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To Ann

Mother Nature’s quite a lady
but you’re the one I need

Johnny Cash (1970)





Abstract

This thesis presents measurements of fundamental properties of singly
charged ionic systems including spectral wavelengths, lifetimes of excited
states and branching fractions with the main focus on time resolved laser
spectroscopy of stored ions providing lifetime measurements of metastable
states. The results of these measurements have been used to determine
energy levels and transition probabilities of the studied systems. The
included experimental data are compared with results from calculations
which provides evaluations of different theoretical models. The presented
results have been applied by others to the field of atomic astrophysics in
order to deduce electron densities and elemental abundances in ejecta of the
super massive star η Carinae and have also been followed by additional
work of theoreticians interested in comparisons with laboratory data. The
thesis is a result of several collaborations in which Stockholm University
has been providing lifetime measurements of metastable states, Lund
Observatory and the National Institute of Standards and Technology have
been providing wavelength and branching fraction measurements, Lund
Laser Centre has been providing lifetime measurements of short-lived
states and calculations have been performed by theoretical physicists from
Université de Mons-Hainaut, Université de Liège, Queen’s University of
Belfast and Laboratoire Aimé Cotton.
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ASD Atomic spectra database
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FIBLAS Fast ion beam laser spectroscopy

FT Fourier transform

HC Hollow cathode

HFS Hyperfine structure

HST Hubble space telescope

IBCD Ion beam current decay

LIF Laser induced fluorescence

LPT Laser probing technique

M1 Magnetic dipole

M2 Magnetic quadrupole

MCP Multi channel plate

MHFS Magnetic hyperfine structure

NIST National institute of standards and technology

PD Penning discharge

PMT Photo multiplier tube

STIS Space telescope imaging spectrograph





1. Introduction

In the early 19th century Fraunhofer investigated solar light and observed that
its spectrum was not continuous but contained a number of discrete spectral
lines [1], see Fig. 1.1. It was soon realized that each element is capable of
emitting and absorbing a unique set of spectral lines which provides a finger
print of that specific element [2]. These spectral finger prints were collected in
laboratories around the world and lines in more complex, often astrophysical,
spectra were mapped out as belonging to different elements. Wavelength mea-
surements of these lines also led to the construction of energy level diagrams
which arrange the possible quantum states of each element in a structured
manner. In combination with calculations these energy level schemes still pro-
vide physicists with great knowledge regarding both atoms and molecules.

As the identifications of spectral lines in astrophysical objects became more
and more extensive several lines remained unidentified. The fact that they
were not observed in the laboratories led to the conclusion that these lines
were possibly from elements not present on earth and several hypothetical el-
ements such as nebulium were proposed [3]. This was later proven wrong as
the lines were identified as extremely improbable transitions, referred to as

Figure 1.1: Solar spectrum c© NSO/AURA/NSF
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Figure 1.2: Hubble space telescope image showing η Carinae

forbidden, only occurring in very dilute environments such as astrophysical
gas clouds or plasmas [4, 5].

The forbidden transitions are useful for e.g. density determinations of these
clouds since their presence and intensities are strongly dependent on the con-
ditions of the surrounding environment. For the same reasons, laboratory stud-
ies of forbidden transitions are difficult to perform since experimental con-
ditions resembling those of dilute gas clouds need to be constructed. How-
ever, the development of atom and ion trapping techniques has enabled stud-
ies of these rare events which in turn has benefitted the research of many
astronomers as well as atomic physicists.

For atomic physicists the forbidden transitions have been of great interest
as possible frequency standards, see e.g. Refs. [6, 7, 8]. In addition, the upper
of the two states involved in forbidden transitions, i.e. the metastable states,
have been suggested as candidates for storing information in the process of
quantum computing, see e.g. Refs. [9, 10, 11].

One astronomical object which has attracted much interest is the super mas-
sive star η Carinae shown in Fig. 1.2, see e.g. Refs. [12, 13, 14]. η Carinae is
one of the more massive stars known and shows significant periodic variations
in its spectral features. Its luminosity has changed drastically through history
and it has survived several eruptions similar to those of supernovae. These
eruptions have resulted in large ejecta of gas in which atoms can be studied un-
der conditions which are hard to reproduce in laboratories. In these gas clouds
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interesting spectral phenomena, such as natural occurring lasers and elemen-
tal abundances very different from solar, have been observed [15, 16, 17]. η

Carinae is widely believed to end up as a supernova and provides researchers
an opportunity to study the late life of a giant star.

Studies of forbidden transitions in η Carinae have resulted in an increased
knowledge regarding the physical conditions of the star [18, 19] but the pres-
ence of several forbidden spectral lines of chromium, iron, titanium, strontium
and scandium among others has also provided a great tool for extracting fun-
damental information regarding these atomic systems [20, 21].

Furthermore, the more probable and therefore most often more intense al-
lowed transitions in atoms and ions can be used to deduce a large amount of
information regarding remote objects. This is mainly done be fitting recorded
spectra with theoretically generated synthetic ones based on spectroscopic
knowledge obtained in the laboratory [22]. Two of the main fitting param-
eters are the intensities and widths of the spectral lines. These parameters
can provide information regarding abundances, pressures and temperatures.
In order to calculate meaningful synthetic spectra, reliable laboratory data
including weak effects such as hyperfine structure are needed [23]. Labora-
tory measurements are also important since comparing with experiments is
a valuable evaluation method of theoretical data. Due to the extensive nature
of fundamental atomic data such as energy levels, wavelengths and transition
probabilities it is almost unavoidable to at least to some extent be dependent
on theoretical data [24].
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2. Theoretical background

2.1 Energy level notations
The internal energy of an atomic system is known to be quantized. Atoms and
ions are therefore not likely to absorb or release energy of any given quantity
but only of certain quanta corresponding to differences between energy states.
Each such state is described by a set of quantum numbers which in turn defines
the wavefunctions of the electrons. The three most basic quantum numbers
are the principal quantum number, n, the orbital angular momentum quantum
number, l, and the spin angular momentum quantum number, s. Each l and
s quantum number is connected to the motion of one electron and associated
with a certain magnitude of the angular momentum vectors,~l and~s, according
to Eqs. 2.1 and 2.2.

|~l|=
√

l(l +1)h̄ (2.1)

|~s|=
√

s(s+1)h̄ (2.2)

Each angular momentum vector of a given length may have different pro-
jections on a given axis. The lengths of these projections are described by
introducing the quantum number mX where the subscript X denotes which
of the angular momentum vectors that is projected. For example, an angular
momentum vector~l with a magnitude described by l may give rise to 2l + 1
different projections on an axis and these projections are described by the
quantum number ml such that −l ≤ ml ≤ l.

The angular momentum quantum numbers can be used to describe a single
electron or a total atomic or ionic system. In the first case lower case letters
are used while capital letters are used to denote the magnitudes of the total
angular momentum vectors of a many particle system. Most light and lowly
ionized systems are described in so called LS-coupling meaning that the or-
bital angular momentum of each electron~l is combined to a total orbital angu-
lar momentum~L and all spin angular momenta~s are summed into a total spin
angular momentum ~S according to Eqs. 2.3 and 2.4.

~L = ∑
i

~li (2.3)

~S = ∑
i
~si (2.4)
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Each~L and ~S can then be coupled to a total angular momentum ~J according
to Eq. 2.5 which introduces the additional quantum number J obeying the
relation |L−S| ≤ J ≤ |L+S|.

~J =~L+~S (2.5)

In LS-coupling each fine structure level is described by a set of three quan-
tum numbers, {L,S,J}. To adress a certain energy level, the n and l-value for
each electron is given in a list referred to as the configuration of the state and
the total angular momenta are given by the energy term describing the cou-
pling of the different individual momenta, usually written on the form 2S+1LJ .
S and J are given by numeric values while each L-value has a corresponding
letter assigned to it according to Table 2.1. For example, the first excited state
in atomic helium is found when the first electron is in the state 1s and the sec-
ond electron is in the 2s state. Consequently the configuration is 1s2s and the
two electrons may couple into the two LS-terms 3S1 or 1S0.

Table 2.1: Letter assignments for different L-values

L-value 0 1 2 3 4 5

Notation S P D F G H

When a system has several identical terms belonging to different configura-
tions they are listed with a prefix assigned in alphabetical order and indicating
the relative energy of the terms starting with the lowest one, e.g. b 3P has a
lower energy than c 3P but higher than a 3P. Occasionally a superscript o is
also used in the term in order to indicate that the wavefunction has odd parity,
Π =−1, according to Eq. 2.6. If the wavefunction is even the o is simply left
out.

Π = (−1)∑ j l j (2.6)

The first term of opposite parity compared to the ground term is labeled
with a z and the following terms of equal parity are thereafter listed in reversed
alphabetical order. For example, y 2Fo has lower energy than x 2Fo but higher
energy than z 2Fo.

However, an atom consists not only of electrons but also of a nucleus. This
nucleus may have a spin angular momentum ~I which in turn can be coupled
to the total angular momentum of the electrons ~J according to Eq. 2.7.

~F =~I + ~J (2.7)

The quantum number F associated with the magnitude of ~F and restricted
to |I−J| ≤ F ≤ |I +J| describes the hyperfine structure (HFS) of each energy
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level. Typically, energy differences between outer electron orbitals are of the
order of eV whereas fine structure and hyperfine structure splittings are of the
order of meV and µeV respectively [25].

2.2 Hyperfine structure
The motion of the electrons in an atom or ion can create a magnetic field, ~BJ ,
at the position of the nucleus. Given that the nucleus has a magnetic dipole
moment,~µI , this will give rise to a splitting of the energy levels due to the ori-
entational energy between the magnetic dipole moment of the nucleus, given
by Eq. 2.8, and the magnetic field caused by the orbiting electrons according
to Eq. 2.9. This effect is referred to as magnetic hyperfine structure (MHFS).

~µI =
µNgI

h̄
~I (2.8)

EMHFS =−~µI ·~BJ =
A~I · ~J

h̄2 (2.9)

The vector ~F =~I + ~J is introduced in order to evaluate the scalar product
~I · ~J, which allows us to rewrite Eq. 2.9 according to Eq. 2.10.

EMHFS =
A
2
[F(F +1)− I(I +1)− J(J +1)] (2.10)

The constant A in Eqs. 2.9 and 2.10 is referred to as the MHFS constant.
However, deviations from the splitting described by Eq. 2.10 have been ob-
served and in order to explain these deviations a higher order effect, originat-
ing from the interaction between a possible non-spherically symmetric charge
distribution in the nucleus and the electric field gradient at the position of
the nucleus, is generally included in the analysis of HFS line profiles. This is
referred to as the electric HFS (EHFS) and can be described by Eq. 2.11 in
which B is the EHFS constant and k = F(F +1)− I(I +1)− J(J +1).

EEHFS = B
(3k/4)(k +1)− I(I +1)J(J +1)

2I(2I−1)J(2J−1)
(2.11)

By adding Eqs. 2.10 and 2.11 an expression, see Eq. 2.12, describing the
total energy level splitting due to magnetic and electric nuclear effects is ob-
tained. This expression is commonly used in the fitting procedure of the ex-
perimental data. In the presence of HFS each energy level will split up into
the smaller of the two numbers 2J +1 or 2I +1 HFS levels.

EHFS = A
k
2

+B
(3k/4)(k +1)− I(I +1)J(J +1)

2I(2I−1)J(2J−1)
(2.12)
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2.3 Transition probabilities
The time dependent Schrödinger equation is given by Eq. 2.13

H0Ψ
0 = ih̄

∂Ψ0

∂ t
(2.13)

with the solution given by Eq. 2.14

Ψ
0
n(~r, t) = ψn(~r) · e−iEnt/h̄ (2.14)

where ψn is a solution to the time independent Schrödinger equation,
Eq. 2.15.

H0ψn = Enψn (2.15)

If a time dependent perturbation, H ′(t), is inserted into the Hamiltonian
according to Eq. 2.16

H = H0 +H ′(t) (2.16)

the solutions, Ψ(~r, t), can be written as a sum of the solutions of the unper-
turbed equation according to Eq. 2.17 where ∑k |ck(t)|2 = 1.

Ψ(~r, t) = ∑
k

ck(t)ψk(~r) · e−iEkt/h̄ (2.17)

Given that an atomic system is in state 1 at t = 0, i.e. |c1(0)|2 = 1, we want
to find the probability of finding the system in state 2 at time t, i.e. we need
to find c2(t). We now obtain Eq. 2.18 by inserting Eqs. 2.16 and 2.17 into
Eq. 2.13.

∑k ckH0ψkeiEkt/h̄ +∑k ckH ′ψke−iEkt/h̄

= ih̄
[
∑k

dck
dt ψke−iEkt/h̄ +∑k ck

∂

∂ t ψke−iEkt/h̄
]

(2.18)

According to Eqs. 2.13 and 2.14 the first and last terms in Eq. 2.18 cancel
which leaves Eq. 2.19.

