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Abstract

For more than half a century, photoelectron spectroscopy has been used to investi-

gate atoms, ions and molecules. Various techniques have been developed in order

to measure electron energies and angular distributions using different radiation

sources such as lasers and synchrotrons. In this work, a new spectrometer design

for measurements of angular distributions of photoelectrons using synchrotron ra-

diation is presented. The design takes advantage of a collinear interaction region,

which is two orders of magnitude larger than obtainable with the crossed beams

method. The number of events per time unit is thereby substantially increased

compared to regular angle-resolved photoelectron spectrometers. This is of great

value when the radiation source has a low photon flux and the background is

large due to the high photon energy. The spectrometer has been tested on sys-

tems where the angular distribution is well-known, in order to develop methods

for compensation of the angular transformation between the ion rest frame and

the lab frame. Further, a measurement of the angular distribution of a negative

ion, P−, over a wide range of photon energies has been conducted. The results are

in agreement with previous measurements and, more importantly, reveal new and

valuable information about the theoretical modelling of angular distributions.

The experiments presented show that the spectrometer can be used to measure

angular distributions of atomic and molecular ions, and that it can be a valuable

iii



asset at synchrotron beamline endstations. This work also includes a photoion-

ization cross section measurement of Zn+, performed using the synchrotron at

the Advanced Light Source (ALS), Berkeley, CA.

Keywords: Angular distributions, photoelectron spectrometer, photodetach-

ment, photoionization, synchrotron radiation.
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Introduction

Electromagnetic radiation can affect the electric properties of matter, a discov-

ery initially made by Edmond Becquerel in 1839 [1]. Almost fifty years later,

Heinrich Hertz investigated electrically charged sparks from metallic surfaces.

He discovered that, when irradiated with ultraviolet light, some metals gave off

sparks more easily than others [2]. He was, however, not able to explain the

phenomenon, and a proper physical explanation had to wait until Max Planck

had introduced the concept of quantization of energy in 1900. Around that time,

the German physicist Philipp Lenard [3] found that metallic surfaces could emit

so called cathode rays, consisting of negatively charged particles now known as

electrons, when they were illuminated with light. The energy of these rays could

be measured by imposing an electric field in such a way that the ray current drops

to zero at the cathode. Classically, the intensity of the incident light should affect

the stopping voltage necessary to obtain zero current. What Lenard discovered

was that the intensity did not affect the energy of the emitted particles, while

decreasing the wavelength resulted in a more energetic beam. This could not be

explained by means of classical physics. In 1905, Albert Einstein used Planck’s

energy quantum concept to explain this photoelectric effect [4] by suggesting that

electromagnetic radiation consisted of small units of energy that he called light

quanta, later named photons, with an energy proportional to the frequency of

the radiation. An electron in a material can absorb one such quantum, and if the

absorbed energy is larger than or equal to a certain value, the work function of
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the material, the electron can escape the surface. The maximum kinetic energy

of the electron then corresponded to the difference between the quantum energy

and the work function. These discoveries were the starting point from which

the practical applications of light-matter interaction began to develop. Processes

where electrons are emitted by incident electromagnetic radiation are studied

using photoelectron spectroscopy (PES), a scientific field which has contributed

substantially to our present knowledge of the structure and dynamics of atoms,

molecules, ions and solids [5, 6]. The first high resolution photoelectron spectra

were recorded by Kai Siegbahn in the 1950’s [7] using a technique originally called

ESCA (Electron Spectroscopy for Chemical Analyses) [8] which more frequently

goes by the name XPS (X-ray Photoelectron Spectroscopy), a name which better

suits the broader applications [9].

Since then, many different photoelectron spectroscopic methods for various

applications have been developed. Some examples are the time-of-flight (TOF)

spectrometer [10], magnetic bottle [11], velocity map imaging (VMI) [12, 13] and

the photodetachment microscope [14]. There is also a variety of radiation sources

available such as lasers, synchrotrons and free electron lasers. In order to enhance

performance, the facilities undergo upgrades when new techniques are developed.

As an example, chirped pulse amplification (CPA) [15], which rendered a Nobel

prize in 2018, is one of the most important improvements of laser technology. This

invention boosted the development of pulsed lasers with a high repetition rate,

intense radiation and short pulse lengths which have made it possible to study

phenomena such as multi-photon excitation of ions where for instance doubly

excited states in negative ions are examined [16], or to visualize the electronic

motion in atoms [17].

The structure and dynamics of atomic, ionic and molecular systems can be

investigated both theoretically and experimentally. This work focuses on nega-

tive ions. In such systems, the electron correlation is strong, making analytical

treatment very complex. Experimental investigations are therefore necessary in

order to test and improve the theoretical models. Since negative ions in general

lack bound states, optical spectroscopy can not be utilized. For this reason, PES

is the main method to investigate them. The binding energy of the extra electron

in a negative ion is called the electron affinity and is of the order of a few eV. The
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first electron affinity measurement was made on O− by Branscomb [18], starting

a new branch of experimental physics. Since then, the affinity of the majority

of naturally abundant atomic anions have been investigated experimentally. An-

timatter, such as the positronium ion Ps− where an electron-positron system is

bound to an additional electron, is also subject to photodetachment experiments

[19]. Studies of the ejected electrons can also be performed where the angular

distribution is of particular physical interest. Depending on the initial state of

the ion, the electron will leave in a superposition of states. This can be seen as

an interference, which is dependent on the relative amplitudes and phase shift of

the two possible outgoing waves. By measuring the electron yield in directions

parallel and perpendicular to the polarization vector of the linearly polarized

radiation, the asymmetry parameter, β, which is describing the angular distribu-

tion, can be determined. PES can be performed using any radiation source with

sufficient photon energy. One of the most commonly used is the synchrotron,

which can be utilized to produce high energy photons. This is achieved by using

an electron beam which is accelerated in a circular path and thereby emitting

radiation. At such facilities, a much wider range of photon energies are available

compared to using lasers, making investigations involving inner-shell electrons in

atomic systems possible. To this date, most angular distribution measurements

performed at synchrotron facilities have used spherical energy analyzers together

with a crossed beams geometry where the interaction region is at most a few cubic

millimetres. Another technique, VMI, is particularly efficient close to threshold

[13, 20] and has recently been used together with synchrotron radiation [21].

Using a crossed beams geometry to measure angular distributions of photo-

electrons from an ion beam has its limitations. At a synchrotron radiation source,

the low photon flux together with a small interaction volume gives rise to a small

signal level. At such facilities, rotation of the polarization vector of the radia-

tion is not always an option, and, even if possible, the purity of the polarization

would be affected by the typically low intensity of the photon beam [22]. Hence,

a crossed beams geometry in photoelectron angular distribution measurements

require setups such as a movable detector, many detectors, or the use of electric

fields to collect electrons onto a position sensitive detector. However, these de-

signs do not necessarily increase the data collection rate. Nevertheless, the signal
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levels in such an arrangement is low. To this date, only two experimental in-

vestigations for measuring photoelectron angular distributions, using a collinear

beams geometry, have been performed. First, the setup used by Moussalami et

al. [23] using sychrotron radiation. In this measurement, a linear source length

of the order of 10 mm, inside a cylindrical mirror analyzer (CMA), was used.

