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Abstract

Negative ions are of fundamental importance in nature ranging from the Sun’s absorp-
tion spectra to their use in tokamak fusion reactors. Laser Photodetachment Threshold
spectroscopy (LPT) and Animated Crossed Beams (ACB) are experimental techniques
used to study negative ions. The research presented in this thesis has been performed at
the Gothenburg University Negative Ion Laser LAboratory (GUNILLA), in Sweden, and
at the Nanoscopic PhysicS group (NAPS) of the Université Catholique de Louvain, in
Belgium.
I report experimentally measured absolute photodetachment cross sections of Ag− and
Au−. Measurements of the absolute photodetachment cross section of Au− and Ag −

were performed at NAPS by means of ACB. Furthermore, measurements on the electron
affinity (EA) of As− and Au− were performed at GUNILLA.
Finally, the pulsing mode of the ion source was implemented to investigate the cathode
lifetime extension. Here, gold was used, in which the results show a positive outcome. In
addition, the EA of Au− is being reported.
Our final results show that measuring the photodetachment of negative ions is possible
for an undergraduate student when advanced experimental accelerators are available.

keywords: Atomic Physics, Photodetachment, Negative Ions, Laser Photodetachment
Threshold, Animated Crossed Beams.
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Chapter 1

Introduction

Negative ions are atomic systems with a net negative charge [1]. It could be easy to
consider negative ions similar as positive ions. The formation of the latter requires to
supply the necessary energy to remove one or more electrons from the atomic shell, while
for the negative ions, a neutral atom should attach to an electron. One of the interesting
properties of negative ions is that there is no long range attraction [2] between the extra
electron and the atom. Nevertheless, negative ions exist due to the so called electron
correlation. This represents a fruitful research field in atomic physics.

The development of the theories of the atomic structure, mainly through the 20th
century, led to the study of negative ions. J.J. Thomson [3] was the first to observe
negative ions in gas phase. In 1953 Wildt prompted the first experimental study of pho-
todetachment of H− [4] and later his group measured the electron affinity of oxygen via
photodetachment, using standard lamps.

The role of negative ions is fundamental in the atomic theory due to the large impor-
tance of electron interactions. Given the extra electron in this type of atomic system, a
repulsive interaction is produced between the atom electron cloud and the extra electron.
Therefore, they are quantum systems where the electron correlation plays a major role
[5].

In spite the importance of describing electron correlation effects, it is theoretically
difficult to describe negative ions. In order to know more about these systems, it is of
importance to study their properties. One of them is the electron affinity (EA) that is
defined as the binding energy of an extra electron. The EA explains the fundamental
quantum characteristics of atoms. Negative ions can be studied using the photodetach-
ment process, where a negative ion absorbs a photon and breaks up in a neutral atom
and a free electron. The onset of this process is described by Wigner’s threshold law [6].

1



2 Chapter 1. Introduction

The objectives of the experiments with photodetachment are to obtain EA values not
measured before, updating the values for the EA obtained in the past, and measuring the
widths of states and the energies of the resonant states of the elements. The negative ions
provide us key features to analyze the structure and also the dynamics of many-electron
systems [7].

There is wide a variety of negative ions. For example, in the thermonuclear fusion field
in Tokamak reactors a beam of D− is accelerated, then the extra electron is removed. The
resulting neutral D is then used to heat the plasma. Here the photodetachment technique
is implemented for a more successful outcome [7]. One of the important applications is
in Atomic Mass Spectrometry (AMS) [8], which is the most susceptible method for trace
element analysis. It is based on a tandem accelerator, where the negative ion beam is
converted into positive ones at the high voltage terminal. Interfering isobars can here be
removed prior to injection into the accelerator using the photodetachment process [7, 8].
Negative ions are meaningful not only for their importance in various applications, but
also for the purpose of understanding their atomic properties. Furthermore, they play an
important role in chemistry when studying chemical molecular interactions, as well as in
the field of astronomy when studying the interstellar media.

In the experimental part, the production of negative ions is performed in a sputtering
source. The negative ions then created are further accelerated with electrostatic fields
into an interaction region, where they are exposed to laser light in either perpendicular,
parallel or antiparallel configuration. The extra electron can be detached from the ne-
gative ion provided that the photon energy is sufficiently large. Lasers detach the extra
electron from the anions, in which the wavelength of the electromagnetic radiation de-
pends on the element or molecule under study. After seven years of creating the first laser
by Theodore H. Maiman at Hughes Research Laboratories in 1960 [9], the application
of lasers for photodetachment experiments was made possible by Brehm et al. [10] when
determining the EA of He−. Nowadays, the EA of most of the stable elements of the
periodic table has been determined. The laser is a very important tool in many areas of
physics and it is possible to use different laser types to perform spectroscopic studies.
When it was found that lasers could be applied in atomic physics studies, they were li-
mited to generate a fixed wavelength. With the further development of laser technology,
they evolved from only producing a certain wavelength, to a range of wavelengths that
cover the spectral range from the far infrared (IR) to the ultraviolet (UV) regions [11].
Using narrow bandwidth lasers allowed high precision measurements.

Beside the above characteristics for laser, photodetachment studies require a well-
characterized sample of negative ions, a sufficiently intense beam, and a suitable detector
for the reaction products [12]. It is possible to find those characteristics at the following
facilities: Gothenburg University Negative Ion Laser LAboratory (GUNILLA) [13], in
Sweden, and at the Nanoscopic PhysicS laboratory of the Université Catholique de Lou-
vain (UCL), in Belgium, where the experimental work took place and it can be described
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as follows.

Silver and gold are two of the most known heavy metals, while arsenic must be
carefully manipulated [14]. In the aim of deepening in the knowledge of these elements
measurements on As− and Au− where done by applying the Laser Photodetachment
Threshold spectroscopy (LPT) for EA measurements and improvement, where a pulsed
ion source was used on the latter to investigate a gold cathode lifetime improvement.
Animated Crossed Beams technique (ACB) [15] was applied to measure absolute cross
sections of Ag− and Au−. This experimental technique was compared to the LPT and
was the motivation for these studies. LTP spectroscopy allowed to scan the wavelength
of the laser light on a parallel alignment, while ACB allowed to intersect the negative ion
beam with a laser beam in a perpendicular geometry.

The work presented here aimed at measuring two different properties through the use
of two different instruments using complementary techniques of photodetachment. Both,
have pros and cons in their construction and performance. This thesis focus on the EA
measurements on As− and Au− using both the continuous and pulsed modes of the ion
source at GUNILLA, while at NAPS cross sections of Ag− and Au− were obtained.

The results presented here aim to contribute to the understanding of the atomic
structure of the above mentioned elements, focusing on the following questions:

Could the accuracy of the determination of the EA of As− be improved?

Is it possible to extend a gold cathode lifetime with a pulsed ion source and measure
its EA?
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Chapter 2

Basic Properties of Negative Ions:
Theory

At the beginning of the last century, the new ideas of Louis de Broglie, Erwin Schrödinger,
Niels Bohr, and Werner Heisenberg, at the birth of modern physics, opened a different
path to study matter through the novel theory of quantum mechanics. Bohr’s contri-
bution to the description of the H atom [16] and the de Broglie’s wave-particle theory
[17], provided the basis for the description of matter that had never been seen before
with classical mechanics. The main idea was the dual behavior of a particle as a wave
characterized by a wavelength λ, which is related to its momentum p through h, Planck’s
constant, in the following way:

λ =
h

p
. (2.1)

This, de Broglie equation relates wavelength and momentum that all particles exhi-
bit. Heisenberg continued the work by postulating the uncertainty principle, specifying
that the position and momentum of a particle could not be exactly calculated [18], as
consequence of the uncertainty relation

∆x∆p ≥ h

4π
. (2.2)

Heisenberg’s principle stipulates that the position and momentum of a particle can not
be determined at the same time with better accuracy than Planck’s constant divided by

5



6 Chapter 2. Basic Properties of Negative Ions: Theory

4π. Heisenberg’s principle of uncertainty is a consequence of the wave nature of particles in
the quantum sense. The introduction of the wave function as a path to solve Schrödinger
equation allows to predict and derive these properties.

