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Abstract

This thesis is mainly concerned with investigations of spontaneous radiatively
decaying states in both negative and positive singly charged ions. When pos-
sible, the measured lifetime of the state has been combined with branching
fractions in order to derive the absolute transition probability (A-value) be-
tween different quantum states. The radiative transition probability between
two quantum states is a fundamental atomic property. Knowledge of this prop-
erty can be used as a diagnostic tool in, for example, abundance and temper-
ature determinations with applications in many fields, e.g. astronomy, plasma
physics, atomic physics etc.

The focus of the experiments has been on lifetime measurements of long-
lived metastable states. Lifetimes of long-lived metastable states are interest-
ing in both theoretical aspects as well as the challenge it poses to the experi-
mentalist. To perform such experiments, impact from the surrounding environ-
ment on the stored ions has to be kept to a minimum for extended periods of
time. The metastable lifetimes presented here have been measured with time-
resolved laser spectroscopic techniques in two different types of ion storage
rings. One of them is a new type of unique cryogenically cooled storage ring
made of purely electrostatic ion optical elements. As is demonstrated in this
thesis, this device opens up a completely new time domain where lifetime mea-
surements now can be performed. In addition, this thesis includes a discussion
and preliminary studies of interactions otherwise limited by magnetic fields
and/or thermal radiation from the environment. When available, the results
have been compared to previous measurements and theoretical calculations
which enables an evaluation of different methods and theoretical models.
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1. Introduction

This thesis summarizes spectroscopic investigations of both negative
and positive singly charged ions. Spectroscopy is the name of the branch
in physics which study the light and matter interaction. In practice, this
can be done by observing how light is absorbed or emitted by atoms
and molecules. The experimental techniques employed in these stud-
ies will be presented in chapter 3. Before that, a background to this
"old" subject is given in this chapter and also a theoretical background
in chapter 2 which aims to explain some of the terminology used in this
field. In Chapter 4, the analysis of the experiments will be presented in
more detail and also how the results in the articles have been obtained.
The last chapter of the summary, chapter 5, is concerned with present-
ing and discussing the published articles on which the thesis is based
on and my specific contribution to them. Some of the work (Paper I
and II) is also discussed in my licentiate thesis [1]. The present thesis
is an extension of that work, but for obvious reasons, a few parts are
very similar. The focus of this thesis summary is on the experimental
work done in Stockholm where the author has been deeply involved in
the development and setup of the different experiments but also on the
branching fractions measurements carried out at the Lund observatory.

1.1 Scientific Background

With the scientific revolution during the renaissance, experimental in-
vestigations of light and matter began (spectroscopy). In his book Opticks
(available online [2]) from 1704, Newton used one of the first spec-
trometers comprising a glass prism to diffract light, and showed that the
apparent white light consisted of many different colors. During spec-
troscopic studies of matter by Kirchhoff and Bunsen [3] it became ev-
ident that different elements emitted unique discrete wavelengths (col-
ors). This discovery is still useful when determining the constituents of
unknown samples, particularly in remote locations. It was soon realized
that the observed light could give information on the atomic structure.
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More careful investigation of the hydrogen spectrum led Balmer [4] to
fit a formula to the observed wavelengths. Several models for the atom
where proposed by the early 20th century. Bohr’s [5] model for the
atom gave an explanation for Balmer’s formula and introduced the idea
of quantization of atomic energies. Based on Rutherford’s idea that the
atom consisted of negatively charged electrons surrounding the posi-
tively charged nucleus and supported by Einstein’s idea of quantized
light (photons), the observed spectra were explained by electrons jump-
ing between energy levels and thereby emitting a photon. The photon
would then carry away the energy difference between the two levels
according to eq. 1.1.

E1−E2 = h̄ω1− h̄ω2 = h̄ω12 = hc/λ (1.1)

If the energy levels are known the wavelength of the emitted photon
can be calculated by eq. 1.1. Conversely, by studying the emitted fre-
quencies of an element important information about the energy level
structure can be deduced.

400 450 500 550 600 650 700
wavelength (nm)

Figure 1.1: The authors artistic view of the visible part of the emission spectrum
of hydrogen called the Balmer series.

The observation of a spectral line in itself does not give more infor-
mation other than the presence of the corresponding emitting or absorb-
ing element. However, the observed intensity is tied to how probable the
transition giving rise to the spectral line is. The probability for a tran-
sition to occur depends mainly on how well the states couple to each
other through the radiation field. A more probable transition will man-
ifest itself as a strong line in the spectrum. If this probability is known,
information can be found regarding other effects influencing the spec-
trum, e.g., temperature and abundance [6].

If an atom or ion is left undisturbed in an excited state it will even-
tually decay to a lower energy state by spontaneous emission of a pho-
ton. The radiative lifetime of the state is the average time before this
decay happens and can vary from nanoseconds to years [7]. The de-
cay rate is determined by the transition probabilities to all lower energy
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states. States that have only low transition probabilities to lower energy
states are called metastable since they decay on relatively long time
scales. The spectral lines originating from their decay are called forbid-
den lines because they are forbidden by quantum-mechanical selection
rules and are often very weak. In the laboratory they are hard to observe
at all because collisions will deexcite the atom before it can decay radia-
tively. However, in certain regions of space such as nebulae and other
dilute plasmas, the densities are low enough for radiative decay to be
the dominant deexcitation mechanism, hence they will have a spectrum
containing forbidden lines. With the invention of high vacuum ion stor-
age devices, it is now possible to observe and measure lifetimes of very
long-lived quantum states of atoms, molecules, etc. in the laboratory [8,
9].

When the early astronomers tried to compare astrophysical spectra
from the Cat-Eye nebula with laboratory produced spectra in attempts to
identify the chemical composition, some lines could not be accounted
for by emission from known elements. This led to the incorrect sug-
gestion that they came from new undiscovered elements (such as neb-
ulium). In the case of the Cat-Eye nebula spectrum, it was later shown
[10] that the missing lines belonged to forbidden transitions in doubly
ionized Oxygen (OIII). Another astrophysically interesting object is the
binary star Eta-Carinae [11, 12]. It is one of the most massive and lu-
minous stars in our galaxy and is visible on the southern hemisphere.
In 1840 it briefly became the second brightest star when it underwent a
supernovae type explosion. The star survived but ejected large amounts
of gas and is now studied to give insight in to the late life of a massive
star. The homunculus nebula surrounding the star is rich in forbidden
lines and studies of some of these have helped in the determination of
its physical conditions [13, 14]. Forbidden transitions are particularly
useful as diagnostic tools for dilute plasmas and gas clouds in space.
For example, by comparing spectral line intensity ratios from certain
pairs of lines originating from the same ion, information about the pres-
sure and density can be estimated without detailed information of the
abundances and geometry of the object.

On a more fundamental level, metastable states and forbidden transi-
tions in atoms and ions have been suggested as candidates for a new fre-
quency standard [15]. The long lifetime of a metastable state gives, ac-
cording to Heisenbergs uncertainty principle, a very narrow frequency
spread of the transition to the ground state (c.f. eq. 1.1). In some cases
[16, 17], this frequency can be measured to a higher precision than the
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Figure 1.2: Picture of the Cat-Eye nebula to the left and of Eta-Carinae to the
right.

current standard based on the cesium clock.
As described above, spectroscopic observations play a key role in

our fundamental understanding of nature. In fact, it is so important that
several initiatives to construct databases containing accurate fundamen-
tal atomic data is currently active, e.g. [18, 19]. Nowadays, scientists
can model and calculate most atomic and chemical quantities of inter-
est (energy levels, transition probabilities, reaction rates etc.). However,
the models often need input from experimental data. The accuracy of
the calculations can also be difficult to evaluate and experimental ver-
ification is the only way to determine the usefulness of the produced
data.

To meet the demands for laboratory data, several magnetic ion stor-
age rings have been built since the late 1980s [20]. These facilities
offer low density environments where ionized atoms and molecules can
be stored and manipulated for extended periods of time. DESIREE
(Double ElectroStatic Ion Ring ExpEriment), a next generation facility
consisting of double electrostatic storage rings that are cryogenically
cooled, is located in Stockholm and is now operational. In this facility
several quantities of astrophysical interest can be studied. Some fun-
damental atomic aspects have been mentioned above, but there is also
a need to understand the early chemistry that is taking place in various
types of astrophysical environments. The unique double ring structure
makes it possible to store different ions in the two rings and perform
merged beam experiments. This includes reactions of astro-chemical

16



relevance such as, for example, the mutual neutralization of HD+ and
H−.

The vacuum chamber is cryogenically cooled to around 10 Kelvin
which produces an extremely good vacuum comparable to the low den-
sities of the interstellar medium. This in turn, leads to unprecedented
storage times of the ion beams. Cooling is also necessary to limit the
effect of thermal black body radiation that otherwise influence systems
sensitive to small additions of energy. Studies of very weakly bound
systems as, for example, negative ions in excited states which otherwise
will be neutralized by the thermal radiation can thus be performed.

Figure 1.3: An inspection during the construction of the double ion storage ring
in Stockholm.
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2. Theoretical Framework

The theory of the atom belongs to quantum mechanics where a plethora
of literature is available for the interested reader. However, if not oth-
erwise stated, this chapter is based on references [21, 22]. The aim is
to discuss the nomenclature used in spectroscopy and the origin of the
quantum mechanical selection rules determining if a radiative transition
between different quantum states is allowed or not.

2.1 Atomic theory and energy level designations

The starting point of mathematically describing an atom is often the non
relativistic Hamiltonian for an atom with n electrons with the relativistic
effect of spin-orbit coupling added explicitly,

Ĥ =−
n

∑
i=1

h̄2

2me
∇

2
i −

n

∑
i=1

Ze2

ri
+

n

∑
i

n

∑
j>i

e2

|ri− rj|
+

n

∑
i=1

ξ si · li, (2.1)

where the first three terms arise from the kinetic energy of the electrons,
their potential energy with respect to the nucleus with charge Z and
their mutual electrostatic interaction. The last term takes into account
the orbital motion of the electrons around the nucleus, which causes a
magnetic interaction with their spin, the so called spin-orbit interaction.
Analytical solutions to the Schrödinger equation with the Hamiltonian
above exist only for the hydrogen atom. For other elements, the usual
assumption is that the total potential mostly comprises of a central-field
part that depends on the radial distances of the electrons from the nu-
cleus and other effects are then treated as perturbations.

The quantized energy levels and the corresponding electronic wave
functions can be found by solving the Schrödinger equation for an atom
with the Hamiltonian in eq. 2.1. These are labelled by three quantum
numbers. The central field part of the potential gives rise to the principal
quantum number n (the shell) which determines the gross structure of
the energy of the electron. The angular momentum of the electron is
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Table 2.1: Spectroscopical letter assignment for L-values. After F the list con-
tinues alphabetically.

L-value 0 1 2 3 4
notation S P D F G

described by the quantum number l and the spin by s and they are related
to the magnitudes of the corresponding vectors,∣∣∣~l∣∣∣= h̄

√
(l(l +1)) (2.2)

|~s|= h̄
√

(s(s+1)) (2.3)

In the LS coupling scheme, which is valid for most light and lowly
ionized elements, the electrons individual angular momentum and spin
vectors are added to form the total ~L = ∑~li and ~S = ∑~si vectors with
magnitudes given by expressions similar to eq. 2.2 and 2.3 but with
capital letters. The quantum numbers L and S associated with these
vectors are used to describe the state of the whole system according to
its term, 2S+1L. Finally, the spin-orbit interaction gives a fine-structure
splitting of th LS-term which depends on its total angular momentum
including both the orbital and spin part

~J =~L+~S. (2.4)

The total energy level designation of the atom in this LS-coupling scheme
is then given by the set of nl’s for each electron – the configuration –
and the term according to

2S+1LJ. (2.5)

Due to historical reasons different L values are assigned letters ac-
cording to table 2.1. It is possible for different configurations to have
common term designations. In order to separate them, the terms are of-
ten ordered alphabetically starting with the ground term. For instance,
the term e 6D has more energy than d 6D with respect to the ground
state.