Second, a collinear angularly resolved spectrometer has been used together with

an ion-laser setup [24]. The source length of this device was 250 mm. This

measurement was performed by rotating the polarization vector of the light.

To overcome the limitations mentioned above, a new design of an angle-

resolved photoelectron spectrometer has been developed [25]. The key features

are a high signal to noise ratio, direct asymmetry parameter measurements when

the polarization vector is fixed in space, and a large number of detected events per

time unit compared with other spectrometers used to this date. The last require-

ment is met by utilizing a collinear beams geometry, which results in a relatively

large interaction volume. The spectrometer was designed for measurements of

positive ions using synchrotron radiation.

In this work, the technical details and performance tests of the spectrometer

(Paper I), and a photodetachment measurement of a negative ion (Paper II),

are presented. In addition, a photoionization experiment of a positive ion using

synchrotron radiation is presented (Paper III).
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Photoelectron spectroscopy

There are several techniques employed in photoelectron spectroscopic measure-

ments [26]. Time-of-flight (TOF) spectrometers [10] separate different photoelec-

tron energies by guiding the electrons to a detector far away from the interaction

region. Depending on their initial velocity, electrons will spend different time

reaching the detector. By triggering the time recording of an event it is possible

to separate different photoelectron energies by their flight time. To achieve a

high temporal resolution, this type of detector requires a small interaction region

relative to the flight distance. TOF spectrometers can therefore become rather

large. An electrostatic analyzer is an ion optical device which can be used to

separate electrons with different kinetic energies by bending them using electrical

fields [27]. Normally, it is designed to only allow electrons with a certain velocity

to pass through and by changing the electrical bias it is then possible to scan

the energy distribution and select a specific kinetic energy. In the velocity map

imaging method (VMI), electrons ejected in all directions are guided by electro-

static fields onto a position sensitive detector, where all electrons with a certain

velocity will end up on the same circle regardless their initial position [28]. In

magnetic bottle spectrometers the emitted electrons travel in a strong magnetic

field. Since no mechanical work is done on charges by a magnetic field due to

the Lorentz force being perpendicular to the momentum of the electrons, it is

possible to keep the initial information of the electrons even after a substantial

period of time. In such a device, very high collection efficiencies relative to other
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photoelectron spectrometers can be obtained [11].

At higher photon energies, the residual atom might end up in an excited state. As

a result, the ejected photoelectrons will have different kinetic energies depending

on the initial state of the ion and the final state of the atom. In this case it

is crucial to be able to separate electrons emanating from different detachment

channels in order to characterize the negative ion properly. The most common

setup is the crossed beams geometry, where an ion beam is perpendicularly in-

tersected by a photon beam. One advantage of this setup is that the interaction

region is well defined in space. As a consequence, the rate at which photode-

tachment events take place is then relatively low. If, in terms of photon flux, a

not so powerful radiation source is used, for instance a synchrotron, the signal

level will be low [29]. In order to perform qualitative measurements under such

circumstances, the spectrometer design is an important part of the experiment.

2.1 Photodetachment

The interaction between a photon and an atom or ion where electrons are ejected

can in a simplified manner be described as follows. Considering an arbitrary atom

A, we have for integers n and m,

An+ + γ → A(n+m)+ +me−, m ≥ 1, (2.1)

where n ≥ 0 and n < 0 correspond to photoionization and photodetachment,

respectively.

The photon energies required for photodetachment are at most a few electron

volts, while those needed to produce positive ions can be up to several hundred

eV depending on the degree of ionization. Therefore, studies of negative ions are

easily performed using lasers while atoms and positive ions normally require more

powerful radiation sources in terms of photon energy. Atoms and positive ions

can, besides being ionized, become excited and emit photons, thereby revealing

information about their internal structure. In fact, most of our knowledge about

the energy structure of the atomic elements come from this kind of spectral

analysis. With a few known exceptions [30, 31], negative ions have no stable

excited states below the detachment threshold with a parity that differs from the
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ground state. For this reason, spectral analysis is not possible and other methods

are therefore necessary in order to investigate them.

2.1.1 Electron affinity

The binding energy of the extra electron in a negative ion is called the electron

affinity, in this work denoted by EA, of the atom. This value is often associated

with the ion although it is defined to be the energy gained by the atom when

an extra electron is attached. Hence, it is equivalent to the energy needed to

detach the extra electron. When a photon of energy Eγ = hν is used to detach

an electron from a negative ion, the ejected photoelectron will carry a kinetic

energy given by

Ek = hν − EA. (2.2)

By measuring the kinetic energy of the electrons ejected at a specific photon

energy, the affinity can be determined. With a tunable radiation source it is

possible to find the detachment threshold by scanning the wavelength, thereby

finding the highest energy at which no photoelectrons are emitted. Another

method to increase the resolution is to use the Doppler shift experienced by the

ions if the ion-photon beams are collinearly overlapped. In such an experiment,

the photon energy leading to photodetachment is measured when the photon

and ion beams are counter-propagating. In the ion rest frame, the wavelength

of the photons is blueshifted relative to the lab frame. A similar measurement

is performed allowing the photon and ion beams travel in the same direction, so

that the photon wavelength in the ion rest frame is redshifted, and an average of

the two photon energies gives the electron affinity of the atom [32].

2.2 Cross sections

2.2.1 Total cross section

The probability of photodetachment is known as the cross section σ and can be

interpreted as the area within which a point-like photon must pass in order to

detach the electron. Fig. 2.1 shows a photodetachment cross section, where the
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sharp onset is characteristic for negative ions. With increasing photon energy the

probability of detachment increases until it reaches a maximum at around 2EA.

The cross section then falls gradually, making measurements of photodetachment

at high photon energies more time consuming. One way to overcome this is to

have a large interaction region.

Figure 2.1: Characteristic shape of the total cross section of a negative ion. The

maximum occurs at a photon energy of approximately 2EA.

Just above the threshold, the behavior of the cross section is described by the

Wigner law [33],

σ ∝ E
l+1/2
k , (2.3)

where Ek is the kinetic energy and l is the angular momentum quantum number

of the emitted photoelectron. One consequence of Eq. 2.3 is that at the photode-

tachment threshold, the cross section of an s-wave will rise quickly while waves

carrying a non-zero angular momentum have a less steep onset (Fig. 2.2).
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Figure 2.2: Comparison of photodetachment cross section onsets, according to

the Wigner law (Eq. 2.3), of partial waves corresponding to different

angular momentum.

2.2.2 Partial cross section

The total cross section normally consists of several partial cross sections, each cor-

responding to the probability for a certain detachment channel. With increasing

energy, more channels open up so that a cross section measurement of a specific

channel requires an energy analyzer.