2.1. Single electron models

The particle in a square box is the first model in a quantum physics course. It is a good
illustration for bound states of a single electron, its wave functions, and eigenenergies [2].
Using the Schrödinger equation of a single particle, we can obtain the solutions for the
electron in the box

HΨn(x, t) =
[

~

m
∇ + V (x, t)

]
Ψn(x, t) = i~

∂

∂t
Ψn(x, t), (2.3)

where H is the Hamiltonian operator. The time derivative of the right hand side is equal
to En, the quantized eigenenergy, for the case of a stationary solution.

Another example of single electron models is the Hamiltonian for a central potential

H = − ~

me

∇ + V (r), (2.4)

where V(r) is the radial potential given by the Coulomb interaction,

V (r) = − Ze2

4πε0r
. (2.5)

Here e is the elementary change, ε0 is the vacuum electric susceptibility, and Z is the
atomic number.

The Schrödinger equation for the Hamiltonian in Eq. (2.4) can be solved with wave
functions in a spherical coordinate system with separable parts

Ψ(r,Ω, s) = Rn,l(r)Yl,ml
(Ω)ξms(s). (2.6)
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Here, Rn,l is the radial function that depends on the radial coordinate, Yl,ml
is the

spherical harmonic function that describes the angular dependence, and ξms is the spin
[2]. The Schrödinger equation has solutions that correspond to the eigenenergies

En = − Z2me4

2~2n2(4πε0)2
. (2.7)

Herewith, we can see there are discrete energy levels in an atom, and that when an
electron is excited with a laser it can be removed from the energy level it is placed in.

2.2. Negative Ions

In an atom the outermost electron feels a long range attractive Coulomb force, in which
the Coulomb potential decreases as 1/r, where r is the distance between the electrons and
the center of the nucleus. The existence of negative ions is possible despite the fact that, in
a neutral atom, an electron is not affected by a long range attraction [2]. However, when
the electron moves closer to the nucleus, it polarizes the electron cloud. Furthermore,
electron correlation also occurs in atoms, but then the Coulomb attraction between the
electron and the nucleus dominates, making it difficult to model the electron correlation.
Therefore, negative ions are good systems to test electron correlation calculations since
it is a dominating force and their study can teach us more about the properties of atomic
systems. One of these properties is the EA which is defined as the difference in the total
energy (Etot) between the ground state of the neutral atom (A) and the ground state of
the corresponding negative ion (A−)

EA(A) = Etot(A)− Etot(A−). (2.8)

We can see a representation of the EA in Fig. 2.1 and from Eq. (2.8), we can say that
having a stable negative ion means having a positive EA.

It is also important to mention that almost all the elements have a stable EA, although
that is not the case for the noble gases, nitrogen, magnesium, and a few more elements.
Theoretical calculations predict the EA of elements, nevertheless, the most accurate
values for the EA have been obtained experimentally [7].
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Figure 2.1: Scheme of the energy levels in the negative ion A− and the ground state A.

2.3. Photodetachment

Light is responsible for many of the processes in nature. In the quantum picture we
consider light as a single energy photon γ, with energy E = hν, where ν is the photon
frequency and h is Planck constant. We call photodetachment the interaction of electro-
magnetic radiation with a negative ion that causes the release of an electron and leaves
a neutral atom or molecule behind.

The photodetachment process can be described as follows:

A− + γ −→ A+ e−. (2.9)

From Eq. (2.9) we can see that a photon (γ) is absorbed by a negative ion (A−)
resulting in the removal of an electron [2].

From energy conservation the photodetachment process only can occur if the pho-
ton has more energy than the EA of the negative ion. The remaining photon energy is
carried away by the electron as kinetic energy. Fortunately, for most photodetachment
experiments the small binding energies involved permits the use of light which easily can
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be produced with commercially available lasers.

The laser photon energy required for the outermost electron to be ejected is determi-
ned by the binding energy of the negative ion. Consequently, photodetachment can be
used to measure the EA of an atom by making a scan with a varying frequency laser to
determine the threshold energy. When the electron is released from the atom, it will feel
a weak interaction that can be approximated by the centrifugal and polarization terms.
These terms are described as [19]

Veff (r) =
l(l + 1)

2r2
− α

2r4
, (2.10)

where the distance from the emitted electron and the atomic core is r, l is the angular
momentum of the emitted electron and α is the dipole polarizability of the neutral atom.
The dipole interaction goes as 1/r4, i.e. that for long distances it decays faster than 1/r.
A normal atom decays as 1/r because it is attracting the electrons [20]. Then, the long
range interaction from valence electrons does not exists given the fast decay.

2.4. The Wigner Threshold Law

In Laser Photodetachment Threshold spectroscopy (LPT), the photon energy is varied
over the threshold region for photodetachment. The yield of photodetachment signal as
a function of photon energy is used to fit Wigner’s Law [20].

Eugene Paul Wigner was a theoretician who among all his work, made contributions
in the photodetachment theory. He realized that at small energies above threshold, the
centrifugal term dominates the effective potential . Using this assumption, he derived an
analytical expression for the shape of the cross section near threshold energy, in it, he
relates the cross section with the interaction potentials. In the case of photodetachment
the short range polarization potential leads to Wigner’s law [6]

σ = C(E − EA)l+
1
2 , (2.11)

where C is a scaling constant, E is the photon energy (hν), the threshold energy equals
the EA of the neutral atom, and likewise the minimum energy required to release the
additional electron, it marks the beginning of the rise in the cross section [21]. Here, l
is the orbital angular momentum of the ejected electron [22] and 1

2
originates from the

density of states in the continuum (scattering states) [2, 23].
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Given the effective potential in Eq. (2.10), the determination of the EA of the elements
is carried out by measuring the photon energy threshold of the transition. This occurs
from the negative ion ground state to the neutral atom ground state. Sometimes, it is
favorable to measure the onset due to the formation of an excited state A* of the neutral
and subtract the normally accurately known excited state energy of A* [12]. Based in
Eq. (2.11), with l = 0 we have a s-wave threshold which means m = 0 and there is not
an orbital splitting. With l = 1 we have a p-wave, where there is splitting of orbitals
into triplets, with m = −1, 0,+1, a representation of this behavior can be seen in Fig.
2.2.

Cross sections for photodetachment are zero at threshold and they describe the pro-
bability for a process to occur at above threshold energies. The threshold behavior for
systems without the Coulomb interaction is determined by the dynamics of the residual
atom and the emitted electron [7]. Cross section and EA are features that describe the
electron configuration of atomic systems.

Figure 2.2: Behavior of the detached electron described by Wigner’s threshold law. s-wave (solid
line) with l = 0 and p-wave (long dashed line) with l ≥ 1.
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2.5. On the origin of Wigner’s threshold law for pho-

todetachment

Figure 2.3: Scattering geometry: An incoming plane wave from the left is scattered from a
scatterer. The scattered part of the wave is an angularly modulated spherical wave (2.12). For
clarity the outgoing plane wave is omitted.

Inelastic scattering induces a transition from the initial state of the target particle, here
a negative ion, to a different final state [24]. The normalised asymptotic wave function is

ψ(r) = δjie
iki·z +

eikj ·r

r
fj,i(Ω), (2.12)

valid for r → ∞. Here kj =
√

2µ(E−Ej)

~2 is the asymptotic wavenumber of the outgoing

electron in the open channel j and µ is the reduced mass of the electron (see Fig. 2.3).
The first term in Eq. (2.12) is the incoming plane wave along the z-axis that represents
the incoming particle current (incident photon), and the second term is the outgoing
angularly modulated spherical wave (photodetached electron). Most of the plane wave
passes the scattering centre forming the so called forward scattered part. The angular
modulation fj,i(Ω) of the spherical wave contains most of the information concerning pro-
cesses at the scattering centre and known as the scattering amplitude. Most prominently,
the outgoing particle current through a specific solid angle is proportional to fj,i(Ω) such
that the inelastic differential cross section becomes

dσi,j
dΩ

=
outgoing flux

incoming flux/area
=
kj
ki
|fj,i(Ω)|2 (2.13)
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The scattering amplitude fj,i(Ω), in the first Born approximation, is essentially the matrix
element for the transition between the final state and the incoming plane wave,

fj,i(Ω) = − µ

2π~2
∑
n

∫
e−ikj ·r′Vj,nψn(r′)dr′. (2.14)

Here the potential Vj,n determines the Ω dependence of fj,i(Ω). To further clarify this
point we expand the plane wave and the final state in spherical harmonics. Inserting this
in Eq. (2.14) and using the orthogonality of the spherical harmonics we obtain

fj,i(Ω) = − µ

2π~2
∑
n

∫ [
4π

∞∑
l=0

l∑
m=−l

(−i)ljl(kj · r′)(−1)−mYl,m(Ωkj))

]
Vj,n(r)αn,l′δll′δmm′dr.