An important aspect of the energy level designation scheme is the
parity of the level, defined as P = (−1)∑ li . Sometimes the parity of a
level is explicitly written as o for "odd" and left out if the state is even.
The terms of opposite parity than the ground state term are ordered in
reverse alphabetical order starting with z. The parity is connected to
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selection rules for transition probabilities and will be further discussed
in section 2.2 below.

2.2 Light-atom interaction

As described by Einstein [23], the three most fundamental processes
involving atoms and photons are absorption, stimulated emission and
spontaneous emission. He showed, based on thermodynamic arguments,
that the probabilities for these processes are closely related. The pro-
posed situation can be seen in figure 2.1, where two energy levels of the
atom |1〉 and |2〉 with energies E1 < E2 and populations N1 and N2 are
interacting with a radiation field with energy density ρ(ω).

Ai2 (s−1)

2

i

1

E2, N2

E1, N1

B12 A21
B21 E

Ai1 (s−1)

Figure 2.1: To the left: A two level atom illustrating the Einstein coefficients.
B12 is the probability associated with stimulated absorption, B21 associated with
stimulated emissions and A21 associated with spontaneous emission.
To the right: An atom in state i with several decay channels illustrating that the
total decay rate is a sum of all transition rates.

The change in population of level two is then

dN2

dt
= N1B12ρ(ω)−N2B21ρ(ω)−N2A21. (2.6)

When thermodynamic equilibrium is reached (i.e. dN2/dt = 0), the
ratio N2/N1 follows the Boltzmann distribution. Furthermore, Planck’s
radiation law for the energy density of the radiation field also holds. By
imposing these requirements the Einstein coefficients must be related as
in eq.’s 2.7 and 2.8.

B21 = B12 (2.7)

A21 =
h̄

π2c3 ω
3
12B21 (2.8)
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When no external radiation field is present, i.e. ρ(ω) = 0, the equation
takes the form

dN2

dt
=−A21N2 (2.9)

with solution
N2(t) = N2(0)e−A21t . (2.10)

The lifetime of the population in the upper state is then defined by τ =
1/A21. If the atom or ion has a population in an excited state, i, with
several lower energy states, k, the lifetime generalizes to

τi =
1

Ai1 +Ai2 + · · ·
=

1
∑k Aik

, (2.11)

as illustrated in figure 2.1.
The lifetime of a state is determined by how well a state couples

to lower lying states through spontaneous emission of a photon. This
process is described by quantum electrodynamics. However, absorp-
tion of incoming Electro-Magnetic (EM) radiation can be treated in a
semi-classical approach and the spontanous transition rate can be ob-
tained by eq. 2.8 . In a semi-classical description of the interaction, the
quantized atom interacts with the EM radiation represented classically
in the form of superposition of plane waves. The interaction can then be
incorporated in the Hamiltonian, eq. 2.1, by replacing the momentum
by p→ p−eA/c where A is the vector potential of the electromagnetic
field. For a free EM plane wave, the vector potential can be represented
by A = εA0

(
ei(k·r−ωt)+ e−i(k·r−ωt)

)
with polarization ε . The full time

dependent Schrödinger equation for the system can then be written

ih̄
∂Ψ(t)

∂ t
=
(

Ĥ0 + Ĥ ′(t)
)

Ψ(t) (2.12)

where Ĥ0 is the atomic Hamiltonian in eq. 2.1 and Ĥ ′(t) = e
mA(t) ·p

is the time dependent interaction term originating from the EM field. If
the Ĥ ′ operator is treated as a perturbation, the system can be expanded
in the eigenstates of Ĥ0, Ψ(t) = ∑n cn(t)ψn and the coefficients are ob-
tained by a perturbation expansion cn(t) = c(0)n +c(1)n +c(2)n + · · · . It can
be shown that to first order the probability per unit time d

dt |c f |2 (i.e. the
rate) for a transition between an initial state |i〉 and a final state | f 〉 with
energy difference h̄ωi f by absorption of the incident light is

d
dt
|c f |2 =

π

ε0h̄2
ω2

f i
|〈 f | e

m
ε ·peik·r|i〉|2ρ(ω f i) = B f iρ(ω f i). (2.13)
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The final and initial state is thus coupled by a matrix element through
the perturbation part of the Hamiltonian. According to eq. (2.6), absorp-
tion and spontaneous emission are related. This gives the spontaneous
emission rate as

Ai f =
ω f i

ε0π h̄c3 |〈 f |
e
m

ε ·peik·r|i〉|2 =
ω3

f i

ε0π h̄c3 |〈 f |ε · reik·r|i〉|2 (2.14)

where the last step was done using p = i
h̄ [H0,mr]. The matrix element

determines the transition rates and is usually calculated by a multipole
expansion of the exponential

eik·r = 1+ ik · r+ 1
2
(ik · r)2 + · · · (2.15)

which can be justified when considering typical values of atomic dis-
tances r≈ a0≈ 10−10 m and wavelengths involved in optical transitions
k = 2π

λ
≈ 107 m−1. The first term gives electric dipole (E1) transitions.

The next term gives rise to electric quadrupole (E2) and magnetic dipole
(M1). The third term gives rise to electric octupole (E3) and magnetic
quadrupole (M2) transitions. When the E1 matrix element is zero to
all lower states, the state is said to be metastable. The state can only
decay to lower energy states through the higher order terms of the ex-
pansion and hence the probability will be much lower. This effect can
increase the lifetime from ns to minutes, and in some cases, years. Since
the expansion is in r, the higher order terms are more sensitive to the
magnitude of the wave function far away from the core which makes
calculations more difficult.

If the states can be labelled according to the LS coupling scheme
mentioned earlier, transition rules involving the quantum numbers can
be derived. These rules can be seen in table 2.2. The first three rows of
rules are consequences of the LS coupling scheme while the following
rows are more strict rules involving conservation of total angular mo-
mentum in the transition and the parity of the states. The latter rules
should hold regardless of the coupling scheme used.

From an experimental point of view, a measurement of the lifetime
τi of a state does not give information about the individual transition
rates Aik. However, if combined with branching fractions obtained from
spectra the individual transition rates can be deduced. The branching
fraction is defined as

BFik =
Iik

∑k Iik
=

Aik

∑k Aik
(2.16)
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Table 2.2: Selection rules in the LS coupling scheme.

E1 E2 M1
∆S = 0 ∆S = 0 ∆S = 0
∆L = 0, ±1 ∆L = 0, ±1, ±2 ∆L = 0
L = 0 9 L′ = 0 L+L′ > 2
∆J = 0±1 ∆J = 0,±1,±2 ∆J = 0,±1
J = 0 9 J′ = 0 J+ J′ > 2 J = 0 9 J′ = 0
Parity changes No parity change No parity change

where Iik is the intensity of a spectral line originating from the transition
i→ k. The individual transition rates can then be determined according
to

Aik =
BFik

τi
. (2.17)

Spectra containing forbidden transitions from metastable levels are dif-
ficult to record from laboratory produced emission sources. Astrophys-
ical objects may be used as a source instead and the branching fractions
used in paper I are deduced from spectra recorded by the Hubble Space
Telescope (HST), see figures 5.1 and 5.2.
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3. Experiments

This chapter presents the different techniques and equipment used when
performing the experiments. The branching fraction measurements were
performed at the Lund Observatory and the short lifetimes were mea-
sured at the Lund High Power Laser Facility. The lifetime measure-
ments of the more long-lived metastable states took place in Stockholm.

3.1 Branching fractions

As discussed in the previous chapter, measuring the branching fractions
from an atomic level and the lifetime of that level gives information on
the individual transition rates of all the decay channels of that level, see
eq. 2.17. In order for a branching fraction measurement to be useful
all lines originating from a level must be measured with high precision
using one single intensity scale. An instrument that can cover a large
wavelength region together with a high resolution, allowing for small
effects such as hyperfine structure and isotope shifts to be resolved, is
the Fourier Transform Spectrometer (FTS). The design is in principle
a Michelson interferometer as shown in figure 3.1. Emission spectra
can be recorded from different light sources depending on what ion and

Figure 3.1: Schematic of a Fourier transform spectrometer
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Figure 3.2: A photograph of a hollow cathode lamp.

charge state is under investigation. In the measurements presented in
this thesis (Paper III and IV) a hollow cathode lamp was used. By
increasing the voltage between the middle and end parts eventually a
spark is formed which ionizes the buffer gas into a plasma. A sputter-
ing process takes place in which atoms from the cathode are released
and some of them are ionized. These ions will then populate the ground
state and various excited states. However, some of the excited ions will
quickly decay by spontaneous emission and this light is guided into the
FTS instrument. A photograph of a hollow cathode emission source is
shown in figure 3.2. Here, neon is used as a buffer gas which creates
the characteristic red glow. The radiative decay occurs on the nano- to
microsecond time scale. If the radiative lifetime of the level is much
longer than this (i.e. a metastable level), deexcitacion by collisions in
the plasma will instead be the dominant decay mechanism which means
that only light emitted from levels with allowed decay channels can be
studied in this experimental set-up.

The emitted light is guided into and through the FTS instrument.
A schematic of the inside of the FTS can be seen in figure 3.1. The
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instrument create an interference pattern on the detector which will be
dependent on the wavelengths of the light source and the optical path
difference between the arms. The recorded intensity, I, of the center
fringe as a function of the path difference, x, is called an interferogram,
see figure 3.3a. Mathematically, the intensity can be written as

I(x) =
∫

∞

−∞

B(σ)cos(2πσx)dσ (3.1)

where B(σ) is the intensity of the light source at a specific wavenum-
ber σ . Noting that this expression is the cosine Fourier transform of
the spectrum, B(σ), makes it possible to apply the inverse transform to
obtain the spectrum

B(σ) =
∫

∞

−∞

I(x)cos(2πσx)dx. (3.2)

Experimental results are shown in figure 3.3 where a typical recorded
interferogram of Rh+ is shown together with the obtained Fourier trans-
form for two such interferograms obtained with two different detectors.

(a) A recorded interferogram of Rh with
the Chelsea FT500 Fourier Transform
Spectrometer in Lund.
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(b) Spectra obtained after applying
a Fourier transform to the respective
recorded interferograms with two
different detectors.

Figure 3.3: Two graphs displaying the procedure during an FTS measurement.

For both paper III and IV presented in this thesis, two different de-
tectors with different spectral response functions were used to cover
the whole wavelength region. Since the purpose is to compare signal
strength relations for different wavelengths, the different spectra needs
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to be brought to a common intensity scale. This is done by recording a
spectrum from a standardized deuterium lamp with a known emission
intensity calibrated spectrum. The detectors (including the instrument)
response can thus be obtained and compared. Two such spectra for the
Photo Multiplier Tube (PMT) detectors IP128 and R166 from Hama-
matsu are shown in figure 3.4. The recorded intensities from three
emission lines originating from the z5D4 level in Rh II are also dis-
played. The figure shows that one spectral line is always outside the
range of a particular detector. Since the specific missing line is different
for the two detectors, the common line is used to relate the intensities
across the whole wavelength region.
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Figure 3.4: Detector response functions for the two different detectors recorded
with a deuterium lamp. Three emission lines originating from the z5D4 level in
Rh II are also indicated, showing how a common line can be used for intensity
comparison between lines recorded with different detectors.
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3.2 Lifetime measurements

There are many different time-resolved techniques used to measure life-
times and which to use depends mostly on the time scale of the decay.
For a level with allowed decay channels (i.e. a short lifetime), a fast ex-
citation followed by a prompt recording of the fluorescence is perhaps
the easiest way to accomplish a lifetime measurement. One of the ear-
liest developed methods is beam-foil spectroscopy [24], where an ion
beam is directed towards a thin foil (usually made of carbon) and by
passing through it the ions will be excited. The excited ions in the beam
will then decay and the fluorescence can be monitored by a spectrome-
ter to give a spectrum containing wavelength information. The spectrum
can also be recorded as a function of the distance from the foil to give
the temporal evolution of the spectrum (i.e. lifetimes). With the inven-
tion of lasers, however, more sophisticated excitation methods became
possible. By replacing the foil by a tunable continuous wave (cw) laser,
selective population of excited levels can be made (see for example refs.
[25–27]). This method eliminates cascading effects where the state un-
der investigation is repopulated by atoms decaying from higher lying
excited states. This effect is always present in beam-foil excitation. The
cascading results in a complicated fluorescence signal that may overes-
timate the measured lifetime if not dealt with correctly.

