atoms n, cannot

directly be resolved. The shoulder around 1900 ns can be assigned to stem from neu-

tral fragments, most notably neutral H, whereas no H+
2 induced signal is observable.

The signal on the second detector stems from neutral fragments, which can be

HnO (n=0...2). In comparison to the dissociative photoionization of the hydronium

ion a third fragment species H3O
+ is additionally observable on DET 3. The mirror

was also operated in a mode where singly charged ionic fragments with a kinetic

energy of 3.8 − 4.1 keV HnO
+
2 (n = 0...4) are transmitted to DET 3. Since that

measurement did not reveal the existence of another heavy charged reaction product
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Figure 6.3: Time of flight distribution on DET 1-3 after background correction. The upper
gray shaded spectra display the UB = 0V the lower red shaded ones show signal distribution
of the UB = +200V measurement. The major contribution to the signal on DET 1 stems
from H+ and H2O

+. The signal on the neutral detector is mainly composed of OH. On
the third detector OH+,H2O

+ and H3O
+ are detected.

the above identified break-up products comprise the hole set of observed fragment

species for the dissociative photoionization of H5O
+
2 at Eγ = 56.7 eV.

6.3.3 Assignment of fragmentation pathways

In the following paragraph the fragmentation pathways are identified. For this,

four means are employed: (1) The coincident occurrence between certain fragment

species, (2) charge and (3) mass conservation (c.f. section 2.1.2) and (4) the kinemat-

ical completeness of the break-up, i.e. the conservation of the longitudinal momenta.

In fig. 6.4, the histograms to the side and on top represent the time-of-flight dis-

tribution of the different fragment detectors as they were acquired in the zero bias

measurement. The upper two-dimensional scatter plots (a, b) display the coincidence

maps for hits on DET 1 or DET 2 correlated with hits on DET 3. The lower two di-

mensional scatter plot (c) displays the self-correlated signal of the heavy charged

fragment detector DET 3. At first, the correlations of each fragment species ob-

served with DET 3 are pointed out and discussed in more detail in the following

subsections.
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Regarding the two stronger peaks on DET 3, both the H2O
+ and H3O

+ break-up

products are found correlated with H+ and HnO
+ on DET 1 as well as with neutral

hits on DET 2. In addition, the self-correlated signal of DET 3 (panel c) shows that

H2O
+ is strongly coincident with H3O

+.

The smaller peak of OH+ fragments occurs in coincidence with H+ and neutral H on

DET 1 (obtained for the measurement with biased interaction zone) as well with neu-

tral fragments on DET 2 (c.f. fig. 6.4 (b)). The self-correlated signal of DET 3 yields

that OH+ is also accompanied by H3O
+ and very weakly by H2O

+ (c.f. fig. 6.4 (c)).

In the following, the fragmentation channels are discussed in detail.

H3O
+ producing pathways

Identification of H3O
++H2O

+ (ch.(1)): The self-correlated signal of DET 3 re-

veals a strong coincidence between H3O
+ and H2O

+, which marks the contribution

of the binary break-up pathway H3O
+ +H2O

+ (ch. 1) on DET 3.

As discussed in sec. 6.2.1, the largest amount of kinetic energy is expected to be

released in the two-body break-up process. For the observed heavy ionic fragments

HnO
+ to reach DET 1 at least 5 eV of kinetic energy is necessary. Indeed the heavy

charged break-up products HnO
+ on DET 1 are accompanied by H3O

+ and also but

less strongly by H2O
+ on DET 3 (Interval indicated in the upper two dimensional

histogram (a) by the gray horizontal lines). The number of hydrogen atoms of the

parent molecule is nH = 5 and of oxygen atoms nO = 2. Thus, the correlation of

HnO
+ (DET 1) with H3O

+ and mass conservation of the break-up process yields the

number of hydrogen atoms which is associated with the heavy fragments on DET 1

to be n = 2, i.e., mainly charged water fragments H2O
+ emerging from the binary

break-up channel impinge on DET 1.

Identification of H3O
++H++OH (ch.(2)): By applying a coincidence cut be-

tween the hits on DET 1 obtained in the measurement with biased interaction zone

and H3O
+ it has been found that H3O

+ is also strongly correlated with H+ frag-

ments on the first detector. The atomic content of the parent beam and the ob-

served coincidence restricts the remaining fragment to n′
H = 1 and n′

O = 1. Since

the two excess charges are already shared among the observed coincident ionic frag-

ments the missing product has to be neutral OH. Further fragmentation of neutral

OH would lead to a significant neutral H induced signal on DET 1, which is not

observed. The corresponding fragments, H+,OH and H3O
+ are kinematically corre-
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Figure 6.5: (a): Kinematical correlation between H+ hits DET 1 and neutral hits on DET 2
under the restriction these hits have to be accompanied by one H3O

+ fragment on DET 3.
(b): Kinematics of randomly correlated hits.

lated. In fig. 6.5 (a) the sum of the center-of-mass longitudinal momenta of H+ and

OH (p
‖

H+ + p
‖
OH)/mH5O2

+ , normalized to the mass of the parent molecule, is plotted

against the longitudinal momentum (p
‖

H3O+)/mH5O2
+ . To model the dispersion of

the mirror an effective drift length is used to determine the longitudinal momen-

tum of H3O
+, which makes these events to appear around p||,H3O+ = −5mm/µs.