(2.15)
Here in jl(x) is a spherical Bessel function, Yl,m a spherical harmonic, and αn,l′,m′ are
the expansion coefficients of the final state. In the vicinity of the threshold, kj is small
and the Bessel function jl(kj · r′) can be approximated as klj [25]. Close to the threshold,
all other terms in Eq. (2.15) can be considered as constant. To obtain the integrated
cross section for inelastic scattering we have to square fj,i(Ω) and multiply by kj/ki. This
leads to Wigner’s law for cross sections σij(E) ≈ Ck2l+1

j ≈ C(k2j )
l+1/2 at the threshold of

inelastic scattering channels. Since k2j = 2µ(E − EA) with E the initial photon energy
and EA the bound electron affinity, then

σij(E) ≈ C(E − EA)l+
1
2 . (2.16)

Close to photodetachment thresholds usually only the cases l = 0, 1, also called
s-wave and p-wave, for the ejected electron, are important. The s-wave has an onset with
an infinite slope which facilitates a precise determination of the threshold position. All
higher orbital angular momenta lead to thresholds with zero slope at the threshold. The
sharp onset of the s-wave detachment cross section is a remarkable feature, and one can
question how sharp it can become.

2.6. As−, Au− and Ag− ions

The systems under study, in this work, are the As−, Au− and Ag− ions. Their electron
configuration is described as follows:

Arsenic

Arsenic has the atomic number 33 and forms a number of poisonous compounds. It is
widely distributed throughout the Earth’s crust and can be released into the atmosphere
and water through natural and human activities [14].
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The ground state of As− is 4p4 3P2 and the ground state of As is 4p3 4S3/2. The
binding energies for the three fine structure components in the negative ion are: for
J = 2 is 0.8048(2) eV, for J = 1 is 0.6772(2) eV, and for J = 0 is 0.6405(10) eV, and the
photodetachment is an s-wave transition [22]. These values correspond to wavelengths
of 1541 nm, 1831 nm and 1935 nm, respectively, for the photodetachment thresholds. A
diagram of the energy levels is shown in Figure 2.4.

Figure 2.4: Energy level diagram of As− and As [22].

Gold

Gold has the atomic number 79. It is one of the least reactive elements and it is in the
same group as Ag. The absolute photodetachment cross section for gold is known expe-
rimentally to be σAu = (2.6±30 %)×10−18 cm2 at 2.37058 eV (523 nm) that corresponds
to 19120.017 cm−1 [26].

The ground state of Au− is 5d10 6s2 1S0 and the ground state of Au is 5d10 6s 3S1/2 . Its
EA is 2.3086 eV and the photodetachment is a p-wave transition. This value corresponds
to a wavelength of 537.329 nm for the photodetachment threshold [26]. Au was used at
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NAPS to improve the photodetachment cross section value. A diagram with the ground
state energy levels of Au− and Au is shown in Figure 2.5.

Figure 2.5: Energy level diagram of Au− and Au [26].

Silver

Silver has the atomic number 47. The metal is found in the Earth’s crust in the pure
form. The ground state of Ag− is 4d105s2 1S0 and the ground state of Ag is 4d105s 2S 1

2
. Its

EA is 1.304 eV and the photodetachment is a p-wave transition, according to [27]. This
value corresponds to a wavelength of 951.232 nm for the photodetachment threshold. A
diagram with the ground state energy levels of Ag− and Ag is shown in Fig. 2.6.
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Figure 2.6: Energy level diagram of Ag− and Ag [27].
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Chapter 3

Experimental Method

The experiments in this thesis were performed at the University of Gothenburg, Sweden
and at the Catholic University of Louvain, Belgium. In both facilities a beam of stable
negative ions were produced which were then allowed to interact with a laser beam.

The experiment applies the LPT method, where the production of negative ions starts
with a negative sputter ion source that is connected to a system of ion beam optics used
to guide the negative ion beam to a magnet, which selects the masses of interest, through
their kinetic energy, their momentum and trajectory. Afterwards, there is an interaction
region where negative ions and photons interact, resulting in an encounter that is detected
by the neutral particle detectors and recorded for later data analysis. The experiment
needs to be conducted at vacuum. To have conditions to achieve the free path that is
sufficiently long to allow the ion beam to be transported through the apparatus, a vacuum
lower than 10−6 mbar is required. The negative ion beam can be neutralized by collisions
of the residual gas and the goal is to have a sufficiently long mean free path of the negative
ion beam. The result of the collisional background is noise for the signal events.

In order to increase and thus maximize the interaction between ions and photons it
is of advantage to have a parallel or antiparallel alignment. When the ion and the laser
beams are in one of these geometries there would be a Doppler shift in the frequency
which has to be taken into account. This is because an ion in motion will observe an
effective photon frequency which differs from the laboratory photon frequency [5]. The
count rate depends on the laser beam and ion beam overlap, so it is essential to maintain
the same overlap during a complete threshold scan. The laser frequency measured in
laboratory ω0 differs from the effective frequency ωe observed by the ions due the ion
velocity v and the angle θ between the laser and ion beam given by the geometry of the

17
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experiment. The following formula describes the Doppler effect frequency [5]:

ω0 = ωe
1 + v

c
cos θ√

1− v2

c2

. (3.1)

Here, the Doppler effect is discriminated and as a result, experiments with a perpendi-
cular geometry avoid frequency changes due to the Doppler effect. Nevertheles, the expe-
riments performed at GUNILLA had a parallel and antiparallel geometry (θ = 0◦, 180◦),
respectively. These geometries allow to define a larger interaction region in comparison
with other geometries, where ω0 is the laser frequency, v is the velocity of the ions, θ is
the angle between the laser and ion beam, and c is the speed of light [28]. Knowing that
E = ω~, two cases could be derived and for low kinetic ion energies of KeV, where
v � c holds, the non-relativistic Doppler shift [21]:

E(p) = E
[
1± v

c

]
. (3.2)

For the Au experiment, Eq. (3.2) in the propagative form (+) was used to calculate
the Doppler shift given that the experiment was performed in a parallel geometry, and
for the As experiment, the antiparallel relation (-) was used. Once having the Dopppler
shifted value Ep,a, the error propagation comes as the difference between two different
values of Ep,a which are dependent of two different voltages: V and V − δV from the ion
source. At GUNILLA the error propagation is given by

∆Ep,a = |Ep,a(θ, V )− Ep,a(θ, V − δV )|. (3.3)

Therefore the Doppler shifted value is given as Ep,a(θ) ± ∆Ep,a(θ), where V = 6 KeV
and V + δV = 5.9 KeV.

3.1. System Parts

3.1.1. Sputter Ion Sources

Cesium sputter sources have been used since V.E. Khrohn in 1962 [29] discovered that
yields of negative ions can be improved in the presence of cesium. Middleton provided
recipes and the suitable conditions to produce a specific negative ion in “The Negative Ion
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Cookbook” [30]. The sputter sources used in the experiments at GUNILLA is a Middleton
type, whereas the source at NAPS is home built.

In the sputter ion source, there is a cesium reservoir, where cesium is heated up, then
evaporates and is sprayed via a tube onto a helical or spherical ionizer. The cesium cloud
is then ionized and the atoms are accelerated towards the cathode by an electric potential
of a few kV.