The lifetimes presented in paper III and IV are also measured with
a time-resolved laser-induced fluorescence (TR-LIF) technique at the
Lund High Power Laser Facility (for more details of the setup, see ref
[28]). Here, a plasma is created by laser ablation of a target compris-
ing the atom under investigation. This is achieved by a high power
pulsed Nd:YAG laser at 532 nm with 10 ns pulse lengths at 10 Hz repe-
tition rate, which is focussed on a rotating target in a vacuum chamber.
A second laser, used for selective excitation of the investigated levels
crosses the plasma at right angle. This laser is synchronized, but the
pulse length is compressed and the pulse is delayed with respect to the
ablation laser. The laser is tuned to a resonant transition to the upper
level of interest. The optically pumped population of the excited state
will then radiatively decay and the resulting fluorescence is detected by
a monochromator and a PMT. The fluorescence recorded of the decay
of the 5s6D9/2 level in Cr+ in this way can be seen in figure 3.5

When measuring lifetimes of excited states with only forbidden de-
cay channels the methods described above cannot be used. Since the
lifetimes under investigation can be up to several minutes long an ion
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Figure 3.5: Recorded TR-LIF signal (shown in blue) when measuring the life-
time of the 5s6D9/2 level in CrII. The first high intensity peak corresponds to
creation of the plasma from laser ablation which then causes a background signal
throughout the measurement. The second peak appears when the second laser,
tuned to the resonant transition 5s e6D→5s 6D9/2, is on. The inset shows the part
of the data containing the LIF. In this picture, the laser excitation pulse shape is
also shown in green.

storage technique where ions can be stored – and measurements can be
performed – for extended periods of time is required. In the following
two subsections the different facilities and the experimental techniques
employed for these kinds of measurements will be described in more
detail.
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3.2.1 CRYRING

CRYRING [29] was an ion storage ring located at the Manne Siegbahn
Laboratory (MSL) in Stockholm. Since January 2011 it has been de-
commissioned and moved to Germany where it eventually will serve as
part of the FAIR facility (Facility for Antiproton and Ion Research)[30,
31]. The measurements included in this thesis were carried out in De-
cember of 2008 (Paper I) and 2009 (Paper II). These were the last two
occasions we were offered beam time before CRYRING was closed
down.

CRYRING was built in the early 90’s. Around that time similar
facilities for nuclear, atomic and molecular physics research were con-
structed in, for example, Århus [32] and Heidelberg [33]. CRYRING
had a circumference close to 52 m with 12 bending magnets distributed
evenly around the ring allowing for 12 straight sections where experi-
ment equipment and ion optical elements could be placed. An overview
of the facility can be seen in figure 3.6. One of the main features of
CRYRING was the relatively good vacuum system [34]. It is essential
to have low residual gas pressure in the ring, in order to minimize col-
lision losses of the beam and hence to allow for long storage times of
the circulating ion beam. The vacuum was achieved by pumping with
turbo molecular pumps to 10−9 mbar and then further pumping with 50
Non Evaporate Getter (NEG) pumps reaching a final pressure of below
10−11 mbar which can be difficult to measure with standard cold cath-
ode gauges. A neutral particle detector in the form of a Micro Channel
Plate (MCP) was placed at 0◦C after one of the straight sections. It
allows for a measurement of the ion beam intensity by monitoring the
particles lost by collisions with the residual gas. At low pressure, the
neutralization loss rate is proportional to the number density of particles
in the rest gas n, the ion beam velocity v and the collision neutralization
cross section σ [35]

Γneutr ∝ σnv. (3.3)

The recorded loss due to neutralization as a function of time is called the
Ion Beam Current Decay curve (IBCD), which has a single exponential
function form with a well-defined lifetime, see figure 3.7. Although it
is not for an absolute pressure measurement, the decay rate can be used
as a relative pressure measurement. By heating one of the getter pumps
in one of the straight sections, the pump releases previously absorbed
particles and a local change in n occurs. The stored ions traverses this
section around 10 times every ms so this local pressure change can be
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Figure 3.6: Schematics of the MSL facility including CRYRING and MINIS
ion source. The MCP is located after one of the bending magnets where neutral
particles leave the ring and can be counted. The lasers are physically located in
another room and the laser beam is guided to merge collinearly with the ion beam
on the straight section where the DTD is located.

treated as an average increase in pressure in relation to the lifetimes
of the metastable levels that are measured. Thus allowing for lifetime
measurements at different pressures, a necessity to extract the radiative
decay rate as will be explained in section 4.

The ion source MINIS was used for the experiments with the posi-
tive ions presented in this thesis. It is of a Nielsen [36] type ion source
with a hot-cathode design. It is loaded with either a gas or a solid pow-
der comprising the atom under investigation. If necessary, an oven is
used to heat the substance containing the ion of interest to produce a
vapor. Temperatures around 300−400◦C are usually sufficient for this
purpose. A cathode filament that releases electrons by thermionic emis-
sion is positioned inside the ion source. These are then accelerated to-
wards the anode by a voltage of typically 200 V. Also, an applied mag-
netic field causes the electrons to spiral towards the anode and thereby
the time for impact ionization with the vapor increases.
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Figure 3.7: The recorded ion beam current intensity as recorded on the MCP to
the left and in a log scale with a exponential fit to the right. The decay rate (1/τ)
is used as a relative pressure according to eq. 3.3.

The operation of the source normally starts by applying the anode
voltage and then heating the sample to raise the gas pressure until a
plasma is ignited. The complete ion source setup is then raised to a
voltage of typically 40 kV allowing for the produced ions to be ex-
tracted and accelerated towards the ring. An isotope separator with a
90◦ bending magnet is placed right after the acceleration stage. If op-
timized properly, currents of several μA can be obtained which can be
measured with a Faraday cup after the magnet.

A 40 kV accelerating voltage corresponds to a final velocity of about
0.4 m/μs for singly charged Fe ions. The ions travel a distance of ap-
proximately 10 meters corresponding to around 10 μs before entering
the ring. This implies that most of the population of all levels with
allowed decay channels (A ≈ 108 s−1) have decayed. As a further pre-
caution, a time delay is introduced in the data acquisition system so
that the first measurement is made after typically 50 ms ensuring that
only metastable state populations remain apart from that of the ground
state. The time delay is also necessary to avoid recording data before
the beam is properly stored. Initially, the beam is frequently found to
suffer losses of ions due to ion optical effects and Coulomb repulsion.

The laser system used in papers I, II and VI consisted of a cw Coher-
ent 699-29 ring dye laser controlled by a computer with the Autoscan
software. As a pump laser, an Innova 400-25 argon ion laser was used.
Before entering the ring the laser light was passing a Uniblitz LS6 me-
chanical shutter. The shutter has a rise time of 1 ms and is used to
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produced the laser pulses of desirable duration, typically 50-150 ms. A
photograph of the dye laser used in the lifetime measurements can be
seen in figure 3.8.

Figure 3.8: A photograph of the cw Coherent 699-29 ring dye laser used in the
lifetime measurements presented in paper I, II and VI. Here, the dye is Rho-
damine 6G which has a peak gain around 600 nm corresponding to visible yel-
low/red light.

Laser Probing Technique of positive ions

Fast ion beam laser spectroscopy (FIBLAS) in collinear geometry, is
a technique to improve the resolution beyond the Doppler limit set by
the temperature in the ion source. The ions have a spread in energy
and velocities according to a Maxwellian distribution when produced
in the ion source. This spread gives a Doppler width of typically a
few GHz, which is too large if hyperfine structure or other close lying
levels are to be resolved. However, when accelerated into the ring, a
bunching effect known as kinematic compression occurs. The energy
spread will correspond to a much narrower velocity distribution in the
beam direction due to the quadratic dependence between energy and
velocity [37]. In fact, the width of an ensemble at temperature T with
charge q which undergoes an acceleration by a voltage U is decreased
by a factor

R =
1
2

√
kT
qU

. (3.4)
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In principle, FIBLAS can reduce the Doppler width to a few MHz.
However, in our experimental conditions a resolution of 300 MHz is
reached which is in general sufficient to resolve hyperfine levels.

The idea behind the Laser Probing Technique (LPT) is to actively
probe the metastable state population instead of passively monitoring
the decay. Since the storage ring circumference is 52 m, a stored ion
makes roughly 1 lap every 100 μs. Hence, a spontaneous radiative de-
cay can occur at any position and in any direction in the storage ring. In
order to observe this decay, the light collecting detectors thus have to be
distributed around the whole circumference of the ring. The LPT solves
this problem by tuning a laser in to resonance between the metastable
state and a higher lying excited state and merging the laser with the
ion beam in one of the straight sections. The ions that interacts with
the laser will start populating the higher lying state. This upper state
is chosen so that an allowed transition to another lower lying state is
available. The transferred excited state population thus quickly decays
to a lower lying state and thereby emits light. This light, with an in-
tensity proportional to the probed metastable state population, can then
be observed and serves as a measurement of the metastable population.
The LPT scheme used in paper II can be seen in figure 3.9. The heart
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Figure 3.9: The probing scheme used in probing of the c4D5/2,7/2 levels in Cr II.

of the setup is the interaction region where the Doppler Tuning Device
(DTD) as well as the Photo Multiplier Tube (PMT) are located. This is
the part of the ring where the laser light is guided by series of mirrors
and focused to a minimum beam waist by a telescope. The ion beam is
approximately 4 cm [38] in diameter and the laser beam waist is a few
millimeters in this region. A DTD is a set of cylindrical electrodes sur-
rounding the ion beam in the middle of this straight section. The center
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electrode of the DTD is usually kept at -2 kV relative the end electrodes.
This will locally accelerate the ion beam in front of the detector. The
laser wavelength is chosen so that the Doppler shifted wavelength of
the laser that is seen by the accelerated ions is in resonance between the
metastable state and the higher lying state. The resulting laser-induced
fluorescence is thus localized in the middle of the DTD and in front of
the detector. The lens system in front of the PMT collects the fluores-
cent light covering a solid angle of around 10% of 4π in this region.
By probing the population at different delay times after ion injection a
lifetime curve of the metastable population can be recorded.

There are a number of systematic effects that have to be addressed
and measured as well. The ions can be excited by collisions and thereby
repopulate the metastable level. This effect, referred to as repopulation,
is measured by applying a second laser probe pulse at a fixed time after
ion injection, see figure 3.10. The measured LIF from this pulse is thus
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Figure 3.10: A figure illustrating the stored Cr+ ion beam (dots) and the applied
laser probe pulses in a lifetime measurement. The first event is the laser probing
of the metastable state population, which is applied at different delay times after
injection in order to probe the population as a function of time. The second
fixed pulse is applied to measure the repopulation of the state at time ∆t after
the depletion of the metastable state population by the first laser pulse. Note, the
laser pulses are shown to scale on the time axis.

proportional to the number of ions that has repopulated the metastable
state since the first laser pulse that is assumed to deplete the population
completely. Thus two curves are recorded simultaneously for each ion
injection. The repopulation curve, however, is being probed backwards
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in time so that the first repopulation measurement correspond to the
longest delay, ∆t, from depletion of the metastable population.

