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Abstract

This licentiate thesis include lifetime measurements of metastable states in the singly charged
ions Cr+ and Fe+, respectively. The thesis reports the lifetimes of the 3d6(3G)4s a4G11/2 and
3d6(3D)4s b4D1/2 levels in Fe+ together with the lifetimes of the 3d4(a3D)4s c 4D5/2 and
3d4(a3D)4s c 4D7/2 levels in Cr+. The measurements have been performed at the ion stor-
age ring CRYRING at the Manne Siegbahn Laboratory in Stockholm, Sweden. A laser probing
technique has been developed and used for these measurements and is thoroughly explained in
this thesis. In collaboration with astronomers in Lund, transition rates (A-values) of the forbid-
den transitions a4F7/2,9/2 - a4G11/2 in Fe+ has also been obtained and is reported. The results
are also compared with existing theoretical calculations.
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1. Introduction

1.1 Historical introduction

The concept of the atom dates back to the ancient greek Democtritos (470-400 BC) who coined
the word "atom". However, other more influential philosophers had other opinions about mat-
ter and his thoughts were completely overshadowed by Aristoteles who believed that matter
consisted of the four elements water, earth, wind and fire. With the scientific revolution dur-
ing the renaissance, experimental investigations of light and matter began (spectroscopy). In
his book Optics from 1704 Newton used one of the first spectrometers which consisted of a
glass prism to diffract light and showed that the apparent white light consisted of many different
colors. During spectroscopic studies of matter by Kirchhoff and Bunsen [1] it became evident
that different elements emitted unique discrete wavelengths. This discovery is still useful when
determining the constituents of unknown samples. More careful investigation of the hydrogen
spectrum led Balmer [2] to fit a formula to the observed wavelengths. Several models for the
atom where proposed by the early 20th century. Bohr’s [3] model for the atom gave an explana-
tion for Balmer’s formula and introduced the idea of quantization of energy levels of the atom.
Based on Rutherfords idea that the atom consisted of negatively charged electrons surrounding
the positively charged nucleus and supported by Einstein’s idea of quantized light (photons),
the observed spectra were explained by electrons changing their orbits around the nucleus and
thereby emitting a photon. The closest orbit to the nucleus is then ground state and all higher
energy orbits is excited states available when the atom would absorb energy. Furthermore, the
orbits were quantized by imposing that the angular momentum of the electron could only take
on integer values of h̄. The photon would then carry away the energy difference between the two
levels according to eq. (1.1).

E1 �E2 = h̄w1 � h̄w2 = h̄w12 (1.1)

If the energy levels are known the emitted photon can then be calculated by eq. (1.1). Conversely,
by studying the emitted frequencies of an element important information about the energy level
structure can be deduced. Bohr’s model of the atom was unable to explain the spectra of atoms
with more than one electron and was superseded by the theory of quantum mechanics which was
formulated during the 1920’s.
As mentioned above, spectroscopic observations have played a key role in our fundamental un-
derstanding of nature. Nowadays, scientists can model and calculate most atomic quantities of
interest (energy levels, transition probabilities etc.). Often the models need input from experi-
mental data . The accuracy of the calculations can also be difficult to evaluate and experimental
verification is often the only way to determine the usefulness of the data produced..
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Figure 1.1: The authors artistic view of the visible part of the emission spectrum of hydrogen called
the Balmer series. It corresponds to transitions to the state with the principal quantum number n = 2.

1.1.1 Forbidden lines in astrophysics

If an atom or ion is left undisturbed in an excited state it will eventually decay to a lower energy
state by spontaneous emission of a photon. The li f etime of the state is the average time before
it decays. The lifetime can vary from nanoseconds to minutes, see [4]. The probability for a
transition to occur, is mainly dependent on how well the states couples to each other through the
radiation field. Long-lived states have low transition probabilities to lower states and are called
metastable. The spectral lines originating from their decay are called forbidden lines and are of-
ten very weak. In laboratories they are hard to observe at all because other mechanisms such as
collisions, will deexcite the atom before it could radiatively decay. 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.
When the early astronomers tried to compare astrophysical spectra from the Cat-Eye nebula to
the laboratory produced ones in an attempt 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 nebulium). In the case of the
Cat-Eye nebula spectrum, it was later shown [5] that the missing lines belonged to forbidden
transitions in double ionized Oxygen (OIII).
Forbidden transitions are useful as a diagnostic tool for determining the physical conditions of
the astronomical object. For example, by comparing spectral lines intensity ratios from certain
pairs of line originating from the same ion, information about the temperature and density can
be estimated without detailed information of the abundance’s and geometry of the object.
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Figure 1.2: Picture of the Cat-Eye nebula to the left and of Eta-Carinae to the right.
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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, if not otherwise stated, this chapter is based on [6] and [7]. The general
procedure for non relativistic bound systems is to solve the scalar time independent Schrödinger
equation ĤY = EY and factor out the spin part separately. The energy levels are ordered by
their quantum numbers and this section aims at explaining the quantum numbers used in spec-
troscopy. It also tries to explain the origin of the selections rules determining whether a transition
is forbidden or not.

2.1 Atomic theory and energy level structure in the LS-coupling scheme

A simplified non relativistic Hamiltonian for an atom with n electrons is

Ĥ =�
n

Â
i=1

h̄2

2me
—2

i �
n

Â
i=1

ne2

ri
+

n

Â
i

n

Â
j>i

e2

|ri � rj|
+

n

Â
i=1

x si · li (2.1)

where the first three terms arise from the kinetic energy of the electrons, the potential energy with
respect to the nucleus and their electrostatic interaction between each other. The last term takes
into account the orbital motion of the electrons around the nucleus, which causes a magnetic
interaction with their spin. Analytical solutions to the Hamiltonian exist only for the hydrogen
atom. For other elements different approximation are necessary to obtain results. Here I will
outline the approximation scheme called LS-coupling, which is frequently used in spectroscopy
and atomic physics.
The first step is to divide the potential from the electrons into a central-field potential VCF =
Â�ne2/ri+S(ri) where S(ri) is the central part of the electron-electron interactions and a resid-
ual electrostatic potential not accounted for in the central field potential. The Hamiltonian then
becomes

Ĥ =�
n

Â
i=1

h̄2

2me
—2

i +VCF(r)
| {z }

ĤCF

+

 
n

Â
i

n

Â
j>i

e2

|ri � rj|
�S(r)

!

| {z }
Ĥre

+
n

Â
i=1

x si · li
| {z }

Ĥs�o

. (2.2)

Assuming that ĤCF >> Ĥre >> ĤS�O a series of approximations can be made. The solution to
HCF is the product of one-electron atomic orbitals and a spin part Y1 = Rnl(r)|lmlsmsi, where
the quantum numbers associated with angular momentum (l,ml) has been written in ket-notation
together with the spin numbers s,ms. The product of the one electron states is called the con-
figuration of the atom and this determines the gross energy structure. In this picture, Ĥre acts as
a perturbation on the configuration. As a consequence, configurations are only rigorously valid
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Table 2.1: Spectroscopical letter assignment for L-values. After F the list continues alphabetically.