The cathode is a cylinder usually made of aluminium or copper with a hole in which
the element of interest can be placed. In order to provide conductance, a mix of the
element and a conducting material can be made [20]. When the cesium atoms hit the
ionizer they will sputter the cathode surface and they will form a cesium layer on top of
the cathode. Atoms sputtered out from the cathode can then capture an extra electron
from the cesium atoms making them negative. The negative ions formed in this process
are accelerated towards the hole in the Cs ionizer. The negative ion beam is then extracted
from the ionizer and then further accelerated.

3.1.2. Mass Selecting Magnet

The negative ion beam contains different atoms and molecules that are accelerated to
the same kinetic energy, but since the interest constrains onto a specific element, it is
necessary to isolate it from the rest. This is possible by making use of a mass selecting
magnet that selects certain elements with a specific mass. Particles with different momen-
ta will follow a divergent path. This makes possible the use of a dipole magnet as a mass
spectrometer. The focusing of the magnet could be in one or two dimensions depending
of the construction of the magnet, in which slits and apertures are needed. At GUNILLA,
the primary ion beam (green arrow Fig. 3.1) enters to the one direction slit magnet and
feels a vertical magnetic field where the Lorentz force points towards the center [31]. The
magnetic field strength is arranged depending on the element or isotope of interest. The
mass over charge ratio m

q
of one favored ion species is transmitted successfully through

object and image slit before and after the magnet [21]. Meanwhile, heavier ions will not
be deflected enough and the trajectory of lighter ions will be bent more than necessary
to reach the image slit [28].

The second slit cuts the passage of the masses with a different trajectory from the
central one. This is given by the equilibrium of the centripetal and Lorentz forces [20]

mv2

ρ
= qvB, (3.4)
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Figure 3.1: Single-focusing 90◦ dipole bending magnet with a bending radius of 500 mm [13].
The primary ion beam enters to the object slit and feels a magnetic field. The mass of interest
will follow the central path, while different masses will follow other paths and therefore miss
the image slit to the image point where the filtered ion beam emerges [20].

where ρ is the radius of the central trajectory inside the magnet and B is the magnetic
field. The filtered ion beam follows the path towards the focusing optics to the interaction
region.

3.1.3. Lasers

The first laser was built in 1960 by Theodore H. Maiman at Hughes Research Labora-
tories. It differs from other light sources because it emits coherent light [32]. To perform
laser photodetachment threshold experiments, lasers are needed where the wavelength
can be varied. This can be done with a fixed frequency laser pumping a tunable laser
system. For this work Nd-YAG, Ti:Sapphire and diode lasers were used to obtain dif-
ferent photon enegies and a tunable radiation over a wide energy range. A Nd-YAG
laser was used to pump an Optical Parametric Oscillator (OPO) and Optical Parametric
Amplifier (OPA). The key operation process for OPO is quite different from other laser
systems. While other lasers acquire spontaneous and stimulated emission generated by
atomic transitions, the OPO system acquires emission by a nonlinear frequency conver-
sion process [33]. The optical parametric process eliminates one photon and create two
new photons. From those two, one has a higher energy which is called the signal and the
other has a lower energy and is called the idler [20]. This process conserves the energy as

Epump = Esignal + Eidler. (3.5)

Once a strong down-converted beam is establish from the OPO, this can follow a
subsequent optical parametric for amplification which as its name says, amplifies the
beam. This part is the so called OPA [20].
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On the other hand, Ti:Sapphire (Ti:Sa) lasers are built in similar ways as other types
of solid-state lasers. A Ti:Sa crystal is placed between two curved mirrors to form a
tight focus in the crystal, with pump light injected through one or two dichroic mirrors.
Some additional components such as mirrors and optical elements for wavelength tuning
and/or ultrashort pulse generation are placed within the optical cavity. The laser crystal
is usually quite small, typically with an optical path length of only a few millimeters [34].

Diode lasers are semiconductor laser devices based on laser diodes. Although the terms
diode laser and laser diode are often used with the same meaning, it is appropriate to
distinguish the terms: the diode laser is a laser device, which may sometimes consist only
of a single laser diode [35]. A laser diode is a laser light emitting semiconductor device
using the properties of a p-n junction [36]. Diode lasers may also contain additional items
such as an external-optical resonator so that the device is an external-cavity diode laser
or multiple laser diodes with some optics for beam combining.

3.2. GUNILLA

Ion Source

The ion source used at GUNILLA is a cesium sputter negative ion source of the model
PS-120 from Peabody scientific [37] (see Fig. 3.2). It consists of a curved tantalum surface
and a central aluminum rod which serves as an anode and cathode respectively [1]. Both
surfaces are operated at a potential of 6 kV and the anode’s surface rises its temperature
to 1300 ◦C, while the cathode is at ambient temperature. The cesium reservoir container
is heated up to 100 ◦C and provides the chamber with a hot vapour cesium cloud. The
negative ions are accelerated towards the ionizer and extracted with a current of the
order of µA to the magnet. Once they go through the mass selector magnet, the beam
will be of the order of hundreds of pA to tens of nA.

Pulsing of the Ion Source

For the Au− experiment there was a change on the ion source functioning. The pulsing
mode of the ion source was introduced as a path towards the investigation of a cathode
lifetime. A transistor switch was used, which is a fast high voltage switch from BEHLKE
electronics (5 kV DC/30 A) [38]. This switch was integrated within the ion source and
alters the sputtering voltage between -200 V and -3 kV. The time that the switch is
on/off is determined by the repetion rate of the laser. Both, the transistor switch and
the pulsed laser must be synchronised (see Fig. 3.3).



22 Chapter 3. Experimental Method

Figure 3.2: GUNILLA ion source. An Al or Cu base cathode is drilled with a sample powder.
The Cs reservoir is heated up to 100◦C. The Cs cloud evaporates and part of the Cs atoms get
ionized on the ionizer surface, subsequently, they get accelerated towards the cathode surface
by a potential difference of -3 kV, next, some Cs atoms form a condensate Cs layer. Atoms from
the powder sample are sputtered after the Cs impact, where the Cs layer acts as electron donor
for the sputtered atoms, which transform into negative ions. The negative ions are accelerated
with 6 keV during extraction from the source.

Figure 3.3: Scheme of the switch incorporated into the ion source.
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GUNILLA Setup

The negative ions are created in the cesium sputter source that is connected to the
selective magnet through the Einzel lens (see Fig. 3.4). It focus the beam towards the X
lens which is used to focus the beam in the horizontal plane. At this stage of the path,
a Faraday cup 1 (FC1) can be inserted into the beam. This is the first reference point.
Once the beam goes through the magnet, it is possible to select the masses of interest for
the photodetachment and after the magnet they drift towards the Y-lens, which focus the
beam in the vertical direction [13]. Here, a second Faraday cup (FC2) can be inserted in
order to monitor the mass selected current. Thereafter the ions pass a quadrupole triplet.
This is a beam optic device used to focus the beam in x and y directions. Finally, the
ion beam is deflected using quadrupole deflectors into the interaction region where it is
overlapped with a laser beam. Both laser light and ion beam go through collimator 1
combined with collimator 2, which hence defines the interaction region. At this point,
the Faraday cup 3 (FC3) is the reference point and finally the signal is detected by
a Channeltron Electon Multiplier. A single turbo pump generates a source chamber
vacuum of the order of 10−6 mbar, while the post magnet region runs in high 10−8 mbar,
via another turbo pump [13].

The angle of intersection between the photons and the negative ion beam can be
varied, where the most common angles are 90◦ (perpendicular), 0◦ (parallel) and 180◦

(antiparallel) [5]. In the experiments performed at GUNILLA, the 0◦ and 180◦ geometries
were chosen because they result in a longer interaction path. For any of those methods,
we must consider the time of flight, which is the time that the negative ions take to go
from the negative ion source to the interaction region. This is calculated by tTOF= L/v,
where L is the distance of the path that the negative ions have to travel, and v is the
velocity of the ions.