Every probing is a destructive process in the sense that the metastable
population is completely emptied. In order to probe the population at
a different delay time after ion injection a new ion beam has to be in-
jected. This could introduce possible variations in the initial metastable
populations as well as in the number of stored ions in the beam. To
monitor the initial metastable state population, typically every fourth
ion injection is probed by a laser pulse at a fixed time delay after injec-
tion. This enables a comparison between previous and later probings of
different ion beams. The process to correct for this effect is referred to
as fluorescence normalization and a recorded curve from Cr II used for
this purpose can be seen to the left in figure 3.11. A similar curve can
be recorded to monitor variations in number of stored ions and be used
to correct for differences in the amount of stored ions between laser
probings of different beams. This process is referred to as particle nor-
malization and is shown to the right in figure 3.11. These corrections
are usually minor or negligible (c.f. normalized part of figure 3.11)
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Figure 3.11: Data collected to monitor variations in the number of stored parti-
cles to the left and the initial metastable population to the right, respectively. See
the text for details.
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3.2.2 DESIREE

Since the summer of 2013, the newly built double ion storage ring – the
Double ElectroStatic Ion Ring ExpEriment (DESIREE) [39, 40] – has
been operational at AlbaNova University Center in Stockholm. The first
article published from DESIREE is the commissioning article, Paper V.
The first atomic physics result obtained from the facility is presented
in Paper VI and the experiment was performed during the summer of
2014. DESIREE is a new type of storage ring constructed of purely

MD

ID

DTD

SD

160⁰ Deflectors

Laser geometries

DTD

Symmetric
Asymmetric

Quadrupoles

Electrostatic Deflectors

Figure 3.12: The ion optical layout of DESIREE. There are three straight sec-
tions where windows in the vacuum chambers allows for laser beams to merge
collinearly or cross the ion beam trajectory, see the top right magnified portion
of the straight section of the symmetric ring. The ring is equipped with a DTD in
the symmetric ring straight section, allowing for LPT measurements on positive
ions. Three particle detectors are located after each straight section. The Mov-
able Detector (MD), Imaging Detector (ID) and the surface coated Stationary
Detector (SD).

electrostatic ion optical elements. The layout of the ion optics and the
ion beam trajectories are shown in figure 3.12. Each ring is about 8.6 m
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in circumference. It belongs to a new generation of cryo-cooled storage
rings together with the Cryogenic Storage Ring (CSR) in Heidelberg
[41], the Tokyo Metropolitan University (TMU) [42] ring in Tokyo and
a planned ring in Riken, Japan [43]. The unique feature of DESIREE
is its double ring structure which makes merged beam experiments in
a low density, low background radiation and magnetic-field-free envi-
ronment possible. Both rings are mounted on the same bottom plate.
This means that the relative distances between all elements will stay the
same during cool-down. The top ring in figure 3.12 is referred to as the
symmetric ring. The bottom ring has extra electrostatic deflectors close
to the merged beam section. This is necessary for beams of ions with
different masses to be merged collinearly. The extra deflectors intro-
duces an asymmetry in the ion optical layout and the ring is refereed to
as the asymmetric ring.

The layout of DESIREE and the ion injection beam lines in the lab-
oratory can be seen in figure 3.13. Currently the negative ion source
used in the experiments presented in this thesis is installed at the 25 kV
platform which has the shortest injection beam line into the symmetric
ring.

There are three particle detectors mounted inside the vacuum cham-
ber that are indicated in figure 3.12. The Imaging Detector (ID) is a
combination of a MCP and a phosphor screen designed to register co-
incidences in merged beam experiments [44]. There are also two MCP
detectors with a resistive anode capable of counting particles with po-
sition information at rates up to a few kHz. One of them, the Mov-
able Detector (MD), is mounted on a sled. Thus it can be relocated
if laser experiments with collinear geometry is made in the symmetric
ring straight section where the DTD is located as shown in the magni-
fied part of figure 3.12. This means that LPT measurements of positive
ions will be possible in DESIREE also. The other detector is referred to
as the Stationary Detector (SD). It detects secondary electrons emerg-
ing from neutral particles hitting a glass plate coated with titanium and
gold. This detector setup enables a laser beam in collinear geometry
while still keeping the possibility to count the neutral particles leaving
the ring on the same optical axis, similarly to the method in reference
[45].

The entire DESIREE vessel consists of two separate vacuum cham-
bers with one placed inside the other and separated by a thermally insu-
lated copper screen and figure 3.14 shows a schematic cross section of
the design. DESIREE is cooled by means of four cryo-coolers attached
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laser

Figure 3.13: A schematic of the ion source platforms and injection beam lines
for DESIREE. The 90◦ deflectors marked QE90H are capable to steer ions from
either platform into either ring. The laser is located in another room and not
shown to scale. The laser beam is guided under the main DESIREE chamber and
directed up through windows under the straight section in the symmetric ring
which is to the left, hidden under the top cover, in this picture.

to the insulating copper screen where the final stage of the cooler is con-
nected to the inner chamber as shown in figure 3.14. Presently, the low-
est temperature reached is around 13 K for the inner chamber. Attempts
to further reduce the pressure by using one of the titanium sublimation
pumps can be made. However, for the long ion beam storage lifetimes
presented in this thesis, no significant effect of using the Ti pumps could
be seen.

The process of cooling the inner chamber from room temperature
takes about two weeks (see figure 3.15). The final pressure is then re-
duced by several orders of magnitude down to ≈ 2× 10−14 mbar. It
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Ti sub. pump Cryo-Cooler

Viewing ports

Figure 3.14: A partially transparent picture of the mechanical design of DE-
SIREE. The inner and outer vacuum chamber are indicated together with the
insulated copper screen in between. Two of the four cryo-coolers are shown and
one of the Ti sublimation pumps is also indicated. There are viewing ports on all
sides, the bottom and the top. Two of them are indicated in the picture.

is not possible to measure the pressure directly using standard vacuum
ion-gauges but it can be estimated from the storage lifetime of the beam,
see paper V for details. There are eight resistive heaters attached to the
inner chamber. These can be used to heat the chamber and reduce the
cryo-cooling effect. This will then create a slightly increased pressure
inside the inner chamber. Similarly to the measurements at CRYRING,
this is necessary to investigate the pressure dependence of the measured
lifetimes.

The experiments presented in this thesis have been performed in
the symmetric ring (the top ring in figure 3.12). Single ring experi-
ments also benefit from the extremely low pressure, the very cold and
magnetic-field-free environment. The bending magnets in magnetic
storage rings influence the energy level structure of the stored ions, an
effect known as Zeeman splitting. For certain levels, this splitting may
cause levels to mix which may open up new decay channels from a
metastable level. It was for example found that mixing between fine
structure levels in the bending magnets was responsible for the mea-
surement of a surprisingly short lifetime in Xe+ [46] at CRYRING. The
effect has also been observed in measurements of the lifetime of the
auto detaching 1s2s2p 4P5/2 level He− [47, 48]. Here, the magnetic
and the thermal blackbody radiation effect needed to be eliminated for
a precision measurement [49].

The presence of thermal photons in the frequency range, [ν ,ν +dν ],
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Figure 3.15: The cooling of the vacuum chamber in DESIREE. Image courtesy
of Michael Gatchell

in the vacuum chamber follows Planck’s radiation law

n(ν)dν =
8π

c2
ν2

ehν/(kbT )−1
dν . (3.5)

The blackbody radiation induced photodetachment rate, ΓBB, for a sys-
tem bound by energy, Eb, can then be calculated as

ΓBB(T ) =
∫

∞

Eb/h
σpd(ν)n(ν)dν (3.6)

if the frequency dependent cross section for photodetachment σpd(ν)
is known. The effect of blackbody radiation can be substantial when
storing weakly bound systems such as the excited 2D state in C− which
is bound by 33 meV [50] or the 2P3/2 ground state of Ca− bound by
25 meV [51]. The calculated photodetachment rates due to blackbody
radiation based on theoretical cross sections for the Ca− [52] and C−

[53] ions are displayed in figure 3.16.
The extremely low pressure allows for extremely long storage times

of positive and negative ions. This was instrumental for the measure-
ment of the lifetime of the metastable 2P1/2 level in S− to be τ = 503 s
as presented in Paper VI. In this case, ion beam lifetimes at base pres-
sure around 930 s were obtained for the sulfur ion beam and as long as
around 1800 s (!) for the Te− ion beam as shown in figure 3.17.
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metastable excited 2D state in C− (Eb = 0.033 eV).
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Figure 3.17: An extremely long beam lifetime of a stored Te− beam at 13 K.

In table 3.1 typical lifetimes of stored negative ion beams in differ-
ent types of storage rings are tabulated. The advantages of cryo-cooling
is clearly displayed since DESIREE is the only ring belonging to the
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new generation of cryo-cooled storage devices. To the best of the au-
thors knowledge, no data from other new generation rings have been
published yet.

Table 3.1: Table of typical (negatively charged) ion beam lifetimes in 3 different
types of rings.

ASTRID [54] CRYRING [55] DESIREE
τ (s) 2-5 30 1000

The negative ions are produced in a SNICS II1 ion source. The
principle of operation is shown schematically in figure 3.18. The ion
source is mounted on the low energy platform of the injection beam
line. The source is loaded with a cathode of material comprising the ion
that is under investigation. Negative ions are then produced by letting in
Cs vapor from an oven. Some of the Cesium atoms will condense on the
cold cathode surface while others will be ionized by the heated ionizer.
Charged cesium ions are accelerated towards the cathode, sputtering
particles from the surface. The sputtered particles can be negatively
charged or can pick up an extra electron from the condensed Cs gas.
Finally, a positive voltage on the extractor produces a stable beam of
negative ions.

Figure 3.18: Principal of operation of the SNICS ion source. Image courtesy of
National Electrostatics Corp.

1SNICS - Source of Negative Ions by Cesium Sputtering, National Electro-static Corpora-
tion, USA.
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DAQ system

The Data Acquisition (DAQ) system used for the laser experiments at
AlbaNova is centered around the National Instruments NI PCI-7811R
FPGA card, see figure 3.19. It has 160 digital lines configurable as
inputs, outputs, counters, or custom logic at rates up to 40 MHz. It
is based on the Virtex-II 1M gate FPGA, programmable with the Lab-
VIEW FPGA Module. In our experiments, it is used for triggering,
timing, and onboard decision making with 25 ns resolution. A great ad-

Figure 3.19: Photographic picture of the National Instruments NI PCI-7811R
FPGA thats inserted into a slot in the PC’s PCI bus.

vantage besides its compact size is that it replaces a lot of old electronics
based on NIM [56] and CAMAC [57] modules used in the experiments
at CRYRING for gating, timing and counting of digital signals. Instead
of physically connecting cables between different logic modules, the
FPGA chip can be programmed to handle any custom decision making.
Another major advantage is, since it is PC-based, the possibility to com-
municate with other third party software and hardware. For example
monitoring of the laser power with an off-the-shelf power meter after
the exit window in DESIREE could be implemented. The time critical
tasks is however separated from the PC and its inherently flawed deter-
minism to the onboard clock on the FPGA. Here, a complete control of
the logic in every 40 MHz clock cycle can be achieved. A schematic of
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the new system is shown in figure 3.20.
The software is based on the queued message handler architecture.

This design comprises multiple parallel loops that are executing code
simultaneously. The loops can communicate with each other by putting
messages in queues. Every loop has it own queue which give instruc-
tions on which block of code to execute. This enables, for example, the
data acquisition by the FPGA to pass data to the host computer at a user
defined rate while visualization and data processing can be handled by
other sections in the code.

Instrument Control

FPGA

Software/LabView

Signal

Timing, control
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Triggering
Counting
Decision making
TTL pulse generation

Figure 3.20: The new design of the control and data acquisition system. It is cen-
tered around the National Instruments NI PCI-7811R FPGA card, programmable
with LabVIEW. The card runs it own code and interacts with the user by a host
program on the PC. See text for more details.

The DAQ systems capability to communicate with third party soft-
ware allowed us to perform some "proof of principle" experiments on
the stored negative ion beams in DESIREE by communicating with the
laser and controlling the laser wavelength. This will permit scanning
of wavelengths over spectral features. In a storage ring experiment, the
scanning has to be synchronized with the ring cycles since new ions are
injected in the ring at a certain frequency. In the preliminary studies
presented here, a new beam is injected every second to ensure that the
beam is continuously replenished.
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A shutter is placed in the beam path of the laser similar to the life-
time measurements. The shutter is then opened for typically 300 ms
of the total 1 second storage time. The increased yield recorded during
this time was recorded and then the average background yield before
and after the opening of the shutter was subtracted. Finally, the sum is
normalized against the average background rates. The software commu-
nicates with the Ti:S laser and this data collection procedure is repeated
for many different wavelengths. In this way, laser scanning have been
made for Ca− and O−. Ca− has a 4s24p 2P ground state bound by ∼25
meV [51]. In addition to the ground state it has an excited 4s4p2 4P
state embedded in the continuum above the neutralization limit as first
shown by ref [58]. When excited to this level, the ion will autodetach
to a neutral state. This will cause a resonance in the photodetachment
signal, as shown in figure 3.21a, known as a Fano profile [59]. We de-
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showing the neutral yield as function of
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threshold corresponding to the ground
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Figure 3.21: Two graphs showing a scanning of the Ti:S laser frequency around
a resonance in the continuum of Ca− to the left and around two photodetachment
thresholds in O− to the right.

veloped this technique partly because it can be used as a fingerprint of
the stored ion beam content.

