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Till  Qing 
med förhoppning, 
Per Angusta...Ad Augusta!
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Introduction

The reality and the mind
The object of all studies in natural science is our world. We might wonder

what things are and how their appearance change. In order to try to answer
these questions we make up names and assign characteristics to things. We
also dissect and examine the parts of these things. To understand the chan-
ging appearance of things implies  an idea of  the possibility  of  making a
model of a system. Models can help us make sense of the complex world we
live in. Our model is a description of a real system and should of course be
simpler than the situation it tries to describe. With the help of the model we
will be able to predict how the system will change under certain conditions. 

 

When  we  build  a  model  of  a
system we need experience.  That
is, we need to make repeated ex-
periments and we need to record
the results. When we make an ex-
periment we try to isolate the real
system from the influence of the
variation  of  the  environment.  If
that is not possible we try to make
this influence as small and as con-
stant as possible. When we record
the  result  of  an  experiment  we
ought to include environmental in-
formation in the description of the
setup.  Some environmental  inter-
actions are shown in figure 1. The

relations we find between recorded experimental  data are used to build a
model. To a certain extent we are also lazy and tend to believe what other
people tell us about the world. If we have reason to trust them we can reuse
their experience and this can save us a lot of work. Sometimes this laziness
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Figure 1:Some environmental interactions on
a system. 



can even save us from disasters but on the other hand our laziness sometimes
make us repeat others misinterpretations of the world and how the world
works.  This  behaviour  can  hamper  scientific  progress.  In  the  past  it  has
happened several times that an idea has become a dogma e.g. the Aristotelian
idea on movement. It stated that all movements have to be driven by a force
since rest was the natural state of all things. For example, an arrow will fly
until the push from the bow is too small. After that, the arrow will fall to the
ground. If the arrow is observed from behind it can be seen going away and
then falling down to the ground. But if the arrow is seen from the side it be-
comes clear that the path follows a smooth arc, possibly a parabola. This Ar-
istotelian truth was not used in archery but it was common knowledge for
philosophers, and it was used in speculation on mechanics and resulted in a
stall of the intellectual development in this field for 2000 years.

We have memory, we can remember what happened in the past and we
live in the present, but the future is basically unknown to us. This uncertainty
is unpleasant to many of us. I think this unpleasant feeling and our wish to
know something of the future is one reason of religious ideas and why we
perform our different rituals and in that way this uncertainty is the driving
force* for some of us to do experiment and build models.

 The future development of a situation may be better predicted, if we can
use a model. Experience can help us to predict the result for example when
cutting down a tree. A statistical model can help us in a card game. If predic-
tions by a model are correct then the model is useful. If prediction by the
model is wrong then the model should be corrected, rebuilt or abandoned.
All relevant data that are attainable should be used when evaluating the mod-
el.  If  the  “good”  results  of  experiments  are  selectively  recorded  and  the
“bad” results are neglected you will end up with a theory that is useless for
predictions and can at best be used to console a troubled mind. A theory that
does not work can even be harmful. A lot of effort is wasted on something
that does not work or can mislead people to do things that are harmful. One
of my sisters once gave me a black clay figurine in the form of a frog. This
clay figurine came from Ethiopia. In Ethiopia it was used to increase atmo-
spheric precipitation. It was supposed to be placed on the ground and left
there to attract rain. It worked reliably, if you waited long enough. In another
climate one would not have to wait so long but the demand for such a frog in
,for example, Trondheim would probably be very small. This is an example
of neglecting bad results and waiting until good results show up. The frog
figurine theory of rain making is an example of a consoling theory to the
people in need of rain.

*This expression “driving force” could be related to the Aristotelian tradition.
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Intersubjectivity
The reasons for performing studies in natural science vary from person to

person. Curiosity is one important reason to make investigations. Other reas-
ons could be the wish to get knowledge of the future, to improve products or
to improve production methods and many more reasons exists. The goal for
natural science is to obtain a common and true knowledge that is valid for all
people, not less than a common idea of the universe. Usually we settle for a
common view of parts of the world. Scientific knowledge should be inter-
subjective and objective. Knowledge based on intersubjectivity is supposed
to be shared by all people. Objective knowledge is unbiased of the wishes
and prejudices of any observer. When new facts are found and reported, our
common idea of the universe will  change accordingly. Philosophers  have
spent time and effort on intersubjective knowledge, on what is existing and
what is possible to know. According to S. O. Hansson [1], prerequisite con-
ditions for intersubjective and objective knowledge have been stated to be:

1. A reality exists independently of our senses.
2. This reality is common for us all.
3. We can get or at least get close to a true and a common knowledge

of this reality.
I regard these three conditions as a sufficiently stable foundation on which I
try to build my view of the universe in coherence with humankind. Hitherto I
have spent most of my working life running experiments, making experi-
ments work and on improving experimental conditions to make experiments
more convincing and yielding better data.
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Models expressed in symbolic language
To make a model of a system easier to use, to remember and to communicate
with others, the model can be expressed in a formal language like formulas
in mathematics. In such a formula, operations are used on variables to pro-
duce an answer. These operations and the variables and constants have to be
defined so that everyone can use the model to make predictions about the fu-
ture development of the system.

As an example we can consider the idealized system that is shown in fig-
ure 2. A weight of high density is hanging from a stable support. This type of
system has by many students been found to show a periodic oscillation and a
specific time to complete a full period. A formula that describes this beha-
viour well for small amplitudes has also been established as,

 

where T is the time for one period, l  is the distance from centre of mass to
the suspension point and g is the acceleration of gravity.

14

Figure 2: A much simplified pendulum. The length l is the only parameter shown.