In such a representation and under ideal conditions, transversal and longitudinal

momentum are as such conserved and the kinematics of the break-up would force

the correlated events to lie on a straight line with negative slope (c.f. section 3.1.3),

since p‖H+ + p
‖
OH = −p‖

H3O
+ . Indeed the events show a correlation with each other,

which deviates from the expected ideal case. When a charged particle propagates

through the mirror longitudinal momentum is translated into transversal momen-

tum and vice-versa (c.f. section 3.1.3). Thus, the kinematical correlation between

real events appears blurred. Fig. 6.5(b) displays the momentum distribution of ran-

domly correlated events. Since no correlation is obvious a dominant three-body

channel H3O
+ +H+ +OH ch. (2) can be identified.

H2O
+ producing pathways

The charged water molecule has already been identified to be partially produced in

the binary break up channel.

Identification of H2O
++H++H2O (ch.(3)): In analogy the correlation between

the H2O
+ induced signal of DET 3 and the one of DET 1 can be analyzed. By means

of coincidence analysis the coincident fragments on DET 1 can be identified to be

H+. Thus the number of hydrogen and oxygen atoms of the remaining fragment can
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Figure 6.6: (a) Kinematical correlation between H+ hits on DET 1 and neutral hits on
DET 2 under the restriction that these hits have to be accompanied by one H2O

+ fragment
on DET 3. (b) Kinematics of randomly correlated hits.

be determined to be n′
H = 2 and n′

O = 1 and the neutral break-up product can be

identified to be H2O. In fig. 6.6 (a) the sum of the longitudinal momentum of H+ and

H2O (p
‖

H+ +p
‖
H2O

)/mH5O2
+ is plotted against p

H2O+‖/mH5O2
+ . Given that in contrast

to the randomly correlated events at the right of fig. 6.6, a clearly enhanced intensity

around (p||,H+ + p||,H2O, p||,H2O+) = (0mm/µs, 3mm/µs) for real coincidences is

observed the three body break channel H2O
+ +H+ +H2O

+ (3) can be identified.

OH+ producing pathways

As stated above, for this fragment species two significant coincidences are observable.

Identification of OH++H++H+H2O (ch.(4)): First the correlation with neutral

H and H+ on DET 1 is considered (obtained with the biased measurement), which

restricts atomic content of the residual neutral fragment on DET 2 to n′
H = 2 and

n′
O = 1. Since no correlation with charged water is observed, the remaining neutral

fragment can be assigned to H2O, which is formed in a four-body break-up process

OH+ +H+ +H+H2O, channel (4).

Identification of OH++H3O
++H/H+ (ch.(5)): The second, rather weak, OH+

producing pathway is indicated by the correlation between OH+ and H3O
+ (lower

two-dimensional histogram). Due to the limited statistics of the OH+-induced signal

a triple coincidence between a OH+,H3O
+ hit on DET 3 and the signal on DET 1 (for

a biased interaction zone) cannot be performed. Thus it cannot be finally decided

if the missing fragment is H+ or neutral H. By this, another three-body break-up

channel OH+ +H3O
+ +H/H+ where OH+ is produced can be identified.

From the present experimental results the following dominant break-up channels
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can be formulated:

H5O
++
2 → H3O

+ +H2O
+, (1)

H5O
++
2 → H3O

+ +H+ +OH, (2)

H5O
++
2 → H2O

+ +H+ +H2O, (3)

H5O
++
2 → OH+ +H+ +H+H2O, (4)

H5O
++/+++
2 → OH+ +H3O

+ +H/H+, (5)

Branching of fragmentation pathways

Since the heavy charged fragments OH+,H2O
+ and H3O

+ contribute to more than

one reaction-channel, the branching of the pathways can only be determined by

considering the respective coincident signal.

The observed fragmentation channels express that each of the prominent break-up

pathways (2-4) is accompanied by one heavy neutral fragment, which is exclusively

detected by DET 2. This circumstance can be used to disentangle the contribution

of the respective three-body channel to the OH+,H2O
+ and H3O

+ induced signal of

DET 3. Additionally, the transmission of the mirror TM at the setting used during

the fragmentation measurement can be obtained. The integrated signal of DET 2,

N(neut.,D2) is the sum over all neutral fragments stemming from the respective break-

up channel:

N(neut.,D2) = N(OH, ch(2),D2) +N(H2O, ch(3),D2) +N(H2O, ch(4),D2). (6.2)

The notation is chosen such that N(OH, ch(2),D2), N(H2O, ch(3),D2) and N(H2O, ch(4),D2)

reflect the unknown number of neutral fragments OH and H2O on the second detector,

which are produced in ch. (2), (3), (4).

A coincidence requirement between the signal on DET 2 and the one of DET 3 yields

the number of coincident events of each ionic fragment species observed with DET 3:

N(F, coin.,D2,D3), F ∈ OH+, H2O
+, H3O

+. The events of a certain fragment species,

for instance H3O
+ on DET 3, which is expected to be detected in coincidence with

the signal DET 2 is given by NH3O+, coin.,D2,D3 = ǫ2ǫ3TMNOH, ch(2),D2, (c.f. eq. (5.6)),

where NOH, ch(2),D2 represents the unknown number of OH signal-hits on DET 2 of

ch. (2) (see sec. 3.5.1). Thus, the number of neutral events which are produced in the
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respective break-up channel can be derived from

N(OH, ch(2),D2) = N(H3O+, coin.,D2,D3)/(ǫ2ǫ3TM),

N(H2O, ch(3),D2) = N(H2O+,coin.,D2,D3)/ǫ2ǫ3TM),

N(H2O, ch(4),D2) = N(OH+,coin.,D2,D3)/(ǫ2ǫ3TM), (6.3)

where the detection efficiencies of DET 2 and DET 3 are again given by ǫ(2,3).