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

for hydrogen-like system and the residual electron-electron interaction will cause some mixing
of the electronic states known as configuration interaction. In standard spectroscopic notation
the dominant configuration is used a description of the state. The configuration determines the
parity of the state by the definition P = (�1)Âi li .
The individual angular momentum of the electrons might change due to their mutual repulsion,
but since no external torque is present their total sum is constant j=Âi li+si. In the LS- coupling
schene, the angular momentum of the electrons interact to form a total orbital angular momen-
tum that is conserved L = Â li and similar for their spin S = Âsi. This leads to energy levels
|LSMlMsi labeled by the magnitude of the total angular momentum of the valence electrons L
and S and their projections ML and MS . The residual perturbation is diagonal in this basis and
will lead to energy levels called terms characterized by L and S (degenerate in their projections)
according to the following spectroscopical notation 2S+1L. Due to historical reasons different L
values are assigned letters according to table 2.1. The last term in the Hamiltonian ĤS�O de-
scribes the spin-orbit angular momentum interaction of each electron. If ĤS�O < Hre, which is
satisfied for most light elements, this interaction can be treated as a perturbation to the terms.
In this approximation the spin-orbit interaction Hamiltonian can be written as ĤS�O = bS ·L.
The spin-orbit Hamiltonian is not diagonal in the LS basis, instead it is diagonalized by forming
total angular momentum states by J = L+S. In this base the states are labelled by |LSJMJi
and L · S = J2 � L2 � S2 is diagonal. The states themselves can be constructed by the use of
Glebsch-Gordan coefficients |LSJMJi= ÂML ÂMShLSMLMS|LSJMJi|LSMLMSi. This interaction
splits the terms into fine structure levels labeled by J so the states can now be written in spectro-
scopic notation as 2S+1LJ .
Everything so far is based on a series of approximations. The approximation that usually breaks
down first is that Hs�o < Hre. In the other extreme where Hs�o > Hre the total angular momen-
tum of each electron ji will couple together in a scheme known as jj coupling instead. There are
cases where none of the two extremes is applicable, however the LS-scheme is often used, more
of energy level bookkeeping than for physics reasons.

2.2 Light-atom interaction

A lot of insight into the mechanisms of light-matter interaction can be obtained without the full
theory of quantum electro dynamics. As described by Einstein [8], the three most fundamen-
tal processes involving atoms and photons are absorption, stimulated emission and spontaneous
emission. Based on thermodynamic arguments he showed that the probabilities for these pro-
cesses are closely related. The proposed situation can be seen in figure 2.1, where two energy
levels of the atom |1i and |2i with energies E1 < E2 and populations N1 and N2 are interacting
with a radiation field with energy density r(w).
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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 the total decay rate is a sum
of all transition rates.

The change in population of level two is then

dN2

dt
= N1B12r(w)�N2B21r(w)�N2A21. (2.3)

When thermodynamic equilibrium is reached (the steady state when dN2/dt = 0), the ratio
N2/N1 follows the Boltzmann distribution with energy difference according to eq. (1.1). Further-
more, Planck’s radiation law for the energy density also holds. By invoking these requirements
the coefficients must be related as in eq. (2.4) and 2.5.

B21 = B12 (2.4)

A21 =
h̄

p

2c3 w

3
12B21 (2.5)

An interesting version of equation 2.3 is when no external radiation field is present. The equation
then takes the form

dN2

dt
=�A21N2 (2.6)

with solution
N2(t) = N2(0)e�tA21 . (2.7)

The lifetime of the population in the upper state is then defined by t = 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

ti =
1

Ai1 +Ai2 + · · · =
1

Âk Aik
(2.8)

see figure 2.1. The interesting point from a lifetime measurement view is how well a state
couples to lower lying states through spontaneous emission. The theoretical challenge is to
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calculate the Aik in equation 7 and we will se below how it can be made. The most rigorous
theoretical treatment so far, involves Quantum Electro Dynamics (QED). Many results from the
full QED treatment of the interaction between the atom and the electromagnetic (EM) field can
be obtained with a semiclassical approach where the EM field is treated as a classical quantity.
Consider an atom with incoming EM radiation in the form of superpositions of plane waves.
The interaction between the atom and the electromagnetic field can then be incorporated in the
Hamiltonian 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 = eA0

�
eik·r�wt + e�ik·r�wt� with polarization e . The full time dependent Hamiltonian for the

system can then be written

ih̄
∂Y(t)

∂ t
=
�
Ĥ0 + Ĥ 0(t)

�
Y(t) (2.9)

where Ĥ0 is the atomic Hamiltonian and Ĥ 0(t) = e
m A(t) · p is the time dependent interaction

term originating from the EM field. By treating the H 0 as a perturbation, the machinery of time
dependent perturbation theory is available. The system can then be expanded in the energy
states of Ĥ0, Y(t) = Ân cn(t)yn and the coefficients can be obtained by a perturbation expansion
cn(t) = c(0)n + c(1)n + c(2)n + · · · . By performing the expansion, 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 |ii
and a final state | f i with energy difference h̄wi f by absorption of the incident light is

d
dt
|c f |2 =

p

e0h̄2
w

2
f i
|h f | e

m
e ·peik·r|ii|2r(w f i) = B f ir(w f i) (2.10)

The final and initial state is thus coupled by a matrix element through the perturbation part of the
Hamiltonian. As mentioned earlier the three processes involving atoms and photons absorption,
stimulated emission and spontaneous emission are related through the Einstein coefficients eq.
(2.3), this finally gives us the spontaneous emission rate as

Ai f =
w f i

e0p h̄c3 |h f | e
m

e ·peik·r|ii|2 =
w

3
f i

e0p h̄c3 |h f |e · reik·r|ii|2 (2.11)

where in the last step that 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 + · · · (2.12)

which can be justified when considering typical values of atomic distances r ⇡ a0 ⇡ 10�10m and
wavelengths involved in optical transitions k = 2p

l

⇡ 107 m�1. Omitting the 1 in the expansion,
the first term give rise to electric dipole (E1) transitions. The next term gives rise to electric
quadrupole (E2) and magnetic dipole (M1). The third term gives rise to electric octopole (E3)
and magnetic quadrupole (M3). When all matrix elements up to the second term is zero the
state is said to be metastable. The state can only decay to lower energy states through the higher
order terms of the expansion and hence the probability will be lower. This effect can increase
the lifetime from ns to minutes.
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If the states can be labelled according to the LS- coupling scheme mentioned earlier, transition
rules involving the quantum numbers can be constructed. These rules can be seen in table 2.2.
The first three rows of rules are consequences of the LS-coupling scheme while the bottom most
rows are more strict rules involving conservation of total angular momentum and parity of the
operators which should hold regardless of the labeling of the states involved.