∑
k

ckH ′ψke−iEkt/h̄ = ih̄∑
k

dck

dt
ψke−iEkt/h̄ (2.19)

We know that for the initial state 1, c1(0) = 1 and ck(0) = 0 for k 6= 1. Since
we assume that our perturbation is weak the chance that c1(t) = 1 is large also
for t. We therefore make the approximation c1(t) ≈ c1(0) = 1 which implies
ck ≈ 0 for all k 6= 1 which gives Eq. 2.20.

H ′ψ1eiE1t/h̄ ≈ ih̄∑
k

dck

dt
ψke−iEkt/h̄ (2.20)

22



We now multiply both sides of Eq. 2.20 from the left with ψ∗2 and inte-
grate all over space which, because of the orthonormality of the eigenfuncions,
gives Eq. 2.21.

< ψ2|H ′|ψ1 > e−iE1t/h̄ = ih̄
dc2

dt
e−iE2t/h̄ (2.21)

By introducing E2−E1 = hν21 = h̄ω21 Eq. 2.22 is obtained.

ih̄
dc2

dt
=< ψ2|H ′|ψ1 > eiω21t (2.22)

For a one-electron treatment in an electromagnetic field described by a vec-
tor potential ~A the Hamiltonian can be written according to Eq. 2.23 in which
~p is the momentum vector of the electron and V (r) is the central field potential
from the atomic core.

H =
1

2m
(~p− e~A)2 +V (r) (2.23)

The interaction term between ~A and ~p of this Hamiltonian can be treated as
a time dependent perturbation according to Eq. 2.24.

H ′ =
e
m

~A ·~p (2.24)

By expressing the vector field ~A as a superposition of plane waves of arbi-
trary frequencies ω according to Eq. 2.25

~A = ~A0

(
ei(ωt−~k·~r) + e−i(ωt−~k·~r)

)
(2.25)

we can express Eq. 2.22 according to Eq. 2.26.

ih̄
dc2

dt
=

〈
ψ2|

e
m

~A0 ·~pe−i~k·~r|ψ1

〉
ei(ω21+ω)t +〈

ψ2|
e
m

~A0 ·~pei~k·~r|ψ1

〉
ei(ω21−ω)t (2.26)

Eq. 2.26 has the solutions given by Eq. 2.27.

c2(t) =
〈

ψ2|
e
m

~A0 ·~pe−i~k·~r|ψ1

〉[1− ei(ω21+ω)t

h̄(ω21 +ω)

]
+

〈
ψ2|

e
m

~A0 ·~pei~k·~r|ψ1

〉[1− ei(ω21−ω)t

h̄(ω21−ω)

]
(2.27)

Since absorption and stimulated emission only occur when ω is close to
ω21 the second term in Eq. 2.27 will dominate compared to the first term and
we can make the approximation shown in Eq. 2.28.
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c2(t)≈
〈

ψ2|
e
m

~A0 ·~pei~k·~r|ψ1

〉[1− ei(ω21−ω)t

h̄(ω21−ω)

]
(2.28)

Multiplying Eq. 2.28 with the complex conjugate and using Euler’s formula
gives Eq. 2.29.

|c2(t)|2 =
1
h̄2

∣∣∣〈ψ2|
e
m

~A0 ·~pei~k·~r|ψ1

〉∣∣∣2[sin2(ω21−ω)t/2
((ω21−ω)/2)2

]
(2.29)

If we introduce the unit vector~e in the direction of ~A0 we can write the vec-
tor potential according to Eq. 2.30 in which E0 is the electric field amplitude.

~A0 = A0~e =
E0

2ω
~e (2.30)

The interesting point in the integration is at ω21 = ω in which E0(ω) can
be assumed to be constant. With this assumption and by rewriting E0 in terms
of energy density per unit angular frequency, ρ = ε0E2

0/2, Eq. 2.28 becomes
Eq. 2.31.

|c2(t)|2 =
ρ(ω21)

2ε0h̄2
ω2

21

∣∣∣〈ψ2|
e
m

~e ·~pei~k·~r|ψ1

〉∣∣∣2[sin2(ω21−ω)t/2
((ω21−ω)/2)2

]
(2.31)

Integrating the far right part of Eq. 2.31 over ω gives 2πt resulting in the
final expression for |c2(t)|2 given in Eq. 2.32.

|c2(t)|2 =
πρ(ω21)
ε0h̄2

ω2
21

∣∣∣〈ψ2|
e
m

~e ·~pei~k·~r|ψ1

〉∣∣∣2 t (2.32)

The transition rate, i.e. the transition probability per unit time, or Einstein
coefficient (A) can be expressed according to Eq. 2.33.

A21 =
πρ(ω21)
ε0h̄2

ω2
21

∣∣∣〈ψ2|
e
m

~e ·~pei~k·~r|ψ1

〉∣∣∣2 (2.33)

Evaluating the matrix element in Eq. 2.33 can be done by Taylor-expanding
the factor ei~k·~r around 1 according to Eq. 2.34.

ei~k·~r ≈ 1+ i~k ·~r +
1
2
(i~k ·~r)2 (2.34)

This expansion is possible since k = 2π

λ
and λ is typically of the order of

hundreds of nm and the electron-core distance r is typically of the order of Å.
The first term in Eq. 2.34, inserted in the matrix element in Eq. 2.33, gives rise
to electric dipole (E1) transitions, see Eq. 2.35.
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A21 =
πρ(ω21)
ε0h̄2

ω2
21

∣∣∣〈ψ2|
e
m

~e ·~p|ψ1

〉∣∣∣2 (2.35)

The next term in the expansion, i~k ·~r, gives rise to magnetic dipole (M1)
and electric quadrupole (E2) transitions when inserted in Eq. 2.33. The third
term in the expansion is the magnetic quadrupole (M2) and electric octupole
(E3) transitions etc. These higher order effects are usually negligible com-
pared to the electric dipole transition probability but systems have been found
in which higher order terms are important [26, 27, 28, 29]. Typically the prob-
ability for an M1 transition is a factor of 106−109 times smaller than that for
an E1 transition and even higher order effects are still orders of magnitude
less probable [30, 31]. However, the transition probabilities for higher order
effects have an increasingly high order dependence on the transition energy,
e.g. A(E1) ∝ ν3 while A(E2) ∝ ν5 and A(E3) ∝ ν7 [29, 31]. As a consequence
higher order transitions are more commonly observed in highly charged sys-
tems in which the transition wavelengths fall in the UV or X-ray region. For
example, Beiersdorfer et al. [32] have observed transitions of orders as high
as M3 when studying U64+.

If the atomic or ionic system is well described in terms of LS-coupling
selection rules for these different orders of transitions may be constructed, see
Table 2.2.

A level which does not have any E1 allowed decay channel to a lower-
lying energy level, i.e. the matrix element in the first term of the expansion
of Eq. 2.33 equals zero, is called metastable. Such a level can only decay
through higher order transitions which makes the lifetime of the level con-
siderably longer than it would have been if an E1 allowed decay channel had
been available. The lifetime of a metastable level typically increases by a fac-
tor of 106− 109 due to this effect. Consequently the lifetime of a metastable
state will be of the order of ms or s instead of the typical order of ns.

2.4 Lifetimes and branching fractions
The lifetime of a state i is defined according to Eq. 2.36 in which Aik is the
decay rate from state i to state k.

τi =
1

∑k Aik
(2.36)

The branching fraction (BF) of a decay channel is defined according to
Eq. 2.37 in which Iik is the intensity of the spectral line originating from the
transition i→ k.

BFik =
Iik

∑k Iik
=

Aik

∑k Aik
(2.37)
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By combining Eqs. 2.36 and 2.37, Eq. 2.38 is obtained.

Aik =
BFik

τi
(2.38)

Eq. 2.38 is very useful for an experimentalist since it gives the possibility
to experimentally determine a transition probability by measuring the lifetime
of the upper state of the transition and combining that lifetime with the BF for
that specific transition.
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3. High resolution spectroscopy

The study of an energy level system is referred to as spectroscopy. Spec-
troscopy utilizes the ability of a system to absorb and emit energy as a way of
studying its internal structure. This thesis concerns studies investigating the
interactions between these systems and electromagnetic radiation. In order to
draw conclusions regarding small energy splittings in a system an experimen-
tal setup with a high spectral resolution is usually needed. Atoms or ions in
thermal motion at equilibrium will follow a Maxwell-Boltzmann distribution
causing spectral lines to be Doppler broadened according to Eq. 3.1 in which
ν is the frequency of the transition, c is the speed of light, R is the ideal gas
constant, T is the temperature and M is the mass of the system.

∆ν =
2ν

c

√
2RT · ln2

M
(3.1)

Entering, e.g. ν = 5 ·105 GHz, T = 300 K and M = 40 u into Eq. 3.1 gives a
typical Doppler width of an optical transition at room temperature of 1 GHz.
The introduction of lasers, being sub-Doppler light sources, led to several new
techniques achieving high spectral resolutions, see e.g. Ref. [33].

3.1 Fast ion beam laser spectroscopy
One of the sub-Doppler techniques which has been developed and used in
much of the work included in this thesis is fast ion beam laser spectroscopy
(FIBLAS) [34]. FIBLAS uses the phenomenon of velocity compression of an
accelerated ion beam in order to decrease the velocity spread relative to that
of a thermal source. The principle is shown in Fig. 3.1 in which it is illus-
trated that given a certain spread in the ion beam energy the quadratic relation
between kinetic energy and velocity results in a smaller velocity spread at
higher beam energies [35]. Fig. 3.2 shows a comparison of an experimental
laser induced resonance at a beam energy of 20 keV and a theoretical Gaussian
spectral line width of 1 GHz.

In general, the FIBLAS technique is capable of achieving line widths down
to a few MHz. However, the FIBLAS setup present at CRYRING and used
in this thesis has, due to the particular experimental conditions, a resolution
of approximately 300 MHz which is most often enough to resolve HFS, see
e.g. Fig. 3.3. Combining FIBLAS with radio frequency excitation of ions can
give even higher resolution of the order of hundreds or even tens of kHz as
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Figure 3.2: Experimental 137Ba
5d 2D3/2-5d 2P3/2 resonance (solid
curve) recorded in a 20 keV ion beam
compared to a typical Doppler width
of 1 GHz
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Figure 3.3: 135Ba 5d 2D3/2-5d 2P3/2
resonance induced by interaction be-
tween a 20 keV ion beam and a fre-
quency scanned dye laser
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Figure 3.4: 137Ba+ 5d 2D5/2 F = 3-
F = 2 resonance induced by interac-
tion between a 20 keV ion beam and
a frequency scanned radio frequency
transmitter

shown in Fig. 3.4 providing extremely accurate measurements of HFS [36,
37].

3.2 Fourier transform spectroscopy
The Fourier transform (FT) spectrometer is essentially a Michelson interfer-
ometer in which one of the two arms has a variable length, see Fig. 3.5. Dur-
ing a measurement, this length is varied by moving one of the two mirrors in
the interferometer. If the mirror is translated the recorded interference signal
will have a modulation depending on the velocity of the mirror. The intensity
of the light is monitored over time as the position of the mirror is changed
with constant velocity, resulting in an interferogram showing light intensity
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as a function of time. By calculating the FT of the interferogram the signal is
transformed from the time domain to the frequency domain and intensity as a
function of frequency or wavenumber, i.e. the spectrum is obtained.

Figure 3.5: Schematic of a Fourier transform spectrometer

The great advantage of the FT spectrometer is the capability of covering
large wavelength intervals while maintaining a high spectral resolution. In
many cases weak effects like HFS or isotope shifts can be completely resolved
and analyzed.
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4. Experimental setup

4.1 Lifetime measurements
The lifetime measurements of metastable states presented in this thesis were
carried out at the 52 m circumference storage ring CRYRING in the Manne
Siegbahn laboratory [38] in Stockholm, Sweden. An overview of the facility
is shown in Fig. 4.1.

Since storage of the ions requires an almost collision free environment a
large number of vacuum pumps, including mechanical pumps as well as turbo
pumps, ion pumps and getter pumps, are connected to CRYRING. The small
amount of residual gas inside CRYRING is not even measurable by conven-
tional vacuum meters which implies that the pressure is below 10−11 Torr [39].
However, collisions will still occur causing the ion beam to have a finite life-
time. This lifetime, i.e. the time in which the ion current will decrease by a
factor of 1/e, varies but a typical value for singly charged ions at 40 keV
energy is 1-2 minutes. The maximum obtainable current of ions stored has

Figure 4.1: Overview of the CRYRING facility showing the ion source high voltage
platform on the right hand side and the injection beam line feeding the storage ring
situated in the left hand side of the picture
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Figure 4.2: Photograph showing one of the twelve straight sections of CRYRING

proved to vary greatly depending on the ion production method. During fa-
vorable conditions currents of the order of several µA have been used, for
example when studying Ar+ [40], while data related to other systems, for ex-
ample Nd+ [41] have been recorded while the ion current was as low as tens
of nA. A current consisting of singly charged ions at 40 keV of a few hundreds
nA corresponds roughly to 109 stored ions.