Channeltron Electron Multiplier (CEM)

To detect the electrons, protons and ions, an electron multiplier called channeltron de-
tector is used (see Fig.3.5). In the front part of it, a low negative voltage is retained
and at the back a high positive voltage is applied to accelerate the electrons through the
channel until the end of the detector [9]. The input event reaches the front part of the
detector creating secondary electrons which travel all along until the back of it creating
more electrons. The unwanted signal is called noise and could be seen as dark counts or
dark current. The first one, is caused by the collisions of negative ions with the residual
gas, creating fast neutral atoms. The second one, is when the space among the electronic
parts is too close, causing voltage arcing and crosstalk [9]. Images from the CEM could
be appreciated in Fig. 3.5, 3.6 and 3.7.
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Figure 3.4: Gothenburg University Negative Ion Laser Laboratory (GUNILLA). Source, nega-
tive ion Middleton type source. Einzel lens (Einzel L.). X lens (X-L). X slit. Faraday cup 1
(FC1). Magnet. Y lens (Y-L). X and Y slits. Faraday cup 2 (FC2). Quadrupole triplet (QT).
Quadrupole deflector (QD). Collimator 1 (C1). Collimator 2 (C2). Interaction region. Deflectors
(Deflect.). Target. Faraday cup 3 (FC3). Channel Electron Multiplier (CEM). Electrons (e−).
The red and the blue arrows represent the laser beam sources going through and superimpose
the ion beam in a parallel and antiparallel scheme. Color online.

Figure 3.5: Channeltron Electron Multiplier configuration scheme used to detect electrons [9].
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Figure 3.6: Left image: detector installation process. Right image: Faraday cup 3 (FC3).

Figure 3.7: Left image: detector installed. Right image: Back perspective of the Faraday cup 3
(FC3).
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Data Analysis at GUNILLA

Measurements at GUNILLA show neutral count rates normalized to count rates of the
element under study on applied laser wavelengths. Normalized count rates were calculated
using

Normalized Counts =
Counts(A)− Counts(B)

P · C
(3.6)

where Counts(A) and Counts(B) are registered counts in both windows accumulated, P
is the mean recorded laser power, and C the mean ion current [21, 28].

For the data analysis of Au− the set of data was given in energy in eV, the laser
power in W, the ion current in nA, the total counts depend on the succesful number of
events. Counts given as photodetachment are designed as Counts A and the ones given
as background are known as counts B.

The fit function code in the appendix shows the error function for these measurements
as

error CountsA =
√
CountsA,

error CountsB =
√
CountsB,

(3.7)

where

error (CountsA− CountsB) =
√

[(error CountsA)2 + (error CountsB)2],

error (CountsA− CountsB) =

√
(
√
CountsA)2 + (

√
CountsB)2

error (CountsA− CountsB) =
√
CountsA+ CountsB

(3.8)

that are obtained under the assumption of a Gaussian probability distribution and then
are normalized to laser power and ion current.

The fit function to Wigner’s law is given by

Fit function = A+B(x− E0) + |x− E0|l+
1
2 , (3.9)

where l takes the values of l=0 for an s-wave in case of arsenic and l=1 for a p-wave in
case of gold.

For the electron affinity, the Fit function was used and E0 is the EA value. The fit
function gives two values for E0, one smaller than E0 and one bigger: E10 and E20. Then,
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a confidence interval CI is settled depending on the precision of the measurements, in
this case, 0.67, and the two values of CI are subtracted from E10 and E20 respectively

|E10 − CI1|, |E20 − CI2|. (3.10)

Subsequently, a maximum value is selected

max (|E10 − CI1|, |E20 − CI2|). (3.11)

Finally, the maximum value is the EA error.

Lasers

At GUNILLA we used two OPO laser systems that are pumped with two Q-switched
nanosecond Nd-YAG lasers.

The Laser Vision with OPO and OPA systems gives light in the range of 1350 nm and
5000 nm. It was used to study photodetachment of arsenic. The Spectra Physics MOPO
system was used for the investigation of gold using a wavelength of 537.329 nm in the
signal mode with 0.064 W-0.048 W of power. The system houses a master oscillator and
a power oscillator (ergo, MOPO) and it uses a Type I beta barium borate (BBO) crystal
as its nonlinear parametric gain medium [33]. This laser has an additional frequency
doubling option (FDO) of the signal and idler modes, which make it possible to create
light in the wavelength range from 220 nm to 1800 nm. Hence, the two systems combined
cover the region of soft UV and MID IR [2].

3.3. NAPS

Ion Sources

NAPS setup consists of two ion sources, one that produces positive ions and the second
one that produces negative ions.

The positive ion beams are produced by an Electron Cyclotron Resonance Source
(ECR) using full permanent magnets of 2.45 GHz of frequency and 87.5 mT [39] for
multiply charged ions, in which six magnets are ring-shaped to establish the axial con-
finement of the plasma electrons. This type of source was constructed in 2001 at the
University of Bern and inherited from Giessen.
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For the negative ion beam, a sputtering ion source was installed which is conformed
by a cathode that is isolated from the source body. A cesium furnace is located right
above the ionization chamber where a magnet provides a magnetic field. The ionization
chamber contains two filaments. Finally, an independent limiting system allows precise
control of the cesium flow and prevents the tube from cooling and becoming blocked
when the source is stopped.

In the ion source, the cesium is heated between 95 ◦C and 105 ◦C in the oven and the
resulting vapor enters the ionization chamber (see Fig. 3.8). This is brought to the same
voltage as the anode, positive with respect to the cathode voltage. In this chamber where
a magnetic field reigns, filaments create electrons. This magnetic field causes them to take
a longer path which increases their probability of colliding with a cesium atom. Thus the
number of ionized cesium atoms increases. The Cs+ ions are then accelerated towards the
target thanks to a potential difference between the anode and the cathode. By striking
it, they will release a large number of negative ions which are extracted thanks to the
potential difference. We thus create a beam of negative ions, whose energy depends on
the potential of the cathode.

Figure 3.8: NAPS Negative Ion Source.
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NAPS Setup

The first section includes two ion sources and optical elements which allow the beams to
be routed to the interaction region. The detectors, labelled with an H are in the horizontal
plane, while those labelled with V have an action in the vertical plane (Figure 3.9). The
sources are each followed by an acceleration column with cylindrical symmetry comprising
a double extraction electrode and a focusing lens. Then, in each of the channels, horizontal
and vertical action deflectors ensure a first correction of the path of the beams.

In the negative beam side, the beam enters a large vacuum chamber. It is divided into
two sections. The first element of the negative ion beam goes through a Wien filter which
is a velocity selector. It consists of a perpendicular electric and magnetic fields which
selects the charged particles based on their speed. Then follows a cylindrical deflector
at 45◦ which gives the beam the right direction to cross the first diaphragm. After this,
the beam passes through a horizontal detector HD1 and a vertical deflector VD1. In
the positive beam side, a pair of horizontal and vertical deflectors makes it possible to
align the beam to the magnet axis at 30◦, which ensures the mass selection of the ions.
Subsequently, after a vertical deflector correction, the beam passes through a spherical
deflector at 45◦ and crosses a second diaphragm. Following this, it goes through a lens,
a horizontal deflector HD2 and a vertical detector VD2. On each of the two channels,
the detectors are followed by a rotating probe which can either intercept or allow the
beam to pass depending on the position of its axis of rotation. This probe is followed by
two diaphragms of 2 mm each, which will determine the final size of the beams. They
precede two vertical detectors (VD1 and VD2) and two horizontal detectors (HD1 and
HD2). The last two form, with another horizontal deflector (called mixer deflector), the
beam tracking system. Finally, a small cubic aluminum cavity connects the deflectors to
the collision region in which the two beams are brought together.

Figure 3.9: NAPS Scheme. Negative Ion source A−, Positive Ion source B+, Wien Filter, Cylin-
drical Deflector (CD), Spherical deflector (SF), Horizontal Deflectors (HD), Vertical Deflectors
(VF), Fixed Diaphragms (FD), Interaction Region, Fixed Probes (FP), Mobile Probe (MP)
and Imaging Detectors A− and B−.
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Animated Crossed Beams Technique

The experiments performed at NAPS follow the Animated-Crossed-Beam technique (ACB)
first proposed by Brouillard and Defrance [40], for electron-ion collisions and subsequently
applied to one-photon light-matter interactions. The method was used to measure the
absolute cross sections of Ag− and Au−. In the most of the experiments with crossed
beams the absolute measurement of cross sections could suppose a certain profile for the
beams. In laser beam experiments a Gaussian profile tends to be the assumption for a
laser and a uniform profile in the case of the ion beam.