From a experimental point of view, a measurement of the lifetime of a state ti does not give

Table 2.2: Selection rules in the LS- coupling scheme.

E1 E2 M1
DS = 0 DS = 0 DS = 0
DL = 0, ±1 DL = 0, ±1, ±2 DL = 0
L = 0 9 L0 = 0 L+L0 > 2
DJ = 0±1 DJ = 0,±1,±2 DJ = 0,±1
J = 0 9 J0 = 0 J+ J0 > 2 J = 0 9 J0 = 0
Parity changes No parity change No parity change

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
reaction is defined as

BFik =
Iik

Âk Iik
=

Aik

Âk Aik
(2.13)

where Iik is the intensity from a spectral line originating from the transition i ! k the individual
transition rates can be determined according to

Aik =
BFik

ti
. (2.14)

Spectra containing branching fraction from metastable levels are difficult to record from labo-
ratory produced emission sources. Astrophysical objects may be used as a source instead and
the branching fractions used in the included papers are deduced from spectra recorded by the
Hubble Space Telescope (HST), see figures 5.1 and 5.2.

Table 2.3: 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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3. Lifetime measurements

3.1 Lifetime measurements at CRYRING

CRYRING [9] was an ion storage ring located at the Manne Siegbahn Laboratory (MSL) in
Stockholm. Since January 2011 it has been decommissioned and time and effort from many of
the MSL staff members has since been directed to complete a new unique electrostatic storage
ring DESIREE [10]. More information about the new exciting experiments with DESIREE can
be found in the Outlook. The measurements included in this thesis were carried out during one
week in December 2008 (Paper I) and one in 2009 (Paper II). These were the last two occasions
we were offered beam time before CRYRING was closed down.

3.1.1 The facility

CRYRING had a circumference close to 52 m with 12 bending magnets distributed evenly
around the ring allowing for 12 straight sections where experiment equipment and ion opti-
cal elements could be placed. An overview of the facility can be seen in figure 3.1. One of the
great features of CRYRING was the good vacuum system [11]. It is essential to have low rest
gas pressure in the ring, in order to minimize collision with the beam and hence allowing for
long storage times. The vacuum was achieved by pumping with turbo molecular pumps to 10�6

mbar and then further pumping with 50 Non Evaporate Getter (NEG) pumps reaching a final
pressure of below 10�11 mbar which is below the vacuum range where standard cold cathode
gauges can be used. A neutral particle detector in form of a multi channel plate (MCP) is placed
at 0�C after one of the straight sections. It allows for a measurement of the ion beam decay by
monitoring the particles lost through collisions over time. At low pressures, the neutralization
loss rate is proportional to the number of particles in the rest gas n, the ion beam velocity v and
the neutralization cross section s [12] as seen in eq. (3.1).

Gneutr µ snv (3.1)

The recorded loss due to neutralization in this way is called an ion beam decay curve (IBCD),
which shows an exponential form with a well defined lifetime, see figure 3.2a and 3.2b. Although
not an absolute measurement, the decay rate can be used as a relative pressure measurement. By
heating one of the getter pumps, it releases previously absorbed particles. Thus a local change in
n along one of the straight sections takes place. The stored ions traverses this section around 10
times every ms so this local pressure change can effectively be treated as an average increase in
pressure. Thus allowing for lifetime measurements at different pressures, a necessity to extract
the radiative decay rate as explained in section 4.
The ion source MINIS was used for the experiments presented in this thesis. It is a Nielsen [13]

25



MINIS

MCP

DTD

PMT

L
A

S
E

R

Figure 3.1: Schematics of the MSL facility including CRYRING and the equipment used in the
experiments.
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Figure 3.2: Curves used to obtained the relative pressure according to eq. (3.1).
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type with hot-cathode design. If necessary, an oven is used to heat the substance containing the
ion of interest to produce vapor. Temperatures around 300� 400�C are usually sufficient for
this purpose. The cathode releases electrons by thermionic emission, these are then accelerated
towards the anode by a voltage of typically 200 V. Also, an applied magnetic field causes the
electrons to spiral towards the anode and thereby the time for impact ionization with the vapor
increases. If necessary a buffer gas can be supplied and the source can run by gas only if for
example argon ions are to be produced. The complete ion source setup is then raised to a voltage
of typically 40 kV allowing for the produced ions to be extracted and accelerated towards the
ring. An isotope separator (i.e. a 90� bending magnet) is placed right after the acceleration
stage. If optimized properly, currents of several µA can be obtained which can be measured
with a Faraday cup after the magnet. 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.
A 40 kV accelerating voltage corresponds to a final velocity of about 0.4 m/µs for singly charged
Fe ions. The ions travels a distance of approximately 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) has decayed to the ground state. As a further precaution, 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 above the ground state. The time
delay is also necessary to avoid recording data before the beam is properly stored. Initially, the
beam is expected to suffer losses of ions due to ion optical effects and Coulomb repulsion. The
laser system used in both papers consisted of a continuous wave (cw) Coherent 699-29 ring dye
laser with Autoscan software. As a pump laser, an Innova 400-25 argon laser was used. Beside
this setup, a Spectra-Physics Matisse c�Ti:Sapphire ring laser together with a Nd:YAG pump
laser is also available. With these systems a wavelength region of 300-1110 Å can be covered
with a laser line width less than 1 MHz. Before entering the ring the laser light is passing a
Uniblitz LS6 mechanical shutter. The shutter has a rise time of 1 ms and is used to produced the
laser pulses of desirable duration, typically 50-150 ms.

3.1.2 Experimental method

Fast ion beam laser spectroscopy (FIBLAS) in collinear geometry, is a technique to improve the
resolution beyond the Doppler limit set by the temperature at ion production. 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 around 1 GHz, which is to large if hyperfine
structure or other close lying levels is going 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 through the quadratic
dependence between energy and velocity [14]. 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

s
kT
qU

. (3.2)
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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 sufficient for our experiments.