A number of windows are placed along the 12 straight sections that consti-
tute the storage ring which enables optical access to the stored ions. A photo-
graph of one of the straight sections is shown in Fig. 4.2.

In connection to the storage ring a continuous wave (cw) tunable laser sys-
tem, able to provide single-mode laser light in the wavelength interval 280-
1050 nm, is placed. The system consists of one Coherent 699-29 Autoscan
ring dye laser, see Fig. 4.3 and one Spectra-Physics Matisse R© Ti:Sapphire ring
laser, see Fig. 4.4. The two ring lasers are pumped by either a Spectra-Physics
Millennia R© Pro 15s Nd:YAG laser or, if UV pumping is desired, a Coherent
Innova 400-25 argon laser. Even though not used in any of the papers included
in this thesis an additional frequency-doubling setup has recently been made
available for future investigations. This allows the output light of both ring
lasers to be directed into an external Spectra-Physics WaveTrain R© frequency-
doubling cavity shown in the back of Fig. 4.4. The laser light generated in this
system is single-mode with a line width of less than 1 MHz and power ranging
from mW to W.
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Figure 4.3: Photograph showing the Coherent 699-29 ring dye laser

Figure 4.4: Photograph showing the Spectra-Physics Matisse Ti:Sapphire laser
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The ions used in the lifetime measurements were all produced in a Nielsen
ion source and stored at 40 keV beam energy. The ion source is shown in
Figs. 4.5 and 4.6. The main part of it is the anode cylinder in which a filament
is placed. A current of typically 15-25 A is run through the filament causing
emission of electrons. By applying a positive voltage of typically 200 V to the
anode cylinder the electrons will be accelerated and collected. These electrons
may through collisions ionize atoms present inside the anode cylinder. The
probability for this process to occur is further increased by placing the anode
cylinder in a magnetic field causing the electrons to spiral on their way to the
anode. The element desired is entered into the anode cylinder through either
a gas pipe or the outlet of an oven. By heating the oven the vapor pressure of
the element or compound in question will cause atoms to enter the cylinder.
When using the ion source with an oven a carrier gas is most often used in
order to stabilize the operation of the source.

The ions produced will be extracted through a small hole in the outlet plate
by an electric field and sent into a 90◦ bending magnet functioning as an iso-
tope separator. Ions with different charge to mass ratios will be bent in differ-
ent paths in the magnet and by placing a slit in the beam line after the magnet
one single isotope can be selected for injection and storage in CRYRING. The
ions produced by this method of electron collisions will be in a variety of dif-
ferent quantum states. A typical velocity of the extracted ions is 100 m/ms
implying that it will take approximately 100 µs for the ions to reach the stor-
age ring. Since a typical lifetime of an excited state is tens of ns the stored ion
beam will consist almost entirely of ions in the ground state or in metastable
states. For example, an ion in a state with τ = 10 ns will travel for 104 life-
times before it can be detected in our setup which implies that its population
will have decreased by a factor of 1/e104

, i.e. the state is completely depleted.
Once stored, the ion beam can be monitored with a multi-channel plate

(MCP) particle detector mounted in connection to CRYRING [42]. The MCP
is placed after one of the bending magnets in CRYRING and aligned to collect
neutralized ions leaving the storage ring. This enables time resolved relative
measurements of the number of ions stored and also gives an image of the
spatial distribution of ions in the beam, as shown in Fig. 4.7.

Since a collinear arrangement between the ion and laser beam is necessary
to achieve sub-Doppler resolution the laser light will overlap with the ions
over one of the twelve straight sections of the ring, a length of approximately
4 m. This complicates the observability of the ion-light interaction since the
volume necessary to cover with detectors grows large. In order to restrict the
excitation volume, a Doppler tuning device (DTD) is inserted into the straight
section of interest. The DTD locally changes the velocity of the ions thereby
introducing a Doppler shift different from that of the rest of the straight sec-
tion. The DTD, shown in Figs. 4.8 and 4.9, will limit the volume of interaction
to that of the DTD itself, typically a few cm3. The top of the DTD consists of
a metallic net which allows fluorescence from inside the DTD to be observed.
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Figure 4.6: Top view of a Nielsen ion source with the outlet plate removed
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Figure 4.7: Ion beam cross section measured by detecting neutralized ions leaving
the storage ring with a 40 mm diameter multi-channel plate particle detector placed
outside one of the bending dipole magnets [42]

The ion laser beam overlap region is imaged through a set of two lenses onto
the photo cathode of a Hamamatsu R585S photomultiplier tube (PMT) sen-
sitive in the wavelength range 160-650 nm. The solid angle covered by the
detection system is of the order of 10% of 4π . A large number of color filters
as well as interference and band pass filters are available to be used in combi-
nation with this detector in order to filter out background photons as well as
scattered laser light. Above the DTD in Fig. 4.8 the mount of such an imaging
and detection setup is shown.

In connection to the laser system a mechanical shutter of model Uniblitz
LS6 enables the formation of laser pulses down to 5 ms which through an
optical system, consisting of six mirrors, can be transported into CRYRING.
A telescope is also included in the optical setup which allows an optimization
of the overlap and focus between ion beam and laser light in the storage ring.
The opening and closing of the shutter is programmed through a computer
software which also controls the gating and collection of all electronic sig-
nals through a system of CAMAC and NIM modules, schematically shown in
Fig. 4.10.

The data acquisition system shown in Fig. 4.10 was replaced in 2009 with a
LabVIEW based data acquisition system in which the coincidence electronics
were replaced by software routines [43].
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Figure 4.8: Photograph of the side view of a Doppler tuning device present in the
isotope separator INIS

Figure 4.9: Photograph of the top view of a Doppler tuning device present in the
isotope separator INIS
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4.2 Wavelength and intensity measurements
Wavelengths and BFs of allowed transitions were measured using two differ-
ent FT spectrometers, one situated at Lund Observatory in Lund, Sweden and
one situated at the National Institute of Standards and Technology (NIST) in
Gaithersburg, MD, USA. The setup in Lund consists of a Chelsea Instruments
FT500 UV FT spectrometer, see Fig. 4.11, and the NIST setup consists of a
similar 2 m FT spectrometer covering the wavelength range 200 nm-5.5 µm.
For details regarding the instruments see Ref. [44].

The spectrometers require continuous light sources and the studies pre-
sented in this thesis used either a hollow cathode (HC) lamp [45] or a Penning
discharge (PD) lamp [46]. These lamps have different excitation mechanisms
making them more or less suitable for studies of different energy levels, ele-
ments and charge states e.g. the HC lamp might be preferable for low-lying
energy levels in neutral or singly ionized elements while the PD lamp should
be used if studies of energy levels belonging to high-energy parent terms of
singly or doubly ionized elements are planned.

A number of different detectors including PMTs and photo diodes are avail-
able in order to enable detection of light in a large wavelength interval and a
set of continuous calibration light sources is present making intensity calibra-
tions possible if BFs are to be measured. Both spectrometers used can record
spectra with a resolution of the order of a few parts in 10−2-10−3 cm−1.

Figure 4.11: Photograph showing the Fourier transform spectrometer at Lund Obser-
vatory
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5. Experimental procedure

5.1 Lifetime measurements
Laboratory measurements of lifetimes of metastable states are not trivial due
to the fast quenching, relative to the radiative decay, of the populations of
the metastable states caused by collisions with nearby particles. However, an
ultra high vacuum environment similar to that of CRYRING has proven to be
suitable for such studies. The ions in metastable states will decay radiatively
while stored and the emitted fluorescence can be directly detected in order
to determine lifetimes, see e.g. Ref. [47], even though the length of lifetimes
measurable with such passive techniques will be limited by the background
noise.

The lifetimes of metastable states presented in this thesis have all been mea-
sured using a laser probing technique (LPT) which has been developed over
several years in connection to CRYRING [48, 49, 50]. The LPT probes the
population of the state in question by actively laser inducing a transition from
the metastable state to a higher-lying state. The higher-lying state is chosen in
such a way that it will decay within a few ns to a third lower-lying energy level
and the number of photons coming from this laser induced fluorescence (LIF)
is used as a measurement of the population of the metastable state at the time
of the probe pulse. A typical probing scheme is shown in Fig. 5.1. By probing
the population at different times, relative to ion injection into the storage ring,
a decay curve can be constructed and the lifetime determined.

The LPT has numerous advantages compared to passive observation tech-
niques. Experimentalists using passive measurement techniques usually have
to choose between either filtering out one single fluorescence channel and
thereby making the already weak signal even weaker or detecting the sum of
all, or at least several, decay channels at once. This latter alternative compli-
cates the analysis significantly since the actual measured decay rate will then
often be a multiexponential decay including several rates at once, for discus-
sions see e.g. Refs. [51, 52]. The LPT used together with a DTD possesses the
two important benefits of being state-selective due to the laser excitation and
also to have an increased S/N of several orders of magnitude by localizing the
vast majority of all radiative decays to the volume of the DTD. This will not
only increase the detected signal but also decrease the collected background
signal which enables measurements of lifetimes longer than what would have
been possible if a passive technique had been used.

43



0  

5000

10000

15000

20000

5d 2D
3/2

5d 2D
5/2

6p 2Po
1/2

6p 2Po
3/2

6s 2S
1/2

456 nm

586 nm

614 nm

E
ne

rg
y 

(c
m

−
1 )

Figure 5.1: Schematic enery level scheme used in the study of the states 5d 2D3/2 and
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level up to the 6p 2Po
3/2 level which promptly decays to the 6s 2S1/2 level and the 456

nm fluorescence is detected.

The downside of the signal enhancement gained with the LPT is that the
technique is destructive, i.e. the population of the studied state will be de-
pleted during the measurement. As a consequence, new ions have to be in-
jected for each measurement which in turn requires stability of all elements
in the experimental setup. Necessary techniques have been developed in order
to control and monitor this stability and the resulting data are corrected for
possible instabilities.

5.1.1 Systematic effects
The first prerequisite for the reasoning in the previous section is the fact that
each ion injection contains an equal amount of ions in the metastable state at
t = 0. In order to make sure that this is the case a laser pulse fixed in time
is overlapped with the ion beam typically every fourth ion injection. Should
the initial population have changed this would be reflected in the intensity of
the LIF detected by the PMT. Variations in the laser light intensity could give
a similar effect but this complication is avoided by choosing the probe pulse
long enough to completely deplete the metastable state even if the laser inten-
sity decreases slightly. However, if the laser intensity is affecting the intensity
of the LIF this is also corrected for. A typical experimental curve showing this
fluorescence normalization is shown in Fig. 5.2.

When observing the decay rate of the population of the metastable state a
non-zero fluorescence level is reached after a certain time. This level, which
is clearly different from that of the background signal, is caused by collisional
excitations occurring while the ions are being stored. Ground state ions circu-
lating inside CRYRING collide with the residual gas inside the storage ring
which leads to excitations into the studied energy state. This should be treated
as a rate, Γ, of population increase when monitoring the metastable state, given
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Figure 5.2: Typical fluorescence
normalization curve reflecting the
variations in the population of the
metastable state at the time of ion
injection.
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Figure 5.3: Curve showing the repop-
ulation of the 5d 2D5/2 level in Ba II.
The curve ends as it approaches equi-
librium.

by Eq. 5.1, in which σ , v and p denote the cross section, velocity and pressure
respectively [53].

Γ = σvp (5.1)

Eventually an equilibrium between the decay and build up of population in
the metastable state will be reached which is reflected in the non zero fluo-
rescence level reached after a given time. The repopulation of the metastable
state is measured by completely depleting the metastable state at t = 0 and
then probing the population of the state at given delays relative to depletion.
The initial increase of the population of the state after depletion and the fol-
lowing constant equilibrium level can be seen in Fig. 5.3.

The repopulation of metastable states has on several occasions proved to be
significant and correcting for this is of utmost importance. The repopulation
is measured with two different techniques [50, 54, 55], the first one using the
method mentioned in the previous paragraph. The second, so called simultane-
ous measurement method, is more time efficient since it does not require any
additional ion injections like the first method does. The simultaneous mea-
surement method of the repopulation is performed together with the ordinary
recording of the lifetime curve. It simply adds a laser pulse before each ion
beam dump. Before the repopulation pulse the ordinary moving probe pulse
used to record the lifetime curve has already depleted the state and the re-
population curve will in this way be recorded with a time scale which is the
reversed of that of the population decay curve. Figs. 5.4 and 5.5 illustrate this
process.