In ACB, instead of using two static beams, one of them moves across the other. The
cross section dependency on both beams is erased when the signal is integrated over the
beam displacement, leaving only integrated quantities to be measured. The mathematical
development below has as reference the work of M. Génévriez and X. Urbain (2015) [41].

First, we start with the ionization probability

P (y, z) = 1− exp
[
−
∫
σΦ(x, y, z)

dx

v

]
, (3.12)

where v is the ions velocity, σ is the detachment cross section, and Φ is the photon flux
in a determined (x, y, z) position.

Considering the linear nature of photodetachment, at low laser intensities the expo-
nential of the above equation could be expanded in terms of power series. Then, taking
into account only the first two terms, we have a linear relation between the detachment
probability and cross section. The detector count rate N is the detachment probability,
which is averaged over the ion beam section S and weighted by the detection efficiency η

N ' σ η

∫∫
S

j(y, z)

e

[∫
Φ(x, y, z)

dx

v

]
dy dz, (3.13)

where j(y, z) is the current density at a (y, z) ion beam position and e is the elementary
charge. The variable N(Y ) is measured as a function of the vertical displacement Y of
the laser beam. Now, integrating over Y, we have

∫
N(Y ) dY ' σ

e

η

v

∫∫
S

j(y, z)dy dz ×
∫∫

Φ(x, y − Y, z)dx dY. (3.14)

Here, Y is the vertical displacement of the laser, y is the vertical position of the ion
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beam. As the photon flux Φ is the rate intensity of the laser to the photon energy ~ω,
the second integral is the laser power over ~ω, which is independent of z. The integral of
j(y, z) is the ion current. Then the absolute cross section is given by

σabs '
ev

η

~ω
IionPlaser

∫
dY N(Y ), (3.15)

where v is the speed of the ions, η is the detection efficiency, ~ω is the photon energy,
and e is the elementary charge [15].

In the experiment the detachment rate is measured by a rotating glass plate at diffe-
rent angles. In addition, a razor blade is used to measure the vertical displacement dy,
which corresponds to the increasing angle; the razor blade is placed after the rotating
glass plate. By measuring the transmitting intensity as a function of the razor blade, one
can obtain the vertical position of the center beam.

The Animated Crossed Beams setup is shown in Figure 3.10. Here we can see the
perpendicular geometry between the negative ion beam and the laser light.

Figure 3.10: Animated Crossed Beams setup, Circular diaphragm (D1), Rectangular diaphragm
(D2), Rotating glass plate (RP), Quadrupole deflector (QD), Channeltron Electron Multiplier
(CEM).
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Data Analysis at NAPS

Measurements at NAPS are based on the measurements of the static cross section, which
computes the cross section for a static scan multiplicated by a form factor [42].

Then, the absolute cross section could be computed as

σabs = [Cscale] [form factor], (3.16)

where the so called Cscale is

Cscale = [vion] [hν]
1

[Nion][effmcp]
, (3.17)

where the vion w 2,5×105m
s

is the ion velocity, hν is the photon energy, Nion = 1×10−12 1
eV

and effmcp is the CEM efficiency is taken as 0.94 [43].

The form factor depends on various variables such as signal, the ion current, and the
vertical displacement of the laser, these ones are manipulated through the trapezoidal
rule

form factor = trapz

(
signal ∗ 1

current ∗ energy
, vert

)
(3.18)

where the trapz function is an integral function for the trapezoidal method, signal is
the number of counts when the laser is on, current is the correspondent ion current and
energy is determined by the laser, vert is the vertical displacement which will be explain
next.

The vertical displacement calculation depends on the angle respect to the ion beam,
the wavelength, and the rotating glass plate (RP in Fig. 3.10). At this point, the vertical
displacement is computed from the angular one. We have to take into consideration the
position change of the laser beam when it is redirected towards the interaction region.
Its position change as it came through optical mirrors and, subsequently its vertical
displacement has to be calculated with the help of the angular displacement.

vert = [vion] [hν]
d√

1−
(
sinθ

nrefr

)2
∗ sin

(
θ − arcsin

(
sinθ

nrefr

))
,

(3.19)
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where d is a differential value of the vertical direction, y, θ is the angle between the ion
beam and laser beam and nrefr is a function dependent on the rotating glass plate and
the wavelength.

Finally, the error of σabs is given as

δσabs =

√
C2
scale

npulses

(
signal ∗ δ2vert

(current ∗ energy)3
+

K ∗ δ2vert
(current ∗ energy)2

)
, (3.20)

where K is an scalar used as an adjustment parameter for the variables before mentioned,
npulses is the numbers of sweeps per measurement and δvert is the error related to the
vertical displacement of the laser, which depends on the angle between the ion and laser
beams and the rotating glass plate.

Lasers

The lasers used at NAPS were a DPSS laser (Verdi-V10, Coherent) that provides light
at a wavelength of 532 nm [44] and a diode laser (CNI, MDL-III-405) at 405 nm [45].
The first one is suited for Ti:Sapphire pumping. It has a single longitudinal mode ring
cavity architecture enabling single frequency applications.

Channeltron Electron Multiplier

The Channeltron Electron Multiplier used at NAPS for one photondetachment is the
model Sjuts KBL25RS with a typical ability to increase the signal at 2.3 kV applied
voltage (see Fig. 3.11).

Figure 3.11: Channeltron Electron Multiplier (CEM), model Sjuts KBL25RS used at NAPS
[43].
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Chapter 4

Results

In this chapter the results obtained from the experiments performed at the Gothenburg
University Negative Ion Laser LAboratory (GUNILLA) and at the Research du Cyclotron
in the Nanoscopic Physics group (NAPS) of the Catholic University of Louvain La Neuve
in Belgium are presented in two separate sections. All data analysis has been made in
Python, EasyPlot and MATLAB.

4.1. GUNILLA

The experiments performed at GUNILLA were done with the purpose of measuring the
electron affinities of arsenic and gold.

4.1.1. As−

For the arsenic experiment, the measurements were done for one of the threshold J = 2
whose energy is 0.8048(2) eV with a wavelength of 1541 nm, showing a s-wave transition.

The laser that covers the range for this element was Laser Vision (OPO/OPA laser)
and it was used to do antiparallel photodetachment from 1525 nm to 1555 nm with a 0.5
nm step size in the broad band mode.

The values for the EA of As in Tab. 4.1, show firstly, the value without Doppler Shift,
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Electron Affinity

EAArsenic = 0.8048(4) eV Without Doppler Shift
EAArsenic = 0.8045262(2) eV Corrected for Doppler Shift
EAAsRef

=0.8048(2) eV Measured by Walter et al. [22]

Table 4.1: The measured EAArsenic is shown in this table. First, we provide the EAArsenic
obtained at GUNILLA without correction for Doppler Shift, in addition we have the value
corrected for Doppler Shift. These values are compared to the experimental data obtained by
Walter et al. [22].

then this one was corrected and finally both of them are compared to the experimental
data obtained by Walter et al. [22].

In Fig. 4.1, we show the final experimental data of the analysis, where the continuous
line is the analytical fit curve to Wigner’s law, where for an s-wave transition l = 0 and
thus we have: σ(E) ≈ C(E − EA)

1
2 , where E is the photon energy of the laser and EA

is the electron affinity and C is the amplitude of the function. The vertical dashed line
shows the EA with the Doppler Shifted value obtained at GUNILLA, while in the s-wave
threshold fit curve we can see the value for the experimental data obtained by Walter et
al. [22].