Laser Probing Technique

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 rings circumference is
52 m, an ion make roughly 1 lap every 100 µs indicating that decay could occur at any position.
The light collecting detectors thus needs to be distributed around the ring, collecting only a tiny
fraction of the light emitted. The other approach, the LPT, tunes a laser in to resonance between
the metastable state and a higher lying excited state. In the region where the ion beam and the
laser light overlaps, the ions will get excited and start populating the higher lying state. The
higher lying state is chosen so that an allowed transition to a another lower lying state is avail-
able. The excited state population thus quickly decays to a lower lying state and thereby emitting
light referred to as laser induced fluorescence (LIF). This light, which is directly proportional
to the excited state population, can then be observed and serves as a measurement of the initial
pumped metastable population. A LPT scheme used in paper II can be seen in figure 3.3
The heart of the setup is the interaction region where the Doppler Tuning Device (DTD) as well
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Figure 3.3: The probing scheme used in probing of the c4D5/2,7/2 levels in Cr II.

as the Photo Multiplier Tube (PMT) is located. This part of the ring is where the laser light is
guided by series of mirrors and focussed to minimum beam waist by a telescope. A schematic
picture of this region can be seen in figure 3.4. The Ion beam is approximately 4 cm [15] in
diameter and the laser beam waist is a few millimeters in this region. The center of the DTD is
kept at -2 kV which allows for the ions to be locally accelerated. The authors artistic view of
this region can be seen in figure 3.4. The laser is tuned so that the ions are in resonance in the
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Figure 3.4: A 3D sketch of the interaction region where the laser is focussed in the center of the
DTD and the fluorescent light is collected by a lens on to the PMT.

middle of the DTD, the lens system in front of the PMT then collects fluorescent light covering
a solid angle of around 10% of 4p in this region. By probing at different delay times after ion
injection a lifetime curve of the metastable population can be recorded.

Systematic effects

There are a number of systematic effects that has to be addressed and measured as well. The
ions can be collisional excited and 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 in-
jection, see figure 3.5. The measured LIF from this pulse is thus proportional to the number of
ions that has repopulated the metastable state since the first laser pulse. Thus two curves are
simultaneously being recorded for each ion injection. The repopulation curve, however, is being
probed backwards in time so that the first repopulation measurement correspond to the longest
delay from depletion of the metastable population. The situation can be seen in figure 3.6.
Every probing is a destructive process in the sense that the metastable population is completely
emptied. In order to measure at a different delay time after ion injection a new ion beam has
to be stored. This can introduce possible variations in initial metastable population as well as
in ions in the ground state. To monitor the initial metastable state population typically every
forth ion injection is probed by a laser pulse at a fixed time delay after injection. Thus measur-
ing the population at that specific time and enabling a comparison between previous and later
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Ä

Figure 3.5: A figure illustrating a stored ion beam and the different events occurring in a lifetime
probing. The first event indicates ion injection, the second the laser probing of the metastable state
population, the third is the repopulation measurement and finally the fourth indicates the ion beam
dump and the end of a measurement cycle.

probings. 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 in figure 3.7a. 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 ions between laser probings , a process referred to as particle normalization.
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Figure 3.6: A figure depicting the simultaneous recording of repopulation and lifetime probing.
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Figure 3.7: In order to estimate the systematic effects of varying initial metastable population and
number of stored ions two normalization curves are recored in (a) and (b), respectively.
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4. Analysis

This chapter explains the model used in interpreting the data and how the pure radiative lifetime
of the metastable state can be extracted.

N
1

N
0

Singly charged ion Neutralized ion

!
0

neutr(p)

!
1

neutr
(p)

!
1

rad
+!

1

deexc
(p)"

Figure 4.1: A model of the different processes involved in a lifetime measurement in the ion storage
ring. Interaction between the metastable state and the ground state is considered, as well as loss of
ions due to neutralization

The ion is modeled by a two- energy level system according to figure 4.1. The population
in the metastable state N1 decays to the ground state N0 with rates Grad

0 and G1(p)deexc, referred
to as spontaneous radiative decay and collisional deexcitation. The metastable state can also be
depleted by neutralization of the ions Gneutr.

1 . The total decay rate b can then be written according
to eq. (4.1).

b = Grad
1 +Gdeexc

1 (p)+Gneutr.
1 (p) =

1
t

+G1(p) (4.1)

Furthermore, the population in the ground state, N0, is assumed to be independent of the popula-
tion in the upper level N1. This can be justified by comparing the signal from a lifetime probing
(LIF ⇡ 1000 counts with a quantum yield of 1% ) N1 ⇡ 105 in Cr II), with the ion current 2
µA (N0 ⇡ 109). This gives a ratio of N1

N0
< 10�4.
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This approximation allows us to treat the ground state population independently of the metastable
as in eq. (4.2).

N0(t) = N0(0)e�Gneutr
0 (p)t = N0(0)e�G0t (4.2)

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

dN1

dt
= aN0 �bN1 = aN0(0)e�G0t �

✓
1
t

+G1(p)
◆

N1. (4.3)

eq. (4.3) is an ordinary differential equation that can readily be solved to give

N1(t) = Ae�G0t +Be�b t , (4.4)

where,

A =
aN0(0)
b �G0

,

and B are constants. This is however a first order differential equation and there is only one
independent constant determined by the initial condition N1(0). When a lifetime probing pulse
is applied we assume that the initial population in the metastable state (when injected in the ring)
is N1(0) = N10. Examining eq. (4.4) we can immediately draw the conclusion that B = N10 �A.
The population probed at different delay times is thus expected to be described by the following
equation.

NLIF
1 (t) = N10e�b t +Ae�G0

⇣
1� e�(b�G0)t

⌘
. (4.5)

The other type of measurement, the repopulation, is made after a probing has completely de-
pleted the metastable state. Thus we have the initial condition N1(0) = 0 which implies that
A = �B. Putting this in equation 4.4 gives the expected population when a repopulation mea-
surement is made as

Nrep
1 (t) = Ae�G0

⇣
1� e�(b�G0)t

⌘
. (4.6)

The most straightforward way to analyze the data is to subtract the measured repopulation curve
from the measured metastable population which single out the exponential decay due to b as

NLIF
1 (t)�Nrep

1 (t) = N10e�b t . (4.7)

A figure where plots of equations 4.6 and 4.5 depicting an ideal hypothetical measurement can
be seen in figure 4.2a, 4.2b and 4.2c, respectively. As a comparison, real data from the CrII
measurement is also included in the figure 4.2d.