The amount of repopulation depends on the number of ions that potentially
can get excited into the metastable state. Therefore, the total number of stored
ions is monitored in order to correct for variations in this quantity. This mea-
surement is performed with the MCP particle detector placed after one of the
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Figure 5.4: Figure illustrating the simultaneous recording of a lifetime curve (closed
circles) and a repopulation curve (open circles). The data are obtained from the mea-
surements on Ba II presented in Paper I.

bending magnets, see Fig. 4.7. The MCP monitors the number of ions stored
at fixed time after injection, i.e. the particle normalization curve shown in
Fig. 5.6, and the time evolution of the number of stored ions, i.e. the ion beam
current decay (IBCD) curve shown in Fig. 5.7. During most measurements the
variations in the amount of ions injected each cycle have followed the simul-
taneous variations in the number of ions initially in the metastable state but
on occasions this ratio has varied. The IBCD curve is used to experimentally
obtain a relative measurement of the residual gas pressure in the storage ring.
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Ä

Figure 5.5: Figure showing the number of ions stored as a function of time during
one ring cycle. Below the ion beam current decay curve is the four events occurring
during the same cycle. The first event triggers the ion injection and defines the time,
t = 0. The second event is the moving probe pulse that measures the population of the
metastable state at varying times, t. The third event is the probe pulse fixed in time
before the ion beam dump which measures the repopulation of the state during the
time, ∆t. The fourth and last event is the ion beam dump.

The ion current shows an exponential decay while stored with a lifetime given
by the inverse of Eq. 5.1.

Collisions do not only cause repopulation but also quenching of the
metastable state. Therefore, even if the positive rate of the population change
can be sorted out from that of the negative one, the measured decay rate is
still not the radiative rate but the sum of the radiative and the collisional
decay rates. In order to correct for this the decay rate is determined at
different pressures and an extrapolation to zero pressure is performed. For
low pressures the decay rate of the state should increase linearly [56] with
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Figure 5.6: Typical particle normaliza-
tion curve recorded at fixed time each
ring cycle. The delay time on the x-
axis indicates the corresponding point
in the lifetime curve.
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Figure 5.7: An ion beam current de-
cay curve showing the exponential de-
crease in the number of stored ions as
a function of time after ion injection.
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Figure 5.8: Stern-Vollmer plot for the 3d 2G9/2 level in Ar II

pressure and a Stern-Vollmer plot is constructed to deduce the zero pressure
decay rate of the state, see Fig. 5.8.

5.1.2 Typical experimental procedure
After finding a way of producing ions under stable conditions they are in-
jected and stored in CRYRING. Once the laser is aligned into overlap with
the ion beam a frequency scan is performed in order to find a suitable res-
onance to use in the LPT. The transition probability of the probing channel
has proven to be of minor importance when utilizing relatively intense, ≈100
mW, cw lasers. Even spin forbidden probing transitions may result in accept-
able S/N levels, see e.g. the a 4G11/2-z 6Fo

9/2 transition in Fe II with an A-value
of 3.4 · 103 s−1 [57] used in Paper VIII. A typical frequency scan is shown
in Fig. 5.9 where the detected fluorescence is plotted as a function of laser
wavelength. In order to reduce the background signal on the PMT, filters are
placed in front of the photo cathode to block both scattered laser photons and
other background light. If a strong fluorescence channel is known an interfer-
ence filter may be used but typically a broadband color filter is used with the
intention to transmit most light of frequencies other than that of the laser. The
PMT used in the papers presented in this thesis is single photon counting with
a typical background count of 5-10 Hz when using an interference filter.

Once the resonance is detected the laser is actively locked onto that fre-
quency and a so called outpumping curve is recorded. The outpumping curve
is obtained by constantly shining laser light onto the ions and monitoring the
fluorescence in a time resolved manner with the help of a scaler. This deter-
mines the time needed to completely deplete the metastable state, i.e. how
long the laser pulses need to be in order to move all of the original metastable
state population to the excited state. A typical outpumping curve is shown in
Fig. 5.10.

48



18474.7 18474.8 18474.9
0

1000

2000

3000

4000

5000

Wavenumber (cm−1)

In
te

ns
ity

 (
co

un
ts

)

Figure 5.9: Wavelength scan showing
the fluorescence signal as function of
the laser wavelength as it moves into
resonance between the levels b 2D5/2

and z 2Fo
5/2 in Ti II
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Figure 5.10: Outpumping curve of the
b 2P1/2 level in Ti II recorded during a
350 ms long ring cycle

The amplitude of the resonance curve and also the time needed to deplete
the state can be optimized by fine tuning the alignment of the laser beam.
The focus of the laser beam is also adjusted to increase the efficiency of the
optical pumping. A typical time needed to deplete the metastable state in the
papers included in this thesis is 100 ms which is not primarily dependent on
the intensity of the laser but rather the spatial overlap of the ion and laser
beam. The laser beam, which has a significantly smaller diameter compared
to the ion beam, will not interact with all ions at once which implies that most
of the ions will need to circulate several laps in the storage ring before they
actually travel through the line of sight of the laser.

One might suspect that the fact that the outpumping of the state is not in-
stantaneous will worsen the time resolution of the experiment. However, this
is not the case. The signal S at time t0 will be given by the integral shown in
Eq. 5.2 from t0 to t0 + ∆t where ∆t is the depletion time of the state, Γ is the
decay rate of the metastable state and Γ′ is the decay rate of the outpumping
curve itself. Even though Γ as well as Γ′ and ∆t affects the intensity of the
recorded signal the only time dependent part of the equation is e−Γt0 .

S(t0) ∝

∫ t0+∆t

t0
e−Γte−Γ′(t−t0)dt = e−Γt0

(
1− e−(Γ+Γ′)∆t

Γ+Γ′

)
(5.2)

The depletion time and all other parameters concerning the timing of the
laser probing events are entered into the software controlling the data acqui-
sition as well as the timing of the storage ring itself and the collection of data
starts. A typical ring cycle length used, i.e. the time between ion injections,
is 3τ and around 50 ring cycles are suitable for the construction of one life-
time curve in order to get good statistics. This results in an effective recording
time of approximately 150τ , i.e. it will take at least 2.5 h to record one life-
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time curve showing the decay of a state with a lifetime of 1 min. The Stern-
Vollmer plot used to extract the pure radiative decay rate of the state should
include several lifetime measurements at various pressures implying that the
conditions of the setup need to be stable over relatively long periods of time.

5.2 Wavelength and intensity measurements
5.2.1 Systematic effects
The FT spectrometers used are mainly influenced by two complications. The
first is the difficulty of obtaining a reliable and accurate wavenumber scale.
The instrument itself determines the wavenumber based on the known wave-
length of a temperature stabilized He-Ne laser used as a reference. However,
imperfections in the alignment of this internal reference source and the ex-
ternal light source under study might give rise to a stretching of the wave-
length scale. This is corrected for by calibrating the scale with lines of known
wavenumbers, usually lines in the spectrum of a noble gas present in the light
source, such as Ne [45], Ar [58] or other [59, 60].

The second complication is the correction for the instrumental response.
Wavelength dependent sensitivities of optical elements and detectors in the
spectrometer have to be corrected for if accurate intensities are to be deter-
mined. This is done by recording spectra of calibration light sources with a
continuous spectral distribution and known radiances and comparing the mea-
sured spectra with the reference data [61].

5.2.2 Typical experimental procedure
Depending on the element and energy levels of interest a suitable light source
is chosen. Different light sources might influence the populations in different
states depending on the excitation mechanism of the source. For example a HC
lamp might be suitable for low-lying energy levels but unsuitable if studies of
higher-lying energy level are planned. Once the light source is chosen stable
operating conditions have to be found. The flux of the light source should be
constant during the whole recording of the interferogram if the data are to be
reliable.

Once the light source is running in accordance to the experimental demands
the output light is directed and focused on to the aperture of the spectrome-
ter. The alignment of the spectrometer, the focusing lens and the light source
is performed with the help of a He-Ne laser that can be lit from inside the
spectrometer and guided out of the aperture. Detectors suitable for the desired
wavelength region are selected and their positions together with the position-
ing of the focusing lens are fine-tuned in order to give optimal S/N.

Once aligned, the moving mirror is scanned and the interferogram recorded.
After a transformation the spectrum is ready to be analyzed, see Fig. 5.11. If
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Figure 5.11: FT spectum of Cr II
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Figure 5.12: FT measurement of
a continuous deuterium calibration
lamp.

the spectrum is intended to be used for intensity measurements one or several
calibration light sources are needed. A set of calibration sources are available
to be used in different wavelength intervals and a spectrum from one of these
normalized to a maximum intensity of 1 is shown in Fig. 5.12.
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6. Analysis

6.1 Lifetime measurements
We assume that our stored ions can be described by a two-level system as
shown in Fig. 6.1.

-

-

6

?

α Γrad
1 +Γdeexc

1 (p)

Γneutr
1 (p)

Γneutr
0 (p)

N1

N0

SINGLY CHARGED ION NEUTRALIZED ION

Figure 6.1: Two-level scheme

In Fig. 6.1 we define N1 and N0 as the populations in level 1 i.e. the
metastable level and level 0 i.e. the ground state. The decay rate β of
the metastable level is determined by the pressure independent radiative
decay rate, Γrad

1 , and the pressure dependent collisional destruction rate,
Γdeexc

1 (p)+Γneutr
1 (p) according to Eq. 6.1.

β = Γ
rad
1 +Γ

deexc
1 (p)+Γ

neutr
1 (p) =

1
τ

+Γ(p) =
1

τexp
(6.1)

In Fig. 6.1, α is the excitation rate from the ground state into the metastable
state. The population in level 0 is assumed to be much larger than the popula-
tion in level 1 and N0 can therefore be treated as independent of N1. However,
the population N0 will decay with the rate Γneutr

0 (p), hereafter referred to as
Γ0 = τ

−1
IBCD, due to the loss of stored ions. This rate can be deduced from

the IBCD curves, see Fig. 5.7. The change in N1 can be written according to
Eq. 6.2 in which N0(t) = N0(0)e−Γ0t .

dN1(t)
dt

= αN0(t)−βN1(t) = αN0(0)e−Γ0t −βN1(t) (6.2)
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populations i.e. different a-values
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Figure 6.3: Unnormalized fluores-
cence signal (crosses), repopulation
(open circles) and the corrected life-
time curve (closed circles) recorded
while studying the 3d 2D3/2 level in
Ca II

We can write the solution to the differential equation 6.2 according to
Eq. 6.3 in which D and E are constants.

N1(t) = De−Γ0t +Ee−β t (6.3)

D =
αN0(0)
β −Γ0

(β 6= Γ0) (6.4)

The expression given in Eq. 6.3 is what is expected from the raw exper-
imental data but depending on what is measured the initial conditions will
vary. When measuring repopulation it is assumed that the first quenching
laser pulse completely depletes the metastable state giving the initial condi-
tion, N1(0) = 0. By inserting t = 0 in Eq. 6.3 we get D = −E under these
initial conditions and Eq. 6.3 can be written according to Eq. 6.5.

N1(t) = De−Γ0t(1− e−(β−Γ0)t) (6.5)

If the quenching pulse would leave a population a in the metastable state or
if a quenching pulse is not used the initial condition will be N1(0) = a resulting
in a solution given by Eq. 6.6.

N1(t) = ae−β t +De−Γ0t(1− e−(β−Γ0)t) (6.6)

A number of theoretical curves showing the metastable population as a
function of time for several values of the initial population, a, are shown in
Fig. 6.2.

The most direct way to analyze the data would be to measure the population
decay described by Eq. 6.6 and the repopulation described by Eq. 6.5 and sub-
tract them from each other which reveals the lifetime directly. The corrected
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Figure 6.4: Theoretical ideal LIF
(closed circles), repopulation (open
circles) and lifetime curve (crosses)
under stable conditions
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Figure 6.5: Theoretical LIF (closed
circles), repopulation (open circles)
and lifetime curve (crosses) showing
the diverging effect of a 10% variation
in the number of injected particles cal-
culated for τ = 3 s and τIBCD = 30 s

decay curve is fitted with a single exponential resulting in a lifetime value,
see Fig. 6.3. Note that this lifetime still includes a pressure dependent term
according to Eq. 6.1 which is corrected for by extrapolating this experimental
lifetime to zero pressure in a Stern-Vollmer plot, see Fig. 5.8.

Worth noting is that if the quenching pulse used in the repopulation mea-
surement would leave a population in the metastable state the resulting cor-
rected lifetime curve would be the difference between two expressions of the
form given by Eq. 6.6 but with different initial population constants, a. If we
denote these two constants a and a′ and perform the subtraction we see that
the correct lifetime is still obtained although the exponential lifetime curve
will be described with a different coefficient according to Eq. 6.7, i.e. the ex-
perimental curve will have less statistics.