The technique has also been used on O− and its two bound states.
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Here we scanned over a larger wavelength region covering photode-
tachment from both the 2P1/2 and 2P3/2 fine structure levels [60]. This
is shown in figure 3.21b. The first increase in signal occurs around
862 nm and the second around 850 nm. This is in fact a typical laser
photodetachment spectroscopy experiment which have been used for
determination of electron affinities for several ions [61–64]

Laser probing of negative ions

The weak attractive potential in negative ions typically only allows for
one or a few bound states. The possible excited levels are thus of the
same configuration and hence of the same parity as the ground state with
the only known exceptions being Os− [65, 66], Ce− [67] and La− [68].
Thus it is in general impossible to apply a laser probing scheme using
laser-induced fluorescence as outlined in section 3.2.1. Often, the low
binding energies also make any spontaneously emitted photons to have
wavelengths in the infrared part of the spectrum and they are difficult to
detect with high efficiency.
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Figure 3.22: The energy level structure of S−. The excited 2P1/2 state sponta-
neously decays to the 2P3/2 ground state by emitting a photon with wavelength
λ = 20.7 μm. The lifetime of the excited state of the negative ion can be achieved
by monitoring the photodetachment signal of the metastable population as a func-
tion of time after the injection. A similar curve for the ground state population is
recorded which will contain a photodetachment signal from all bound states.

Instead an approach where the metastable population is probed by
selectively photodetaching a fraction of the ions in that state is used, a
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process described by eq. 3.7.

X−+hν → X + e− (3.7)

The resulting neutral atom is no longer affected by the confining
electrostatic elements and will leave the ring along a straight path. The
atoms leaving the ring with keV energies can then be counted with high
efficiency on one of the particle detectors located after the straight sec-
tions. The energy level diagram of the negative ion 32S−, which was the
subject of paper VI, can bee seen in figure 3.22 together with the thresh-
old wavelengths needed to induce photodetachment from the respective
levels. With this method, the efficiency of recording a photodetached
particle is around 50% compared to the approximately 1% detection ef-
ficiency of a photon from the fluorescence when laser probing a positive
ion with the DTD setup.

The are windows in the vacuum chamber above and below both
straight sections and also on the sides. This means that laser light can
enter in both collinear and cross beam geometries. The length of the
interaction region of the ion and laser beams as well as the number of
ions in the region determines the photodetachment yield signal [61, 69]
according to

Jneutr. = Jions(1− e−σφ/v0l0), (3.8)
where J is the respective currents, φ is the photon density, v0 is the ion
beam velocity and l0 is the interaction length. This type of expression is
known in the literature as Beers law [35]. Usually the exponent is small
and a linear form can be used instead Jneutr = Jions ·σφ/v0l0

The technique of time resolved photodetachment has been used ear-
lier at CRYRING for lifetime measurements of the 2P1/2 level in Te−

[45] and Se− [55]. They used a scheme similar to the one used for posi-
tive ion measurements where a new injection of ions is made after each
probing. Because of the superior vacuum, DESIREE can be used to
measure lifetimes that are several orders of magnitude longer than what
has been possible before. But using the same approach as before would
be extremely time consuming. The good vacuum makes any contribu-
tion from collisions of the ion beam and the residual gas to the count
rate (i.e. the background) on the detector very low. In fact, in the case
of the sulfur measurements, we only observed around a 25% increase
above the pure detector dark count rate, see figure 3.24. The photode-
tachment signal is thus easier to discriminate against the background
which means that a low power, interaction length and/or pulse length
are needed to get a satisfactory signal to noise ratio.
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A lifetime measurement is made by selectively photodetaching a
negligible fraction of the population of the metastable level at different
delay times after injection. Since the population is repeatedly probed
with the same ion beam, no procedure to normalize against the number
of stored ions or initial metastable population is needed. This is a great
advantage compared to the method described in 3.2.1. The lifetime of
the 2P1/2 level in S− being probed in this way is shown in figure 3.24.
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Figure 3.23: Data recorded with a laser duty cycle of 100%. The measured
short lifetime is unaffected by different laser duty cycles. Also visible is a slow
decaying component, not associated with the ground state in Te−.

Since all probing are of the same ion beam, the laser induced pho-
todetachment decay rate has either to be known to a high accuracy or to
be negligible. For the short lived states of Te− and Se−, no significant
photodetachment induced decay rate could be observed. In figure 3.23
a lifetime probing of Te− is shown where the shutter was open between
the 0.5 and 8.5 s mark. The figure displays two effects. First that the
laser induced photodetachment decay rate is negligible for short life-
times, as the fitted lifetime is within uncertainties equal to the published
value τ = 0.463(8) s in paper VI. The duty cycle was much shorter, typ-
ically below 30%, in the measurements leading to the value presented
in paper VI. Secondly, the figure shows that an other unknown contam-
inant (τ = 33 s) with the same mass is also stored in the ring.
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Figure 3.24: The raw photodetachment signal as a function of time for the 2P1/2
level in S− recorded for 7 beam injections. The time of ion beam injection is
indicated in the inset. A small increase in count rate (∼ 25%) on the detector
when the ion beam is stored can also be seen.

Impurities consisting of other stored ions than the one under investi-
gation can pose a significant problem since this method photodetaches
all ions with binding energies lower than the energy of the photons from
the laser. This is more of a problem for heavier elements like 128Te−,
where there are more possible contaminants with the same mass. In
the case of 32S− for example, no unexpected decay components were
observed.

If the lifetime under investigation is long, the induced photodetach-
ment decay rate from the laser can influence the result. In fact, the
observed total decay rate, Γtot is a sum

Γtot = Γlaser +Γcoll(p)+Γsp +Γother, (3.9)

where Γlaser is the photodetachment rate caused by the laser, Γcoll(p)
is due to collisions with residual gas, Γsp is the spontaneous radiative
decay and Γother that may be present due to machine induced losses (for
example caused by electric noise on the ion optical elements). In the
case of 32S−, Γlaser was measured by varying the duty cycle of the laser
while keeping the laser power constant. The effective measured decay
rate, Γms,tot , of the metastable state at base pressure (T = 13 K) as a
function of the laser probing duty cycle can be seen in figure 3.25. The
laser duty cycle used in the S− experiments was then adjusted to be no
more than 5% which corresponds to a maximum decay rate of about
5×10−5 s−1.
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Figure 3.25: The effective measured decay rate of the metastable level at base
pressure as a function of duty cycle of the laser probe pulses. The photodetach-
ment induced decay rate from the laser as a function of duty cycle can be followed
along the straight line fit.

Finally, to measure the ion beam current decay, lifetime measure-
ment of the ground state population of the beam is made. Ideally infi-
nite, this lifetime depends, among other things, on the amount of resid-
ual gas present (eq. 3.3). By tuning the laser wavelength below the
threshold for photodetachment from the ground state, ions populating
both states will be photodetached. Since the lifetime of the ion beam
is longer than the spontaneous radiative lifetime of the metastable state,
the photodetachment signal will follow a double exponential decay curve
with the ground state population dominating the decay at longer times.
This lifetime can be extracted in the analysis and used as a relative pres-
sure measurement analogous to the IBCD curve in section ch33.2.1.
The process of measuring both the metastable and the ground state is
then repeated at different pressures to establish a pressure dependence
of the measured effective metastable lifetime. This will be explained in
more detail in section 4.2.

Besides the cw Coherent 699-29 ring dye laser also used in paper
I and II, a Spectra-Physics Matisse Ti:Sapphire ring laser pumped by
a Nd:YAG laser was used for the measurements on negative ions pre-
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sented in this thesis. Together, these two systems can cover a wave-
length region of around 400−1050 nm with a line width of less than 1
MHz.
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4. Analysis

This chapter explains the different models that are used when interpret-
ing the data and how the pure radiative lifetime of the metastable state
can be extracted. Some aspects are the same for the measurements made
on both positive and negative ions while others have to be clarified.

4.1 Model of a two energy level system

The ion is modeled by a two-energy level system according to figure
4.1. Let us consider the system where |2〉 is an excited metastable state

E
n

er
gy

Ion Neutralization

|2〉 , N2

|1〉 , N1

Γ21 Γ12

Γ1,n

Γ2,n

Figure 4.1: A model of a two level system. Indicated are the different processes
that influence the populations of the two quantum states in an ion storage ring
experiment. Rates, Γ21 and Γ12, that transfer population between the metastable
|2〉 and the ground state |1〉 is considered as well as ions leaving the system due
to neutralization Γi,n.

and |1〉 is the ground state in an arbitrary ion. The rates Γ21 and Γ12
determine how fast ions are transferred between the two state’s popula-
tions. The spontaneous radiative decay rate, Γsp, which we are usually
interested in is hidden in Γ21. The total transfer rate is the sum

Γ21 = Γsp +Γdeexc(p), (4.1)
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where the extra term, Γdeexc(p), is the rate at which ions are deexcited
by collisions to the ground state. Similarly, the transfer rate Γ12 =
Γ12(p), called repopulation, is also present due to collisions. These
rates are dependent on the amount of residual gas present in the storage
ring during the experiment (i.e the pressure p). Finally, the rates Γ1,n
and Γ2,n corresponds to how fast ions are lost from the respective states
due to neutralization and thereby lost from the system since they are no
longer confined by electro-magnetic forces in the storage ring. These
rates are usually only, like Γdeexc(p), pressure dependent but for weakly
bound systems (i.e. negative ions) the black-body radiation from the
surrounding environment can have a significant effect [49].

The time evolution of the populations N2 and N1 is described by the
following equation(

dN2(t)
dt

dN1(t)
dt

)
=

(
−Γ21−Γ2,n Γ12

Γ21 −Γ12−Γ1,n

)
·
(

N2(t)
N1(t)

)
(4.2)

The general solution to 4.2 is derived in more detail in appendix A. The
matrix in eq. 4.2 has the following eigenvalues

λ1,2 =
−Γ12−Γ21−Γ1,n−Γ2,n

2

± 1
2

√
(Γ21 +Γ2,n +Γ12 +Γ1,n)2 +4(Γ12Γ21)

(4.3)

which give the solutions

N2(t) =C1Γ12eλ1t +C2Γ12eλ2t (4.4)

N1(t) =C1(λ1 +Γ21 +Γ2,n)eλ1t +C2(λ2 +Γ21 +Γ2,n)eλ2t . (4.5)

The constants C1 and C2 can be expressed in terms of the initial condi-
tions N2(t = 0) = N20 and N1(t = 0) = N10 instead, which gives

C1 =
N20

Γ12
−

N10− N20
Γ12

(1+λ1 +Γ21 +Γ2,n)

λ2−λ1
(4.6)

C2 =
N10− N20

Γ12
(1+λ1 +Γ21 +Γ2,n)

λ2−λ1
. (4.7)

This is the most general (and complicated way) of analyzing a two level
system. To simplify the analysis, knowledge about both the magnitude
of the rates and the size of the populations can be used to simplify the
solutions.
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4.1.1 Lifetime measurements of positive ions

The measurements made on positive ions were performed at CRYRING.
The ion current was typically in the μA range which corresponds to
about 109 stored ions. Most of the ions are in the ground state, which
can be assumed to be independent of the population in the upper level
N2. This can be justified by comparing the signal, from a typical inte-
grated lifetime probing signal∼ 1000 counts with a detection efficiency
of∼ 1% which gives around N2 ≈ 105, with the ion current which gives
≈ 109 of stored ions. This gives a ratio of N2

N1
< 10−4. This approxi-

mation allows us to treat the ground state population independently of
the metastable population. An approach where this assumption is made
makes it possible to decouple the populations in eq. 4.2. This approach
have the advantage of that the data is easier to interpret than by using
the equations from the previous section. The expression for the time
evolution of the ground state population now becomes

N1(t) = N1(0)e−Γ1,n(p)t . (4.8)

The total rate equation for the metastable state can now be written

dN2

dt
=Γ12N1− (Γ21 +Γ2,n)N2

=Γ12N1(0)e−Γ1,nt−
(
Γsp +Γdeexc(p)+Γ2,n(p)

)
N2.