T 2 l g



A simple mechanical example
A system, on the earth's surface, consisting of a solid cylinder suspended

from the ceiling in a building by a string can first of all be simplified by re-
ducing the building to be a stable support from which the string is fastened at
a certain height above the surface of earth. The system could be named a
pendulum. Experiments with the pendulum could consist  of  swinging the
pendulum and recording the time it takes to make a full period. The pendu-
lum could then be modified by changing the length of the string to double
and to half length, changing the size and mass of the cylinder and changing
the  material  of  which  the  cylinder  and  string  is  made  from.  After  each
change the recording of the period could be repeated.

The whole set of collected data could then be analysed to find relations
between  measured  data.  In  the  end  a  condensed  knowledge  is  obtained
which can be used to understand other pendulum or other systems that re-
semble pendulum.

There are many simplifications we make regarding the environment of the
system such as the presence of air, wind, temperature and humidity but also
of the experiment itself. We usually approximate the distributed mass of the
cylinder to a single point and disregard the mass of the string, respectively.
The string is usually said to be inelastic and frictionless but at the same time
it is fastened to the supporting structure and to the weight which involves
some friction. When we use our knowledge of the pendulum we have to re-
member that we have made assumptions regarding the mechanical stability
of the components of the set-up and of the stability of the building. Both are
equally important. We have to make clear where the boundary of our system
is. 

In the book “Butter side up, The Delights of Science” written by Magnus
Pyke [2], there is a chapter on a grandfather's clock. This type of clock gets
its power from a weight that is hanging on a string. The clock used in this
example always stopped on Thursdays. The clock was checked and found
fine, but the clock stopped again on Thursday the week after. The owner of
the clock always wound it  on Sundays..  The weight  hanging on a  string
could be considered as second pendulum with its own resonance frequency.
As time goes, the string gets longer and the resonance is accordingly shifted
to lower frequency values. On Thursdays the weight had sunk on its string,
this extra pendulum had now got the same effective length as the timekeep-
ing pendulum. This coincidence of resonances was reason for the unruly be-
haviour of the clock. The coupling between the two pendulum was supplied
by their common support. The clock case could rock back and forth a small
amount because it was standing on a soft carpet. This anecdote shows how
important it is to realise the appropriate size of the system that we are study-
ing. 
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A lamp hanging without moving from the ceiling could work as a simple
and low cost seismoscope. When it starts to swing it visually warns occu-
pants of a room of structural movements. If it is the building that starts to 
collapse or if it is the ground that is upset doesn't matter, you'd better run as
fast as possible.

The connection to molecular physics
In physics the most beautiful experiments have been performed in atomic
and molecular  physics.  Atoms,  ions and electrons have been trapped and
isolated in specifically designed macroscopic traps by electromagnetic, elec-
tric and magnetic fields.  Atoms and molecules have been stimulated with
light and responded by emitting light. In figure 3, absorption of a photon is
illustrated. A photon with energy  h also carries the momentum  p.  At
t=0,  the  moment  of  photon absorption  when an  atom is  at  rest,  the  mo-
mentum is simultaneously transferred to the atom and at t=1 the atom is ex-
cited and has a velocity v. The recoil from absorbed and emitted light quanta
has been used to visibly move free atoms and to cool them. 
 Experiment of this kind have been designed and performed to test theories,
and the obtained data have been used to refine the models that describe the
various interactions so that new theories better predict the behaviour of such
systems. In an optical trap the cooling of atoms by monochromatic light can
easily be understood as the effect of the recoil from the Doppler shifted ab-
sorption of light on moving atoms. If the laser light is tuned (red shifted)
from the resonance absorption of the atoms the velocity of atoms Doppler
shift the laser light into resonance and the atoms are slowed down. In this
situation the atoms were moving towards the laser and were slowed down.
The Zeeman effect causes a wavelength shift in the absorption line position
proportional to a magnetic field strength. With the help of the varying mag-
netic field produced by a pair of coils, connected so that the field from one
coil oppose the field from the other coil, the wavelength of absorption can be
shifted so that the laser radiation gets closer into resonance the farther away
the atom is from the centre of the trap. By using six laser beams and coils,
perpendicular, collinear and anti-collinear, atoms can be collected and cooled
in the centre of the trap. This is the situation in a Magneto Optical Trap
(MOT). In such experiments the atoms have been cooled to temperatures
much lower than initially expected. Theoretically, there was a lower limit of
temperature due to the recoil that the spontaneously emitted photons in ran-
dom directions give to the atoms. The observation by Westbrook et al. [3] of
a temperature lower than this theoretical limit inspired to develop the theory
of Sisyphean cooling[4].
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How to design an experiment
In a scientific study, the experimental set-up should accomplish four tasks.

realize: make the phenomena appear to an observer
separate: eliminate interfering factors from what is to be observed
control: stabilizing remaining interfering factors.
record: make it possible to document the results.

The specific experimental set-up chosen for an investigation is always af-
fected by the cost of equipment related to funds available.

The perfect scientific experiment should yield a strong signal. Any noise
hides the signal and should of course be as small as possible. Usually a high
sensitivity to a specific stimulus also means a high sensitivity to other envir-
onmental factors. Therefore, isolation of the system from the influence of
variation of the environment is necessary. In optical spectroscopy it is an ad-
vantage to have well resolved narrow lines recorded in high resolution at
high intensity together with calibration lines of the same quality in the same
recording. In other fields of spectroscopy different things are sought for, e.g.
the distribution of molecular  mass of a sample in mass spectroscopy, but
sharp features in high resolution were the calibration is  unambiguous are
preferable.
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Figure 3: The absorption of one photon by an atom resulting in an excited atom with
its momentum.