N1(t) = (a−a′)e−β t (6.7)

Both the fluorescence curves and the IBCD curves include a number of
points measured after the ion beam dump. This reveals the background level
of both the PMT and the MCP detector. By averaging these data points the
background level can be determined and subtracted from both the particle and
the fluorescence curves. Variations in the number of stored ions will introduce
a time dependence on the otherwise constant D in Eq. 6.5. This will have a
diverging effect on the tails of the fluorescence and repopulation curves as
seen in Figs. 6.4 and 6.5 when measuring the repopulation and the LIF in
parallel with reversed time scales as shown in Fig. 5.4.

Until recently, common praxis has been to normalize the repopulation with
respect to variations in the number of stored ions. The fluorescence has then
been normalized against the initial population of the metastable state at the
time of ion injection. The two curves were then subtracted in order to get
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Figure 6.6: Comparison between un-
normalized curves (closed circles) and
normalized curves (open circles) sim-
ulating a 10% variation in the number
of stored ions during one measurement
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Figure 6.7: Zoom in on the conver-
gence of the normalized curves (open
circles) and the divergence of the un-
normalized curves (closed circles)

the corrected lifetime curve. Since the repopulation has been assumed to be
a weak correction to the fluorescence no normalization of the fluorescence
curve with respect to variations in the number of stored ions has been used.
However, as the lifetimes measured have been extended to longer ones this
contribution to the fluorescence from repopulation can no longer be seen as
a correction but should rather be considered as a significant part of the LIF
signal. Therefore a more careful method for corrections has been developed.

In this new method possible variations in the number of stored ions are
corrected for by normalizing both the repopulation, given by Eq. 6.5, and the
fluorescence, given by Eq. 6.6. This normalization will lead to the desired
convergence of the two curves as seen in Figs. 6.6 and 6.7.

The two normalized curves, described by Eqs. 6.5 and 6.6, can now be sub-
tracted from each other in order to reveal the lifetime curve, ae−β t . In the
normalization of the fluorescence curve with respect to the number of stored
ions the time dependence in the constant D will also be added to the constant
a, see Eq. 6.6, since only the sum of the two effects can be measured and con-
sequently the lifetime curve will also reflect the variations in the number of
stored ground state ions which is undesired. However, this effect can be re-
moved since the normalization due to the number of ions is known. By doing
the inverse of the normalization on the curve showing the difference between
the fluorescence and the repopulation the time dependence can be removed
and the lifetime curve thereby becomes independent of the number of circu-
lating ground state ions as desired. Since the subtraction of the repopulation
from the fluorescence results in a single exponential of the form ae−β t one
might also normalize for variations in the otherwise constant a, i.e. variations
in the population of the metastable state at the time of ion injection. The cor-
rection to the resulting lifetime when normalizing compared to when not is
sometimes negligible or of the order of 1%. However, situations have been
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Figure 6.8: Theoretical curves simulated with a 10% increase in the number of stored
ions and a 10% decrease in the initial population of the metastable state according
to Fig. 6.9. The crosses show the measured fluorescence, the closed circles show the
corrected lifetime curve when the fluorescence is normalized to the initial metastable
state population and the repopulation is normalized against the number of stored ions.
The open circles show the case when both the repopulation and the fluorescence are
normalized against the number of stored ions. The open circles are also normalized
against the initial metastable population.

observed when the number of stored ions as well as the number of ions ini-
tially in the metastable state have varied during measurements. An increase
in one of the two quantities is not necessarily coupled to an increase in the
other. If, for example, a 10% increase in the number of stored ions is present
along with a 10% decrease in metastable state population as shown in Fig. 6.9
the effects become more important and normalization according to this latter
method is necessary to achieve high accuracy, see Fig. 6.8.
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Figure 6.9: Simulated variations in the
number of stored ions (open circles)
and the initial metastable state popula-
tion (solid cirlces) used in the calcula-
tions of the curves included in Fig. 6.8.
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Figure 6.10: Lifetime extracted from
a single exponential fit as a function
of the first time point included in the
corresponding fit. The dashed line in-
dicates the deduced lifetime value.
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In order to verify the expected single exponential of the corrected lifetime
curve a stability plot showing the extracted lifetime as a function of starting
point used in the fit can be constructed, see Fig. 6.10. A corrected lifetime
curve where the fluorescence shows a single exponential behavior should re-
sult in a plot that gives the same result independent of starting point.

The uncertainties obtained from each lifetime curve in the analysis are im-
portant not only for the particular lifetime but also in the further analysis since
they are used as weights in the Stern-Vollmer fit. In order to fit the lifetime
curves the commercially available software PeakFit v4.11 developed by Sys-
tat Software Inc. [62] is used. The IBCD curve recorded simultaneously with
the lifetime curve is fitted with a single exponential in PeakFit to obtain the
ion beam decay rate i.e. the relative pressure. Once both these quantities have
been determined they are plotted as one data point in the Stern-Vollmer plot.
Finally a MATLAB routine is used to perform a linear fit of the Stern-Vollmer
plot weighted against the uncertainty in each individual lifetime curve.

Recently this method including normalizations and subtraction of different
signals from each other has become more and more delicate when lifetimes
of many seconds are measured. This has resulted in large uncertainties asso-
ciated with the lifetimes e.g. in Ti II [63]. Therefore, a new method has been
developed in which the repopulation curve is fitted directly with an expression
of the form of Eq. 6.6 [53]. With this method the subtraction of repopulation
as well as normalizations with respect to initial metastable state population is
made obsolete which decreases the uncertainties for measurements concern-
ing extremely long lifetimes. For further discussions, see Section 7 regarding
Papers I and II.

The relative pressures quoted in the presented Stern-Vollmer plots are the
decay rates of the ion beam. These rates are used in lack of a method for
absolute pressure measurements. Since the decay of the ion beam is due to
collisions with rest gas, the decay rate is assumed to be proportional to the
pressure inside the storage ring. However, one could also imagine that the
decay of the ion beam would be influenced by other effects related to e.g. im-
perfections in the beam optics or a non ideal optimization of the ion beam.
This would imply that the ion beam lifetime is only partly dependent of the
pressure which would introduce an error in the Stern-Vollmer plots since a
shortening of the ion beam lifetime by a certain factor would not correspond
to a pressure change by the same factor.

In order to investigate the effect of such an error we can introduce a pressure
independent decay rate of the ion beam, Γmod , which modifies the rate, β ,
given by Eq. 6.1. Let us refer to this modified decay rate, described by Eq. 6.8,
as β ′.

β
′ = Γ

rad
1 +Γ

deexc
1 (p)+Γ

neutr
1 (p)+Γ

mod
1 = Γ

rad
1 +Γ

mod
1 +Γ(p) =

1
τexp

(6.8)
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Figure 6.11: Ideal theoretical Stern-
Vollmer plot with Γrad = 1 s−1, Γmod =
0 and Γ(p) = 0.04 s−1 at base pressure
(τIBCD = 100 s)
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Figure 6.12: Ideal theoretical Stern-
Vollmer plot with Γrad = 1 s−1, the
maximum possible Γmod = 0.01 s−1

and Γ(p) = 0.04 s−1 at base pressure
(τIBCD = 100 s)

The same description of the measurements, see Eqs. 6.2-6.6, can now be
performed by substituting β with β ′ and adding the decay rate Γmod to the
decay of the ion beam. The result of this will be that what actually is plotted
in the Stern-Vollmer plots is β ′ which is a function of Γmod + Γneutr. When
we later extrapolate to a zero ion beam decay rate what we get is not the pure
radiative lifetime but Γrad

1 +Γmod
1 .

However, a limit on the rate Γmod is set since Γneutr ≥ 0. This implies that
even though this modification of the ion beam decay rate can not be measured
it can not be faster than the decay rate at base pressure, i.e. the lowest achiev-
able pressure. A typical ion beam lifetime is 100 s, i.e. the modification to the
decay rate can not be higher than 1/100 s−1. The effect of Γmod ≤ 0.01 s−1 on
the deduced radiative lifetime can now be examined. A typical radiative life-
time is 1 s and a typical collisional quenching rate, Γ(p), is 0.04 s−1 at base
pressure [64]. If an ideal theoretical curve is constructed based on this data
we can introduce values on Γmod ranging from 0 to 0.01 s−1, see Figs. 6.11
and 6.12. The resulting pure radiative lifetime deduced for these different val-
ues of Γmod is shown in Table 6.1.

The conclusion is that given these input data the worst case scenario would
result in an error of 3%. Investigations of this kind have also been made on ex-
perimental data in which it was found that the deviations in radiative lifetimes
are significantly smaller than the uncertainties in the unmodified experimental
lifetimes [65].

6.2 Wavelength and intensity measurements
The FT spectra needs to be wavenumber calibrated, a procedure which
requires a presence of lines with well known wavenumbers. In the Papers
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Table 6.1: Deduced pure radiative lifetime depending on the value of Γmod

Γmod(s−1) Γrad
1 (s−1) Deviation from Γrad

1 = 1 s−1

0 1

0.002 1.006 0.6%

0.004 1.012 1.2%

0.006 1.018 1.8%

0.008 1.024 2.4%

0.010 1.030 3.0%
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Figure 6.13: Typical FTS calibration curve showing wavenumber differences between
measured and tabulated spectral lines

presented in this thesis either intense and isolated 3p44s-3p44p Ar II lines
with accurately measured wavenumbers by Whaling [58] or Ne II lines from
Öberg [45] were used. The shift due to the experimental setup should be
linear according to Eq. 6.9 [66].

σcorr = (1+α)σobs (6.9)

A typical measurement of the linear shift described by Eq. 6.9 is shown in
Fig. 6.13. Ritz wavenumbers are later calculated using the previously known
energy levels of the system and a spectral line search is initiated. The parame-
ters with the corresponding uncertainties of each line, i.e. the center of gravity
wavenumber, the intensity, the full width at half maximum, the damping and
in the case of HFS A and B constants for the upper and lower level are deter-
mined through a fitting routine [67] which is incorporated into the program
Xgremlin [68]. If BFs are to be measured a normalization of all intensities
against the calibration curves of the reference sources are performed. For in-
formation regarding the uncertainties in the BFs and the error propagation to
possible A-values see Ref. [69].

60



21626 21628 21630 21632
0

5

10

15
x 10

6

σ (cm−1)

In
te

ns
ity

 (
ar

b.
 u

ni
t)

Figure 6.14: Experimental data (solid
circles) and total fit (solid line) show-
ing a line blend in Cr II
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Figure 6.15: Zoom in on line blend
showing experimental data (solid cir-
cle), fits (dashed lines) and total fit
(solid line)

Unidentified lines may be used for new energy level determinations. This is
done by creating a line list containing the unidentified lines and then perform-
ing a coincidence search looking for reappearing energy differences among
the set of lines. For the studies included in this thesis a MATLAB routine
called Findlevels.m written at Lund Observatory by K. Öberg1 was used.

Once the set of observed lines is as complete as possible they can be put
into the program ELCALC [70, 71] which performs a least square fit in order
to determine the energies of the levels. Each spectral line is in this process
weighted against its uncertainty in wavenumber making strong transitions de-
termined with high accuracy more important than weaker lines. ELCALC also
gives uncertainties of the energies, see Refs. [70, 71] for further discussions.

One of the more common complications in the analysis is the presence of
line blends as shown in Figs. 6.14 and 6.15. Xgremlin can handle a fit with up
to three overlapping structures even though the uncertainties grow relatively
large.

6.3 Hyperfine structure
When HFS constants are to be measured a few more complications occur.
The main difficulty is that the number of fitting parameters grows large when
the HFS constants are introduced. For each transition this results in eight free
parameters when using Xgremlin which might easily lead to non-unique and
non-reproducible fits, especially when using unresolved structures as shown
in Fig. 6.16. This has proven to be a problem when performing HFS analysis
see for example discussions regarding discrepancies found in Paper VII. This
is avoided by only using the HFS constants for one of the two levels involved

1unpublished material
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Figure 6.16: Example of one partly resolved and one unresolved transition in Ho II
recorded with the NIST 2 m FTS

in a transition as free. However, this leads to the need of reliable starting val-
ues for one of the two levels. With a set of HFS constants available these can
be used to climb up into the energy level system. By using a large set of tran-
sitions more and more levels can be connected in this way and HFS constants
obtained by constantly keeping those of the previous fit fixed. As a final check
once finished the process may be repeated backwards by keeping the last set
of HFS constants fixed and then climb in the opposite direction. If a consistent
set of data has been obtained the values should be reproduced in this process.
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7. Results and discussion

Paper I: Laser-probing measurements and calculations of
lifetimes of the 5d 2D3/2 and 5d 2D5/2 metastable levels in
Ba II
Author’s contribution
• Produced the ions
• Involved in setting up, maintaining and operating the electronics and lasers
• Responsible for the data analysis
• Responsible for writing the Paper

Forbidden transitions from the 5d 2D states in Ba II have attracted much
interest as candidates for frequency standards [72] and these metastable states
have also been proposed as qubit candidates [73].