2.2.3 Differential cross section

The probability that an electron is ejected in a certain direction in space is called

the differential cross section, σdiff = dσ
dΩ

, where Ω is a solid angle. When an

electron interacts with linearly polarized electromagnetic radiation, it begins to

oscillate along the polarization direction. Classically, the detached electron would

leave the ion in a direction parallel to the polarization vector. However, since the

electrons are represented by wavefunctions, the probability that they leave the

atom in a certain direction depends on the initial state and is described by the

quantum mechanical laws governing the transition. It is therefore of significant
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interest to investigate the angular distribution of the detached electrons in order

to reveal information of the initial state of the ion.

2.3 Angular distributions

The photon has an angular momentum of one, and as a consequence, a photode-

tached electron will carry an angular momentum given by ∆l = ±1. If the initial

state corresponds to an s-state, the electron will leave as a p-wave. An initial

p-electron, however, will leave as a superposition of an s- and a d -wave. Due

to the centrifugal barrier, which scales as l2

r2
, the s-wave dominates close to the

threshold [34]. At higher energies, the cross section of the p-wave will become

more prominent (Fig. 2.2). Within the dipole approximation, only one parameter

is necessary to describe this process. Measurements of the angular distribution

of photoelectons is therefore equivalent to investigating this parameter and its

energy dependence. The photoelectron intensity I(θ) in a detector placed at an

angle θ with respect to the polarization vector, is proportional to the differential

cross section of photodetachment from an unpolarized target. This dependence

is given by [35]

I(θ) ∝ dσ

dΩ
=

σ

4π
(1 + βP2(cos θ)), (2.4)

where P2 is the 2nd degree Legendre polynomial, P2(x) = 1
2
(3x2−1). The asymme-

try parameter β is a function of the phase shift, δl+1− δl−1, of the two interfering

outgoing waves, and the radial dipole matrix elements Rl±1. This dependence,

originally derived by Bethe [36] and later generalized by Cooper and Zare from

whom it has achieved its name, the Cooper-Zare formula, is given by

β =
l(l − 1)R2

l−1 + (l + 1)(l + 2)R2
l+1 − 6l(l + 1)Rl−1Rl+1 cos(δl+1 − δl−1)

(2l + 1)[lR2
l−1 + (l + 1)R2

l+1]
. (2.5)

The matrix elements Rl±1 are not straightforwardly calculated, but Hanstorp et

al. [37] derived an approximate form of Eq. 2.5,

β =
2A2ε(A2ε− 2c)

1 + 2A2
2ε

2
, (2.6)

where A2 is the relative size of the matrix elements R0 and R2, c = cos(δl+1−δl−1)

is a measure of the phase shift, and ε is the photoelectron energy. The parameter
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A2 is related to the size of the ion. When performing measurements of angular

distributions over a range of photoelectron energies, it is thus possible to fit

experimental data to Eq. 2.6 using only A2 and c as fitting parameters. The

asymmetry parameter is in the range −1 6 β 6 2. Here, β = −1 corresponds to

the electron leaving as a pure sin2 θ-wave, β = 0 is an isotropic distribution and

β = 2 corresponds to a pure cos2 θ-wave. It is straightforward to show that the

intensity, depending on the sign of β, can be written on the normalized forms

I(θ) = (1−Q1) sin2 θ +Q1, −1 ≤ β < 0, (2.7)

I(θ) = (1−Q2) cos2 θ +Q2, 0 < β ≤ 2, (2.8)

where Q1 and Q2 are positive constants for a given non-zero value of β. Thus, I(θ)

can be regarded as consisting of one isotropic part, independent of the emission

angle θ, and one anisotropic part. If β = 0, I(θ) is constant so that Q1 = Q2 = 1.

It should be mentioned that P2(cos θ) vanishes when cos θ = 1√
3
. The pho-

toelectron intensity given by Eq. 2.4 is therefore independent of β at this so

called magic angle θ0 = cos−1( 1√
3
) ≈ 54.7◦ (Fig. 2.3). This angle can be used

in angle-resolved measurements to identify systematic errors not related to the

photodetachment process. Another example is nuclear magnetic resonance spec-

troscopy (NMR) where some of the nuclear magnetic interactions have an angular

dependence of the 2nd order Legendre polynomial [38].

Fig. 2.4 shows the energy dependence of the asymmetry parameter for a p-

electron detachment from a negative ion, where the residual atom is left in the

ground state. If the two outgoing s- and d-waves have a phase shift of exactly π,

they experience destructive interference in a direction parallel to the polarization

vector of the incident radiation. This corresponds to β = −1 if their amplitudes

are equal. The shape is characteristic for p-valence negative ions. At energies

above the minimum, the d-wave will be dominant and β will approach 1 with

increasing energy until new channels open.

2.3.1 An experimental method

Several techniques and apparatuses can be employed in measuring the angular

distribution of photoelectrons. In this section, theoretical aspects of the experi-

mental method used in this work are discussed. It is important to point out that
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Figure 2.3: Polar plot of Eq. 2.4 for four different values of β. All curves intersect

at the magic angle θ0 ≈ 54.7◦.

it is here assumed that the photoelectron source and the detector are at rest with

respect to each other. Transformation from the lab frame, where the detector

is placed, to the rest frame of the physical system under investigation, will be

described in Section 2.4.1.

The photoelectron yield at a fixed photon energy can be measured while ro-

tating the polarization vector by discrete steps. The data points I(θ) can then

be fit to the right hand side of Eq. 2.4. By doing so, the asymmetry parame-

ter can be obtained directly. In the ideal case, however, it is only necessary to

simultaneously measure the intensity parallel and perpendicular to the polariza-

tion vector. To see this, consider the normalized forms of I(θ) given by Eq. 2.7

and 2.8. As Fig. 2.5 shows, the anisotropic part can be treated as purely sin2 θ-

or cos2 θ-distributed, respectively. The isotropic parts, Q1 and Q2, are given by
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Figure 2.4: The general shape of the energy dependence of β for a p-electron de-

tachment. Due to selection rules, the electron will leave the negative

ion as an s- or a d -wave. At the photodetachment threshold, the

electron leaves as a pure s-wave with β = 0, while the interference

with the d -wave varies with increasing photon energy. The depth of

the minimum is dependent on the phase shift between the two waves,

while the position along the energy axis depends on the parameter

A2 (Eq. 2.6).

the normalized photoelectron yield at θ = 0◦ or θ = 90◦, respectively. At these

angles, the intensities given by Eq. 2.4 become

I(0◦) = k(1 + β), (2.9)

and

I(90◦) = k(1− β

2
), (2.10)

respectively. The proportionality constant k is the same in both cases for a given

photoelectron energy, but is dependent on the differential cross section. Using

Eq. 2.9 and Eq. 2.10, we see that

Q1 =
I(0◦)

I(90◦)
=

1 + β

1− 1
2
β
, β < 0, (2.11)

Q2 =
I(90◦)

I(0◦)
=

1− 1
2
β

1 + β
, β > 0. (2.12)
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(a) I(θ) when β < 0. (b) I(θ) when β > 0.