 Ion beams and Photoelectrons

Observations of free ions

The first experiments with electric discharges in low pressure gas where
performed 1856 by Heinrich Geißler  using his  newly developed mercury
sealed vacuum pump to achieve sufficiently low pressure. In 1858 Plücker
reported fluorescence of the glass envelope near the cathode in a discharge
tube. Johann Wilhelm Hittorf reported on cathode rays in 1869 later found to
be  beams  of  electrons.  Experiments  on  what  today  would  be  called  ion
beams were first reported by Goldstein in 1876 and 1886. He used discharge
tubes with a perforated cathode. Goldstein reported on “positive light” from
electric discharges in rarefied gases. These streaks of light could well have
been discovered by exchanging the connections to cathode and anode. As
Francis  Bacon pointed out:  "Truth emerges  more readily  from error  than
from confusion"[5]. Eugene Goldstein named the phenomena “Kanalstrah-
len”, canal rays. In his experiments the electric discharge seemed to continue
through the hole in the cathode. Goldstein found canal rays to go through the
holes in the cathode in opposite direction to the cathode rays and he found
that the canal ray was unaffected by the same magnetic field that easily de-
flected the cathode ray.

Some years later [6] Wilhelm Wien studied electric discharge phenomen-
on and found that canal rays could be deflected in opposite direction to elec-
trons by using a strong magnetic field. By using what is nowadays com-
monly called a Wien filter,  i.e.  a combination of magnetic deflection and
electrostatic re-deflection to obtain a resulting non-deflection for a specific
mass to charge ratio. W. Wien and J. J. Thomson [7] also used a mass analys-
er  with  parallel  electric  and magnetic field on the canal  ray.  Using these
types of mass spectrometers they were able to  measure the charge to mass
ratio for several ions. W. Wien in Germany and J. J. Thomson in England in-
vestigated the charge transfer that takes place in the canal ray. It  was not
clear from the beginning, for  neither Wien nor Thomson, how these rays
were formed and what they were made of and how they transformed during
their travel from creation to obliteration at the glass wall. Both Wien and
Thomson managed to isolate the production region of these beams from the
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analysing  space  by  redesigning  the  discharge  tubes.  They  expiscated  the
canal rays. They found these rays to consist of positively charged particles
and neutral particles. They also established that the canal rays as they travel
through the rest gas, the ions excite and ionize the rest gas.

Ions enter the observation area from the right in figure 4. With higher ac-
celerating voltage the luminous track becomes longer. The decay of luminos-
ity of the canal ray could give an estimate of the cross section for the proton
- H2 collision.

 In lifetime studies of excited states, it is necessary to separate the light
emitted from the beam from the light emitted from the rest gas in the tube. In
the work of A.I. McPherson [8] the Doppler effect was used to separate the
two sources of light. The spectra in figure 5 show emission lines from a neon
canal ray experiment. 

In this experiment the ions travelled towards the spectrometer  entrance
slit. The lines from the moving ions should therefore exhibit a shift towards
shorter wavelengths. As an example, the line at 364,4nm is split into two
lines in both spectra. The lower spectrum is recorded with 9.1 kV accelera-
tion voltage, and the upper spectrum is recorded with 26.35 kV acceleration
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Figure 4: Canal ray of hydrogen. Numbers on the right hand side corresponding to
accelerating voltage as obtained by Wien.

Figure  5:  Spectra  of  neon  obtained  by  A.I.  McPherson,  26.35  kV and  9.1  kV,
wavelength in Ångström.



voltage. One line of the two is accordingly shifted but the other line unaf-
fected by the almost threefold increase in acceleration voltage. This line em-
anates from ionized and excited rest gas atoms. 

Wien and Thomson both applied the phenomenon of Doppler shift to the
light emitted by canal rays in order to measure the velocity of the particles.
After 1930 only a few works have been published on canal rays but the re-
search  in  atomic  and  molecular  physics  has  continued  and  ions  and  ion
beams are still parts and subjects in many different areas of later day's re-
search.

Emission Spectroscopy
When an excited electron in atoms or molecules falls back to lower states,

photons can be emitted. The atoms can thereby emit a characteristic set of
discrete wavelengths and bands according to their electronic structure, and
for molecules also according to vibrational and possibly rotational structure.
The recording of light intensity as a function of wavelength from the de-ex-
citation process gives us important information on these systems.

There are many ways in which atoms and molecules can be brought to an
excited state. Absorption of electromagnetic radiation may be used to excite
them. Collisions with energetic electrons are prominent in an electric dis-
charge. Collisions of ions with atoms or molecules can excite or transfer
charge from one molecule and is used to produce excited ions in collision
based spectroscopy (CBS) and also in electric discharges. When ions collide
with solid matters, as in beam foil spectroscopy (BFS), ionization, excitation
and neutralization all take place. In all of these experimental situations the
intensity of the emitted radiation can be analysed in terms of wavelength, po-
larisation, phase, direction and time.

Emission lines may look very sharp but they do have a finite width. The
broadening of emission lines has different causes. First, there is always the
limited resolution of the instrument. Second, there is the Doppler broadening
caused by the random movements of the atoms and molecules. Third, the
limited lifetime of the excited state causes a small broadening. Collisions
disturb the excited atoms and molecules and cause a shortening of the effect-
ive lifetime of the excited states. Emission lines can be Doppler shifted when
a beam is observed in a non-orthogonal direction. Even a relativistic Doppler
shift can be observed in orthogonal directions resulting in a shift towards
longer wavelength. Shifts and splitting of emission lines can also be caused
by  external  magnetic  fields  (Zeeman  effect)  and  external  electric  fields
(Stark effect). The nucleus of isotopes of an element has different mass and
charge distribution. The difference in mass between isotopes give rise to an
isotope shift (IS). The IS consists of two parts: the mass shift (MS) and the
field shift (FS). The MS is caused by the movement of the nuclei around the
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centre of mass and the FS is caused by the nucleus size and charge distribu-
tion.  Isotopes  of  an  element  have  different  magnetic  dipole  and  electric
quadrupole moments which cause the electronic energy levels in an atom to
split. This hyperfine structure can be studied for odd-numbered isotopes.