The lifetime measurements of 5d 2D3/2 and 5d 2D5/2 in Ba II constitute the
measurements of the two longest lifetimes so far by this research group and, to
the best of our knowledge, the measurement of the level 5d 2D3/2 is the longest
radiative lifetime ever measured in a storage ring, 89 s. Measuring lifetimes of
this order of magnitude presents new problems that have to be dealt with. One
prerequisite for the study was the possibility to store the ions long enough to
have the time necessary to perform the laser probing measurements. This max-
imum possible storage time has increased with the experience and knowledge
of the CRYRING operators and is now rather minutes than seconds at 40 keV
enabling lifetime measurements of the same order of magnitude. However,
with increasing recording time comes higher demands on the stability of the
equipment used.

During the time needed to measure enough data to construct one lifetime
curve some variations in ion production as well as in initial population of the
metastable state were observed but both these effects were corrected for. One
of the most crucial steps in this study was the analysis of the repopulation
which turned out to have a large effect on the final lifetime as seen in Fig. 7.1.

When studying Fig. 7.1 it is clear that more or less all recorded fluorescence
signal after 20 s is originating from ions excited due to repopulation. When
subtracting this effect the resulting LIF data is simply noise and should be
disregarded in the analysis. The amount of repopulation subtracted from the
normalized fluorescence is crucial for the resulting lifetime and should be
treated with extreme care in the analysis.

63



0 10 20 30 40
10

0

10
1

10
2

10
3

10
4

t (s)

In
te

ns
ity

 (
co

un
ts

)

Figure 7.1: Normalized fluorescence
(open circles), normalized repopula-
tion (crosses) and the final lifetime
curve (closed circles) for a measure-
ment of the 5d 2D5/2 level in Ba II at
base pressure
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Figure 7.2: Normalized fluorescence
(open circles), normalized repopula-
tion (crosses) and the final lifetime
curve (closed circles) for a measure-
ment of the 3d2 3P2 level in Sc II at
base pressure

If the measuring time is long enough, the recorded data will include a part
in which an equilibrium between the repopulation and the fluorescence is
reached, as in Fig. 7.1. If this situation is present the tails of the two curves
will converge and the correct amount of repopulation can be subtracted. In
other studies the recording time have been too short for this equilibrium to
be reached, as in Fig. 7.2, which makes it harder to say whether or not the
repopulation was over- or underestimated.

From Fig. 5.5 we see that one possible situation in our measurements is that
the moving probe pulse meant to measure the LIF has passed the fixed repop-
ulation pulse. When this happens the fixed repopulation pulse will actually
measure the LIF instead of the repopulation itself since no depletion pulse has
been sent from the timing system. This implies that the signal detected at the
time of the repopulation pulse should actually be the continuation of the LIF
curve. This gives another possibility to control that the amount of repopulation
subtracted is reasonable in order to deduce a correct lifetime, see Fig. 7.3.

In this case, changing the amount of repopulation by a factor changes the
resulting lifetime of approximately twice that factor, e.g. a 10% increase in
the amount of repopulation changes the resulting lifetime with approximately
20%, which makes this procedure very important if the resulting lifetime is to
be accurate. This is illustrated in Fig. 7.4.

Figs. 7.5 and 7.6 show the standard deviation from the fit of the corrected
lifetime curve and the r2-value of the fit as a function of the repopulation
correction factor used. It is clearly shown that the purest single exponential
behavior of the corrected lifetime curve is present before we start altering the
amount of repopulation which supports our normalizations.

The lifetime of the 5d 2D3/2 level has been measured three times prior to
publication of Paper I and all three studies present disagreeing results which
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Figure 7.3: Laser induced fluores-
cence (closed circles) and repopula-
tion (open circles) built up backwards.
The repopulation level at t > 35 s is the
end of the fluorescence curve due to
the lacking of a depletion pulse pre-
ceeding the fixed probe pulse meant
for measuring the repopulation.
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Figure 7.4: The figure shows the
change in deduced lifetime when di-
viding the amount of repopulation
with a certain factor, i.e. the repopula-
tion correction factor.
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Figure 7.5: Standard deviation from
the fit of the corrected lifetime curve
as a function of the repopulation cor-
rection factor used in the analysis.
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Figure 7.6: r2-value from the fit of the
corrected lifetime curve as a function
of the repopulation correction factor
used in the analysis.

indicates the difficulty of measuring lifetimes of this order of magnitude.
Our experimental lifetime agrees with the previous experimental result from
Ref. [74] and is also supported by a number of theoretical calculations [75,
76, 77, 78] among them our new ones presented in Paper I.

A remark can also be made that the calculation regarding the lifetime value
of the 5d 2D5/2 level by Guet and Johnson [77] cited in Paper I, τ = 37.2 s,
has been corrected after the publication of this experimental study. The au-
thors accidently omitted the M1 contributions to the decay channels and the
new corrected lifetime value of τ = 30.8 s [79] agrees well with our presented
measurement.
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Figure 7.7: Experimental (top) and
theoretical (bottom) lifetimes of the
5d 2D3/2 level in Ba II from Refs. [74,
75, 76, 77, 78, 80, 81, 84, 85, 86, 87,
88, 89]
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Figure 7.8: Experimental (top) and
theoretical (bottom) lifetimes of the
5d 2D5/2 level in Ba II from Refs. [53,
75, 76, 77, 78, 79, 80, 84, 85, 88, 89,
90, 91, 92]

Five publications presenting theoretical investigations of the two studied
levels have been published after the publication of Paper I see Refs. [80, 81,
82, 83, 84]. Figs. 7.7 and 7.8 show the available theoretical and experimental
lifetimes of the two investigated levels.

Paper II: Monitoring the weak collisional excitation of a
stored ion beam reveals the radiative decay rate of extremely
long-lived metastable levels
Author’s contribution
• Responsible for the data analysis
• Involved in writing the Paper

The traditional way of determining lifetimes has been to fit an exponential
curve to the decaying fluorescence originating from the level of interest. This
Rapid Communication presents an alternative way of determining radiative
lifetimes by monitoring collisional excitations into the metastable state under
study. This effect, referred to as repopulation, has been monitored in connec-
tion with earlier studies at CRYRING. Usually the repopulation is subtracted
from the LIF data recorded with the LPT in order to extract the pure radiative
decay of the level, see Section 6. However, the repopulation curve itself is
actually enough to deduce the radiative lifetime of the upper level directly as
shown in Section 6, Eq. 6.5.

This new method has been applied to repopulation curves recorded when
measuring the lifetime of the 5d 2D5/2 level in Ba II [85]. The three repop-
ulation curves, originally recorded for correction purposes, with their corre-
sponding fits are shown in Fig. 7.9.
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Figure 7.9: Three repopulation curves
recorded at three different pressures,
i.e. three different ion beam lifetimes,
fitted with curves described by Eq. 6.5.
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Figure 7.10: Stern-Vollmer plot for the
5d 2D5/2 level in Ba II. The light points
are the original data points resulting
from an exponential fit to the cor-
rected fluorescence curve and the bold
points are three new data points orig-
inating from analysis of the repopula-
tion curves directly.

The three available repopulation curves added three more data points to
the Stern-Vollmer plot used in order to deduce the zero pressure lifetime in
Ref. [85], see Fig. 7.10.

As seen in Fig. 7.10 the error bars associated with the new high pressure
point is more than a factor of 4 smaller than the average error bars associated
with one of the old high pressure points deduced from fitting the fluorescence
decay. This shows one of the advantages of this new method, namely that the
S/N is significantly better at high pressures compared to the case when the
repopulation is subtracted from the fluorescence which usually results in a
very weak signal since a large part of the LIF signal at these high pressures is
due to repopulated ions.

Another advantage of this new method is associated with the normaliza-
tion with respect to initial population of the metastable state as described in
Section 6. Since the first thing done in a repopulation measurement is to com-
pletely deplete the metastable state, the initial population at the time of in-
jection into the storage ring is irrelevant for this kind of measurements. This
also reduces the recording time needed with about 25% since typically every
fourth ring cycle is used for measuring these otherwise necessary normaliza-
tion curves.

A previous study of the b 4P5/2 level in Ti II published in 2003 [63] con-
stitutes another case in which the repopulation correction was of major im-
portance for the deduced lifetime. An accurate method for handling this effect
had not been developed at the time of publication and the lifetime published
was given with large error bars, τ = 28±10 s. This experimental lifetime was
significantly longer than the results of the calculations, τ = 14 s. The devel-
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Figure 7.11: Partial energy level scheme for Ar II

opment of the analysis method for repopulation correction together with this
new method have allowed us to reanalyze the lifetime curves and also to add
the data from the repopulation curves to the Stern-Vollmer plot. For further
discussion, see Paper V.

Paper III: Inclusion of electric octupole contributions explains
the fast radiative decays of two metastable states in Ar+

Author’s contribution
• Produced the ions
• Involved in setting up, maintaining and operating the electronics and lasers
• Involved in the data analysis
• Involved in writing the Paper

Previous lifetime measurements in Xe II [27] and Kr II [26] have revealed
significant contributions to the transition probabilities of several forbidden
lines from spontaneous M2 decays of the upper metastable level. This fact
posed the question whether or not this was a phenomenon coupled to the elec-
tronic structure of singly charged noble gases and therefore also present in
Ar II. Ar II has several metastable levels, two of which were measured in
this study, 3d 2G7/2 and 3d 2G9/2. This doublet is interesting since one of
the two levels does not have any allowed E1 or M2 decay channels to the
ground state in LS-coupling. Instead this decay will have to be through E2
or E3 transitions. The transitions used for probing were 3d 2G7/2-4p 2Fo

7/2

and 3d 2G9/2-4p 2Fo
7/2 with transition probabilities A = 9 · 105 s−1 [93] and

A = 2 ·107 s−1 [94] respectively. The upper 4p 2Fo
7/2 level is short-lived with

τ = 8.41±0.03 ns [95] and will decay to the 3d 2D5/2 and 4s 2D5/2 levels as
shown in Fig. 7.11.
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A previous publication included calculations of the lifetimes of the two in-
vestigated levels resulting in 4.90 s and 6.10 s [96]. However, the analysis of
the experimental data showed systematically shorter lifetimes for both levels.
Due to the high energy of the two states, 19.1 eV, the repopulation effect is
very small and close to negligible. The conditions under which the experiment
took place proved to be very stable implying that the final corrected and nor-
malized LIF curves showed very small deviations from the raw experimental
data. This implies that the lifetime differences observed are probably not due
to experimental reasons but rather theoretical.

The theory was greatly expanded to include both M2 as well as E3 decay
channels in order to explain the discrepancy between theory and experiment.
The transition probability for the E3 decay proved to be several orders of mag-
nitude higher than expected and the experimental results could be verified after
major theoretical work. A significant E3 contribution has been observed, to the
best of our knowledge, only one time prior to this in the spectrum of a singly
charged ion, namely in Yb II. However, in ytterbium the transition studied is
the 2S1/2-2F7/2 in which the upper level has a lifetime of 10 years [28, 29]
which should be compared with 2-3 s in our study.

The transition probability for an electric multipole transition of order K
from level γJ to level γ ′J′ can be calculated according to Eq. 7.1 in which λ

is the transition wavelength, K is the order of the transition, J and J′ are the
J-values of the upper and lower level respectively and | < γJ||rK ||γ ′J′ > | is
the reduced electric multipole matrix element [29].

A(EK) =
1

2J +1
2(K +1)(K +1)
[(2K +1)!!]2K

(
2π

λ

)2K+1 1
h̄
×|< γJ||rK ||γ ′J′ > |2 (7.1)

We can now compare the E3 transition probabilities previously found in
Yb II with the ones presented in this work. If we take the ratio between the
two reduced matrix elements each given by Eq. 7.1 we get Eq. 7.2.

<2 Fo
7/2||E3||2S1/2 >

<2 GJ||E3||2Po
J′ >

=

√
(2 ·7/2+1)

(2J +1)
AY b(E3)
AAr(E3)

(
λY b

λAr

)7

(7.2)

By entering the known E3 transition probabilities from this study and the
one calculated in Yb II, AY b(E3) = 3.80 ·10−9 s−1 [29], into Eq. 7.2 it is con-
cluded that the reduced matrix elements of the argon transitions are only about
6 times larger than the one in ytterbium even though the transition probability
is almost 8 orders of magnitude higher. This is an indication of the impor-
tance of the high power scaling of the energies involved in these transitions.
These differences in the size of the reduced matrix elements are most likely
connected to the LS-symmetries of the transitions.
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Paper IV: The FERRUM project: experimental and
theoretical transition rates of forbidden [Sc II] lines and
radiative lifetimes of metastable Sc II levels
Author’s contribution
• Produced the ions
• Involved in setting up, maintaining and operating the electronics and lasers
• Responsible for the lifetime data analysis
• Involved in writing the Paper

Paper IV combines lifetime measurements performed in CRYRING with
branching fraction measurements as a method of deducing experimental A-
values for forbidden transitions in [Sc II]. Determining experimental BFs for
forbidden transitions is difficult since laboratory light sources usually are op-
erated under relatively high pressures and high temperatures. These conditions
make collisions frequent which causes quenching of the metastable states
which make forbidden lines absent from the recorded spectra. The BFs used
in this paper were therefore measured in spectra recorded with the space tele-
scope imaging spectrograph (STIS) aboard the Hubble space telescope (HST).
This method of combining laboratory lifetimes with astrophysical BFs in or-
der to determine transition probabilities was first used in [Fe II] in 2003 [20]
and later also in [Ti II] [21].