Figure 2.5: General shape of the photoelectron intensity as function of emission

angle, according to the two cases described by Eq. 2.7 and 2.8. The

yields are normalized with respect to the maximum intensity. The

shaded areas are the isotropic parts of the intensities.

Solving Eq. 2.11 and 2.12 for β, the asymmetry parameter in each of the two

cases can thus be calculated directly,

β =
Q1 − 1

1 + 1
2
Q1

, I(0◦) < I(90◦), (2.13)

β =
1−Q2

Q2 + 1
2

, I(90◦) < I(0◦). (2.14)

This leads to the conclusion that the experimental task of finding the asymmetry

parameter can be reduced to finding the values Q1 and Q2.

2.4 The kinematic effect

In Section 2.3.1, a method to obtain the asymmetry parameter was described.

However, it was assumed that the detector and the photoelectron source were at

rest with respect to each other. In general, this is not the case. In the rest of

this work, the source of the photoelectrons is an ion beam moving with a non-

zero velocity. The ions are moving relative to the detector when they emit an

electron. Due to this motion, the electron emission angles and velocities in the

Ion rest Frame (IF) are changed when viewed in the Lab Frame (LF), in which the

measurements are made. This change is called the kinematic effect [39], and has to
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be taken into account when the asymmetry parameter of a system is investigated.

In this work, the angle ψ denotes the LF angle between the polarization vector

and the direction of detection.

A photoelectron which is detected in a direction making an angle of 90◦ relative

to the ion velocity vector in the LF, has to have been ejected with an IF velocity

making a larger angle, 90◦ + α, relative to the ion velocity (Fig. 2.6).
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Figure 2.6: (a) If the polarization vector of the photon beam points towards

CEM90 in which a photodetached electron is detected, the LF de-

tection angle ψ = 0◦ and the IF emission angle θ = α are different

due to the kinematic effect. (b) In the case where the LF angle

ψ = 90◦, electrons detected in CEM90 have been emitted at an angle

θ = 90◦ with respect to the polarization vector of the photon beam,

regardless of the kinematic angle α.

If the polarization vector of the photon beam points towards the detector, the

emission angle with respect to the polarization direction will be measured as

ψ = 0◦ in the LF, while it is θ = α in the IF (Fig. 2.6a). If the polarization

vector is perpendicular to the detection direction in the LF, ψ = θ = 90◦ (Fig.

2.6b). In addition, the discrepancy between the LF and the IF angles will be a

function of detection and polarization angles.
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A way to visualize the kinematic effect is to see how the angular distribution

of the detached electron changes through the transformation from the IF to the

LF. As shown in Fig. 2.7, the torus-shaped sin2 θ-distribution becomes distorted

in the LF.

(a) A sin2 θ-distribution as viewed

in a comoving frame.

(b) An IF sin2 θ-distribution as

viewed in the LF.

Figure 2.7: Due to the kinematic effect, a sin2 θ-distribution in the IF (left) will

be distorted when viewed in the LF (right). The cones illustrate

a solid angle within which electrons would be detected by a CEM

facing downward, placed parallel to the polarization of the incident

radiation (ψ = 0◦, upward in the picture). If the CEM and the ions

were at rest with respect to each other, the CEM would have close to

zero yield (lower left). The kinematic effect causes an asymmetry in

the lab frame, which in turn allows the CEM to detect electrons with

θ > 0◦ at ψ = 0◦ (lower right). The black dots indicate the ions from

which the electrons are detached. The ion velocity vector points to

the right.

If the velocity of the emitted photoelectron is large compared with the ion ve-

locity, that is, for photon energies far above the photodetachment threshold, the
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kinematic effect is small. To obtain the correct value of β, that is, the value of

the asymmetry parameter in the IF, it is necessary to perform a transformation

from the LF to the IF.

2.4.1 Kinematic correction

A transformation between the two frames of reference has been developed with the

aid of the computer simulation software SIMION [40]. This correction procedure

takes into account both the kinematic effect, and the geometric properties of the

spectrometer used in the experiment. In this section, the procedure is described in

general terms. It is applicable to any angular distribution measurement where the

detection process can be simulated. Consider first the case where I(0◦) < I(90◦).

Normalizing to the intensity at the LF angle ψ = 90◦, where the kinematic effect

is negligible, the relative minimum intensity m at ψ = 0◦ is obtained (Fig. 2.8).

By performing a computer simulation of the expected detection process, with

a pure sin2 θ-distribution of IF emission angles as input, a simulated LF yield

Q̃1 is determined (inset of Fig. 2.8). This value can then be used to correct

the experimentally obtained LF value m for the kinematic effect, also taking

geometric properties of the detection system used in the experiment into account,

and calculate the IF value Q1.

m = Q1 + Q̃1(1−Q1), (2.15)

Q1 =
m− Q̃1

1− Q̃1

. (2.16)

The β in the IF, that is, the asymmetry parameter of the physical system under

investigation, can now be calculated using Eq. 2.13.

Consider now the other case, where I(0◦) > I(90◦). Here, it is not possible

to normalize with respect to the maximum yield, since this occurs where the

kinematic effect is at its largest (Fig. 2.9). Hence, the relative minimum yield in

the LF, m, will not depend on the kinematic effect directly. The transformation

described above will therefore not lead to a correct value of β. Fortunately,

this situation occurs when the photoelectron energy is relatively large. With

increasing energy, the kinematic effect will get smaller. The necessary correction
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Figure 2.8: By performing a photoelectron angular distribution measurement at

a given photon energy, the value m is obtained. A simulation of the

detector used in the experiment, with a pure sin2 θ-distribution in

the IF as input, gives the LF term Q̃1 (inset). The IF value Q1 from

the experimental investigation is then calculated using Eq. 2.16. By

inserting this value into Eq. 2.13, the asymmetry parameter of the

system can be obtained.

due to the discrepancy in the detection and emission angles between the LF and

IF will therefore also be small. One way to obtain an estimate of the correction

in this case is to use the simulation of the experiment in a different manner. The

measurement gives rise to an experimental LF value of β̃exp = 1−m
m+ 1

2

, according

to Eq. 2.14. As input in the simulation, a range of IF angular distributions

corresponding to βi, i = 1...n, where β1 < β̃exp < βn, can be used. The simulation

outputs will then be a range of values Q̃2i , which are inserted into Eq. 2.14, and

the thus obtained β̃isim are compared with β̃exp. For some p ∈ [1, n], |β̃psim − β̃exp|
takes on a minimum value. The βp used in the simulation to produce β̃psim then

corresponds to the corrected asymmetry parameter in the IF.
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(a) A cos2 θ-distribution

as viewed in a comov-

ing frame.

(b) When viewed in the

LF, the distribution

is distorted.