For further analysis, the data was normalized to laser power and ion current as seen
in Eq. (3.7), and the error propagation is given by Eq. (3.9), the data was consequently
fitted to a single Wigner’s law fit in order to determine the Doppler shifted EA. The
resulting fit is presented in Fig. 4.1.
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Figure 4.1: As− photodetachment data taken in antiparallel geometry at GUNILLA. The figure
shows an s-wave transition with the EA value at 0.8045262(2) eV corrected for Doppler Shift
(vertical dashed line), while the literature shows the threshold at 0.8048(2) eV based on the
work of Walter et al. [22].

4.1.2. Au−

For the gold experiment the MOPO laser was used in the range between 530 nm and 544
nm. In this experiment, the pulsing mode of the ion source was introduced to extend the
cathode’s lifetime.

The ion source is pulsed at 10 Hz, making each cycle 0.1 s = 100 ms long. The “duty
cycle” is the fraction of time the switch is on. For the gold experiment a 10 % duty cycle
was used. This means that throughout 100 ms, the switch is on for 10 ms and off for 90
ms.

The switch is operated at two different voltages: -3 kV and -200 eV. The last one is
the difference between the ionizer anode and the extractor electrode making the process
of extraction different to the normal one. When the laser is on, the lamp takes 174.1 µs
to send the laser pulse, while triggering the source takes 80 µs to have the peak of the
ion beam (see Fig. 4.2). Both pulse and ion peak have to arrive at the same time to have
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Figure 4.2: 10 % duty cycle. The ion source is pulsed at 10 Hz. Each cycle is 0.1 s = 100 ms.
For the gold experiment, the switch is on for 10 ms.

photodetachment. This means, we have to set a delay in the source. Once the laser is
on and when there is 80 µs left, the source is triggered by the laser via the laser lamp.
Subsequently, the source is activated and it is on for 10 ms.

The signal is received in the oscilloscope as we can see in Fig. 4.5, where the light
blue line represents the established gate to acquire the photodetachment signal. The
yellow line represents the signal from the CEM, better known as counts. The pink line
corresponds to the trigger pump signal from the laser and the dark blue line corresponds
to the pulse generator, thus it represents the pulses.

A comparison of different events in the signal detection is shown in the following
figures. In Fig. 4.3 is shown the oscilloscope before the detection of the photodetachment
signal. Here the ion beam and laser beam are blocked, i.e, none of them goes in the
interaction region. Fig. 4.4 shows collisional detachment when the ion beam reaches the
detector while there is no laser beam. Fig. 4.5 shows photodetachment signal when both,
ion beam and laser beam are unblocked. Here the photodetachment signal is detected
inside the gate.
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Figure 4.3: (Color on-line). Au− experiment. Light blue line: gate that detects the photodetach-
ment signal. Yellow line: collisional detachment signal (out of the gate) and photodetachment
signal (inside the gate). Pink line: laser pump connection. Dark blue line: pulse generator
connection. Here both the ion beam and laser beam are blocked.

Figure 4.4: (Color on-line). Au− experiment. Oscilloscope signal while there is ion beam and
the laser is blocked. We see no collisional detachment or photodetachment signal in the yellow
line.

The data for the gold experiment at GUNILLA was taken at 1 nm step size from 530
nm to 544 nm, where the ion source was pulsed between -200 eV and -3 kV. The data was
normalized to laser power and ion current as seen in Eq. (3.7), and the error propagation
is given by Eq. (3.9), the data was consequently fitted to a single Wigner’s law fit, where
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Figure 4.5: (Color on-line). Au− experiment. Oscilloscope signal when there is ion beam and
the laser are unblocked, here the photodetachment signal is visible on the screen (inside the
light blue gate) and collisional detachment is outside the gate.

the data fitted to a p-wave transition l = 1 and thus we have: σ(E) ≈ C(E−EA)
3
2 , where

E is the photon energy of the laser and EA is the electron affinity and C is the amplitude
of the function. The resulting fit is presented in Fig. 4.6. The different values for the EA
are shown in Tab. 4.2 where the error propagation for the Doppler Shifted value come
from Eq. (3.4). The vertical dashed line in Fig. 4.6 shows the Doppler Shifted value
for the EA obtained at GUNILLA, while the EA value from Andersen et al. presented
a threshold before this line, mofe specifically at 2.30861(3) eV. The difference between
the reference and the experimental value obtained at GUNILLA suggest the necessity of
taking more measurements to improve the final experimental result.

Electron Affinity

EAGold = 2.316(1) eV Without Doppler Shift
EAGold = 2.316592(4) eV Corrected for Doppler Shift
EAAuRef

=2.30861(3) eV Measured by Andersen et al. [12]

Table 4.2: The measured EAGold is shown in this table. First, we have the EAGold without
correction for Doppler Shift, then we have the value corrected for Doppler Shift and finally we
have the value from literature measured by Andersen et al. [12]
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Figure 4.6: Au− photodetachment data taken in a parallel geometry with the pulsing mode
of the ion source.The figure shows a p-wave transition with the EA value at 2.316592(4) eV
corrected for Doppler Shift (vertical dashed line), while the literature shows the threshold at
2.30861(3) eV based on the work of Andersen et al. [12].
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Figure 4.7: Al base cathode with a rolled sample of silver plate.

4.2. NAPS

The experiments at NAPS required a temperature between 95 ◦C and 105 ◦C in the
cesium reservoir of the negative ion source, and a vacuum of 1-2×10−6 mbar. Before
doing the experiment the mass separator was calibrated using O2.

4.2.1. Ag−

For the silver experiment an aluminium base cathode was used. The silver sample could
be in powder or in a solid form. In our case, both states were tested, finding that the
solid sample (without baking it) gave the best signal.

The first try for the cathode’s test was to prepare a tantalum surface by drilling a
hole in the center, and attach it to the aluminium cathode containing the powder. The
purpose of this technique was to get rid of the aluminum peaks in the mass spectrum, and
obtain a beam containing only tantalum and silver. The second try was to use a cathode
with a wider hole, so that the area of interaction was greater, facilitating the alignment
of the optics. The third try was to fill a cathode with silver and bake it in order to have a
cleaner and bigger peak of silver, this eliminates the oxygen remnants, but this was not
successful. Finally, the cathode used was an aluminium base with a rolled silver plate in
the center as shown in Fig. 4.7.

In order to stabilize the ion beam, a current of 0.18 mA in the cathode was needed.
Once we had a stable ion beam, it was possible to observe laser induced neutral Ag
impacts on one of the position sensitive detectors, which are normally out of axis.
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The following figures 4.8 and 4.9 show the relation among mass spectrum, the time
of flight of the elements under study, and the ion yields for every negative ion beam.
No error propagation has been calculated for these graphs given that this is a visual
representation of the comparison of the elements.

By performing the experiment with and without the Wien filter, we allow the detection
of all the masses in order to have a spectrum and a reference of all the elements in the
sample. This can be seen in figures 4.8 and 4.9 for the silver and gold samples.
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Figure 4.8: Mass spectrum. Ion yields for Ag−, AgO−2 and Au−. Ag−(107.868 amu), AgO−2
(143.868 amu) and Au− (196.9665 amu). Developed by NAPS, UCL 2020.
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Figure 4.9: Time of flight spectrum of the negative ion beams and their respective ion yields.
Ag− (28.3, 28.5 µs), AgO−2 (32.8, 32.9 µs) and Au−(38.8 µs). Developed by NAPS, UCL 2020.

The photodetachment experiment was conducted using a DPSS green laser (Verdi-
V10, Coherent) at a wavelength of 532 nm and a blue diode laser (CNI, MDL-III-405) at
405 nm. In order to lower the collision background and to limit detector aging, the anion
beam is pulsed by switching on and off the deflector (D1) using a fast high voltage switch
of 1 s (see Fig. 3.9). The ions pass to a Faraday cup when the deflector is off allowing
the ion current to be detected. When the detector is on, ions pass through D1 and D2
and are collimated by two diaphragms housed in a rereferencing tube.