The total number of each heavy charged species on DET 3 can be expressed as the

sum of the contributions of the different channels:

N(H3O+,D3) = N(H3O+, ch(1),D3) +N(H3O+, ch(2),D3) +N(H3O+, ch(5),D3),

N(H2O+,D3) = N(H2O+, ch(1),D3) +N(H2O+, ch(3),D3),

N(OH+,D3) = N(OH+, ch(4),D3) +N(OH+, ch(5),D3). (6.4)

To investigate the self-correlated signal on DET 3 a certain fragment species like

H3O
+ is taken as a reference and the coincident OH+ and H2O

+ hits are extracted.

According to that, the investigation of the self-correlated signal on DET 3 yields the

number of coincident events N(F, coin.,D3,D3) (F ∈ OH+H2O
+, H3O

+).

Thus from the self-correlated signal the contribution of ch. (1) to the H3O
+ as well

as to the H2O
+ signal and additionally the contribution of ch. (5) to the OH+ signal

can be derived

N(H3O+, ch(1),D3) = N(H2O+,coin.,D3,D3)/(ǫ
2
3T

2
M),

N(H2O+, ch(1),D3) = N(H3O+,coin.,D3,D3)/(ǫ
2
3T

2
M),

N(OH+, ch(5),D3) = N(H3O+,coin.,D3,D3)/(ǫ
2
3T

2
M). (6.5)

The experimentally accessible quantities are the total number of neutral hits N(neut.,D2)

on DET 2 as well as the heavy charged fragment induced hits N(F,D3) on DET 3

with (F ∈ OH+, H2O
+, H3O

+). The correlation between DET 2 and DET 3 yields

N(F, coin.,D2,D3) and the self-correlation of DET 3 provides N(F, coin.,D3,D3) with (F ∈
OH+, H2O

+, H3O
+). Thus by combining the relations (6.3, 6.2, 6.4, and 6.5) the trans-

mission of the mirror and the relative branching of the channels can be determined.

The transmission of the mirror is found to be TM = 0.6± 0.1.

The relative contribution of each channel to the integrated signal can be determined

as follows: About NOH, ch(2),D2/N(neut.,D2) = 0.60± 0.1 of the neutral fragments orig-
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inate from ch. (2), another NH2O, ch(2),D2/N(neut.,D2) = 0.30±0.1 of the neutral events

are produced in ch. (3), and the remaining NH2O, ch(2),D2/N(neut.,D2) = 0.10 ± 0.1

can be attributed to ch. (4). With these findings the contribution of ch. (2) to

the observed H3O
+ signal and the one of ch. (3) to the H2O

+ signal can be com-

puted. This yields that N(H3O+,ch(1),D3)/N(H2O+,D3) = 0.40 ± 0.1 of the H3O
+ and

N(H2O+,ch(1),D3)/N(H2O+,D3) = 0.60± 0.1 of the H2O
+ events are produced in the bi-

nary break-up channel. By this, the relative branching of the channels can be derived

to be
f(ch.(1)) = 0.30± 0.17,

f(ch.(2)) = 0.45± 0.25,

f(ch.(3)) = 0.20± 0.12,

f(ch.(4)) = 0.03± 0.03,

f(ch.(5)) = 0.02± 0.02,

which identifies the binary (1) and the H3O
+ containing three-body break-up chan-

nel. (2) as the prominent pathways. The error bars on the stated relative branching

are mainly due to the uncertainty of the detection efficiency of the respective detec-

tor. A further discussion of these findings is given in sec. 6.5.

Absolute cross section

Fig. 6.7 shows that the second detector is fully sensitive to all neutral fragments.

Therefore, the absolute cross section of the neutral fragment producing fragmentation

pathways can be derived. According to eq. (2.30), the absolute cross section can

be derived, where the sum extends over all signal cycles. The multi-channel plate

efficiency of DET 2 is given by ǫ2 = 0.5± 0.1. The transmission of the PG 2 photon

beam line is TPG2 = 0.4 ± 0.1. The overlap factor can be determined to be F =

(5.5 ± 1.0) cm−1. With the average number of photons per pulse Nγ and the linear

density nI, the cross section can be calculated to be σneut. = (3.6±1.2) 10−18 cm2 (c.f.

section 5.3.4), which yields in combination with the relative strength of ch. (2) a total

cross section for this pathway of σch.(2) = (2.4± 1.3) · 10−18 cm2 and for all events of

σ = (5.3± 2.8) · 10−18 cm2.
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Figure 6.7: (a) Normalized momentum sphere of all events on DET 1, after background
correction. (b) Normalized momentum sphere of all events on DET 2, after background
correction.

6.3.4 Photofragment momentum imaging

The normalized center of mass momenta (see sec. 2.2.1) of all hits on DET 1 is shown

in fig. 6.7(a). The elevated intensity confined in the sphere
√

(1/τ − 1)2 + (ρ/τ)2 ≤ 0.06

can be attributed to stem from heavy charged fragments, which impinge on the in-

ner edge of the central hole of the first detector. The diffuse radial distribution of

the light charged fragments, most notably H+ and neutral H indicates that these

events originate from break-up processes, where more than two break-up products

are released. The momentum sphere of all events on the second detector is de-

picted in fig. 6.7(b), which identifies them to be well-confined within a sphere of
√

(1/τ − 1)2 + (ρ/τ)2 ≤ 0.02 diameter. The dashed white line marks again the de-

tection limit which is imposed by the first detector (c.f. fig. 3.7).
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Figure 6.8: Kinetic energy spectrum of H+ and H fragments on DET 1 (a) and neutral
OH/H2O fragments on DET 2 (b).
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The kinetic energy spectra of the events on the two imaging detectors are shown in

fig. 6.8. The events are separated for heavy fragments (
√

(1/τ − 1)2 + (ρ/τ)2 ≤ 0.06)

and light break-up products, H+ and neutral H, (
√

(1/τ − 1)2 + (ρ/τ)2 ≥ 0.06). For

the latter, the kinetic energy is computed according E = p2/2mH+ and displayed in

fig. 6.8. The energy distribution exhibits a clear maximum around 1.8 eV and extends

up to 10 eV.