(4.9)

eq. (4.9) is an ordinary differential equation that can be readily solved
to give

N2(t) = Ae−Γ1,nt +Be−(Γsp+Γdeexc(p)+Γ2,n(p))t , (4.10)

where,

A =
Γ12N1(0)

Γsp +Γdeexc(p)+Γ2,n(p)−Γ1,n
,

and B are constants. Since this is a first order differential equation,
there is only one independent constant determined by the initial condi-
tion N2(0) = N20. Examining eq. 4.10 we can immediately draw the
conclusion that B = N20−A. The population probed at different delay
times is thus expected to be described by the following equation.

NLIF
2 (t) =N20e−(Γsp+Γdeexc(p)+Γ2,n(p))t+

+Ae−Γ1,n
(

1− e−(Γsp+Γdeexc(p)+Γ2,n(p)−Γ1,n(p))t
)
.

(4.11)
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The other type of measurement, the repopulation measurement, is made
after a probing has completely depleted the metastable state. Thus we
have the initial condition N2(0) = 0 which implies that A =−B. Putting
this in equation 4.10 gives the expected population when a repopulation
measurement is made as

Nrep
2 (t) = Ae−Γ1,n

(
1− e−(Γsp+Γdeexc(p)+Γ2,n(p)−Γ1,n(p))t

)
. (4.12)

The easiest interpretation of the data is to subtract the measured repop-
ulation curve from the measured metastable population which singles
out a single exponential decay as

NLIF
2 (t)−Nrep

1 (t) = N10e−(Γsp+Γdeexc(p)+Γ2,n(p))t . (4.13)

If the repopulation probe pulse has the same duration as the LIF probe
pulse, as it normally has, both measurements include the same amount
of background signal. However, since they are subtracted from each
other the final data to be fitted is free from background counts. In figure
4.2, the different measurement types for the c 4D7/2 level in Cr II (paper
II) are plotted and the subtracted pure exponential decay curve is shown.
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Figure 4.2: An experimental curve of Cr+.
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The analysis above is based on stable measurement conditions i.e.
no changes in the amount of stored ions N0 ∝ A between ion injections
and the same initial population in the metastable state N20. If changes in
these conditions are observed (i.e. A→ A(t) and N20→ N20(t)), more
careful treatment of the data is necessary before eq. 4.13 can be fitted
by a single exponential function. Firstly, both the repopulation curve
and LIF curve have to be normalized against variations in stored ions
A(t). Secondly, the subtracted expression is normalized against vari-
ations in initial metastable population N20. When all of the above is
executed correctly, a final curve is obtained which can be fitted by an
single exponential. In this case of the c 4D7/2 level in Cr II, the repopu-
lation merely adds a relatively low background to the single exponential
decay curve. However, the situation can be quite different as discovered
when the long lived 5d 2 D 5/2 in Ba+ was measured to be 32.0± 2.9
s [70, 71]. The repopulation completely dominated the signal at long
time scales as can be seen in figure 4.3 As shown in [71], a fit to the
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Figure 4.3: Experimental data of Ba II. Here the repopulation is completely
dominating the signal at longer times

repopulation curve using eq. 4.12 rather than eq. 4.11 caused a smaller
uncertainty in the fitted parameters.

The expression, eq. 4.13, still contains pressure dependent compo-
nents in the exponents. In section 4.2 it will be shown how the pure
radiative rate can be separated from collision induced decay rates.
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4.1.2 Lifetime measurements of negative ions

The measurement on negative ions were performed in the newly com-
missioned ion storage ring DESIREE. As mentioned earlier in 3.2.2,
negative ions only have a few bound states and often the energy separa-
tion is small. Also, the sputtering process during creation of the ions in
the ion source makes it impossible to make any simplifications based on
size of populations. However, the pressure is orders of magnitude bet-
ter than in non cryo-cooled storage vessels. Hence the rate associated
with repopulation, Γ12, was found to be negligible. Putting it to zero in
eq. 4.2 gives the metastable population directly as a single exponential
decay

N2(t) = Ae−(Γ21+Γ2,n(p))t = N2(0)e−(Γsp+Γdeexc(p)+Γ2,n(p))t . (4.14)

Instead the ground state population will follow a two exponential decay

N1(t) = Be−(Γ21+Γ2,n)t +Ce−Γ1,n(p)t (4.15)

where,

B =
Γ21N2(0)

Γ1,n−Γ2,n−Γ21
,

and C = N1(0)− B. In the expression for the time evolution of the
different populations, the equations associated with the different levels
are now decoupled.

A laser photodetachment probing of the ground state population will
always detach a fraction of the ions populating the excited state as well.
If one uses the linearized version of eq. 3.8, the recorded signal will be
proportional to the photodetachment cross section and the two popula-
tions

S ∝ σ2N2 +σ1N1 = σ2N2(0)e−(Γ21+Γ2,n)t+

+σ1

(
Be−(Γ21+Γ2,n)t +Ce−Γ1,n(p)t

)
.

(4.16)

Inserting the expression for C in terms of B and a little massaging gives
the measured signal as

S ∝

(
σ1

Γ21N2(0)
Γ1,n−Γ2,n−Γ21

+σ2N2(0)

)
e−(Γ21+Γ2,n)t+

+σ1

(
N10−

Γ21N2(0)
Γ1,n−Γ2,n−Γ21

)
e−Γ1,n(p)t

(4.17)
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This expression includes two exponential functions where the ampli-
tudes are determined by the initial populations, the photodetachment
cross sections and the involved decay rates. The wavelength depen-
dent cross sections are easiest to control in a laboratory. By tuning the
wavelength of the laser the relative strengths of the cross sections will
change. This in turn, will be manifested in the magnitude of the ampli-
tudes of the fitted functions to the recorded signals as demonstrated in
figure 4.4. Here, two data sets of laser probings with λ = 592 nm and
λ = 596.5 nm of S− are shown. The latter is closest to the photode-
tachment threshold of the ground state and thus shows a relative weaker
signal of the groundstate population.
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Figure 4.4: Time resolved photodetachment of the metastable and ground state
populations in S− together with a two exponential fit. The relative strength of
the different decay components can be varied by changing the wavelength of the
laser and thus the photodetachment cross section of both levels. The fast decaying
component associated with the decay of the metastable state population is shown
in blue whereas the slowly decaying ground state population is shown in red

The exponent that includes the spontaneous radiative decay rate Γ21
in eq. 4.17 also includes the pressure dependent terms Γ2,n and Γdeexc.
In the next section it will be shown how the pure radiative decay rate
can be extracted from the total decay rate obtained from the fitted expo-
nential function.

61



4.2 Beam loss effects

As outlined in the former chapters, the measured decay rates includes
terms depending on the pressure p. The most general and straight for-
ward way to obtain the pure radiative rate is to measure the metastable
lifetime and make a two-exponential fit according to the expression in
eq. 4.4 to obtain the well defined decay rates λ1 and λ2, as displayed in
eq. 4.3. Both decay rates includes pressure dependent terms but in the
limit of

p→ 0 then
{

λ2→ Γsp
λ1→ 0 ,

and the pure spontaneous decay is the only rate that survives. In prac-
tice, this is performed by plotting measured pairs of λ ’s in a so-called
Stern-Vollmer plot [35] and extrapolating to zero. However, as ex-
plained in the former two sections it is not typically the λ ’s from eq.
4.3 that is obtained in the fits because of the different approximations
made in the analysis. In any case, the procedure of plotting the mea-
sured fast decaying rate as a function of the slow rate and extrapolating
zero will still yield the non pressure dependent decay rate in the limit
p→ 0.

The only loss of stored ions is expected to occur by single particle
collisions with the residual gas. If other, non pressure dependent, loss
mechanisms would be present such as imperfections in the optimization
of the ion beam optical storage elements or noise, the radiative lifetime
is no longer the intercept in the Stern-Vollmer plot. Instead the intercept
is

β = Γsp +Γother. (4.18)

The rate, Γother, can never be measured, but it has a trivial upper bound.
It can never be greater than the lifetime of the beam, p0, at base pressure
and is assumed to be much less,

Γother� Γ1,n(p0) = 1/τ1,n, (4.19)

where 1/τ1,n is of the order of 1/100 s−1 for a room temperature and
as low as 1/1000 s−1 for a cryo-cooled storage ring. If compared to
the other destruction mechanisms Γdeexc(p)+Γ2,n(p), which is of the
order 1 s−1 in both presented papers from CRYRING, we can draw the
conclusion that such effects on the extracted decay rates are negligible.
In fact, the only concern is for the measurement of the lifetime in sulfur
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where it is only a factor three difference between the measured beam
storage and the metastable lifetime.

The potential problem of making a systematic error when extracting
the lifetime from a Stern-Vollmer plot is highly dependent on the slope
of straight line fit. A non pressure dependent component other than
Γsp will have the same effect on both axes. Since there is no reason
to believe that it will be different for ground or excited states it will
translate both axes Γother in the positive direction. If the slope of the
fit is equal to one, no systematic error at all in the extracted lifetime is
present.

An error, ∆Γrad , in the extracted lifetime can be calculated for a
slope, k, not equal to one.

∆Γrad = k ·Γother−Γother (4.20)

The error in the extracted rate is thus strongly dependent on the slope in
the Stern-Vollmer plot. For a moderate slope k≈ 1 the terms cancel out
and we have a negligible contribution. For other slopes this expression
has to be compared with the measured rates Γ21 and Γ1,n(p0). Although
highly improbable, taking the worst case scenario as in eq. 4.19 and
plugging into eq. 4.20 gives the maximum error due to machine losses
for the radiative lifetimes given in the papers included in this thesis. A
summary of the results of this calculation can be seen in table 4.1.

Cr+ Fe+ S−

c4D7/2 c4D5/2 a4G11/2 b4D1/2
2P1/2

Γrad
1 (s−1) 0.73 0.78 1.33 1.85 0.002

∆Γrad
1 (s−1) 0.10 0.04 0.09 0.04 5 ·10−5

∆Γrad
1

Γrad
1

(%) 14 5 3 5 1

Table 4.1: Table with hypothetical errors in the extracted radiative decay rate
due to machine losses of ions.

Note that this is the worst case scenario where Γother = Γ1,n(p). Per-
haps a more realistic scenario is that Γother ≤ 0.1 ·Γ1,n(p) which would
give errors below 1 % in all measurements which is well below the un-
certainties in the extracted decay rates β .
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5. Discussion

5.1 Paper I - The FERRUM project: transition probabil-
ities for forbidden lines in [Fe II] and experimental
metastable lifetimes

Author’s contribution:

• Assisted in setting up electronics, maintaining and operating the
laser and ion source.

• involved in the writing of the paper

Iron is a very important astrophysical element due to its high cosmic
abundance. The nucleus is the final end station in both fission and fusion
processes where energy is released. Furthermore, the open 3d shell
structure makes the spectra complex and rich in lines. In fact, the Fe
II spectrum contains lines from over 1000 experimentally confirmed
energy levels [72]. Among these, there are 62 metastable levels with
the same parity as the ground state. The spectra from the ejecta of Eta-
Carinae are rich in Fe II lines. A few of them are surprisingly strong
[73] which has led to the development of the concept of astrophysical
lasers [74], where the Fe ion is optically pumped by surrounding Lyman
α radiation.

This paper is a part of the international collaboration: The FER-
RUM Project, which first priority is to produce an accurate line list,
including transition probabilities, of the iron group elements to be used
in stellar abundance work [75]. As a part of the FERRUM collabora-
tion, metastable lifetimes of the a6S5/2 and b4D7/2 levels in Fe+ have
been measured with the LPT in 2001 [76]. Later, lifetimes of two more
levels a4G9/2 and b2H11/2 were measured in 2003 [77]. This time the
lifetimes were combined with branching fractions measured in astro-
physical spectra observed in the ejecta of Eta Carinae recorded with
the Hubble Space Telescope (HST) to give A-values, a method that is
outlined in [78].