If the repopulation probe pulse has the same duration as the LIF probe pulse, as it normally
has, both measurement includes the same amount of background signal. However, since they
are subtracted from each other the final data to be fitted is free from background induced counts.
The analysis above is based on stable measurement conditions (i. e.) no changes in the amount
of stored ions N0 µ A between ion injections and the same initial population in the metastable
state N10. If changes in these conditions are observed (i.e. A ! A(t), N10 ! N10(t)), more
careful treatment of the data is necessary before eq. (4.7) can be fitted by a exponential. Firstly,
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Figure 4.2: (a-c), curves with different parameters and (d), a experimental curve of Ba II.

both the repopulation curve and LIF curve have to be normalized against variations in stored
ions A(t). This allows for subtraction according to eq. (4.7) without introducing systematic
errors caused by a varying A. Secondly, the subtracted expression is renormalized against the
inverse of A since we want to isolate N10 and thirdly, normalization against variations in initial
metastable population N10 is performed. When all of above is executed correctly, a final curve
is obtained which can be fitted by a single exponential.
The expression, eq. (4.7), still contains a pressure dependent component in b =Grad

1 +Gdeexc
1 (p)+Gneutr.

1 (p).
To extract the radiative decay rate, the total decay rate is measured at different pressures and then
plotted in a Stern-Vollmer plot [12]. The ion beam curve decay (IBCD) records the ions lost due
to neutralization as explained in section 3.1.1. The neutral particles are counted simultaneously
as the lifetime curve. The result is then fitted by a exponential to obtain the lifetime of the ion
beam tIBCD. This quantity serves a relative measurement of the pressure in the ring. In the Stern-
Vollmer plot each fitted lifetime value of the metastable state is paired with the corresponding
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relative pressure value. The uncertainties of the lifetimes, both for the LIF and IBCD curve,
are propagated and used as uncertainties in the Stern-Vollmer plot. The true radiative rate is the
obtained when extrapolating to zero pressure as depicted in figure 4.3 and the uncertainty is the
uncertainty in the intercept with the y-axis from the least squares fit of the straight line.

Relative Pressure

β 
(s
−1

)

Γ1
deexc(p)+Γ1

neutr(p)

Γ1
rad

Figure 4.3: Illustration of how the radiative lifetime is extracted from a Stern Vollmer plot.

Instead of analyzing the lifetime curve directly, an alternative method to extract the lifetime is
to fit a function of the form of eq. (4.6) to the measured repopulation curve [16]. This has
been proven useful when data from extremely long lifetimes has been analyzed such as in the
89 s lifetime in Ba II [4] where the repopulation effect is substantial. Previously published data
were reexamined and three new data points where added to the Stern-Vollmer plot. Figures from
[16] showing the effect of the new analysis can be seen in figure 4.4. A great advantage of this
method is that the procedure of normalization against initial population N10 is made obsolete.
As mentioned in section 3.1 the recording of data is delayed with respect to injection. The only
loss of ions when recording data is thus expected to occur by single particle collisions with the
rest gas. If other, non pressure dependent, loss mechanisms would be present such as imperfec-
tions in the optimization of the ion beam optical storage elements, the radiative lifetime is no
longer the intercept in the Stern-Vollmer plot. Instead the intercept is

b

0 = Grad
1 +Gother. (4.8)

The rate Gother can never be measured, but it has a trivial upper bound, it can never be greater
than the lifetime of the beam at base pressure and is assumed to be much less according to eq.
(4.9),

Gother ⌧ Gneutr,base
0 (p) = 1/tibcd,base, (4.9)

where 1/tibcd,base typically is of the order of 1/100 s�1. If compared to the other destruction
mechanisms Gdeexc

1 (p)+Gneuter
1 (p), which is of the order 0.1 s�1 in both presented papers, we

can draw the conclusion that the effect on the measured decay rate b , is negligible. Another
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Figure 4.4: Three new lifetime points in (a) marked in bold were added after analysis of the pure
repopulation curves (b) in BaII. Notice the reduced uncertainty, made possible by the absence of the
need to normalization against initial population in the metastable state.

source of concern is that the relative pressure value used in the Stern-Vollmer plot is also based
on the decay rate of the beam as in eq. (3.1). For example a measured increased decay rate of
the beam by a factor of 3 will no longer correspond to 3 times higher pressure.

The calculated slope k is however the same and can be used to calculate the error when
assuming that no machine losses occur compared to a scenario where there is a machine loss as

DGrad
1 = k ·Gother �Gother. (4.10)

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 b and Gneutr,base

0 (p). Altough
highly improbable, taking the worst case scenario as in eq. (4.9) and plugging into eq. (4.10)
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 II Fe II
c4D7/2 c4D5/2 a4G11/2 b4D1/2

Grad
1 (s�1) 0.73 0.78 1.33 1.85

DGrad
1 (s�1) 0.10 0.04 0.09 0.04

DGrad
1

Grad
1

(%) 14 5 3 5

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

Notice that this is the worst case scenario where Gother = Gneutr,base
0 (p). Perhaps a more
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realistic scenario is that Gother  0.1 ·Gneutr,base
0 (p) which would give errors below 1 % which is

well below the uncertainties in the measured decay rates b .
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5. About the papers

5.1 Paper I - Fe II

Author’s contribution:

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

• involved in the writing of the paper

Fe II has a spectrum with over 1000 experimentally confirmed energy levels [17]. Among these
are 63 metastable levels. This paper is a part of the Ferrum Project, an international collaboration
which first priority is to produce a line list of Fe II to be used in stellar abundance work [18].
In this paper, absolute transition rates (A-values) has been obtained by combining the measured
lifetime with branching fractions obtained from spectra taken with the HST. 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).

39



Weigelt BD, G430M, 4194Å-3

4200 4220 4240 4260Wavelength (Å)

10-13

10-12

10-11
Flux (e

rgs cm-2  s-1  Å-1 )
[Fe II]

(22F) 
4198.9

8
[Fe IV

] 4199
.40

[Ni II](
3F) 42

02.35
V II(25

) 4205
.40

Mn II(
2) 420

6.57
V II(37

) 4206
.27

[Fe IV
] 4207

.80
Mn II(

2) 420
8.42

[Fe IV
] 4210

.10
[Fe II]

(23F) 
4212.2

9
N I(5) 

4215.9
9

[Co II]
 4215.

79
N I(5) 

4217.2
8

Cr II(1
8) 421

6.92
Cr II(1

8) 421
8.24

[Co II]
 4218.