Ion sources
An ion source is a plasma generator from which beams of ions can be ex-

tracted. The first man-made sources of ions were the electric discharges in
rarefied gases of Goldstein. As the working medium for producing the ions
was recirculated in this apparatus these ion sources were easy to operate but
at the same time there were many drawbacks. In the canal ray tubes the ions
left the aperture of the ion-source with a big variation in velocity and energy
and the high pressure in the observation volume affected the experiments
and complicated the analyses of results.

Modern ion sources have been diversified and specially designed and ad-
apted to obtain the charge state, the intensity, the brilliance and the pulse
time that is useful for the specific experiment. Examples of ion sources are
the liquid metal field emission ion source [9], the arc discharge ion-source
and the duoplasmatron ion source [10], the sputtering ion source [11], the
electron beam ion source [12], the electron cyclotron resonance (ECR) ion-
source [13] and the thermionic ion source [14].  Magnetic fields are com-
monly used for confinement of the plasma and energetic electrons are mostly
responsible for producing the ions. 

Ion Beams
Ions extracted from an ion source, collimated and accelerated in one or

more potential  steps form an ion beam. In order to reduce collisions and
charge state changes of the ions in the beam vacuum pumps with high capa-
city are used. The rest gas collisions are further reduced by use of apertures
and differential pumping. The velocity of the ions in the beam changes as
they move to new places at different potential i.e. the ions created at one po-
tential can be accelerated or retarded.

The ion beam is also affected by the charge density of the beam in such a
way that a focused beam of high current density tends to defocus more than
a beam of low current density. The ion beam can be bent and focused by
electric and magnetic fields in specially designed ion optical elements. By a
beam transport system ions can be selected for specific charge state to mass
ratio and kinetic energy and, as a result, isotopically pure ion beams with a
single charge state and with a narrow energy spread can be obtained. In an
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ion beam of Ba+ at 30 keV energy, a current of 100 nA and with cross section
of one square centimetre there are 3*104 particles per cm3. To compare this
density of the ion beam to the rest gas density it is possible use the ideal gas
law.

PV nRT  or PV NkT

were P is the pressure, V is the volume, R is the universal gas constant, T
is the absolute temperature, k is the Boltzmann's constant, n is the number of
moles and N is the number of atoms. 

At 1*10-6  hPa and at room temperature there are 2*107  molecules in one
cm3. This is a higher density than the density of ions in the ion beam.

Fast Ion Beam Spectroscopy

The high velocity of the particles in an ion beam can be utilized to convert
the travelled distance to a time interval.  A barium ion of 35 keV energy
travels 1mm during 4ns. The acceleration of a group of particles is known to
compress their velocity distribution. Since the energy spread is normally not
changed during the process of acceleration and in the beam line, the velocity
spread of the ions will be compressed to �v given by 

 
 where 

�E is the energy spread of the ions, m is the ion
mass and E the is kinetic energy of ions after acceleration. 
 The acceleration with 35 kV of e.g. singly charged barium ions reduce the
velocity spread to only 0.5% of the initial velocity spread. This kinematic
compression reduces the Doppler broadening of emission and absorption of
collinear light. By adjusting the ion velocity and the collinearity, i.e. the ac-
celerating voltage or the angle between the ion beam and an exciting light
beam, the absorption wavelength of the ions can be Doppler-tuned. By chan-
ging the angle between the ion beam and laser beam A. Arnesen et al. [15]
selectively excited electronic states of ions with the fixed wavelength from
of an UV laser.  In figure 6,  the main part  of their experimental set-up is
shown. The metastable ions, created in an arc ion source and mass separated
by a double-focusing magnet, enters from the righthand side in figure 6. A
monochromator with detector, not shown in the figure, records the fluores-
cence from the ions in the beam at selected positions downstream the excita-
tion volume. The acquisition time is determined by the accumulated charge
in the Faraday cup. In figure 7, the recorded intensity of the fluorescence as
a function of position and time is shown. In this figure the exponential decay
is seen when the measured background is subtracted. Since there are no cas-

22

v E
1

2 m E



cades that could repopulate the excited level in the ion, the time constant of
the fluorescence decay is the same as the lifetime for the excited level.
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Figure 7: Semilogaritmic plot of raw data and raw data with background subtracted,
A.Arnesen et al. [15].

Figure 6: Angle Doppler tuning of excitation of ions with UV laser, A. Arnesen et
al. [15].



Introduction to photoelectron spectroscopy
In previous parts of this chapter I have discussed optical spectroscopy us-

ing various sources of electromagnetic radiation. In that part the response of
luminous systems in terms of intensity, time and wavelength has been ana-
lysed. A complementary way to gain knowledge about matter is to excite the
specimen so much that other signals become available. When matter is ex-
posed to electromagnetic radiation of sufficiently high energy, free electrons
can be produced. If the energy is much higher, tens of keV and more, other
processes are more probable like for example Compton scattering and for
MeV energies and higher, electron positron pair production becomes import-
ant.