Figure 2.9: For a cos2 θ-distribution, in the transformation from the IF to the

LF, the photoelectron intensity in detectors in the vertical plane will

be reduced due to the kinematic effect. The yield in detectors in

the horizontal plane will not be affected. The cones illustrate a solid

angle within which electrons would be detected by a CEM facing

downward, placed parallel to the polarization of the light (ψ = 0◦,

upward in the picture). The ion velocity vector points to the right.
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3

A PhotoElectron

Angle-Resolved Linear

Spectrometer

3.1 Basic design concept

As mentioned in the introduction, one of the challenges in performing angular

distribution measurements at synchrotron facilities is the low signal to noise ratio

in the case of a crossed beams geometry. The simplest way to increase the data

collection rate is to create a collinear interaction region where the ion beam

and the photon beam are merged along a distance of several centimeters. One

drawback with a collinear setup is that the photoelectrons are emitted along a

long distance rather than from a single point. A consequence of the extended

source of electrons is lack of energy and angular resolution. From this it is clear

that a collinear spectrometer will in general not be suitable for high resolution

measurements, but will be advantageous, for example, when investigating the

behaviour of the asymmetry parameter in a wide energy interval. On the other

hand, a collinear interaction region allows for measurements of many emission

angles simultaneously since events are detected in a plane perpendicular to the

ion-photon beams. As mentioned in Section 2.3.1, it is only necessary to measure

the photoelectron yield at 0◦ and 90◦ with respect to the polarization direction
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in order to determine the asymmetry parameter β. Therefore, an angle-resolved

spectrometer stationed at a radiation source with fixed polarization could, in

principle, be constructed using two fixed mutually perpendicular detectors. It

would then be necessary to know the detection efficiency in both detectors. On

the other hand, one can partly compensate for any differences in the efficiencies

of the detectors by using four instead of two, placing them pairwise parallel and

opposite each other and using a normalization technique that will be described

in Section 4.1.1. It is also very useful to remove lower energy electrons that arise

from the photodetachment channels involving excited states of the parent atom.

This can be achieved by incorporating a high pass energy filter.

3.2 Mechanical design

With the above considerations in mind, PEARLS (PhotoElectron Angle-Resolved

Linear Spectrometer) was designed and manufactured at the Advanced Light

Source ALS in Berkeley, California, and later shipped to the Göteborg University

Negative Ion Laser LAboratory GUNILLA for performance tests. Here, a short

overview of the spectrometer is presented, while a more detailed description can

be found in Paper I [25]. The design of PEARLS originated from a single graphite

tube spectrometer [41]. One key improvement relative to the original design is

the ability to measure the asymmetry parameter β directly, without having to

rotate the polarization vector of the radiation. This is achieved by incorporating a

detector plane with four CEMs that define the directions up, down, left and right

(Fig. 3.1). The computer software SIMION was used in the design process to

optimize the collection efficiency and the overall performance of the spectrometer.

The basic concept of PEARLS is that the ion beam and the photon beam

overlap within the graphite tube in the center of the spectrometer which is con-

sidered field free. The electrons detached in the photon-ion interaction escape

through small holes along the side of the tube and enter a detector box with

CEMs at the far side (Fig. 3.2).

There are also some electrodes outside the graphite tube that can be used to

guide the electrons toward a CEM. A high pass energy filter is also included in the

design in order to reject lower energy electrons. The linearly extended design of
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Figure 3.1: Schematic cut-through view of PEARLS, where one of the four iden-

tical detector planes is shown. The angular labels on the CEMs are

relative to the upright vertical lab frame direction as seen along the

ion-photon beam direction.

PEARLS provides an interaction region two orders of magnitude larger than with

a crossed beams setup. Relative to VMI, which uses electric fields and a TOF

detector to collect all photoelectrons in all directions, PEARLS allows the elec-

trons to be emitted in a field free region within the graphite tube before escaping

through the holes. Following this, an electric field guides them towards a CEM.

Although PEARLS only collects electrons at certain emission angles, the total

number of detected photoelectrons per unit time is considerably larger than in a

crossed beams geometry. As discussed in Section 2.3.1, all significant information

of the asymmetry parameter β is contained in the photoelectron yield at 0◦ and

90◦ with respect to the polarization vector of the radiation. Therefore, collecting

all emitted electrons will not provide a substantial increase in the accuracy of

the measured value of β. Materials were carefully chosen to allow the detector to

function in an ultra high vacuum environment, minimize patch fields and contact
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Figure 3.2: Cutaway view of PEARLS where the interior of the spectrometer is

shown. The filter consists of a fine copper mesh placed at the exit

holes. The lens plate and the U-plate, the name of the latter referring

to its geometrical shape, can be electrically biased and used to guide

the electrons toward the CEMs.

potentials. The full assembly of PEARLS is shown schematically in Fig. 3.3.

3.3 Simulations

Computer simulations using the ion optics software SIMION were performed in

order to investigate the limitations, behaviour and characteristics of PEARLS.

These were made prior to manufacturing, but also alongside experiments, as a

means to investigate the performance, and to correct for the kinematic effect and

the geometry of the detector when evaluating experimental data.
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Figure 3.3: A schematic of the complete assembly of PEARLS showing 8 CEMs

in the horizontal plane and another 8 in the vertical plane. Thus a set

of 4 CEMs define a detector plane, perpendicular to the ion-photon

beam direction. The CEMs at the entrance to the apparatus are

labelled 1-4 in a clockwise manner, starting at the top, corresponding

to CEM0-CEM270 in the detector plane shown in Fig. 3.1. The CEMs

in the next detector plane are labelled 5-8, and so forth.

3.3.1 High pass filter

As shown in Fig. 3.2, PEARLS is equipped with electrodes that can be individu-

ally electrically biased to function as lenses and filters. One of the key features in
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the present setup is the high pass filter which consists of a copper mesh covering

the exit holes in the graphite tube. Fig. 3.4 shows a simulation of the trajectories

of photoelectrons of two different energies with an unbiased and a biased filter,

respectively. The low energy electrons are completely repelled by the mesh which

is placed where the electrons exit the graphite tube.

(a) Unbiased mesh, electrons with a kinetic energy of 0.95 eV (green) and 2.35 eV

(black) are transmitted from the graphite tube and reach the CEM on the left.

(b) Mesh biased at -1 V, where the mesh potential is sufficiently high to keep the low

energy electrons from exiting the graphite tube.

Figure 3.4: Simulations of the trajectories of electrons passing through, or being

repelled by, the high pass energy filter.
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In Paper I the functionality of the high pass filter was demonstrated experimen-

tally. In Fig. 3.5, the experimental data is compared to a simulation. The

blocking of the low energy electrons is represented by a very distinct step in the

signal in both data sets.