23
[Co II]

 4224.
74

N I(5) 
4226.0

7
V II(37

) 4226
.41

Fe II(4
5) 422

8.36
Fe II(2

7) 423
4.36

V II(18
) 4238

.00
Mn II(

6) 423
9.06

Cr II(1
7) 423

9.92
Mn II(

2) 423
9.98

Cr II(3
1) 424

3.56
[Fe II]

(21F) 
4245.1

6
[Fe II]

(21F) 
4246.0

1
[Ni II](

3F) 42
50.00

[Fe II]
(36F) 

4250.2
8

[Fe II]
(23F) 

4252.6
4

Cr II(3
1) 425

3.83
N I(6) 

4255.9
3

Cr II(1
92) 42

57.31
Fe II(2

8) 425
9.35

Cr II(3
1) 426

3.11

-1.0e-15  8.0e-13

ABD
ABD

1998 top spectral image 1999 bottom spectral image

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 different part of the spectrum showing the transition a4F7/2 - a4G11/2.
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5.2 Paper II - Cr II

Author’s contribution:

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

• Analyzed the data

• Responsible for writing the paper

Cr II has also been observed in Eta-Carinae. Unfortunately branching fractions for our measured
levels does not exit yet.
This is the first paper with published lifetimes where the error analysis also includes a statistical
error for variations in the initial metastable population. In table 5.1 a measure of the fluctuations
sIS is calculated based on the data in figure 5.3. A relative fluctuation is also calculated sFl.rel .
This quantity is a measure of what percentage of the measured LIF that can be expected to
contribute to the total error. As no apparent trend in the data in figure 5.3 can be seen, there is
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Figure 5.3: Measurements of the initial metastable population.

no need for systematic correction of the measured LIF. Instead the relative statistical variations
sFl.rel is multiplied with the LIF signal, giving a number that is the expected variation in counts
due to a fluctuations in the ion source. The result can bee seen in figure 5.4 and a summary of the
calculated values together with other error sources can be found in table 5.2. The error budget
shows that these variations in the ion source does not influence the total error in a significant
matter.

41



Table 5.1: Parameters and variation in the initial metastable population.

Dt 150 ms
trepop 3050 ms

tbeamdump 4000 ms
tdelay 50 ms
sIS 30.49

sFl.Rel 0.03

Table 5.2: Table showing contributions from different error sources in the lifetime curve in figure
5.4 and their contributions to c̃

2 when fitted by an exponential curve.

s

2 = s

2
li f +s

2
rep +(sFl.Rel ⇤ li f )2

IS LIF Rep Mag c

2

0.35 0.60 0.05 1766.51 0.50
0.28 0.63 0.09 1455.67 0.24
0.24 0.65 0.10 1222.58 0.07
0.20 0.66 0.13 1094.13 0.21
0.15 0.68 0.17 890.94 2.25
0.12 0.67 0.21 849.43 0.40
0.12 0.68 0.20 828.88 6.65
0.07 0.67 0.26 690.10 0.46
0.08 0.67 0.25 644.65 3.61
0.04 0.64 0.32 563.47 2.35
0.04 0.65 0.31 519.88 0.00
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Figure 5.4: This is the final lifetime curve at base pressure for the c4D7/2. It consist of a total of
four added measurements.
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6. Outlook

As mentioned previously, presently a new electrostatic storage ring DESIREE is being con-
structed at Albanova in Stockholm, Sweden. It was noticed during experiment on Xe+ [19] at
CRYRING that the presence of the magnetic field due to the bending magnets were influencing
the lifetime. This was explained by the mixing between the metastable state and a state with
allowed decay channels caused by the magnetic field. This will no longer be a problem in the
magnetic field fee environment provided by DESIREE.
Experiments on negatively charged ions has also been performed at CRYRING, see [20; 21].
These results are the results of a fruitful collaboration with the University of Gothenburg and the
opportunity to pursue these joint efforts will be present at DESIREE as well.
The collaboration with the astronomers at the Lund University has been valuable in measure-
ments of astrophysical interesting ions. Hopefully, it will continue and provide us with new
candidates for future measurements.
With the acquisition of the new frequency doubling unit, a new wavelength region 200-400 Å is
now open when laser probing, making it a more versatile method.
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ABSTRACT

Context. Accurate transition probabilities for forbidden lines are important diagnostic parameters for low-density astro-
physical plasmas. In this paper we present experimental atomic data for forbidden [Fe ii] transitions that are observed
as strong features in astrophysical spectra.
Aims. To measure lifetimes for the 3d6(3G)4s a 4G11/2 and 3d6(3D)4s b 4D1/2 metastable levels in Fe ii and experimental
transition probabilities for the forbidden transitions 3d7 a 4F7/2,9/2 – 3d6(3G)4s a 4G11/2.
Methods. The lifetimes were measured at the ion storage ring facility CRYRING using a laser probing technique.
Astrophysical branching fractions were obtained from spectra of Eta Carinae, obtained with the Space Telescope
Imaging Spectrograph onboard the Hubble Space Telescope. The lifetimes and branching fractions were combined to
yield absolute transition probabilities.
Results. The lifetimes of the a 4G11/2 and the b 4D1/2 levels have been measured and have the following values,
⇥ = 0.75 ± 0.10 s and ⇥ = 0.54 ± 0.03 s respectively. Furthermore, we have determined the transition probabilities
for two forbidden transitions of a 4F7/2,9/2 – a 4G11/2 at 4243.97 and 4346.85 Å. Both the lifetimes and the transition
probabilities are compared to calculated values in the literature.

Key words. Atomic data – methods: laboratory – techniques: spectroscopic – stars: individual: Eta Carinae

1. Introduction

The cosmic abundance of iron is relatively high compared
to other iron group elements and the spectrum of singly
ionized iron, Fe ii, is a significant contributor to the spec-
tral opacity of the sun and hotter stars. The complex en-
ergy level structure of Fe ii makes the spectrum extremely
line rich and it has been studied in great detail with
more than 1000 energy levels identified in the literature
(Johansson 2009).

Fe ii lines are observed in the spectra of a wide variety of
astronomical objects, and there is a considerable demand
for accurate atomic data for this ion. To meet the accu-
rate data requirements of modern astrophysics, a program
was initiated to supply the astronomical community with
reliable atomic data: The FERRUM-project (Johansson et
al. 2002). The aim of this international collaboration is to
measure and evaluate astrophysically relevant experimental
and theoretical transition data for the iron group elements.