65



In paper I, lifetime measurements of two more levels b4D1/2 and
a4G11/2 are presented. In addition for the latter level, BF’s for two
forbidden transitions 4243.97 Å and 4346.85 Å (a4F9/2 - a4G11/2 and
a4F7/2 - a4G11/2) have been measured in astrophysical spectra observed
in the ejecta of Eta-Carinae recorded with the Hubble Space Telescope
(HST) and the VLT/UVES spectrograph. Unfortunately, line blending
made it impossible to extract any BF’s for the b4D1/2 level. Two spectra
from the HST where the observed lines are indicated with ellipses can
be seen in figures 5.1 and 5.2, respectively (private communications,
2011 Henrik Hartman).
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Figure 5.1: HST spectra of Eta-Carinae showing the transition a4F9/2 - a4G11/2
whose A-value is published in paper I.
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Figure 5.2: A part of the spectrum showing the transition a4F7/2 - a4G11/2.
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5.2 Paper II - The FERRUM Project: Metastable lifetimes
in Cr II

Author’s contribution:

• Involved in setting up electronics, maintaining and operating the
laser and ion source.

• Analyzed the data.

• Responsible for writing the paper.

Several astrophysical interesting ions besides iron have been studied as
a part of the FERRUM project. Lifetime measurements of metastable
states in other ions including Sc+ [79] and Ti+ [80] have also been
performed. Chromium has a relatively high cosmic abundance and sim-
ilarly to iron it has an open 3d shell that gives a line rich spectrum.
Lines from Ti II, Sc II and Cr II have been observed in Eta-Carinae
where lines from the last two ions have been used in non-local thermo-
dynamic equilibrium models [81].

In the particular case of Cr+, several strong lines originating from
the metastable a6D, a4P and b4D terms have been observed. However, to
laser probe the lifetime of these levels requires a wavelength of λ ≤ 400
nm which implies that the light from the dye laser has to be frequency
doubled. A malfunctioning frequency doubler unit temporarily put an
halt to the attempts to measure these terms. Instead, the lifetime of the
c4D5/2 and c4D7/2 levels were pursued and the results for these states
are reported in this paper. Unfortunately we were unable to extract ac-
curate BF’s for lines originating from these levels in any astrophysical
spectra.

This is the first paper with published lifetimes where the error anal-
ysis included a statistical error for variations in the initial population
of the metastable state. The measured fluctuations are shown in figure
5.3. As no apparent trend in the data in figure 5.3 can be seen, there is
no need for systematic correction of the measured LIF signal. Instead
the relative statistical variations σFl.rel is multiplied with the LIF signal,
giving a number that is the expected variation in counts due to a fluctu-
ations in the ion source, σIS = σFl.rel ∗ li f . In table 5.1 an error budget
containing the different error sources can be seen. At this level of sta-
tistical uncertainty, the variations in the initial metastable population do
not influence the result to a large extent. The error budget shows that
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Figure 5.3: Measurements of the initial metastable population.

Table 5.1: Table showing contributions from different error sources in the life-
time curve in figure 5.4 and their contributions to χ̃2 when fitted by an exponen-
tial decay curve.

σ2 = σ2
li f +σ2

rep +σ2
IS

IS LIF Rep χ2

0.35 0.60 0.05 0.50
0.28 0.63 0.09 0.24
0.24 0.65 0.10 0.07
0.20 0.66 0.13 0.21
0.15 0.68 0.17 2.25
0.12 0.67 0.21 0.40
0.12 0.68 0.20 6.65
0.07 0.67 0.26 0.46
0.08 0.67 0.25 3.61
0.04 0.64 0.32 2.35
0.04 0.65 0.31 0.00

these variations in the ion source does not influence the total error in a
significant matter.
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Figure 5.4: This is the final lifetime curve at base pressure for the c4D7/2 level.
It consists of a total of four added measurements.
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5.3 Paper III - Experimentally determined oscillator strengths
in Rh II

Author’s contribution:

• Responsible for the data acquisition of the BF’s.

• Analyzed the spectra.

• Wrote the paper.

Rhodium is a very expensive platinum group metal (40USD/gram). The
highly reflective properties make it ideal as a finisher on jewelry.

It is also an important tracer in stars, e.g the HgMn type stars χLupi
[82], HD 65949 [83] and HD 175640 [84] have spectra showing Rh
II lines. This article is an extension of the work earlier published by
Quinet et. al. [85]. They presented semi-empirically determined tran-
sition probabilities obtained from TR-LIF measurements of lifetimes in
Lund combined with theoretically determined BF’s. This article made
the experimental work complete by measuring the BF’s with a FTS.

The analysis of the obtained spectra shows a systematic discrepancy
against the theoretically predicted intensities. The relative discrepancy
is pronounced for the weak lines, all originating from spin-forbidden
transitions. The situation is depicted in figure 5.5 where a compari-
son between the experimentally and theoretically determined BF’s are
made. Here, branching fractions from all investigated levels to the lower
levels b3F4, b3F3 and b3F2 which could be identified in the spectra are
shown. As can be seen in the figure, the weak transitions S= 3→ 5
are typically underestimated whereas the allowed S= 3→ 3 are more in
agreement in the calculations. Unfortunately, no other calculations are
known by the author and no comparison between different methods can
hence be made but the ambitious theoretician is encouraged to make a
new calculation.
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Figure 5.5: The discrepancy between the measured and theoretical predicted
branching fractions as a function of BF strength. The trend of spin forbidden
lines clustering below one at low values of BFexp is clearly seen. Lines originating
from the same upper level are plotted with a common color. The lower level of
the transition is indicated next to the respective data point.
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5.4 Paper IV - The FERRUM Project: Experimental tran-
sition probabilities from highly excited even 5s levels
in Cr II

Author’s contribution:

• Responsible for the data acquisition of the BF’s.

• Analyzed the spectra.

• Wrote the section of the paper regarding the BF’s measurements.

Chromium has been the subject of several previous studies but none
had reported lifetimes or branching fractions from the highly excited
5s 6D states. The relatively high excitation potential is interesting for
astrophysicists when analysis of different lines yields different abun-
dances. A line originating from a highly excited state is less prone to
saturation effects and can also be used to determine non Local Thermo-
Equilibrium (LTE) effects [86–88].

It is also challenging from an experimental point of view since the
high excitation potential of the state makes it out of reach of conven-
tional tunable lasers. The relevant energy levels can be seen in the dia-
gram in figure 5.6. Instead of supplying laser light with wavelength λ =
141 nm, a two-photon excitation scheme with λ = 282 nm was used.
Other iron group elements have been investigated with this method be-
fore [89]but this is the first time Cr+ is investigated with this method.

For this ion, two different calculations are available in the literature
and a comparison is possible. It is found that the calculations using
the orthogonal operator method described in ref [90] and published in
the VALD database [19] showed the best agreement with the measured
lifetimes as well as the branching fractions.
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Figure 5.6: The energy level structure of singly ionized chromium and relevant
wavelengths. Two photon excitation to the excited 5s 6D states from the 4s 6D
states are greatly enhanced due to the presence of the 4p 6F states, located roughly
halfway in between.

74



5.5 Paper V - First storage of ion beams in the Double
Electrostatic Ion-Ring Experiment: DESIREE

Author’s contribution:

• Assisted in the data acquisition and involved in discussions.

• Made all laser probing investigations of the lifetime of the metastable
2D level.

This is the first article published with actual data acquired at DESIREE.
Previously published papers were focused on design and technical as-
pects [39, 40]. The goal of this paper was to demonstrate that negative
ions could be stored at cryogenic temperatures for extended periods of
time. The cooling process required two weeks as is shown in figure
3.15. During the cool down, decay curves of a stored ion beam in the
symmetric ring were recorded at several temperatures. Interestingly, we
discovered a fast decaying component present even after subtraction of
the fitted curve (see the paper for more details on the fitting procedure)
as shown in figure 5.7. This is not explained by our model for the decay
and is an indication that something more than ground state ions of C−

is stored in the ring.
Negatively charged carbon has an excited metastable 2D j state lo-

cated only 33 meV below the neutralization limit. The level has been
confirmed by at least four independent experiments [50, 91–93] but
never resolved into its fine structure components j = 5/2 and j = 3/2.
Also, there is some controversy regarding the production and lifetime of
the state. The measurements of the reactions C+H+

3 forming CH+
3 ,CH+

2
and CH+ by [94] relies on the assumption that the metastable level pop-
ulation production in a sputter source is negligible while others have
failed to observe it [95]. The lifetime of the state has never been mea-
sured accurately but a prediction of an extremely long lifetime of around
10 days has been made [96]. Such a long lifetime would be impossible
to measure with a time-resolved technique and a storage time that long
does not exist at any facility today.

The discovered, fast decaying, component led us to believe that this
could be the 2D j population decaying on a faster time scale than the
ground state population. Since it is weakly bound it is assumed to be
sensitive both to collisions and black-body radiation as shown in figure
3.16. However, the recorded data sets during cool-down were inconclu-
sive regarding which effect contributed the most to the observed decay
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Figure 5.7: The measured fast decaying component in a stored C− beam as a
function of temperature. The data were acquired during cool-down of the storage
ring down to 13 K.

rate. Hence no extensive discussions of this metastable level is made in
the paper. However, we continued our efforts of determining the life-
time with laser probing investigations after the publication.

By tuning the energy of the laser below the threshold for the ground
state of C− bound by 1.26 eV (λ & 981.7 nm), laser probing of the
metastable 2D state population can be made by selective photodetach-
ment from that level. Several measurement of a stored 10 keV beam at
different pressures at 13 K and by heating to a few Kelvin above have
been made. The recorded data at three different pressures are shown in
5.8.

A laser induced increase in count rate (bins shown in red in fig 5.8)
that decays over time can clearly be seen. The fact that this rate do not,
to the same extent as the background count rate, rise due to the higher
pressures is also clear by visual inspection. Measurements of both the
metastable and ground state populations as a function of time at base
pressure are displayed in figure 5.9.

Measurements at different pressures are displayed in a Stern-Vollmer
plot, see figure 5.10. The slope is around 1.6 which indicates a slightly
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Figure 5.8: The measured fast decaying component in a stored C− beam as a
function of time at three different pressures. Events recorded when the laser are
shown in red while events due to collisions only are shown in blue.

0 200 400 600 800 1000
Time (s)

-1
0
1
2
3
4
5
6
7
8

Y
ie

ld
(×

1
0

2
)

0 10 20 30 40 50 60

Time (s)

0

1

2

3

4

5

Y
ie

ld
(×

1
0

2
)1/Γms = 10.32± 0.41 s

1/Γgs = 352± 4 s

Figure 5.9: Probings of the metastable 2D and 4S ground state levels of C−. A
small inset shows the first 60 s of the 2D probing when λ & 981.7 nm.

higher collision cross section for the excited (metastable) component
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compared to the ground state ions. By extrapolation to zero on the hor-
izontal axis, the collision free lifetime is found from the (inverse) inter-
cept with the vertical axis to be τ = 10.9±0.1 s. This highly preliminary
decay rate is about 5 orders of magnitude larger compared to the theo-
retical prediction [96]. To observe a similar black-body induced count
rate the temperature needs to be at least 50 K (see figure 3.16) which is
unlikely. The effect of tunneling neutralization has been observed for
the ground state in Ca−[97] which has a similar binding energy but for
much higher electric field gradients. If present, the tunneling rate de-
pends exponentially on the electric field [98, 99]. A 15 keV beam was
stored to test this dependence but no exponential decrease in the appar-
ent decay rate was found. The possibility of an impurity in the ion beam
or an unknown radiation source inside DESIREE causing photodetach-
ment are other explanations other than a dominating radiative decay of
the 2D j levels in C−. At this time there is no clear explanation of the
C− results.
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Figure 5.10: The fast decay rate of the 2D state in C− plotted vs the slow decay
rate of the stored ion beam at different pressures.
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5.6 Paper VI - Storing keV negative ions for an hour: The
lifetime of the metastable 2P◦1/2 level in 32S−

Author’s contribution:

• Made the scientific proposal.