The investigation of the relative strength of the different break-up pathways revealed

ch. (2, 3) as the major neutral fragment producing ones. Since the signal on DET 2

cannot be distinguished for OH or H2O the neutral break-up products’ kinetic en-

ergy is computed according to E = p2/2mF with F ∈ OH, H2O. The lower abscissae

of fig. 6.8(b) displays the kinetic energy of the OH fragments, whereas the upper

x-axis states the kinetic of neutral water. On both scales the distribution exhibits a

maximum around 0.25 eV and extends up to 2 eV.

Two-body break-up

The coincidence analysis revealed the heavy charged fragments on DET 1 to be

mainly H2O
+ with a minor contribution of H3O

+. Their center of mass kinetic

energy is determined via E = pF
2/2mF with F ∈ H2O

+, H3O
+. Similarly as for

the neutral signal on DET 2 the lower abscissae of fig. 6.9 displays the kinetic energy

of H2O
+ fragments, whereas the upper abscissae states the one of H3O

+ break-up

products. As it was discussed in sec. 6.3.3 the heavy ionic fragments impinging

on the first detector can be attributed to stem from the binary break-up ch. (1).

Under the assumption that mainly charged water is observed on DET 1 the ki-

netic energy release for the binary break-up channel can be computed according
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(a) Figure 6.9: Kinetic energy spec-
trum of heavy ionic fragments on
DET 1, which can be attributed
to the binary break-up channel:
H3O

+ +H2O
+.
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cident with H2O

+, obtained for a re-
tarding potential of UD = −35V.

EKER(H2O++H3O+) = pH2O
+
2
(
1/2mH2O

+ + 1/2mH3O+

)
, which allows for the conclu-

sion that up to 12 eV of kinetic energy is released in the two-body break-up channel.

6.4 Photoelectron spectroscopy

In the previous section, the prominent fragmentation pathways have been identified.

In analogy to the investigation of the hydronium ion the photoelectron spectroscopy

measurements were done in a different phase of the experiment, with conditions,

comparable to the ones of the electron spectroscopy measurement of H3O
+. The

dc-current was again 10 nA. The limited signal-to-noise ratio of the electronic signal

again restricts the investigation to the coincident signal. Unfortunately the path of

the ion beam through the spectrometer was not straight, which influenced the orbit

of the H+ fragments. Therefore it is not possible to apply a coincident cut on the H+

induced signal on DET 1. Thus only the electronic signal coincident with the heavy

charged fragment species H3O
+ and H2O

+ can be explored.

6.4.1 Coincidence with H2O
+

The electronic signal as it was acquired in coincidence with H2O
+ is shown in fig. 6.10.

The error bars reflect again the statistical uncertainty of the respective signal. In

contrast to the rather narrow line, as observed for the ionization of the hydronium ion

(see sec. 5.4.4), the distribution, shown in fig. 6.10, exhibits a width of about 20 ns.

As the assignment of the break-up pathways in section 6.3.3 revealed, the charged

water fragment is produced in the two-body (ch. (1)), as well as in the three-body

break-up pathway (ch. (3)). Thus the observed coincident electronic signal comprises

contributions of both channels.
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Figure 6.11: Electronic signal coincident with H3O
+, obtained for a retarding potential

of UD = −35V (a) and UD = −50V (b).

The characteristic broadening effects, as they are imposed by the finite width of

the interaction region and the time resolution of the data acquisition system can

be assumed to be independent of the considered molecular system. The only effect

depending on the target is the kinematical broadening. Since the velocity of the dimer

scales with
√

mH3O+/mH5O
+
2

relative to the one of the monomer, the kinematics of

the ionization process on the moved target can be addressed to impose a width of

∆E = ±1 eV on the electronic signal (c.f. sec. 2.3).

6.4.2 Coincidence with H3O
+

The coincidence cut on the second heavy ionic fragment species H3O yields the

electron time-of-flight spectra as shown in fig. 6.11. The distribution as it is obtained

for UD = −35V (fig. 6.11 (a)), has a stronger maximum around 35 ns and in addition

possibly a small feature occurs in the vicinity of 55 ns. The hydronium ion has

been assigned to be produced in the binary (ch. (1)) as well as in the three body

break-up pathways (chs. (2, 5)). Hence the coincident electronic signal represents the

integrated contribution of two strong channels. A further retardation with UD =

−50V shifts the dominant peak to 50 ns but does not yield a further separation of

the feature. The less energetic electrons which contributed to the side peak around

55 ns (UD = −35V) cannot appear for UD = −50V since such a retardation rejects

all electrons with a kinetic energy smaller than E(k,e−) ≤ 24 eV .

In the previous paragraph the electronic signal found in coincidence with H2O
+

exhibits only one dominant component, which has been assigned to stem from ch. (1)

and (3), respectively. This suggests that the possible signature of less energetic
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Figure 6.12: Red dashed line, com-
puted time-of-flight distribution for
(E(k,e−), β) = ((30...38 eV), 1) and a
retardation with UD = −35V.

electrons is either associated with ch. (2) or ch. (5). Additionally, the rather broad

time range covered by the dominant component of the electronic signal gives rise to

the assumption that different molecular orbitals may have been ionized.