There are 62 metastable levels in Fe ii. The parity for-
bidden lines from some of these levels are observed as
prominent features in astrophysical low density plasmas,
such as nebulae, H ii regions and circumstellar gas clouds.
However, metastable levels have radiative lifetimes several
orders of magnitude longer than other levels and are thus
more a�ected by collisions. Due to the absence of these lines
in laboratory spectra, the majority of forbidden line transi-

tion probabilities (A-values) available in the literature are
from theoretical calculations.

There are only four metastable levels in Fe ii with lab-
oratory measured lifetimes. The a 6S5/2 and b 4D7/2 levels
have been measured by Rostohar et al. (2001) using laser
probing of a stored ion beam (a laser probing technique,
LPT). In addition, the a 4G9/2 and b 2H11/2 levels have been
measured by Hartman et al. (2003) using the LPT. There
is good agreement between Rostohar et al. (2001) and the
calculated values of Nussbaumer et al. (1981) and Quinet et
al. (1996). However, the lifetimes of Rostohar et al. (2001)
are systematically shorter than the calculations of Garstang
(1962). Hartman et al. (2003) also combined the lifetimes
of a 6S5/2, b 4D7/2 and a 4G9/2 with branching fractions
(BF s) to determine experimental A-values for forbidden
transitions. Hartman et al. 2003 measured the BF s in as-
trophysical spectra observed in the ejecta of Eta Carinae
and presented additional theoretical A-value calculations.

We present radiative lifetimes for the a 4G11/2 and
b 4D1/2 metastable levels in Fe ii measured using the LPT
at the CRYRING facility. In addition, BF s for two forbid-
den transitions 4243.97 Å and 4346.85 Å (a4F9/2 - a4G11/2

and a4F7/2 - a4G11/2) have been measured in astrophysi-
cal spectra observed in the ejecta of Eta Carinae recorded
with the Hubble Space Telescope (HST) Space Telescope
Imaging Spectrograph (STIS). The radiative lifetimes have
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been combined with the BF s to yield A-values and we pro-
vide a comparison with theoretical values in the literature.

2. Experimental Measurements

The lifetime (⌅) of a level i is defined as the inverse of
the total transition probability (Aik) for all possible decay
channels from that level, according to Eq. 1, where k is
summed over all lower levels.

⌅i =
1�

k Aik
(1)

The majority of all excited levels will decay through
electric dipole (E1) transitions which typically gives a life-
time of the order of a nanosecond, but if no allowed E1
decay channels are available, i.e. the level is metastable,
the population decay has to be through higher order transi-
tions associated with magnetic dipole or electric quadrupole
terms. The probability for such a transition to occur is sev-
eral orders of magnitude smaller compared to the proba-
bility for an E1 transition which makes the lifetime of a
metastable level significantly longer, typically several mil-
liseconds, seconds, minutes or even hours.

The BF of a transition ik is defined as the transition
probability, Aik, for a single line divided by the sum of
the transition probabilities from all lines with the common
upper level. according to Eq. 2.

BFik =
Aik�
k Aik

(2)

By combining Eqs. 1 and 2 the absolute transition prob-
ability, referred to as the A-value, of each decay channel can
be deduced according to Eq. 3.

Aik =
BFik

⌅i
(3)

2.1. Lifetime measurements of metastable Fe II levels

The lifetimes of the two metastable levels were mea-
sured using the LPT (Lidberg et al. 1999; Mannervik 2003;
Mannervik et al. 2005) at the ion storage ring CRYRING
at the Manne Siegbahn laboratory in Stockholm, Sweden.
The LPT has been developed and refined during several
years and has been used to measure lifetimes ranging from
3.4 ms in Xe ii (Lidberg et al. 1997) to 89 s in Ba ii (Gurell
et al. 2007).

A hot ion source is used to produce ions that can be
extracted and injected into the storage ring. Once inside
CRYRING, singly charged ions may be stored for several
minutes at 40 keV and investigated in this ultra high vac-
uum environment with a background pressure lower than
10�11 Torr. For the experiment described in this paper Fe+

ions were produced in a Nielsen ion source used in combi-
nation with an oven filled with FeCl2. By heating the oven
to approximately 400⇥ C and running the ion source with
argon as a carrier gas it was possible to extract and store
a current of Fe+ ions as high as 4 µA in CRYRING.

Ions in excited states will decay as they are being stored
and by passively monitoring the excited level population,
a decay curve can be constructed. However, the low in-
tensity of forbidden transitions is hard to detect directly

Fig. 1. Probing scheme for the two levels studied. The popu-
lations of the metastable levels, shown in the left side of the
figure, were probed through excitation to the higher lying levels
in the middle of figure. Once in the higher lying excited levels
the populations decay to lower lying levels, shown in the right
side of the figure. The intensity of this fluorescence is detected
and used as a relative measurement of the original population
of the metastable level under study. See the text for references
to the cited A-values.

since the emission is spread out over the 52 m length of the
storage ring and spread across the 4⇥ solid angle. A LPT
in combination with a Doppler tuning device (DTD) was
used to increase the strength of the signal. The LPT probes
the population of the metastable level by laser–inducing a
transition to a higher lying short lived level. Within a few
ns this level will decay to another lower lying level and the
fluorescence originating from that transition is used as an
indirect measurement of the population of the metastable
level at the time of the probe pulse’s arrival. The probing
scheme used in this study is shown in Fig. 1 with A-values
from Baschek et al. (1970), Kostyk & Orlova (1982) and
Ralchenko et al. (2008) and energy levels from Johansson
(1978).

The DTD was used to locally accelerate the ions in front
of our detector, thereby inducing a Doppler shift. A narrow
band ring dye laser was used to tune the resonance of the
ions within the small volume of a few cm3 that constitutes
the DTD. This technique forces the probing as well as the
following rapid fluorescence to occur in front of the detector
which greatly enhances the photon count.

We used a Coherent 699-29 ring dye laser, operated with
a Rhodamine 6G dye and pumped by a Coherent Innova
400-25 argon laser, to produce laser light with the desired
wavelengths of 5985 and 6143 Å. The fluorescence was mon-
itored with a Hamamatsu R585 photomultiplier tube in
front of which an optical filter was mounted in order to
reduce the background signal coming from scattered laser
light.

The populations of the metastable levels under study
were probed as a function of delay time after ion injection.
Every fourth ion injection was used to measure the laser
induced fluorescence at a fixed time after injection in or-
der to make sure that the initial population of the level of
interest did not change during the data acquisition time.