Figure 3.5: The upper diagram shows a schematic of the ground state and first

excited states of P. If the photon energy Ef is large enough it will be

able to leave the residual atom in both states. The plot shows the

normalized yield of photoelectrons from P− when electrons of two

different energies are present. The red triangles represent simulated

data while the black triangles correspond to experimental data. The

blue vertical line indicates the energy of the electrons corresponding

to the excited state at Eex ≈ 0.95 eV and the red vertical line is the

ground state photoelectron energy E0 ≈ 2.35 eV.
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3.3.2 Kinematic effect and correction

The kinematic effect, described in Section 2.4, increases significantly as the pho-

toelectron energy approaches zero. Fig. 3.6 shows histograms of the angular

distribution in the IF of electrons reaching CEMs at ψ = 0◦ and ψ = 90◦ (LF

angles) relative to the polarization vector of the radiation.

Figure 3.6: A simulation showing the kinematic effect at six different photoelec-

tron energies. Pairs of histograms representing the number of sin2 θ-

distributed photoelectrons detected as a function of angle of emission

in the IF are shown. The upper (lower) graph in each pair corre-

sponds to the CEMs placed parallel (perpendicular) to the polariza-

tion vector in the LF. As seen in the bottom right, photoelectrons

with Ek = 0.029 eV detected at ψ = 0◦ in the LF are emitted in the

range 28◦ ≤ θ ≤ 87◦ in the IF, thus showing a very large kinematic

effect.

At 29 meV, some of the electrons detected at ψ = 0◦ in the LF are emitted at an

angle θ > 80◦ in the IF. The theoretical limit for detection for the settings used

in this simulation occurs at 0.0302 eV, but photoelectrons are still being detected
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in both directions at a slightly lower energy. This is due to the size of the holes

in the graphite tube, which allow electrons with an IF velocity smaller than the

ion beam velocity to reach a CEM, even though in such a case the LF velocity

vector does not point straight into the CEM. The kinematic correction Q̃ (inset

of Fig. 2.8) will increase rapidly at low energies (Fig. 3.7).

Figure 3.7: Simulation of the correction term Q̃, described in Section 2.4.1, as

a function of electron energy. A pure sin2 θ-distribution of photo-

electrons was used in the simulation which covers a range of photon

energies. As the graph shows, the kinematic and acceptance angle

correction Q̃ increases significantly at lower electron energies, and

the geometrical properties of the spectrometer does not allow very

low energy electrons to escape the graphite tube. Below 29 meV, no

electrons were detected in the simulations.

Therefore, the reliability of a PEARLS measurement close to the photodetach-

ment threshold decreases, as the necessary correction for the kinematic effect

increases, and as the slow electrons tend not to be able to exit the graphite tube.

Thus, it can be concluded that, close to the photodetachment threshold, the nec-

essary correction due to the kinematic effect is too large for PEARLS to be of
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practical use. On the other hand, it can be argued that since the value of β tends

to zero almost linearly for decreasing values of the photoelectron energy below

the minimum (Fig. 2.4), measurements in this energy range are not carrying any

valuable information.



4

Tests of detector performance

The PEARLS spectrometer was initially assembled at ALS and mounted in a

stand-alone vacuum chamber. A vacuum reaching 10−9 Torr was achieved by

a turbo pump and an ion pump. The electrical connections were checked for

crosstalk, signal shape and strength using a Phillips Model 417 NIM pocket

pulser. PEARLS was then disassembled and shipped to the University of Gothen-

burg, where both the characteristics and limitations of the device were examined.

In order to systematically characterize the fundamental performance of the spec-

trometer, a test ion was chosen. The choice was made based on four main criteria.

It should be easy to produce and have a large mass in order to reduce the kine-

matic effect. The photodetachment process should also be confined to the lowest

energy channel that leaves the residual atom in its ground state, and the photo-

electron angular distribution should be characterized by an asymmetry parameter

β = 2 independent of photon energy. For the first experiment using PEARLS,

Cu−, with a ground state configuration of [Ar]3d104s2, was chosen. The electron

affinity of the Cu atom is 1.236 eV corresponding to λ ≈ 1003 nm [42]. A solid

copper cathode was used to produce the negative ions. The choice to use the

lighter isotope 63Cu rather than 65Cu was justified by the isotopic abundance ra-

tio, approximately 70/30. A further investigation was later performed on 109Ag−

with ground state configuration [Kr]4d105s2. This ion also has β = 2 but almost

twice the mass of 63Cu−, and therefore a smaller kinematic effect. Ag has an

electron affinity of 1.304 eV, giving a threshold at λ ≈ 951 nm [42]. Kinematic
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and angle acceptance corrections to the measurements were performed using the

procedure described in 2.4.1.

4.1 Experimental setup

PEARLS was built for use at a synchrotron facility, but to be able to perform

tests and modifications on the spectrometer it was necessary to install it elsewhere

due to the limited beam time available at synchrotron beam lines. Since the

project was a collaboration between ALS and the University of Gothenburg, the

choice was made to install PEARLS at the Göteborg University Negative Ion

Laser LAboratory GUNILLA, where ions and lasers are available. GUNILLA has

been described in detail in other publications [43] but an overview will be given

here. GUNILLA consists of a cesium sputter source and a system of ion optical

components which makes it possible to create a narrow, mass-selected ion beam

(Fig. 4.1). The laser enters the system antiparallel to the ion beam. The vacuum

chamber containing PEARLS was mounted at the end of the ion beam path after a

drift tube. An additional vacuum chamber with a quadrupole deflector, a Faraday

cup (FC) for monitoring the ion current, and a neutral particle detector (NPD),

was installed. The computer system of GUNILLA controls several parameters in

the apparatus. These include the settings on the sputter ion source and electrical

biases on the ion-optical elements, the CEM detectors, the NPD and the laser

power meter. In addition, it was used to monitor the negative ion beam current

as registered by the FC and the signals from the NPD, the CEMs and the laser

power meter. In the measurements presented in Section 4.3.1, a 532 nm Nd:YAG

laser with 20 Hz repetition rate was used. In the experiments described in Section

4.3.2, a Ti:Sa laser with 5 kHz repetition rate at λ = 405 nm was used.

4.1.1 Computer control and data acquisition

The first experiment using PEARLS was performed manually without the aid

of a computer controlled data acquisition. This is of course a tedious task and

requires a person on site for several hours if the repetition rate of the radiation

source is relatively low. In the previous paragraph the computer controlled parts



Tests of detector performance - 33

Computer Supply

Signal

Counter

Ion
Source

Sector
Magnet

PEARLS

FC

QD
NPD

LASER

BS

Power
MeterFresnel

Rhomb
M

M

Photon beam
Negative Ions
Atoms
Secondary Electrons

Figure 4.1: A schematic of the GUNILLA system as used in the experiments

described in this thesis.

of GUNILLA were mentioned. PEARLS is, however, a separate system, and the

eventual goal is to mount it on a synchrotron beamline. This would require a

software control of its own. Therefore, prior to the second measurement, a data

acquisition program was developed using LabVIEW. In order to obtain optimum

settings for the signal counters, an investigation was made of the signal rate as a

function of the time delay after the trigger pulse from the laser. This procedure

helped to set the width of the time gates on the individual signal counters. Angu-

lar increments of the polarization rotation, acquisition time for each angle setting

and other parameters are set prior to each measurement. The ion beam, with the

laser blocked, was used as an isotropic source of photoelectrons, where collisional

detachment randomly occur. The gain in pairs of opposite CEMs could then

be set so that the average yield in both the vertical and the horizontal planes

were equal, thereby compensating for differences in detection efficiency of the

individual CEMs.
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4.2 Simulations

To obtain corrections for the kinematic effect and acceptance angles of the spec-

trometer, the expected outputs of the CEMs 1-8 of the first and second detector

planes of PEARLS were simulated with SIMION. A comparison with a simula-

tion for the CEMs 5-8 of the second detector plane alone showed no differences.