6.4.3 Monte Carlo Simulation

In analogy to the approach used to represent the photoelectron spectra obtained for

the photoionization of the hydronium ion, the photoionization process for a fixed

number of randomly oriented H+(H2O)2 molecules is computed according eq. (2.31).

The photoelectron spectroscopy measurements were done with two different retarda-

tion modes (UD = −35V,−50V). In the upcoming paragraphs the electronic signal

as observed either in coincidence with H2O
+ or H3O

+ are compared to the simulated

spectra.

Coincidence with H2O
+

The computed and measured electron time-of-flight distributions are depicted in

fig. 6.12. The simulation was done with a set of electrons with a kinetic energy

randomly taken from the interval E(k,e−) = (30...38 eV) with an asymmetry param-

eterβ = 1. The chosen energy range reflects the electron signal as it is obtained

for the H2O
+-containing fragmentation pathways. As mentioned in section 5.4 the

time-of-flight to the electron detectors is rather short for these kinds of electron en-

ergies. Thus, the asymmetry parameter can only be stated within boundaries. From

the results of the Monte Carlo simulation it can be concluded, that the integrated

electronic signal of the fragmentation ch. (1) or (2), can be described via a set of elec-

trons with E(k, e−) = (30...38 eV), which corresponds for a photon energy of 56.7 eV
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to binding energies of EB ≈ (19...27 eV).

Coincidence with H3O
+

The time-of-flight distribution under the coincidence requirement that an electron has

to be accompanied by a H3O
+ fragment is illustrated in fig. 6.13. The hydronium ion

is split off in the break-up pathways (1), (2) and (5). The major peak around 35 ns

is expressed with the Monte Carlo simulation by a set of electrons with a kinetic

energy randomly taken from the interval E(k e−) = (32...38 eV) and an asymmetry

parameterβ1 = 1. The feature around 55 ns can be represented with a kinetic energy

E(k, e−) = (17...18 eV) and an asymmetry parameterβ2 = 1. With a photon energy

of 56.7 eV a binding energy of EB, 1 ≈ (19...25 eV) and EB, 2 ≈ (38...40 eV) for the

fast and slow electron family can be computed.
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6.5 Discussion

The dissociative photoionization of H+(H2O)2 in the xuv wavelength regime has been

investigated both regarding photoelectron- and photofragment- spectroscopy where

the following prominent break-up pathways (indicated in fig. 6.14) have be identified,

H5O
2+
2 → H3O

+ +H2O
+, f = 0.30± 0.17 (1)

H5O
2+
2 → H3O

+ +H+ +OH, f = 0.45± 0.25 (2)

H5O
2+
2 → H2O

+ +H+ +H2O, f = 0.20± 0.12 (3)

H5O
2+
2 → OH+ +H+ +H+H2O, f = 0.03± 0.03 (4)

H5O
++/+++
2 → OH+ +H3O

+ +H/H+. f = 0.02± 0.02 (5)

The majority of light break-up products H and H+, formed in chs.(2-5) are found to

be released with an average kinetic energy of about 2 eV, whereas the heavy neutral

fragments OH and H2O chs.(2-3) carry about 0.3 eV of kinetic energy. In comparison

to the expected fragmentation pathways, as depicted in fig 6.2 the observed kinetic

energies of the break-up products allow to conclude that the major part of reactions

proceeds outer valence ionization. The fragments, formed in the binary break-up

channel H2O
++H3O

+ are ejected with a total kinetic energy release of up to EKER =

12 eV. With respect to the fragment production it has to emphasized that the

dominant chs. (1) and (2), which carry three-quarter of the overall intensity, contain

the hydronium ion H3O
+ as a stable structural unit, i.e., the photolysis of the dimer

ion seems to favor the production of the hydronium ion. In addition, the formation

of the hydroxyl radical OH (ch.(2)) appears enhanced in comparison to neutral water

production (ch.(3)). Larger neutral water clusters have recently been subjected to

photoionization studies in the vuv wavelength regime [Bar09, Bel07]. In the latter, it

has been found that the relaxation of the larger mono-cationic systems is mediated

by a proton transfer followed by the emission of an OH molecule. The tendency of an

elevated production of the hydroxyl radical ch.(2) might point to a similar relaxation

mechanism, i.e., the transfer of electronical excitation of the charged water molecule

into its vibrational motion may lead to its dissociation, where a further H+ is split

off. For the neutral fragment producing break-up channels an absolute cross section

of σneut. = (3.6± 1.2) 10−18 cm2 has been found.

By means of coincidence analysis the electronic signal was linked with certain

break-up channels. The electron energies and corresponding binding energies are
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Figure 6.14: Obtained fragmentation pathways of dissociative photoionization of H5O
+
2 at

Eγ = 56.7 eV. The black arrows indicate the measured kinetic energy of the photoelectrons.
The full arrows mark the identified break-up pathways.

given in sec. 6.4.3. The correlation with the heavy ionic break-up product H2O
+

yields a binding energy of the photoelectrons associated with that fragment species

of EB ≈ (19...27 eV). Since the charged water molecule is formed in the first and third
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break-up pathway the observed coincident electronic signal represents the integrated

contribution of both channels (c.f. left column of fig. 6.14).

The electronic signal accompanied by H3O
+ reflects the contributions of ch. (1),(2)

and (5). Here, a dominant part was found with a binding energy of EB = (19...25 eV)

and a smaller fraction bound by EB = (38...40 eV). A direct correlation between the

OH+ fragment and the electronic signal was hampered by the limited statistic.