Sc+ ions were produced from ScCl4 used in combination with Xe as a car-
rier gas and stored ion currents around 1 µA were used. The radiative lifetimes
of the 3P0,1,2 levels in Sc II were measured and are compared with results from
new calculations using the CIV3 code [97, 98, 99] as well as with results from
previous calculations [100]. The a 3P2 was measured during one period in
time and the lifetimes of the two other triplet states were measured during
a separate time. The experimental conditions e.g. the ion current and optical
alignment varied slightly between these two experiments resulting in slightly
different uncertainties in the measurements.

After the publication of these results the A-values have been used by another
research group to determine the abundance of Sc in the strontium filament of
η Carinae [101]. This part of η Carinae shows relative elemental abundances
that are very different from the solar abundances containing high amounts of
e.g. Fe, Ti, Ca, Cr and Ni [18, 19]. The authors of Ref. [101] used our ex-
perimental A-values to determine the electron density as well as temperature
and the Sc/Ni abundance of the Sr-filament and the physical conditions de-
termined were in good agreement with previous studies of the same area, cf.
Ref. [19].

Even though no more lifetime was measured due to lack of time a fifth reso-
nance was also observed, 4s2 1S0-3d4p 3Po

1. Despite the fact that no measure-
ment was carried out the observation of this resonance indicates something of
importance, namely that it can be possible to probe the population of a level
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by laser induced excitation through a forbidden channel, in this case a spin
forbidden transition.

Paper V: Lifetimes of metastable levels of singly ionized
titanium: theory and experiment
Author’s contribution
• Produced the ions
• Involved in setting up, maintaining and operating the electronics and lasers
• Responsible for the data analysis
• Proposed and performed a reanalysis of old data
• Responsible for writing Sections 3-5 of the Paper

The study of lifetimes of metastable levels in Ti II was started in 2003.
Besides a great general astrophysical interest in titanium as pointed out in
e.g. Ref. [102] the measurements were needed for the study of η Carinae
which shows several Ti II lines suitable to be used as density probes in this
object. This ionic system includes a large number of metastable levels, five
out of which have been measured previously [21, 63].

This article presents new lifetime measurements of the b 2D5/2 and b 2P3/2
levels along with revised values of the lifetimes of the b 4P5/2 and b 2P1/2
levels. This reanalysis was possible by making use of the recently developed
method of determining lifetimes by monitoring the collisional excitation into
a state while storing the ions in a storage ring, a method described in Paper II.
The agreement between theory and experiment is relatively good but not ex-
cellent. After this paper was published new calculations have been performed,
see Ref. [103]. These new results from Ref. [103] are compared to our mea-
surements and calculations in Table 7.1.

Table 7.1: Ti II lifetimes in seconds

Configuration Term Expa Expb HFR(B)b HFR(C)b CIV3c

3d2(3P)4s b 4P5/2 28(10) 16(2) 13.6 13.5 13.1

3d3 b 2D5/2 24(3) 22.5 21.5 33.7

3d2(3P)4s b 2P1/2 14(3) 7.7(7) 7.08 7.00 8.78

3d2(3P)4s b 2P3/2 7.0(6) 7.01 6.87 8.48

a Refs. [21, 63]
b This work
c Ref.[103]
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The three calculations presented in Table 7.1 do not agree perfectly even
though common trends can be seen. The reason for this disagreement is still
not understood. However, one might conclude that the results provided by the
analysis of the repopulation curve (Expb in Table 7.1) agree much better with
theory than the ones determined in Refs. [21, 63] supporting the validity of
this new method of analyzing the data.

Paper VI: Metastable levels in Sc II: lifetime measurements
and calculations
Author’s contribution
• Produced the ions
• Involved in setting up, maintaining and operating the electronics and lasers
• Involved in the data analysis
• Involved in writing the Paper

After measuring the three lifetimes in [Sc II] presented in Paper IV the life-
time of a 1G4 was also measured. This level was not of great astrophysical
importance since its decay channels proved to be blended with spectral fea-
tures of other elements which made it impossible to extract reliable astrophys-
ical BFs. However, the experimental lifetime of 2.64(18) s disagreed by more
than a factor of two with previous calculations, τ = 1.27 s [100]. In order to
investigate this discrepancy a larger theoretical investigation was undertaken
and presented in this paper. Extensive calculations of forbidden transitions in
[Sc II] are presented along with the experimental details. The new calculated
lifetime of 2.841 s with an estimated uncertainty of about 10% agrees well
with the experimental value. Both the experimental and the new calculated
value have also been supported later by independent calculations resulting in
τ = 2.59 s [101].

Paper VII: Wavelengths, energy levels and hyperfine structure
constants in Ho II
Author’s contribution
• Responsible for the data analysis regarding wavelengths, energy levels and

HFS constants
• Responsible for writing the Paper

One of the major contributions to the knowledge regarding Ho II given in
this paper is the energy levels that of course are coupled to the determinations
of both wavelengths and HFS constants. When comparing the listed energy
level values with the previously available ones some differences are found.
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Figure 7.12: Ho II energy level com-
parison with the NIST Atomic Spectra
Database [104]. The mean difference
is indicated by the dashed line.
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Figure 7.13: Ho II energy level com-
parison with Lawler et al. [105]. The
mean difference is indicated by the
dashed line.
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Figure 7.14: Energy level differences in Co II taken from Ref. [106]. The mean differ-
ence between Ref. [106] and the NIST ASD is indicated by the dashed line.

Figs. 7.12 and 7.13 shows the differences in energy between the values from
Paper VII and the corresponding previously available compilations.

The energy levels agree fairly well with the values in the NIST Atomic
Spectra Database (ASD), Fig. 7.12, if one corrects for a -0.2 cm−1 shift.
The origin of this shift has not been definitely determined but similar situ-
ations have been observed previously, cf. Fig. 7.12 with Fig. 7.14 taken from
Ref. [106] concerning Co II.

One possible explanation might be that the old levels are based on studies
in which photographic plates have been used. These measurements could not
resolve the HFS of the transitions which leads to problems when identifying
the center of gravity of the lines. The flag patterns present in the spectra might
lead to tendencies of estimating the center of gravity wavenumber to be shifted
relative to the true value obtained from HFS resolved spectra.

When comparing the energy levels with the ones from Lawler et al. [105],
see Fig. 7.13, something different from a simple linear shift is seen. There
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seems to be a systematic problem causing linear drifts in one of the compared
studies. A few things should be emphasized though. First of all, energy levels
are not measured, lines are. The process of fitting energy levels to the mea-
sured lines might be performed slightly different in the two studies and, maybe
more importantly, the number of lines used in each fit might differ. Just adding
one or two more lines with a high weight might change the energy level well
beyond the scale of Fig. 7.13.

The explanation might also be in the calibration of the data used. Lawler
et al. used argon lines from Ref. [107] whereas Paper VII uses calibration
lines from argon as given in Ref. [58]. In Ref. [108], Sansonetti points out a
systematic error in Ref. [107] due to a mistake in the calibration. This error
might have caused the discrepancy between the study of Lawler et al. and
Paper VII. Another possible explanation proposed by Lawler 1 is that the argon
and Ho II lines originate from different volumes in the light source. This would
implicate that the angular distribution of the light would be different for the
two ions and this might cause a shift in wavenumber. The effect would be
small but it should be noted that the y-scale in Fig. 7.13 is only a fraction of
that in Fig. 7.12.

In order to further investigate this discrepancy a direct comparison of the
line lists used with accurate wavenumbers would be necessary. However, this
is at least for now not possible due to the lack of such a list in Ref. [105].

One suitable astrophysical source in which one could check the data pub-
lished in Paper VII would be the so called Przybylski’s star or HD 101065. A
large number of holmium lines have already been identified in the spectrum of
this star but much more could probably be done. Professor C.R. Cowley has
through his website presented a list of lines in the spectrum of HD 1010652 in
which only few have been classified. More thorough work is needed in order
to draw any definite conclusions but a large number of unidentified lines in
this line list are close in wavelength to Ho II lines which were unidentified
prior to the publication of Paper VII.

Paper VIII: The FERRUM project: Transition probabilities
for forbidden lines in [Fe II] and experimental metastable
lifetimes
Author’s contribution
• Produced the ions
• Responsible for setting up and operating the electronics and lasers
• Responsible for the lifetime data analysis
• Responsible for writing the Paper

1private communication
2unpublished material, available at: http://www.astro.lsa.umich.edu/∼cowley/
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Figure 7.15: Partial enery level scheme showing the levels involved in the process of
astrophysical lasing in Fe II

The original intention of this experiment was to demonstrate the proposed,
yet not experimentally shown, process of astrophysical lasing in Fe II [109].
The actual lasing can be described in a four-level scheme shown in Fig. 7.15.
Level 1 in Fig. 7.15 is a metastable level from which the ions can get excited
by Lyman α photons into level 2. Level 2 is short lived and the ions will within
ns decay to the so called pseudo-metastable levels denoted by 3 in Fig. 7.15.
Since these levels are relatively long lived a population inversion may be built
up relative to level 4. Lasing at around 1-2 µm is therefore possible at the
transition 3-4 and once in level 4 the ions will decay to the first stage of the
cycle again and the process may be repeated. These processes have been used
to explain unexpectedly intense spectral features in η Carinae [16].

The idea behind the experimental demonstration of this process was to
store a beam of Fe+ ions in the metastable states corresponding to level 1
in Fig. 7.15. Thereafter a well collimated high power Lyman α lamp was
mounted in connection to one of the straight sections of CRYRING, see
Fig 7.16. At the other end of the same straight section a water cooled IR
PMT was mounted. When lasing appears in a medium it will do so along
the spatial mode resulting in the strongest amplification of the light, in this
case the stored ion beam. Therefore the resulting laser light is not expected
to be spread uniformly in space but concentrated around the direction of the
ions. If the Lyman α lamp would cause a population inversion, which is not
impossible since level 4 in Fig. 7.15 is essentially empty, eventually an ion
would make a spontaneous transition from one of the levels indicated by 3 to
level 4 and emit a photon in the direction of the ion beam thereby causing a
cascade of stimulated emission if other ions in the pseudo-metastable state
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Figure 7.16: Experimental setup for the attempt to demonstrate astrophysical lasing
in CRYRING showing part of the storage ring together with the placement of the
Lyman α source as well as the detector

are close by. This stimulated emission could then be detected and used as
support for the theory of this process.

An ion beam was stored and the Lyman α source turned on but no IR signal
could be seen at the wavelength of the expected laser transition. Large efforts
to decrease the background signal were made which resulted in a signal corre-
sponding to the specified dark current of the detector. Despite these efforts no
signal could be seen most probably due to too low intensity of the Lyman α

source. Even though this situation did not come as a complete surprise since
the photon density and the spread in wavelength of the lamp is nowhere close
to that of a laser it should be emphasized that our PMT is close to single pho-
ton counting which would make even a very weak signal detectable. What
would had been interesting would be to optically pump the ground state ions
into level 1 in Fig. 7.15. This could in principle been done via a higher-lying
state which decays to level 1 but no lasers at any of the necessary wavelengths
were available at the time. Another possibility would be to use an actual Ly-
man α laser source which have been constructed through the use of higher
order harmonics, see e.g. [110]. The possibility of using a synchrotron light
source together with a gas cell or ion trap has also been discussed. Another
approach to demonstrate this phenomenon has been to perform high accuracy
line width measurements of the actual laser lines observed in η Carinae. This
would be an observation which requires high resolution in wavelength as well
as high angular resolution but both these requirements could in principle be
met, see e.g. Ref [111].
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Since no signal could be seen despite our efforts, the stored Fe+ beam was
used to measure the lifetimes of two metastable states. Fe II is an atomic sys-
tem with 62 metastable levels. This complicates the lifetime measurements of
these states since the population in the level of interest is relatively small com-
pared to what it would had been if fewer states were available. This makes the
signal from the probing weak especially in combination with the low transition
probabilities of the probing transitions used. However, b 4D1/2 and a 2G11/2
were successfully measured even though the signals were weak. This was to a
large extent made possible by strong background signal suppression with the
help of both bandpass and interference filters in front of the PMT.