As a result, the detector plane using the four CEMs 5-8 were used in the test

experiments. In order to perform the simulations in SIMION, an input array

of photoelectron data was generated using MATLAB. First, approximately one

million photoelectrons were randomly distributed in a cylindrical source. For

a certain photon frequency ν, the same kinetic energy, Ek = hν − EA, was

assigned to all of the electrons. The velocity vectors were assumed to have a

cos2 θ-distribution in the IF. The kinematic effect was then taken into account

and the LF velocity vectors and kinetic energies of the photoelectrons were cal-

culated. To simulate rotation of the polarization vector, the array generation

procedure was repeated 18 times. For each additional array, an incremental an-

gle, ∆ψ = n · 10◦, n = 1 . . . 18, was added to the elevation of the velocity vectors.

The expected output of the CEMs was then simulated in SIMION, and a value

of the asymmetry parameter, β̃sim, was thus obtained. Fig. 4.2 shows the cumu-

lative counts in all eight simulated CEMs as a function of ψ for a photon energy

of Eγ = 3.06 eV. The simulation procedure described above was repeated for a

number of different photon energies.

When the photoelectron energy tends to zero, the correction increases rapidly

(Fig. 3.7). At λ > 930 nm, that is, a photoelectron energy Ek = 0.029 eV, no

electrons were detected in the simulation.

4.3 Experimental results

The experiments presented here, in the next chapter and in Paper I, were per-

formed using CEMs 5-8. In this section and in Paper I, CEMs 5-8 are sometimes

labeled CEM0, CEM90, CEM180 and CEM270, according to Fig. 3.1.
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Figure 4.2: Simulation of the normalized LF yield of photolectrons from Ag−,

emitted in the IF with a cos2 θ-distribution. The curve through the

simulated data points is a fit using Eq. 2.4. This yields a value

of β̃sim = 1.955 ± 0.054. This value corresponds to what would be

expected in an experiment if PEARLS functioned according to the

design.

4.3.1 Photodetachment from copper

The first successful measurement of the asymmetry parameter using PEARLS

is displayed in Fig. 4.3. The data points were acquired by recording the CEM

outputs of the signal counter while manually rotating the polarization vector of

the photon beam using a Fresnel rhomb. Simulations of the experiment resulted

in a value of β̃sim = 1.931± 0.05. Together with the measurement, this indicated

that the spectrometer performed as intended in spite of the rather primitive

data collection procedure. The simulation and the experimental value β̃exp =

1.801± 0.13 agree within the error bars, concluding that β = 2.

4.3.2 Photodetachment from silver

Fig. 4.4 shows the experimental results of photodetachment from Ag− at λ = 405

nm. All data points were recorded using a custom made computer acquisition
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Figure 4.3: Results of the first PEARLS measurement that used four CEMs in

one detector plane. The photodetachment of Cu− is measured in four

directions simultaneously. The solid curve through the data points is

a fit to Eq. 2.4. It yields an experimental value of β̃exp = 1.801±0.13.

software. The measurements are fitted to Eq. 2.4 giving β̃exp = 1.861 ± 0.12. A

simulation of the experiment resulted in a value of β̃sim = 1.955 ± 0.054, which

agrees with β̃exp within the error bars. As in the previous section, the conclusion

that β = 2 for this system, can be drawn.

4.4 Discussion

The value obtained in a simulation that corrects for a kinematic effect and the

geometric properties of the spectrometer, leading to a spread in IF emission

angles, agrees with the measured value. This shows that PEARLS is capable
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Figure 4.4: Normalized photoelectron intensity in CEM 5-8 added together, cor-

responding to β̃exp = 1.861 ± 0.12. The simulated distribution with

β̃sim = 1.955± 0.054 from Fig. 4.2 is included for comparison.

of yielding reliable results. It works particularly well at higher photoelectron

energies. A more detailed description of the Ag− experiment can be found in

Paper I.
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5

Angular distribution of P−

As shown in the previous chapter, photoelectron angular distributions can be

measured using PEARLS. Of course, measuring a value which is already well

known is only of interest when investigating the functionality of the spectrome-

ter. The next step was to investigate a more complex problem, photodetachment

of a bound p-state electron which involves a quantum mechanical interference

between the resulting s- and d -waves in the final continuum state. This problem

is of theoretical interest since it allows one to derive quantities such as the phase

shift between the interfering waves. Specifically, the asymmetry parameter, β,

which characterized the angular distribution pattern of the photoelectrons emit-

ted in the photodetachment from P− was investigated over a range of different

photon energies. The P− ground state configuration is [Ne]3s23p4. The ejection

of the bound electron results in the production of s- and d -waves that interfere

differently at different photon energies. About 20 years ago the angular distri-

bution of P− was measured at five wavelengths in the range 450-650 nm [44].

The electron affinity of P is 0.747 eV which corresponds to a wavelength of ap-

proximately 1660 nm. Significantly, the earlier measurement was unable to probe

the low energy region, where a minimum occurs (Fig. 2.4) due to destructive

interference between the s- and d -waves. As a result, the authors were unable

to provide reliable values for the phase shift, c, and the size parameter, A2 (see

Eq. 2.6). A literature search indicated that in the previous measurement on P−,

the authors presented a larger value of the phase shift than had been reported
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for analogous ions of the adjacent elements in the periodic table. The aim of

the present experiment on P− was to extend the energy range of the previous

experiment to lower photon energies and, in particular, cover the region of the

minimum and the approach to the threshold. By doing so, a fit to Eq. 2.6 would

determine more reliable values for the c and A2 parameters. As mentioned in

Section 3.3.2, the low energy corrections to the kinematic effect will be large,

putting the correction procedure to the test. The experimental setup for these

measurements was the same as for the initial tests of the spectrometer, with the

exception that additional lasers were used. In particular, an OPO of 10 Hz rep-

etition rate was utilized in order to access the low photon energy region.

Fig. 5.1 shows the present measurements of the asymmetry parameter β as func-

tion of the kinetic energy of the photoelectrons in photodetachment from P−.