From these electron signals one can conclude that the major fraction of the elec-

trons which are accompanied by one of the two heavy ionic fragment species H2O
+

(EB = (19...25 eV)) and H3O
+ (EB = (19...25 eV)) are ionized from the outer valence

orbital of the system. With a CASSCF approach the outer valence orbital energies

have recently been calculated [Ven12] to range from 20 up to 27 eV. In comparison

to the ionization potential of ∼ 20.6 eV reported in [Taf10] and the theoretical pre-

dictions [Ven12] the measured binding energies are in good agreement, albeit for the

electrons which are detected in coincidence with H2O
+ a binding energy of up to

∼ 27 eV is found as compared to electrons which are accompanied by H3O
+ with

a somewhat smaller range up to ∼ 25 eV binding energy only. This would in par-

ticular suggest that the H3O
+ containing channels are not initiated by a vacancy

of the highest outer valence orbital (c.f. fig. 6.14). Here, an electron spectroscopy

measurement with a higher resolution could clarify which orbitals are ionized in the

initial step.

As illustrated, the electronic signal found coincident with H3O
+ showed signs of

a second electron species with binding energies in the range of EB = (38...40 eV)

which would match the theoretically expected inner valence orbital energies as given

in [Mue04] of about ∼ 40 eV (c.f. fig. 6.14). As a final channel, this electron fam-

ily also allows the triply ionized state OH+ + H+ + H3O
+, which could possibly

be reached by autoionization to H5O2
+++ states. This inner valence contribution,

however, results at most in a small fraction of the total signal at Eγ = 56.7eV.

Summarizing, from the present stage of investigation these findings provide for the

first time a detailed representation of the photon induced fragmentation pattern of

the mass selected fast moving H5O2
+ ion correlated to the respective photoelectron

spectra. For future experiments a detailed investigation of the photoelectron spectra

with a higher resolution of the spectrometer in parallel to the fragmentation studies

could in particular be instructive to clarify whether of the outer valence orbitals are

ionized and if autoionization process might open.



Chapter 7

Summary and outlook

In the context of this thesis the reaction channel specific photoelectron spectroscopy

of photon induced dissociation processes on fast moving molecular ion-beams in the

xuv-wavelength regime has been established. Here, the major aspect was to study the

photolysis of the hydronium ion H3O
+ as well as the dimer ion H5O

+
2 and to observe

the incident photoelectron in coincidence with all outgoing reaction products.

Regarding the photoelectron spectroscopy, a conceptually new saddle-point spec-

trometer has been employed. In a first measurement to quantify the kinematics of

the photoionization process on a moved target, the photodetachment process of a fast

beam of O− anions with a pulsed Nd:YAG laser at 266 nm wavelength, using a mag-

netic bottle spectrometer has been investigated. There, the branching of the ground

O(3P) and first excited state O(1D) population was found to be FP/FD = 0.32±0.06

with asymmetry parameters of βP = 0.00±0.10 and βD = −0.90±0.10, respectively.

Based on these findings the novel saddle-point electron spectrometer has been com-

missioned while studying the photodetachment dynamics on a beam of O− anions

at 532 nm at the X-Ring fast ion-beam infrastructure in Aarhus Denmark. Numeri-

cal trajectory simulations were employed to characterize the observed photoelectron

spectra and demonstrated that they can be used to obtain the electron energies.

In addition, to perform a break-up channel resolved analysis of the observed pho-

toelectron spectra a new heavy charged fragment analyzing system was developed.

The system acts as an energy dispersive filter to separate heavy ionic fragments with

one a.u. mass difference. In combination with the saddle-point spectrometer both

devices were implemented in the TIFF (Trapped Ion Fragmentation at an FEL)

fast ion beam infrastructure at the free electron laser FLASH at DESY in Ham-

121
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burg, which allows for a coincident detection of the incident photoelectrons with all

break-up products.

As a first target, employing the improved detection system the dissociative pho-

toionization of the hydronium ion H3O
+ at 56.7 eV photon energy has been in-

vestigated. By this, three reaction pathways were identified: a dominant binary

H2O
++H+ (f = 0.65± 0.35) and two three-body break-up channels OH+2H+ (f =

0.28±0.15) and OH++H++H(f = 0.08±0.08). The observed photoelectron spectra

revealed each of them to be initiated by outer valence vacancies. A further differen-

tiation, yielding a more channel-specific analysis of the coincident electronic signal,

showed that the binary break-up channel is mainly triggered by the ionization of the

3a1 orbital, whereas the three-body break-up pathways proceed through ionization

of the 1e1 orbital of the hydronium ion. Moreover, the correlation of the photofrag-

ment as well as photoelectron spectra suggested the charged water molecule to be

mainly produced in its electronic ground H2O
+(X2B1)+H+ and second excited state

H2O
+(B2B2)+H+. In [Ped09] a transition into the H2O

+(A2A1) state has been pro-

posed. There, the fragment spectrum was correlated to the di-cationic state energy

of 26 eV for 3a1 ionization of H3O
+ as given in [Raf77]. In the present work, the

measured di-cationic state energy of 25.2 eV appears decreased by ∼ 0.8 eV in com-

parison to the theoretically expected value, leading to the different interpretation of

the final electronic state of the charged water fragment. On the other hand, in case

of the fragmentation into the three-body channel the hydroxyl radical OH is mainly

formed in its electronic ground state OH(X2Π) + 2H+. The absolute cross section

for all photon induced reactions was found to be σ = (1.2± 0.8) · 10−18 cm2 and for

the neutral OH containing channel σOH+2H+ = (0.3± 0.2) · 10−18 cm2.