The photoelectric effect was explained by Albert Einstein in 1905 [16]. He
introduced  quantization  of  the  energy  of  electromagnetic  radiation.  Each
photon carries the quantized energy

E h
where h is the Planck's constant and is the frequency  of  the  light.  The
binding energy of an electron in an atom, in a molecule or in a solid sample
is the energy that is needed to liberate the electron from the attractive poten-
tial of the sample. When photons are absorbed by a sample and photoelec-
trons are produced, the energy of these electrons can be measured and recor-
ded. The energy of the photoelectrons is equal to the energy of the incident
photon minus their binding energy. The binding energy of electron can be
determined if the energy of the ionizing light source is known. Examples of
light sources that have been used are He I and HeII discharge lamps, mono-
chromatized hard X-ray sources, synchrotron radiation from electron storage
rings and high harmonics of short laser pulses.

To measure the kinetic energy, Ekin , of the photoelectrons, electric or mag-
netic fields can be used for energy dispersion. If the velocity of the electrons
is measured the kinetic energy can be calculated using 

where me is the electron mass and v is the velocity of the electron. Time of
flight measurement can therefore be used to determine the energy. The en-
ergy can also be determined by measuring the deflection of the moving elec-
trons in a magnetic or an electric field.

 In the middle of the last century this type of spectroscopy was developed
in Uppsala. Kai Siegbahn and co-workers used a high energy electron spec-
trometer. This spectrometer had magnetic energy dispersion. They adapted it
to study photoelectrons. In their strive for higher resolution the use of mag-
netic energy dispersion was abandoned for electrostatic energy dispersion.
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The low velocity of low energy photoelectrons makes it favourable to use
the electric field to separate slower electrons from slightly faster ones since
the Lorentz force on an electron is proportional to the electric field plus the
vector product of the velocity and the magnetic flux density. In Uppsala, at
the Department of Physics, numerous theses have been produced where this
technique and applications of it are described. The spectrum of the photo-
electron energy from a sample can be used to determine the chemical com-
position of the sample [17,18]. The inherent surface sensitivity of the method
can be utilized to determine the composition of thin surface layers and the
mechanism for bonding to the substrate.

The development of fast electronics and coincidence techniques have im-
proved the resolution of the Time-of-Flight (TOF) measurements of electron
energy. The use of magnetic guidance of the photoelectrons has increased the
detection efficiency [19]. By using sufficiently high photon energy it is pos-
sible to doubly ionise a molecule. Each one of the two photoelectrons liber-
ated from the molecule achieves a velocity which is undetermined. The TOF
techniques and the use of coincidence detection of these two electrons opens
a new spectroscopic arena. The ionising photon energy minus the sum of the
kinetic energies of the two electrons is the double ionisation energy (DIE).
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Experiments

Collision Based Spectroscopy
Paper  I shows  an  example  of  collision  based  spectroscopy  (CBS),  on

highly charged ions. A beam of Xe6+ ions with 60 keV energy is selected
from a range of charge states extracted from an ECR ion source and directed
to a gas target. As the ions pass through the gas cell, electrons from the target
atoms are transferred to the projectile. This charge transfer process is select-
ive.  The classical  over  the barrier  model  for  collisions  [20]  predicts  that
charge transfer is more frequent when the binding energy of the target atom
electron is close to the binding energy associated with the electronic states of
the projectile. In this paper different target atoms were used to populate dif-
ferent electronic states in the projectile. The energy levels of Xe5+ are studied
by recording the emitted photons with two spectrometers in the wavelength
range from 35 nm to 800 nm. 
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Figure 8: Some Xe5+ energy levels and the ionization limits together with the classi-
cal over the barrier model (COBM), from paper I



The highly excited states were populated using sodium as target atoms. The
binding energy for the first electron of sodium is 5.1 eV, for argon it is 15.8
eV and for helium it is 24.6 eV. These energies and the most populated levels
after collision with the respective target atom are indicated as dashed lines in
figure 8. Spectra from CBS are easy to analyse because of the possibility to
change the charge state of the projectile ion and the density of the target and
also to change the target gas and run the experiment again. A drawback in
our experimental set-up was the low count rate together with the single chan-
nel data acquisition.

The low density of the sodium in the collision region in combination with
the high value for the second ionization of sodium makes the spectrum of
Xe6+ – Na collisions a clean Xe5+ spectrum, clear and free of double colli-
sions and double captures.  The nozzle for the effluent sodium beam con-
sisted of 60 tubes of 3 mm length and an inner diameter of 0.2 mm bundled
and hard soldered in a holder. The mean free path for the sodium atoms in
the nozzle tubes is in the order of millimetres and the diameter of the indi-
vidual tubes is much smaller. Since most sodium atoms thus collide with the
inner wall of the tubes rather than with other sodium atoms, the nozzle aligns
the effluent plume of atoms and increases the sodium atom density in the
collision volume. A heated reservoir with sodium provided the flow of sodi-
um atoms to the gas target. The nozzle was heated to avoid condensation of
sodium inside the tubes. After transversing the collision region the sodium
was collected on a liquid nitrogen cooled surface.

A notable design achievement was done by Arne Arnesen when he pro-
posed the use of a spherical mirror in 45 degrees off normal incidence to im-
age the horizontal ion beam on the vertical entrance slit of the VUV spectro-
meter. This arrangement increased the signal strength and was used for all
the VUV measurements. The increase in count rate meant that some shorter
wavelength scans could be completed in 24 hours. A quartz lens was used to
collect the fluorescence from the ion - gas collisions to the spectrometer for
visible to UV recordings.