0 0.5 1 1.5 2 2.5 3

-1.5
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-0.5
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Figure 5.1: Angular distribution in the photodetachment from P−. The blue

squares denote the earlier data of Covington et al. [44]. The black

triangles represent the raw data from the present experiment and

the red circles show the raw data after it has been corrected for the

kinematic effect and the non-zero acceptance angles of the PEARLS

apparatus. The curve is a fit using Eq. 2.6.

The new data from the present measurement leads to some important conclusions.

First, the phase shift between the outgoing s- and d -waves is close to zero, a result
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which falls more in line with the published values from other elements in group IV

through VII. It is therefore reasonable to assume that neither the atomic species

nor the electron configuration affects the phase shift. Second, the parameter A2

is shown to be a good measure of the spatial extension of the wave function of the

ion. It varies between negative ions of different atomic species, but the electron

affinity is also varying, and we have been able to show that these variations are

correlated.

The large uncertainties at lower energies are mainly due to the low repetition

rate of the laser, as well as the difficulty optimizing the spatial overlap of the

ion and photon beams when infrared wavelengths are used. The large correction

for the kinematic effect is clearly visible in the low energy data points. A more

detailed description of the experiment can be found in Paper II.
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6

Photoionization of Zn+

So far in this work, we have only considered photodetachment of negative ions,

and in particular, detachment of the extra electron. The photon energies nec-

essary to perform such measurements are available through relatively low-cost

sources such as tunable lasers, since the electron affinity of negative ions are at

most a few eV. Of course, to fully understand the structure and dynamics of

atoms, ions and molecules, this is not sufficient. The photon energies needed

to investigate inner-shell photoionization are too high to be generated by laser

sources. Synchrotron radiation sources, however, can produce photons in a con-

tinuous interval from far infrared up to x-rays. There are several synchrotron

facilities around the globe. One of them is the Advanced Light Source (ALS) at

Lawrence Berkeley National Laboratory in Berkeley, California, where the mea-

surements described here and in Paper III were performed. The ALS synchrotron

consists of an electron storage ring with 200 m circumference. A number of bend-

ing magnets force the electron beam to change its direction and thereby emit

electromagnetic radiation tangentially to the orbit. After each bend, the energy

lost through this process is regained by subjecting the electron beam to coaxial

electric fields with an oscillation period synchronized with the passage of individ-

ual electron bunches. At ALS, there are over 40 beamlines with scientific end-

stations using the photon beams to examine various properties of matter. I was

given the opportunity to participate in a photoionization experiment at the Ion-

Photon Beamline (IPB) 10.0.1, the synchrotron endstation for which PEARLS
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was originally built. A detailed description of the ALS IPB 10.0.1 can be found

elsewhere [45].

There are several possible outcomes when a bound electron absorbs a high

energy photon and escapes, leaving the residual system in an ionized state (or

neutral, in the case of negative ions). If an inner-shell electron is removed, the

hole in the electron configuration will be quickly filled by an electron from an

outer shell. Fig. 6.1 shows two possible outcomes of such an event. For instance,

energy can be released in the form of a photon, accompanied by the emission of

so called Auger electrons. Spectroscopic investigations of the photons, as well as

primary and secondary electrons reveal valuable information about the structure

and dynamics of a positive ion.

inner-shell

photoelectron

(a)

inner-shell

photoelectron
Auger electron

(b)

Figure 6.1: Schematic of two of the possible events that could arise when a high

energy photon (blue) is absorbed by an inner-shell electron of an

atom. (a) The emission of the inner-shell photoelectron which is

replaced by an outer-shell electron through the emission of a pho-

ton (red). (b) Auger process, where the energy from the outer-shell

electron is absorbed by another electron which then is ejected (Auger

electron). Newly created holes in the inner structure of the ion could,

of course, be filled by another electron, and new photons or Auger

electrons may be emitted.

One of the main motivations for the photoionization experiment described in Pa-

per III was to obtain benchmark data and theoretical models for a trans-Fe ion
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which have shown to be of great interest in the studies of the chemical evolu-

tion of the Universe. In the experiment a merged beams technique was used,

where a photon beam from an undulator in the synchrotron ring was overlapped

in an Interaction Region (IR) by a 6 keV beam of Zn+ ions from a cyclotron

resonance source. The zinc was ionized through evaporation in an oven and later

mixed with a buffer gas. After a series of electrostatic ion optical elements, the

beam entered the IR which was voltage-biased in order to give the Zn2+ ions

produced by photoionization a different kinetic energy than those produced else-

where along the beam. By doing so, the photoionized ions were energy labelled.

Using an analyzing magnet, the Zn2+ produced in the IR could then be separated

from the original beam and counted. The intensities of the photon and ion beams

were continuously recorded in order to correct for fluctuations in the photoion-

ization signal. In addition to the experimental data, theoretical computations

were performed for comparison. The absolute cross section measurements of the

single photoionization of Zn+ and the theoretical computations are in excellent

agreement. Several different ionization channels could thereby be identified and

characterized, as well as compared to previous experimental investigations. Con-

sidering the successful results of the total photoionization cross section of Zn+,

a natural next step would be to investigate the differential cross sections of the

ionization channels, a task for which PEARLS would be well suited.
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7

Conclusions and outlook

The aim of this work was to design and perform tests on an angle-resolved pho-

toelectron spectrometer, and later also utilize the system to investigate photo-

electron angular distributions. The initial tests and the measurements performed

shows that the spectrometer is a powerful tool when it comes to examining wide

range energy dependence of the asymmetry parameter, β, that characterizes the

shape of the photoelectron emission pattern following photodetachment. The

collinear geometry is an essential feature of the device. This yields a large pho-

toelectron production rate, making the spectrometer especially suitable for ex-

perimental investigations where the beam time is a limiting factor. One of the

main motivations to initiate the PEARLS project was to build a photoelectron

spectrometer which would provide a high signal to noise ratio at a synchrotron

facility, where the signal is normally low. From the results of this work, it is clear

that PEARLS meets these expectations and can become a useful part of any

synchrotron beamline endstation at which it will be placed. The spectrometer is

also equipped with a high pass filter which has been shown to have the ability to

suppress low energy photoelectrons arising from channels involving excited states

of the residual atom. Close to the threshold, a large kinematic effect is present

and this affects the experimental results. A workable solution to correct for this

experimental error has been developed using computer simulations, and it has

proven to also work at higher energies. The spectrometer is designed to have

electrostatic analyzers in front of the CEMs. When these are manufactured and
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mounted, PEARLS can be used to measure asymmetry parameters for specific

photodetachment channels.

So far, the spectrometer has been tested on negative ions of a few different atomic

species using lasers that generate different wavelengths, with data acquisition

from four CEMs simultaneously. The next step would be to mount all 16 CEMs

and incorporate the energy analyzer. The system would then be ready for in-

stallation at a synchrotron facility, such as ASTRID2 in Århus, Denmark [46], or

MAX IV in Lund, Sweden [47]. Another option is to combine it with a Movable

Ion-Photon Beamline (MIPB) [48] in order to perform experiments at different

sites.
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