• Designed, programmed and responsible for the setup of the DAQ
system.

• Operated all lasers, the ion source and the storage ring.

• Responsible for the data collection.

• Analyzed the data.

• Wrote the paper.

During the initial carbon experiments, it was also discovered that the
ion beam storage times of the asymmetric ring was considerable shorter
than for the symmetric ring, see figure 3.12 for layout of the two rings.
This may not pose a significant problem for the planned merged beam
studies. However, when measuring slow decays it is extremely impor-
tant to optimize the ion optics and achieve long storage times. Hence
all subsequent lifetime measurements were carried out in the symmetric
ring. The straight section after injection was chosen as the interaction
region between the laser and ion beam instead of the merged beam sec-
tion. Due to their respective sizes, the background level of the MCP
(MD in figure 3.12) compared to the imaging detector is about a factor
of four in favor of the MCP. Both detectors have been shown to operate
satisfactory at cryogenic temperatures [44] but has a maximum detec-
tion rate of around 1 kHz.

The 2P1/2 level in S− is suitable for a bench marking measurement.
First, the theoretical predicted lifetime, τtheo = 437 s, is in the new ion
beam storage time domain of DESIREE. Second, previously measure-
ments on the Te− [45] and Se− [55] ions belonging to the same atomic
group in the periodic table have been made. This, in turn, allows us to
benchmark the new method and ring against the CRYRING measure-
ments. Third, the energy level structure of S− shown in figure 5.11 can
be investigated with the cw Coherent 699-29 ring dye laser which can
be frequency tuned above, in between and below the photodetachment
thresholds of both levels without the time consuming process of chang-
ing the dye.
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Figure 5.11: The energy level structure of S−. The lifetime of the 2P1/2 excited
metastable state is laser probed by monitoring the photodetachment signal as a
function of time from the excited state. A similar curve for the ground state is
recorded which will contain a photodetachment signal from all bound states.

This time more effort at optimizing the ion optics and baking of the
whole vacuum chamber prior to the experiment was made. This resulted
in lifetimes of the 10 keV S− ion beam around 950 s at base pressure
and an extremely low count rate on the detector of about 25% above the
dark count rate due to to ion beam and residual gas collisions (see figure
3.24). In fact, it is impossible to even discriminate and detect any stored
ions after a few hundred seconds without using photodetachment by a
laser. An even longer storage time, τ ≈ 1800 s, was achieved for the
Te− beam (see figure 3.17). Both measurements were made on 10 keV
beams, but since they have a factor of 4 difference in mass the sulfur
ions will travel with approximately twice the tellurium velocity. The
increase in lifetime scales nicely with eq. 3.3 which indicates that it
may be a collision limited lifetime of the stored beam.

The analysis of the recorded data is made without any assumptions
on the neutralization decay rates due to collisions. However, the probing
of the metastable state population shows a clean single exponential de-
cay behavior (see figure 5.12), in contrast to some of the measurements
of lifetimes on positive ions [71] in CRYRING. The assumption that the
repopulation effect is negligible is thus very well grounded for all the
ions investigated in this paper. This makes fitting of a single exponen-
tial to the probing of metastable level population possible whereas when
photodetaching both the ground- and metastable populations a fit to a
sum of two exponential functions has to be made. However, since the
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Figure 5.12: Laser probing measurements of metastable and ground state level
populations as functions of time at base pressure at 13 K (top) and slightly ele-
vated pressure at 15 K (bottom). The data points for λ = 610 nm exhibit a single
exponential decay of the J = 1/2 level population. When λ = 592 nm, photode-
tachment from both levels (J = 1/2,3/2) occurs and the data follows a sum of
two exponential functions.

two decay rates in the exponential functions are of similar magnitudes,
the software fitting routine has trouble separating and obtaining well
defined decay rates with reasonable errors. Hence the fast decay rate
was assumed to be the same in both type of probings and a fit where the
χ2 sum for both data sets were minimized was made. The fast decaying
component was thus primarily determined by the data points originating
from the probing of only the metastable state population.

An interesting fact is that the fine structure levels in the sulfur anion
are very close in energy as can be seen in the energy level diagram 5.11.
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It is thus tempting to believe that they may have approximately the same
collisional detachment cross section. The Stern-Vollmer plot in Paper
VI has a slope close to unity which implies that the collision detachment
cross sections are nearly the same for ions in the ground and metastable
state.

If this approximation is made, the spontaneous radiative decay rate
can, independent of the pressure, be obtained by subtracting the mea-
sured slow decay from the fast decay component in each fit of the form
of eq. 4.17. This procedure is displayed in fig 5.13. As can be seen, the
uncertainty is greatly reduced by eliminating the need for extrapolation
to zero pressure in a Stern-Vollmer plot. Instead, the spontaneous decay
rate is obtained as a weighted average of all measurements. This value
of the lifetime obtained in this way, τ = 495± 15, is about 3σ larger
the only available theoretical predicted value 437 s [55] and indicate a
slight underestimation in the calculation.
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Figure 5.13: Based on assumption that the two fine structure levels in sulfur has
the same collisional detachment cross section, the spontaneous radiative decay
can be obtained directly by subtraction of the ground state decay rate. The need
for extrapolation to zero pressure is thus avoided and the uncertainty is greatly
reduced. The 1σ deviation from the average rate is indicated with two dashed
lines.
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6. Outlook

DESIREE has now been commissioned successfully and the first physics
results are included in this thesis. As we have shown, lifetime measure-
ments of negatively charged ions in a completely new time domain have
now been made possible. The technique is very general and can for ex-
ample be applied to La−. La is considered as the strongest candidate for
achieving laser-cooling of a negative ion [65, 100]. There are two fine
structure levels (J=4,3) in the 3F ground term with predicted lifetimes
in the 260-300 s range [100] which can be measured to further increase
our knowledge of this important ion.

The measurement technique may also be refined. A consequence of
the applied technique in the measurement of the S− ion is the different
photodetachment rates induced by the laser when probing the ground or
excited state populations. A way to circumvent this problem and also
reduce the time needed for the experiment is to probe both populations
at the same time by two lasers with different wavelengths. The lasers
will then cross the ion beam in two separate straight sections, allowing
detections of the photodetached ions on different detectors. This will
then probe both populations, inducing equal laser detachment rates and
essentially cut the time needed for the complete measurement in half.
It will also remove the uncertainty that comes from the probing of the
metastable and ground state levels at different times. This can be an
issue at elevated temperatures if the pressure is not stable between the
two types of measurements.

Lifetimes of positively charged ions will also benefit from the ex-
cellent vacuum conditions. The record for longest lifetime measured
at CRYRING is the 2D3/2 level in Ba+ with the obtained result of
τ = 89.4± 15.6 s [70]. It is worthwhile to re-visit this ion in a new
attempt to measure the lifetime of this level which will likely reduce the
uncertainty substantially.

An interesting case that will take advantage of the magnetic-field-
free environment is the problem of the measurement of the metastable
4D7/2 level in 132Xe+ that occurred in CRYRING [46]. Since the ion
beam spend about 15% of the time in the region of the twelve bending
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magnets, Zeeman mixing between the 4D7/2 and 4D5/2 fine structure
levels caused the measured lifetime to be considerable shorter than ex-
pected due to the new decay channel that were present by the mixing of
the two states. The isotope 129Xe+ is also interesting since it has hy-
perfine interaction. Several theoretical studies have shown that an inter-
action between different hyperfine structure levels known as hyperfine
quenching can influence the lifetime of a state significantly [101, 102]
and it has also been verified experimentally [103–105] in some cases.
This effect is, however, hard to distinguish from the Zeeman mixing
that occurs in a magnetic storage device. The magnetic field free envi-
ronment offered in DESIREE is thus suitable to test this effect for low
charge state ions.

The collaboration with the astronomers from Lund will also con-
tinue. An astrophysically interesting case [106] to study here, is the
lifetime of the 2D5/2 in Y2+ with a predicted value of τ = 252 s [107].
The laser wavelength needed for this measurement would be around 238
nm, which can be reached by our lasers in combination with our new
– and so far unused – Spectra Physics wave-train frequency doubling
unit.
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A. Solution to a 2×2 system of
1st order ODEs

The general solution to the 2×2 system(
dx(t)

dt
dy(t)

dt

)
=

(
a b
c d

)
·
(

x(t)
y(t)

)
, (A.1)

is obtained by making the anzats x(t) = C1eλ t and y(t) = C2eλ t and
solving the resulting matrix equation. The matrix equation has a solu-
tion if the corresponding determinant is zero. The eigenvalue(s) λ are
thus calculated from ∣∣∣∣(a b

c d

)
−
(

λ 0
0 λ

)∣∣∣∣= 0. (A.2)

The solutions to this equation are

λ1,2 =
a+d

2
± 1

2

√
(a−d)2 +4bd), (A.3)

from which it is clear that if (a− d)2 + 4bc = 0, then λ1 = λ2. When
4bc ≤ −(a− d)2 the resulting egienvalues are complex. By plugging
back the anzats and eigenvalues into eq A.1 a relationship between the
coeffecients can be obtained (using the first row)

C2b =C1(λ1−a) and similarly,

C′2b =C′1(λ2−a)

The most general solution is a linear combination of the solutions
corresponding to the two eigenvalues.(

x(t)
y(t)

)
=C1

(
b

λ1−a

)
eλ1t +C′1

(
b

λ2−a

)
eλ2t (A.4)
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finally C′1 can be renamed C′1→C2 and the rows are expanded for future
reference.

x(t) =C1beλ1t +C2beλ2t (A.5)

y(t) =C1(λ1−a)eλ1t +C2(λ2−a)eλ2t (A.6)
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B. Conversion between units

Table B.1: Table of useful conversions between units.

eV cm−1 Hz
1 8.065545·103 2.4179894·1014

1.239842·10−4 1 2.9979254·1010

4.135667·10−15 3.335641·10−11 1
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Sammanfattning

Atomen är kanske den mest betydelsefulla upptäckten som gjorts av
människan. Olika atomer och deras strukturer bestämmer vilka kemis-
ka processer som är möjliga och hur olika matrial ser ut. Enskilda ato-
mers energistruktur och dynamik är kvantiserad och en metod att stude-
ra dess egenskaper är genom att belysa den med ljus eller observa ljus
som emitteras från den. Detta kallas spektroskopi och har varit ett om-
råde av stor betydelse inom fysiken sedan 1600-talet. Ljus från atomer
används idag för att studera galaxer och astronomiska objekt långt från
jorden vilket leder till slutsatser om bland annat universums ålder och
sammansättning av materia. Även här på jorden finns behov att studera
processer från håll där det kan vara farligt för männniskan att fysiskt
närma sig objektet. Exempel på sådana processer kan vara vanliga för-
brännningslågor eller avancerade maskiner såsom fusionsreaktorer.

Fokuset i den här avhandlingen ligger på mätningar av livstider på
kvanttillstånd i olika joner med hjälp av laser. Joner är atomer med ett
över eller underskott på elektroner. Detta gör att dom blir elektrisk lad-
dade vilket i sin tur möjliggör att de kan bli infångade och kontrollerade
av elektriska och magnetiska fält i ett laboratorium. Laser är en specifik
form av ljuskälla med mycket välbestämd våglängd och rumslig utbred-
ning. Dessa egenskaper gör den till ett kraftfullt verktyg när detaljerad
information om jonernas egenskaper ska bestämmas.

Mätningarna av de långa livstiderna som är presenterade i dennna
avhandling har utförts på olika jonlagringsringar där joner har lagrats
tillräckligt länge för att studera livstider på flera minuter. Den längsta
livstiden har mätts i en ny typ av lagringsring som är kyld ner till un-
gefär 13 grader över absoluta nollpunkten. Kylningen skapar ett unikt
lågt tryck vilket medför hittills oöverträffade lagringstider på jonerna
samt en miljö fri från omgivande värmestrålning. Varm experimentut-
rustning kan vara ett problem vid mätningar av processer känsliga för
små energitillskott i form av värmestrålning.
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