Fast Ion Beam Laser Spectroscopy

Isotope shifts and hyperfine structure measurement

The experiment presented in paper II is one example of Fast Ion Beam Laser
spectroscopy (FIBLAS). In this study an isotopically pure beam of singly
charged  Ba ions is brought into resonance with light from a scanning dye
laser by post-acceleration as they enter a Faraday cage at a 300 volt poten-
tial. As can be seen in figure 9, the ions enter a switch chamber and are de-
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flected to the Faraday cage where the light from the laser travels parallel and
anti-parallel to the ions. As the energy of the ion beam was kept constant at
35 keV and the current in the analysing magnet was changed to select one
barium isotope after another in a sequence, the resonances for the five iso-
topes were differently Doppler shifted. In this way individual isotopes could
be brought into resonances one after another. This switching was  done  re-
peatedly during the frequency sweep of the laser in order to get all reson-
ances from every barium isotope into one recording. To suppress noise and
get more reliable data the laser light was intensity stabilized. The fluores-
cence associated with the transition from the excited state to a lower state
was collected with an elliptical mirror and filtered to suppress stray light
from the laser. Simultaneously, the light intensity from a temperature stabil-
ized Fabry–Perot interferometer was recorded by using a photodiode. This
interferometer was calibrated from well known lines in the spectrum. The
wavelength scale in spectra was then determined by the interferometer re-
cording. The advantaged of using one isotope at a time instead of using all
isotopes is that it gives the possibility to measure isotope shifts in the less
abundant isotopes because the spectrum is free from background due to col-
lisions from more abundant isotopes. 
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Figure 9: Main feature of the experimental setup for IS and HFS measurement.



Measurement of transition probabilities

Radiative transitions from an excited electronic state to lower lying elec-
tronic states occur at different rates. These rates can be expressed as transi-
tion probabilities, i.e., an excited atom will deexcite to different lower lying
states by emitting photons with different probabilities. The intensity Pik of
the radiation from the transition from the population of Ni atoms in the excit-
ed states Ei to lower states Ek is

Pik Ni h ik Aik  
where  Aik is the Einstein coefficient for spontaneous emission or the trans-
ition probability. It is possible to derive the transition probabilities from the
spectroscopic intensity of all transitions from the excited state. This method
works well when there are a few levels involved, self absorption in the light
source  is  small  and the  spectral  sensitivity  of  the  spectrometer  is  known
[21,22].  In the present  study of samarium ions an alternative method has
been developed based on Rabi oscillations.

Rabi oscillations in a fast ion beam of barium have been reported by Kast-
berg et al. [23]. In paper III, the same experimental set-up is used to measure
transition probabilities in samarium ions. In this experiment ions in a meta-
stable state are suddenly exposed to light of high intensity, and of resonant
frequency. The ions are excited by the strong laser light and the subsequent
spontaneous fluorescence to other much lower states is recorded. In this ex-
periment with samarium ions, the laser wavelength is approximately 580nm
while  the  recorded  fluorescence  wavelength  is  approximately  390nm.  As
laser light continues to interact with the ions the strong laser light induces
stimulated emission. This emission of photons reduces the population of the
upper level and causes the spontaneous emission to decrease. The cycle of
excitation and de-excitation continues until de-phasing occurs due to spon-
taneous radiative de-excitation. The recorded signal shows a damped oscilla-
tion modulated by an exponential decay. The exponential decay is due to the
radiative mean lifetime of the excited state. When Rabi oscillations are no
longer present the population of the upper level is equal to the population of
the lower level. A theoretical model was fitted to the experimental data to ex-
tract the transition probabilities. The Rabi frequency 

is proportional to the product of the electric dipole moment of the transition,
D1,2, and the electric field amplitude, E0 provided that the laser is tuned to the
resonance i.e. 0 0  where is the laser frequency and 0 is
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the resonance frequency of the transition. In order to measure the electric
field amplitude a calibrated photodiode was inserted into the laser beam be-
fore and after each recording of the Rabi frequency. The experimental set-up
is shown in figure 10. This figure shows the main components and signals in
the experimental setup. The ion beam is horizontal and enters at the deflec-
tion chamber from the right and proceeds into the Faraday cage where the
ions are post-accelerated and the Rabi-oscillation occur. In [23] and also in
this study a stabilising scheme was used to keep the detuning of the laser fre-
quency at zero. Stabilization was achieved by interrupting the measurement
of Rabi oscillations and switching the ion beam away from the measuring
chamber into a separate chamber where the ions were exposed to the light
from the laser at reduced intensity. The spontaneously emitted photons were
counted, the resonance was detected and the post acceleration voltage was
adjusted accordingly to achieve zero detuning. After the stabilizing interrup-
tion, the recording of the Rabi oscillations continued. This cycle of stabiliza-
tion was repeated every 10 s. The signal to noise ratio for photon counting
depends on the count rate S N K photon  where  Kphoton is the detected
number of photons.
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Figure  10:  Main feature  of  the experimental  setup for  Rabi  frequency measure-
ments. From paper III.



To get higher count rate and enhance the stabilization, the fluorescence from
the ion beam was collected in a large solid angle using an elliptical mirror
and filters and a cooled Photomultiplier tube.
When the Rabi oscillation frequency and the electric field strength is known
the electric dipole moment of the transition D1,2  can be calculated and since
the transition probability is proportional to the square of the electric dipole
moment , D1,2 , the transition probability is easily calculated.

 Optical emission spectroscopy

Studies of discharges in inert gas mixtures

Electric discharges in inert gases at lower pressure (p<0.1 torr) radiate light
in narrow lines. If the gas contains molecules there might also be character-
istic bands present in the spectrum [21]. If one of the states involved is not a
bound state the emission of molecules is a continuum. Discharges in heavy
inert gases show continua as well as atomic lines. If the pressure is high and
the discharge is cooled then the excitation energy concentrates in the diatom-
ic molecule. In figure 11, from paper IV, the spectrum of pure Kr and of a
Kr–Xe mixture at a pressure of 160 hPa is shown. In graph #1, most of the
energy is radiated in a broad band from 125nm to 170nm. In graph #2, the
discharge gas contains 0.1% of Xe and most of the energy is radiated in a
much more narrow wavelength region around 147nm. 
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Figure 11: 160 hPa Kr #1,and Kr + 0.1% Xe #2, from paper IV



From figure 12, it is clear that it cannot be the radiation from an atomic
transition in Xe. In paper IV, the optimal condition for the production of this
concentration of radiation in mixtures of inert gases is studied. The emission
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Figure  12:  The emission of XeKr mixture. The arrow is at  the atomic transition
wavelength of Xe, from paper IV.