Moreover, the photolysis of the dimer ion H5O
+
2 at 56.7 eV photon energy, showed

that besides the manifold of energetically allowed fragmentation channels five promi-

nent break-up pathways are populated:

H3O
++H2O

+ (f = 0.30± 0.17) (1), H3O
++H++OH(f = 0.45± 0.25) (2), H2O

++

H+ + H2O(f = 0.20 ± 0.12) (3), OH+ + H+ + H + H2O(f = 0.03 ± 0.03) (4) and

OH+ +H3O
+ +H+ (f = 0.02± 0.02) (5).

For about three quarter of the observed reaction processes the hydronium ion is

split off as stable structural unit, whereas for the heavy neutral fragment containing

channels the production of the hydroxyl radical OH is preferred compared to neutral

water formation. Here, it appears as an interesting question whether in the initial

step of a sequential process mainly the binary channel is populated, and a transfer
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of internal excitation of either the hydronium or charged water molecule into vibra-

tional motion leads to their dissociation. Such a mechanism would give rise to the

enhanced formation of heavy neutral break-up products as observed in channels (2)

and (3).

The acquired electron signal showed that the majority of dissociation processes is

initiated by outer valence ionization, with binding energies as expected from re-

cent theoretical calculations [Ven12]. Absolute cross sections of the neutral OH pro-

ducing break-up channel of σch.(2) = (2.4 ± 1.3) · 10−18 cm2 and for all events of

σ = (5.3± 2.8) · 10−18 cm2 have been found, which underlines that in comparison to

the dissociative photoionization of H3O
+ the production of neutral OH fragment is

enhanced by a factor of about eight in case of the dimer ion.

Since up to now little is known about the potential energy surfaces arising from

valence vacancies of the hydronium as well as the dimer ion, these detailed findings

set an interesting model case for theory to further advance their approaches for

understanding the response of such small water clusters to ionizing radiation in the

vuv to soft x-ray spectral region. With respect to future experiments, the improved

detection system in combination with the fast ion beam method provides a versatile

instrument to probe the photoexcitation and dissociative photoionization mechanism

of a large number of molecular systems. Slight modifications of the setup, such as a

better vacuum to further reduce the photon induced noise on the electron detectors

and an improved alignment of the setup, would allow for a direct correlation of the

photoelectron and photofragment spectrum. Measurements with vibrationally cooled

H3O
+ are in particular interesting to investigate the effect of the target excitation

prior to irradiation and to quantify how the production of the different pathways

is affected. But also photoexcitation of molecular systems close to their ionization

threshold would be an instructive model case to study the effect of non-adiabatic

interactions between the electronic and nuclear motion.
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Appendix A

Monte Carlo simulation

To derive the asymmetry parameter β, the energy of the observed photoelectrons

E(k,e−) or the total kinetic energy release EKER of the photofragments from the ex-

perimental observations, the break-up-/ photoionization process is modeled with a

Monte-Carlo simulation. The time-of-flight distributions of the emerging particles

(neutral-, ionic fragments and electrons) inside the spectrometer or the mirror-unit

are computed with SIMION [SIM] and in case of the photodetachment process stud-

ied with the magnetic-bottle spectrometer represented with a parametric Monte-

Carlo model.

A.1 SIMION based Monte-Carlo Simulation

The electrostatic field prevailing in the saddle-point electron spectrometer (c.f. sec. 4.2)

and the electrostatic mirror unit (c.f. sec. 3.1.3) are too complex to state an ana-

lytic expression for the trajectory of a fragment or electron propagating within these

devices. Therefore, the paths of the particles arising from the photoionization or

photofragmentation process have to be obtained from a numerical simulation based

on SIMION.

Saddle point spectrometer

In SIMION, every electrode of the spectrometer is embedded as a potential array,

which has to be modeled according to its dimensions. For each potential array

the volume is split into sub-volumes, where the Laplace equation is solved [SIM].

Finally, the potential arrays of all electrodes of the system are combined. The crucial
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point during the last step is to arrange the different potential arrays as close as

possible to the real situation. For this, the spectrometer was operated to study

the photodetachment of O− at 532 nm, where the asymmetry parameter β and the

detachment threshold are well known parameters. This reaction was therefore used

as a model case to optimize the arrangement of the potential arrays to represent the

obtained time-of-flight spectra (c.f. sec. 4.2).

Photoionization process

The Monte-Carlo model includes the kinematics of the ionization process for a cer-

tain kinetic energy E(k,e−) of a randomly oriented, fast moving molecule. The in-

teraction volume is given by the width of photon δPhoton and ion δIon, respectively,

i.e. the interaction point is randomly varied within the interaction volume. For

a given asymmetry parameter β ∈ [−1..2] and laser polarization the angular dis-

tribution of the photoelectrons is derived according to eq. (2.31). Afterwards, the

electrons are propagated through the spectrometer towards the detection unit and

the time-of-flight t to the respective detector is recorded and histogrammed to obtain

a distribution PMC(t, β, E(k,e−),p). By this, the measured time-of-flight spectra are

represented and the asymmetry parameter β as well as the kinetic energy E(k,e−) can

be derived.