In Tab. 4.3 the absolute cross section values for Ag− at 90 % confidence level are
presented, here the measurements were performed by the ACB. Having a close look to
Fig. 4.10, the reference data point obtained by Hotop et al. [27] was taken as our main
reference and we can see that this point is on the calculation line presented by Amusia
et al. [46]; on the other hand, σ1 was obtained with a green laser of 2.33 eV, where the
error line is on the solid line, σ2 was obtained with a blue laser of 3.06 eV, nevertheless,
the error bar of the latter is above the line, suggesting the measurements have to be
improved.
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Absolute Cross Section Energy Wavelength Photon Energy

σ1 = (7.4±0.3)×10−21 m2 2.33 eV 532 nm 18796.99 cm−1

σ2 = (5.4±0.2)×10−21 m2 3.06 eV 405 nm 24691.35 cm−1

σref = (6.5±1)×10−21 m2 [27] 2.1 eV 590.4 nm 16900 cm−1

Table 4.3: Absolute cross section for Ag− with a green and blue laser, 532 nm and 405 nm
respectively, compared to the value measured by Hotop et al. [27].

Figure 4.10: Ag− Photodetachment. The measurent at 18796.99 cm−1 was recorded using the
green laser, yielding a cross section of σ1 = (7.4±0.3)×10−21 m2. The measurent at 24691.35
cm−1 was recorded using the blue laser, yielding a cross section of σ2 = (5.4±0.2)×10−21 m2.
The solid line is the calculation for absolute cross section for Ag− made by Amusia et al. [46].
Developed by NAPS, UCL 2020.

In the following Fig. 4.11, the upper section corresponds to the additional neutrals that
come from photodetachment, with the green laser. While, in the lower section corresponds
to laser off for all neutrals. We see that they arise from collisions of A−+X −→ A+e+X,
where X is a molecule of the residual gas, most likely H2. In the case of Ag− (greatest
peak in Fig. 4.11) we see very little neutrals produced by background collisions.



46 Chapter 4. Results

-60

-20

20

60

20 25 30 35 40 45

LASER OFF

LASER ON

TOF (�s)

N
eu

tr
al

 Y
ie

ld

Ag-

Figure 4.11: A comparison between laser on and off in the Ag− experiment. The positive neutral
yield (upper section) shows the additional neutrals from photodetachment. The negative neutral
yield (lower section) shows the collisional detachment. Developed by NAPS, UCL 2020.

4.2.2. Au−

For the gold experiment an aluminium base cathode was used. The gold sample was a
solid and rectangular one as shown in Fig. 4.12.

Figure 4.12: Aluminium base cathode with a solid and rectangular gold sample.
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Gold is very prolific in producing negative ions. Further, since it has only one isotope,
there is no trouble in identifying the peak. The current rises rapidly (in minutes) and
once it stabilizes, it is simple to align the optics to get the maximum output.

The photodetachment of Au− was done is the same way as with silver, with both
lasers, green and blue and with the same switching window for the deflector. The mea-
sured cross sections for Au− are:

Absolute Cross Section Energy Wavelength Photon Energy

σ1 = (0.62±0.04)×10−22 m2 2.33 eV 532 nm 18796.99 cm−1

σ2 = (44±0.95)×10−22 m2 3.06 eV 405 nm 24691.35 cm−1

σref = (2.6±30 %)×10−22 m2 [27] 2.4 eV 523 nm 19120 cm−1

Table 4.4: Absolute cross section for Au− with a green and blue laser, 532 nm and 405 nm
respectively, compared to the value measured by Hotop et al. [27].

Figure 4.13: Au− photodetachment cross section. The first point (inset) corresponds to the
measurements done with the green laser and σ1 = (0.62±0.04)×10−22 m2 and the second point
corresponds to the ones done with the blue laser and σ2 = (44±0.95)×10−22 m2. Developed by
NAPS, UCL 2020.
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Chapter 5

Technical discussion and
conclusions

The results presented in this thesis are intended to help to answer the questions presented
in the introduction and accentuate the importance of this research.

For the experiments performed at GUNILLA, the data was normalized to current and
laser power. In the case of background signal, it could not be acquired and it was zero for
the entire experiment. Unfortunately, the sample of arsenic in the cathode ran out after
several days of measurements, not allowing for the improvement of the results. Despite of
this, the acquired EA agrees with the experiments carried out by Walter et al. [22]. The
future of the arsenic experiments is to perform parallel and antiparallel photodetachment
scans measuring the thresholds for the excited states in As− at 1831 nm and 1935 nm.
Another improvement would be the measurements of the fine structure splitting of As−,
which require longer wavelengths. Furthermore, a modification in the cathode could be
made by adding silver to the mixture. This frequently makes them run more steadily and
causes the negative ion current to rise more quickly. Finally, the pulsing mode of the ion
source could be added to extend the cathode lifetime and to maybe improve the amount
of current produced in the process.

For the gold experiment, since it is a very prolific negative ion and since elemental
cathodes performed so well, the obtaining of collisional detachment signal was very easy.
Even though the current rises spectacularly within minutes, the acquisition of the pho-
todetachment data was problematic due to the unstable behaviour of the MOPO laser.
The EA results for gold show a p-wave detachment. However, an improvement in the
value of the EA was not possible. The normalization for the data set was done for ion
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beam current and laser power as done before with the arsenic results. Improvements for
this experiment could be the parallel and antiparallel photodetachment with an upgra-
ded MOPO laser and the high accuracy wavelength meter. Additionally, since the laser
has a grating issue with small nanometer step size, it is recommendable to run the mea-
surements with 1 nm stepsize from different starting points, normalize the data and to
combine the data sets into one plot for measurements done in the same session.

For the experiments at NAPS it was possible to measure cross sections for Au− and
Ag−, with the Au− results we have the opportunity to compare it and the experimental
technique with the ones obtained at GUNILLA. In both experiments it was easier to
perform them with Au− given the rapid rise of gold current and oxygen was used as a
reference for its well known absolute cross section.

Finally, for the purposes in this thesis, the system at NAPS allows us to perform
photodetachment experiments for absolute cross sections (in a 90◦ approach) and electron
affinities. The ion source presents complications since the companies that used to export
the spare parts do not produce them anymore, making the upgrading and maintenance
of the source limited, since NAPS users are the ones who do it. The absence of a magnet
at NAPS makes the selection of masses more difficult as the Wien filter does this part of
the process. On the other hand, the system has a positive ion source that allows to make
research in that field.

The system at GUNILLA allows to perform photodetachment experiments for relative
cross sections in a parallel (at 0◦) and antiparallel (at 180◦) approach. It has a commercial
negative ion source and a magnet that make it easier with the selection of the masses of
interest. The resolution of troubles at GUNILLA is complicated given the complexity of
disassembling the system. In the laser part, the laser assembly at GUNILLA has more
options in which lasers can be used, while at NAPS, they have a simpler way of performing
these measurements with Nd-YAG and Ti:Sa portable lasers.

The pulsing mode of the source made it possible to extend the gold cathode lifetime.
While at NAPS, the cathode’s lifetime was in average two days. The pulsing mode of the
source in GUNILLA made the lifetime to extend to several weeks, allowing to find the
most effective duty cycle and to perform LPT spectroscopy.

In the course of this thesis both systems were used for different outcomes. They have
pros and cons making the way of performing the experiments in a very specific way
in which they complement each other. In conclusion, the measurement of the electron
affinities of As− and Au− and the photodetachment cross section of Au−, and Ag− were
achieved at GUNILLA and NAPS under different experimental conditions. Our results
compare well with the experimental and theoretical data available in the literature. For
an undergraduate student, this has been an exceptional experience and has thought me
how to carry out experimental work at high level experimental facilities.
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Appendix

An extract of the data obtained at GUNILLA is shown in this section.

Figure A1: Fine scan on the As target, no seeding broadband 1 nm step size.
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Figure A2: Fine scan on the As target, no seeding broadband 1 nm step size.

Figure A3: Fine scan on the As target, no seeding broadband 1 nm step size.
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Data obtained at GUNILLA for the experiment on the gold target.
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Data obtained for the gold target was subsequently manipulated for computed data
analysis.

Figure A4: Data from scans on the gold target combined into a same file.
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Figure A5: Data from the gold target experiment manipulated to be computed. N normalized
is the normalization to 1 of the subtracted counts. Scale N normalized is the associated error.
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The code for the As target written in Matlab:
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The code for the Au target written in Matlab:
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