Figure 13: Potential-energy curves for electronic states of Kr2 and KrXe molecules.
From paper IV.



from DC discharges in Kr-Xe mixtures is  also compared with absorption
measurements from [24]. Numerical simulation of the observed structure in
the spectra points to that the observed strong emission band is caused by the
transitions  from  the  1  to  the  0+  states  of  the  KrXe  molecule.  For  this
molecule the 1 state is a binding state with a shallow minimum at the same
internuclear distance as the 0+ states shallow minimum as can be seen in fig-
ure  13.  This  coincidence  makes  the  transition  preferable.  The  formation
mechanism  for  the  excited  KeXe  molecule  is  proposed  to  be

Kr2
* Xe KrXe* Kr and also Kr2

+ Xe KrXe+ Kr where Kr is
the main constituent of the mixture,  Xe is the added heavier noble gas,  Kr*

and Xe* are the excited specimen and Kr+ and Xe+ are the ions.
 In an earlier experiment it was discovered that a minute leak in an argon

discharge tube resulted in sharp lines at 149.47 and 174.52 nm. These lines
were identified as atomic nitrogen lines. To further study the mechanism of
energy transfer in electric discharges, time resolved measurements were per-
formed. In paper V, the mixture of argon and nitrogen in the pulsed trans-
versal discharge of a modified excimer laser was used. To avoid the influ-
ence of depopulation of metastable states in argon the gas pressure used was
below 600 hPa. In figure 14, the time development of radiation from the N2

molecular band at 337.0 nm, the N atomic line at 174.52 nm and the argon
continuum at 126.0 nm is shown. The time for the onset of radiation and the
time for peak emission as well as decay time of radiation from the N, Ar2 and
N2 in the experimental data were extracted and analysed to find the path of
energy transfer. 

The experimental situation was complicated by the presence of disturbing
strong signals. A pulsed discharge involves high voltages and high currents
with fast rise times. Since the laser used for producing the discharge had to
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Figure 14: Time development of the radiation from Ar2, N2 and N from paper V.



be modified for improved pumping and installation of additional observation
windows,  the  confinement  of  the  strong  interfering  source  of  noise  was
broken and necessitated protective measure. Data acquisition was done by
counting photons with PM tubes chosen for the wavelength of interest. The
signals from these detectors are fast pulses of low amplitude. In order to
measure and detect these pulses it was necessary to improve the handling of
these signals. This required double shielding and solid copper tubing enclos-
ing the signal cables as well as proper grounding of all equipment involved
[25]. Even the signals for wavelength control of the spectrometers had to be
protected to avoid errors in the selected wavelength.

Photoelectron spectroscopy

Single and Double photoionisation

In paper VI the single and double photoionisation spectra of thiophene and
bromine substituted thiophenes are presented, see figure 15 and figure 16.
The single photoionisation measurements were performed with a photoelec-
tron spectrometer using hemispherical electrostatic energy analyser and the
photons were produced with a He I lamp (21 eV). The coincidence measure-
ments were performed using a magnetic bottle time-of-flight spectrometer
with coincidence electronics. For this spectrometer a pulsed monochromat-
ised He II lamp (40.8 eV) was used. The double ionisation spectra provide a
challenge for advanced theories,  especially in these large molecules since
thousands of states contribute to the spectrum, and assignment of the spectral
features to single orbital vacancies is impossible. In paper VI it is demon-
strated  that  ab  initio  Green  function  calculations  are  able  to  predict  the
double photoionisation spectra with high accuracy. In this paper we also dis-
cuss a simple rule of thumb that relates the first single ionisation energy (IE)
to the first double ionisation energy (DIE): 

DIE = k × IE + g/r

Where k and g are constants and r is the distance between the two vacan-
cies. In a simple picture one would assume that the DIE must be twice the IE
(k=2) plus the repulsion between the two electrons; the Coulomb interaction
has a 1/r dependence. A fit using the data from several molecules gives k =
2.20 and  g = 11.5 ÅeV. This simple rule facilitates an estimate of the DIE
even in complex molecules, and deviations from it suggest unusual hole-hole
interactions. Conversely, assuming that the parameters are known, this rule
can be used to estimate the effective distance between the holes. In agree-
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ment with population analysis we find in this way, e.g. that the hole-hole dis-
tance is smaller in 3-bromothiophene than in 3,4-dibromothiophene.
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Figure 15: Single ionisation spectrum of 3,4-dibromothiophene

Figure 16: Double ionisation spectrum of 3,4-dibromothiophene3,



Concluding remarks
A common feature in most of the presented experimental studies is that we
try to isolate atoms and molecules from environmental stimuli and in a con-
trolled way excite / collide / ionize them. We try to detect the response as se-
lectively as possible, bearing in mind that higher selectivity at some point
can result in a lower signal to noise ratio. Paper IV and V. are a little differ-
ent in that we work with gases of almost atmospheric pressure and we study
the processes that go on in discharges in mixtures of gases. In discharges
many processes go on simultaneously. From gas dynamic theory we can ex-
pect the rates of those processes to have different sensitivity to temperature
and to partial pressure of the components of the mixture. To sort things out
we repeat the measurements while varying one parameter at a time. In these
measurements we can not isolate the specimen under study, instead we try to
control and keep constant the influence of the environment.
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Sammanfattning på svenska

Naturvetenskap
Om man vill förstå eller bara vänja sig vid något så man inte längre är

rädd kan man undersöka saken. Har man väl kommit så långt så är steget inte
långt till vetenskap. Till det behövs systematik, planering, ett ärligt uppsåt
och gott om tid.