Setup parameter Lower limit Upper limit Unit

Drift length LD 149 151 mm
Kinetic energy of ion beam EIon 2900 6100 eV
Width ion beam δIon 0 2 mm
Width photon beam δPhoton 0 2 mm
Offset saddle point ∆xS (-3,-3,-3) (3,3,3) mm
Pot. central electrodes UC1,C2

-10 -200 V
Pot. Up down electrodes UU0,D0

+0 +200 V
Pot. odd drift unit electrodes UUodd,Dodd

-1 -100 V
Pot. even drift unit electrodes UUeven,Deven

-1 -100 V

Table A.1: Set of adjustable parameters p of SIMION based Monte-Carlo simulation of
photoionization process. The different electrodes of the saddle-point spectrometer C1, C2,
U0, D0 and U,Dodd,even are introduced in section 3.2.
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Fragmentation process

The modeling of the fragmentation process is used to extract the charge to mass ratio

of the break-up products observed with the different fragment detectors. Eqs. (3.2)

and (3.3) express how the parallel velocity of a neutral and charged break-up product

depends on the potential UB which is applied to the central electrodes of the spec-

trometer. There, the extend of the interaction region was not taken into account.

With the simulation two-body break-up processes of a certain kinetic energy release

EKER can be modeled in a finite interaction volume spanned by the width of photon

δPhoton and ion δIon beam. Similar to the approach described above a certain number

of randomly oriented, fast moving molecules is fragmented where the angular dis-

tribution is computed according eq. (2.27) and the interaction point is varied within

the interaction volume. The break-up products are propagated through the potential

landscape imposed by the biased central electrodes of the spectrometer and the mir-

ror unit while the time-of-flight t is recorded. Finally, the set of times t of a certain

fragment species F is histogrammed to obtain a distribution PMC(t, F, β, EKER,p)

which allows to assign the charge-to-mass ratio to the break-up product.

Setup parameter Lower limit Upper limit Unit

Kinetic energy ion beam EIon 4100 4300 eV
Width ion beam δIon 0 2 mm
Width photon beam δPhoton 0 2 mm
Pot. central electrodes U(C1,C2) -200 +200 V
Pot. Up down electrodes U(U0,D0) -200 +200 V
Pot. pre-deflector Upre. -2000 +2000 V
Pot. post-deflector Upost. -2000 +2000 V
Pot. Mirror M 1...M 7 UM1...UM7 0 6000 V

Table A.2: Set of adjustable parameters p of SIMION based Monte-Carlo simulation of
photofragmentation process. The different electrodes of the mirror unit UM1..UM7 are in-
troduced in section 3.1.3.

A.2 Parametric Monte-Carlo model

The parametric Monte-Carlo model has been introduced and applied to represent

the photoelectron time-of-flight distribution observed with the magnetic bottle spec-

trometer [Dom10]. The complexity in modeling the photoelectron time-of-flight dis-
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tribution obtained with a magnetic bottle spectrometer, arises from finding an appro-

priate representation of the parallelization process. Once the electrons have reached

the drift unit the propagation therein can be represented by pure drifting. The

analytical expression in eq. (2.38) represents the essential features of the observ-

able time-of-flight distribution, but the idealized assumption of instantaneous and

complete parallelization of the momenta for all electrons is oversimplifying. As an

improved approximation, the parallelization may be considered adiabatic [Kru83],

meaning that the angular momenta of the electrons are considered conserved during

the (still instantaneous) magnetic bending. In this case the transfer of transverse to

longitudinal momentum is governed only by the ratio of the magnetic field strength

at the interaction point and in the drift tube.

In the actual experiment, also this adiabatic approximation cannot be considered

fulfilled, and moreover, the time spent in the inhomogeneous part of the magnetic

field cannot be neglected. Additionally, the conditions of the actual experimental

setup, such as the finite beam sizes, the temporal laser pulse width affect the observed

time-of-flight distribution. Thus, to obtain a realistic representation of the observed

photoelectron distribution, a parametric Monte Carlo model PMC(t, E(k,e−), β,p) is

introduced where p = (A0, A1, Ld, δt) holds a set of parameters that accounts for

deviations from the idealized distribution, (c.f eq. (2.38)).

In this model, the parallelization of the electron velocities is described by two param-

eters, A0 and A1, such that the final transverse velocity of an emitted photoelectron

can be written as

v⊥eff. = v⊥e

√

A0 + A1
v⊥e
v0

(A.1)

where A0 accounts for an adiabatic parallelization and A1 for first-order deviations

from adiabaticity. The normalization of v⊥e to the ion velocity v0 is performed to

express A1 as dimensionless number. To parametrically describe the combined ef-

fects of the non-instantaneous bending process, the finite beam sizes, the finite laser

temporal width an effective distance Leff. from the interaction region to the detector

and an effective temporal resolution δt is introduced.

For a given set of parameters, the Monte Carlo distribution PMC(t, E(k,e−), β,p) is

obtained numerically as follows:

A set of random inclination angles θ̃ is generated obeying the general distribution

in eq. (2.31), together with a set of random azimuth angles φ̃ ∈ [0; 2π]. The initial

electron velocities v‖ei, v
⊥
ei are calculated according eq. (2.34). The final electron ve-
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locities after the magnetic bending v‖eff., v
⊥
eff. are determined by applying eq. (A.1).

After the parallelization the time-of-flight to the detector simply depends on the

effective velocity veff. and is computed as t = Leff./v
‖
eff.. In the final step, the result-

ing set of times t is histogrammed to form a distribution P 0
MC(t) and folded with a

Gaussian of width (RMS) δt to obtain the final distribution PMC(t, E(k,e−), β,p).

A least squares fit to the experimental distribution allows to extract the asymme-

try parameter β, the energy of the observed photoelectrons E(k,e−) as well as the

parameter set p = (A0, A1, Leff., δt).
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