Unfortunately it was difficult to determine the BFs of the decay from
b 4D1/2 due to blending of two of the four strongest decay channels. The lines
were investigated in both η Carinae and the symbiotic star RR Tel with both
the HST/STIS and the VLT/UVES spectrograph but all of the four spectra
showed the lines as blended which would lead to too large uncertainties in
the deduced BFs. The BFs of the a 2G11/2 level were investigated with both
HST/STIS and VLT/UVES spectra and the concluded results agreed with
each other.

Paper IX: The FERRUM project: laboratory-measured
transition probabilities for Cr II
Author’s contribution
• Involved in the recording of the FT spectra
• Responsible for the analysis of the transformed FT spectra
• Responsible for writing the Paper

The measurements presented in Paper IX followed an earlier experiment
on Cr II by Nilsson et al. [112]. Experimental oscillator strengths for weak
Cr II transitions have recently been asked for by astronomers partly in order
to investigate possible non-LTE effects in stellar models, see e.g. Refs. [113,
114, 115, 116, 117].

The experimental transition probabilities from Ref.[112] agreed well with
calculations using the Cowan code as well as with the theoretical log(g f )-
values of Kurucz [118, 119]. Another article later claimed that the experi-
mental data agreed even better with unpublished theoretical data calculated
by Raasen & Uylings using the orthogonal operator approach [120, 121]. The
experimental BFs measured in Paper IX were at first compared with both new
calculations obtained with the Cowan code as well as with the calculations
of Kurucz. However, the agreement was poor and unsatisfactory. Some of the
observed transitions raised our suspicions regarding the labeling of the investi-
gated energy levels given by the NIST ASD. A number of observed forbidden
transitions made us perform new calculations using the Cowan code with an
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alternative set of level labels. This increased the agreement with the experi-
mental data even though it was not as good as in Ref. [112]. This alternative
set of level labels can also be found when investigating previous studies avail-
able in the literature, see Table 7.2.

Table 7.2: Cr II levels around 66500 and 67500 cm−1

Configurationa Configurationb Terma Termb J Ea (cm−1) Eb (cm−1)

3d4(a 3P)4p 3d4(a 3P)4p z 2Po z 2Do 3/2 66649.38 66649.71

3d4(a 3P)4p 3d4(a 3P)4p z 2Po z 2Po 1/2 66871.93 66872.12

3d4(a 3F)4p 3d4(a 3P)4p y 4Fo z 2Do 5/2 67012.10 67012.28

3d4(a 3F)4p 3d4(a 3P)4p y 4Fo z 2Po 3/2 67070.45 67070.48

3d4(a 3F)4p 3d4(a 3F)4p y 4Fo y 4Fo 7/2 67393.51 67393.80

3d4(a 3F)4p 3d4(a 3F)4p y 4Fo y 4Fo 9/2 67448.57 67448.82

3d4(a 3H)4p 3d4(a 3F)4p y 4Go y 4Go 7/2 67333.83 67334.20

3d4(a 3H)4p 3d4(a 3F)4p y 4Go y 4Go 5/2 67344.03 67344.42

3d4(a 3H)4p 3d4(a 3F)4p y 4Go y 4Go 9/2 67353.29 67353.60

3d4(a 3H)4p 3d4(a 3F)4p y 4Go y 4Go 11/2 67369.14 67369.33

3d4(a 3F)4p 3d4(a 3F)4p z 2Do y 4Fo 3/2 67379.47 67379.92

3d4(a 3F)4p 3d4(a 3F)4p z 2Do y 4Fo 5/2 67387.16 67387.30

a Ref. [104]
b Ref. [122]

Several different possible complications were investigated in order to re-
solve this. The intensity calibration of the FTS data was checked several
times and systematic effects were also investigated. No wavelength depen-
dence could be seen on the difference between experimental and theoreti-
cal BFs which was interpreted as an indication that the intensity calibra-
tion was correct. The data were then compared to the unpublished calcula-
tions by Raasen & Uylings which showed significantly better agreement with
the experimental data. The agreement with our lifetime measurements was
also good. When looking at the energy level labeling of Raasen & Uylings it
showed that even though the levels were severely mixed the labeling agreed
with our alternative set of labels but not with the NIST ASD.

After publishing our results Ryabchikova has pointed out a few astrophys-
ically observed lines that do not agree with our given experimental values3.

3private communication
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Table 7.3: Cr I, Cr II, Cr III, Ar I, Ar II and Ar III lines around 3666 and 4628 Å taken
from the Kurucz database [118]

σ (cm−1) λair (nm) Spectrum log gf Eupper (cm−1) Elower (cm−1)

27269.88 366.6005 Cr I -2.753 47793.820 20523.940

27270.01 366.5988 Cr II -2.327 67012.100 39742.090

27270.01 366.5988 Cr II -1.277 117488.500 90218.490

27270.13 366.5972 Cr I -2.065 47793.820 20523.690

21603.25 462.7637 Cr II -4.682 67333.830 45730.580

21603.25 462.7637 Cr I -3.221 62646.600 41043.350

21603.30 462.7626 Ar II -2.83 203197.440 181594.137

Ryabchikova has compared observational spectra with synthetic spectra gen-
erated with our experimental data and with synthetic spectra generated from
the calculations of Raasen & Uylings. She points out three lines which differ
a lot between calculations and our experiment and emphasizes that the cal-
culated values are the ones that should be trusted. One of these three lines at
3658 Å was already in our publication concluded to be a blended line and use
of the theoretical values was encouraged.

Concerning the other two lines at 3666 and 4628 Åmisidentifications from
our side seem to have been made. When looking at our light source the spec-
tra which are most likely to be observed would be Cr I, Cr II, Cr III as well
as Ar I, Ar II and Ar III. The possible line candidates from these spectra at
the mentioned wavelengths found in the Kurucz database [118] are shown in
Table 7.3.
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8. Outlook

The next step in developing the LPT is to move the experimental setup to
the electrostatic storage ring DESIREE [123] which in 2010 is under con-
struction. One of the unique features of DESIREE will be the opportunity to
perform lifetime measurements of metastable states in a magnetic field-free
environment. For example, studies of higher order decay channels as pre-
sented in Paper III as well as in Refs. [26, 27] may be complicated due to
the presence of the magnetic fields in CRYRING which will be avoided in
DESIREE. With the magnetic field removed detailed studies of these weak
decay channels can be performed with a very high spectral as well as tem-
poral resolution making lifetime measurements of individual metastable hy-
perfine levels possible. Interactions between hyperfine structure levels have
been theoretically predicted to have effects on forbidden transitions, see e.g.
Refs. [124, 125, 126], a conclusion which has also been confirmed experimen-
tally by studies of metastable states in highly charged ions [127]. DESIREE
will make it possible to also investigate these effects in singly charged systems
such as Xe+.

DESIREE will also offer the possibility to measure lifetimes in doubly ion-
ized systems. One system suitable as a first project would be Y III which has
recently attracted interest from theoreticians interested in correlation effects
but also from astrophysicists since these forbidden transitions may reveal in-
formation regarding the post-main-sequence evolution of chemically peculiar
stars [128, 129].

The collaboration with astrophysicists and astronomers will also continue.
Especially Fe+ has shown interesting spectral features in astrophysical regions
surrounding η Carinae. Unexpected high intensities of certain forbidden tran-
sitions in this system have been explained through the concept of spontaneous
astrophysical lasers using the Lyman α background as a mechanism for op-
tical pumping and thereby creating population inversions [15, 16, 17]. Previ-
ously, so called space masers [130] have been demonstrated but the concept
of astrophysical lasers in the infrared region is yet to be experimentally con-
firmed something which might be possible in DESIREE thanks to the optical
detection system available in combination with external laser sources and the
favorable internal conditions of the storage ring.

Another laser based technique has also been developed in order to study
lifetimes of metastable states in negative ions, see e.g. Refs. [131, 132]. This
project is an ongoing collaboration with the University of Gothenburg and is
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a good way of studying weak fundamental effects such as electron correlation
in atoms. The technique has resulted in publications of results from studies on
Te−, Si− and Se− and can also be implemented into DESIREE.
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9. Summary

This thesis has presented several experimental as well as theoretical lifetimes,
transition probabilites, HFS constants and wavelengths of singly charged ionic
systems. Forbidden transitions have been studied in Ba II, Ar II, Sc II, Ti II

and Fe II while allowed transitions have been studied in Ho II and Cr II. The
presented studies of forbidden transitions in Ba II, Ti II and Fe II have, after
being published, been followed by further theoretical investigations from other
research groups while astronomers have used the presented study of forbidden
Sc II lines to the study of the physical conditions of η Carinae.

The Ho II study is the most extensive study of this atomic system so far and
explains discrepancies in prior studies found in the literature. The allowed
transitions presented in Cr II is the first study of transitions from such high-
lying energy levels in Cr II which adds to the total knowledge regarding this
complex system.
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10. Summary in Swedish

Spektroskopi är en av de mest använda analysmetoderna inom modern
fysik. Genom spektroskopiska studier av objekt kan användaren extrahera
stora mängder information samtidigt som varje individuell mätning kan
vara av den högsta noggrannhet som kan uppnås inom någon av de
vetenskapliga grenarna. Objekten kan variera i storlek från enstaka atomer
till astronomiska objekt såsom stjärnor och galaxer. Genom att ljus används
som informationsbärare kan objekt i såväl vår närhet som sådana som är
ljusår bort analyseras, vilket även ger oss också möjligheten att titta bakåt i
tiden då ljus som vi nu ser från avlägsna astronomiska objekt i själva verket
sändes ut för länge sedan. På detta sätt kan och har spektroskopi använts för
att se tillbaka i tiden ända till Big Bang. Ljuset kan därmed användas för att
studera processer som sker på tidsskalor av många miljarder år samtidigt som
det kan användas för att studera förlopp som sker inom så korta förlopp som
ett fåtal attosekunder, d.v.s. 10−18 = 0.000000000000000001 s

Genom åren har många av fysikens framsteg varit kopplat till just utveck-
ling av spektroskopi samt kringliggande tekniker för noggranna studier av
atomer. Ett sådant närliggande forskningsområde som möjliggjort flertalet
framsteg är utvecklandet av tekniker för lagring av atomer och joner. Atomär
lagring ger oss möjligheten att urskilja ett fåtal atomer ur en större samling och
studera just dessa under väldigt kontrollerade former, något som är omöjligt
under normala förhållanden. Som verktyg för att studera dessa atomer har vi
bl.a. lasrar. En laser är en ljuskälla som skiljer sig väsentligt från de flesta an-
dra ljuskällor såsom glödlampor, stjärnor och gaslågor, exempelvis genom att
den kan lysa med en väldigt väldefinierad våglängd eller färg. Detta gör att
vi mycket noggrant kan undersöka hur olika atomer svarar på ljus med olika
väldefinierade egenskaper och hur dessa svar beror på yttre omständigheter
såsom tryck, temperatur osv.

Denna avhandling presenterar en samling studier av grundläggande atom-
ära egenskaper. Avhandlingen fokuserar på undersökningar av s.k. förbjudna
övergångar vilka under väldigt speciella yttre förutsättningar kan ge upphov
till emission av ljus från atomerna. Att studera dessa förbjudna processer är
komplicerat då de sker ytterst sällan under normala laboratoriumförhållanden.
Därför har dessa undersökningar ägt rum vid Manne Siegbahn-laboratoriet där
de nödvändiga yttre förutsättningarna kan skapas i en kontrollerad miljö. Även
noggranna mätningar av vilket ljus som kan emitteras från olika atomer under
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mer normala yttre förhållanden såsom atmosfärstryck och rumstemperatur har
undersökts och presenteras i denna avhandling.

Dessa mätningar och liknande kan och har använts av astronomer för att
analysera ljus från rymden vilket kan lära oss vilka grundämnen som finns
i olika regioner, vilka tryck och temperaturer som är på olika platser i uni-
versum samt hur olika objekt rör sig. Sådan information kan och har i sin
tur lärt oss mycket om hur universum har bildats, hur olika strukturer såsom
stjärnor och galaxer formas och varför de består av vad de gör. Vissa av de, i
denna avhandling, presenterade resultaten är även närliggande andra tekniska
utvecklingsområden såsom kvantdatorer och en ny bättre definition av sekun-
den.

Att använda ljuset för att lära sig saker om omvärlden är långt ifrån nå-
gonting nytt. Att våra ögon har försett oss med en otrolig mängd informa-
tion angående allt runt omkring oss går inte att förneka. Vi lär oss ständigt att
utvinna mer och mer kunskap ur detta ljus genom användandet av olika instru-
ment som kan se sådant som våra ögon inte kan och detta på avstånd stora som
till andra himlakroppar eller små som bråkdelar av en miljondels millimeter.
Vidare har vi lärt oss att själva använda ljuset för att sprida egenkonstruerad in-
formation genom nätverk av optiska fibrer och satelliter. Sammanfattningsvis
har den kunskapmässiga och tekniska utvecklingen rörande ljus och informa-
tion varit enorm och kommer att vidareutvecklas även i framtiden.
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