Spektroskopi
Den här avhandlingen tar upp spektroskopi som verktyg inom atomfysik

och molekylfysik. Spektroskopi är i detta sammanhang att mäta intensiteten
av något som funktion av energin. I avhandlingen behandlas några utvalda
experiment som får tjäna som åskådningsexempel för att visa på likheterna i
teknikerna. Kollisioner mellan partiklar behandlas dels som isolerade hän-
delser som i publikation I och dels som en samling av många olika händeler
som i publikation IV och V. I publikation II och III undersöks isolerade joner
i en jonstråle med hjälp av laserljus och i publikation VI används ljus för att
skapa fria elektroner.

I publikation I används jonen Xe6+ som skapas i en jonkälla och accele-
reras till 60 keV och kolliderar med en gas. I kollisionen överförs elektroner
och xenonjonens laddningstal minskas. Den nya elektronen kommer oftast
till  en energinivå som motsvarar den nivå som den tidigare hade i  gasen.
Genom att använda natriumånga eller argon som målgas kan man selektivt
populera  vissa  energinivåer.  Vid  de  deexcitationer  som  följer  utsänds
ljuskvanta som analyseras med en spektrometer och ur dessa mätningar kan
slutsatser dras om energinivåerna. 
Vid urladdningsexperiment på en samling med olika atomer och molekyler i
en gas blandas välbestämda våglängder med breda band i det ljus som sänds
ut. Denna strålning avslöjar inte direkt vad som händer i urladdningen. För
att ta reda på det måste man försiktigt variera en sak i taget. I publikation IV
och V ändrades gasens tryck, temperatur och de olika gaskomponenternas
deltryck. Ljuset våglängder analyserades dels med hög upplösning och dels
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genom att till den pulsade urladdningen använda tidsupplöst insamling av
data. Eftersom att varje tidsupplöst mätning innehåller data från tusentals ur-
laddningspulser och gasen förorenas av urladdningarna så måste våglängder-
na  väljas  med  omsorg  för  att  få  lagom noggranna  mätningar  på  en  och
samma gasblandning. Vi varierade en sak och samtidigt som vi höll så myc-
ket som möjligt av annat konstant under tiden som vi mätte tidsutvecklingen
av ljuset.

I publikation II och III studeras isolerade system, atomjoner, som vi plöts-
ligt lyser på. Vi använder en laser som kan fås att ändra sin våglängd. När en
jon kommer farande och utsätts för laserljuset kan det hända att ljuset och en
elektron  i  jonen  samverkar.  Jonen  blir  då  exciterad  samtidigt  som  ett
ljuskvanta försvinner och jonen rusar vidare. Efter en liten tid, kanske en tu-
sendels  miljondel  av  en  sekund,  deexciterar  jonen  dvs  jonen  skickar  ut
ljuskvanta. Detta ljus samlas in från strålen av joner och ljuskvanta räknas. I
de jonstålar som använts i dessa försök hinner jonen bara någon millimeter
innan den deexciterar. Man kan mäta det som kallas livstiden av det excite-
rade tillståndet i jonen genom att mäta ljusintensiteten som funktion avsträc-
kan.  I  publikation  II används en variant  av jonstråle-lasertekniken för att
mäta mycket små skillnader i energinivåerna hos olika isotoper av barium.
Dessa mätningar används av astronomer när de försöker ta reda på samman-
sättningen av stjärnatmosfärer. I publikation III utsätts jonerna för ett starkt
laserljus så att alla blir exciterade på samtidigt. Efter excitationen stimuleras
jonerna, av det starka laserljuset, att sända ut ljuskvanta så att de åter är i ur-
sprungstillståndet. Vi mätte hur många gånger per sekund som jonerna gick
igenom cykeln från ursprungstillståndet till  exciterat tillstånd och sen till-
baks igen. Sådana mätningar kan också användas av astronomer då de försö-
ker räkna ut hur det är långt borta vid främmande stjärnor.

I publikation VI behandlas ytterligare en experimentell teknik som kallas
fotoelektronspektroskopi. I denna teknik skapas fria elektroner från ett ämne
genom att  belysa  ämnet.  Det  ljus  som används  måste  ha  tillräckligt  kort
våglängd för att dessa ljuskvanta ska ha tillräckligt hög energi för att slå ut
några bundna elektroner. Dessa får då den energi som blir över när bind-
ningsenergin  subtraherats  från  ljuskvantats  energi.  Fenomenet  förklarades
redan för cirka hundra år sedan av Albert Einstein. Fotoelektronernas energi
går  att  mäta  med  stor  noggranhet  men  om två  elektroner  slås  ut  av  ett
ljuskvanta så ger mätningen av rörelseenergin dåligt resultat. De två elektro-
nerna delar på ett slumpmässigt sätt på den tillgängliga energin. I publikatio-
nen redovisas samtidighetsmätningar av fotoelektronenergin. Här avslöjas nu
tvåelektronenergin med hög upplösning och kan jämföras med den konven-
tionella  fotoelektronspektroskopin.  Den  lättast  bundna  elektronens  bind-
ningsenergi  i  ett  prov  jämförs  med  motsvarande  bindningsenergi  för  två
elektroner som frigjorts med hjälp av ett ljuskvanta och en enkel empirisk
formel för att beräkna denna kvot undersöks.
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