2.1.1. Collisional quenching

The small amount of residual gas in the storage ring
gives rise to collisional quenching of the metastable levels.
Therefore, it is necessary to measure the decay rate of the
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level population as a function of pressure and extrapolate
to zero pressure in order to get the pure radiative decay
rate. The decay rate has a linear dependence and the ex-
trapolation can be determined with a Stern-Vollmer plot
(Demtröder 1996). In practice this is achieved by allowing
the residual gas pressure inside CRYRING to be varied by
heating a non-evaporative getter pump, which releases pre-
viously absorbed rest gas thereby increasing the pressure
slightly. The operating pressure inside CRYRING is out of
the range of standard vacuum meters and a relative pres-
sure measurement has to be used instead. Once stored, ions
are gradually neutralized due to collisions with the rest gas
and the number of ions stored undergoes an exponential
decay as a function of time after injection. This decay rate
of the ion beam is assumed to be inversely proportional
to the rest gas pressure and is used as a relative pressure
measurement. The decay of the ion beam is measured with
a multi-channel plate connected to the CRYRING storage
ring.

The extrapolations of the decay rates to zero pressure
were made in two Stern-Vollmer plots shown in Figs. 4 and
5. The data were fitted with a linear fit weighted against the
inverse uncertainty in each data point. The uncertainty of
the extrapolated pure radiative decay rate is given as the
standard deviation of the fit in the corresponding Stern-
Vollmer plot.

2.1.2. Repopulation

Collisional excitation of ground state ions into metastable
levels, referred to as repopulation, is usually corrected for
when using the LPT for lifetime measurements, see e.g.
Royen et al. (2007). An attempt to measure the repopula-
tion in this study was made but the signal was below the
background level of approximately 5 photons per second
which makes the collisional excitation e�ect negligible. The
production of metastable ions at the time of ion injection
was monitored and showed stable conditions throughout
the experiment. Decay curves for the populations of the
two levels are shown in Figs. 2 and 3 together with the fit-
ted curves used to determine the lifetimes of the levels. The
standard deviation of each fit was used as the uncertainty
in the particular lifetime curve.

2.2. Astrophysical branching fractions for a 4G11/2

The intensity of an emission line is proportional to the prod-
uct NA where N is the population of the upper level and
A is the transition rate of the transition. For lines having
the same upper level the observed photon intensity is pro-
portional to the transition rate. Together with Eq. 2 this
relates the BF to the measured intensities for all the decay
channels from a single upper level:

BFik =
Aik�
k Aik

=
Iik�
k Iik

(4)

For electric dipole transitions, the branching fractions
are often determined using a standard laboratory light
source with a high-density plasma and high resolution spec-
trometer. However, the A-value of a forbidden line is typi-
cally 106 � 109 times lower than the A-value of an allowed
transition which makes the forbidden lines too weak to be
observed in the spectrum of a standard laboratory source.
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Fig. 2. Observed population decay curve of the
3d6(3D)4s b 4D1/2 level.

To observe strong forbidden lines the ions must be kept in a
low-density plasma environment, to minimize the collisional
deexcitation (quenching), and in a large volume, to get a
critical number of ions. Low density astrophysical plasmas
fulfil these criteria, and their spectra often show strong for-
bidden lines. In particular, the spectra of the Weigelt blobs
in Eta Carinae are rich in forbidden transition from the
iron group including the [Fe ii] 4243 and 4346 Å lines and
Weigelt blob spectra observed by HST STIS have been used
in this study. A great advantage of using HST STIS is the
high angular resolution (0.⇤⇤1) which minimizes the contri-
bution from surrounding regions. In addition, the spectrum
of the Weigelt blobs has been studied in great detail (e.g.
Zethson 2001), which decreases the uncertainty from blend-
ing lines or misinterpretations of spectral features.

Astrophysical BF s have similar uncertainties to labora-
tory measurements including uncertainties in the intensity
measurements, intensity calibration and unobservable lines
(Sikström et al. 2002). Additional uncertainties include cor-
rections for interstellar reddening and blending from other
spatial regions along the line of sight. Furthermore, a stan-
dard reddening curve was used to correct for redding.
However, the redding e�ect was found to be only a few
percent because the lines are separated by a relative nar-
row wavelength range of 100 Å. The uncertainties have
been treated in accordance with the guidelines the National
Institute of Standards and Technology, USA (Taylor &
Kuyatt 1994).

3. Results

A summary of the lifetime measurements and a comparison
to theoretical values in the literature is given in Table 1. For
the 3d6(3G)4s a 4G11/2 level ⌅ = 0.75 ± 0.10 s and for the
3d6(3D)4s b 4D1/2 level ⌅ = 0.54±0.03 s. Theoretical calcu-
lations indicate that unobserved branching transitions for
the a 4G11/2 level constitute less than 4% of the total BF
(Quinet et al. 1996). The large relative uncertainty associ-
ated with the a 4G11/2 lifetime is due to a lower number of
photon counts per second compared to the detection of flu-
orescence following excitation from the b 4D1/2 level. This
is mainly due to the di�erence in the A-values of the two
probing transitions used, see Fig. 1, which di�er by almost
two orders of magnitude. The experimental conditions not
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Table 1. Experimentally determined lifetimes of metastable levels in Fe ii. The uncertainties are given in brackets.

⇥ (s)
Configuration Term This work Ref. [1] Ref. [2] Ref. [3] Ref. [4] Ref. [5] Ref. [6] Ref. [7]
3d54s2 a 6S5/2 0.23(3) 0.326 0.235 0.262 0.220 0.222
3d6(3G)4s a 4G11/2 0.75(10) 0.852 0.774 0.704
3d6(3G)4s a 4G9/2 0.65(2) 0.856 0.755 0.694
3d6(3H)4s b 2H11/2 3.8(3) 10.1 6.59 5.20
3d6(3D)4s b 4D1/2 0.54(3) 0.677 0.630 0.550
3d6(3D)4s b 4D7/2 0.53(3) 0.618 0.567 0.500
References: [1] Rostohar et al. (2001) (Experimental)

[2] Hartman et al. (2003) (Experimental)
[3] Garstang (1962) (Calculated)
[4] Nussbaumer et al. (1981) (Calculated, Superstructure code)
[5] Quinet et al. (1996) (Calculated, Superstructure)
[6] Quinet et al. (1996) (Calculated, relativistic Hartree-Fock)
[7] Hartman et al. (2003) (Calculated, CIV3 code)

Table 2. Experimentally determined transition probabilities compared to theoretical values from a 4G11/2.

Transition A (s�1)
�air (Å) This work Quinet et al. (1996 )

SST HFR
a4F9/2 - a4G11/2 4243.97 1.05(15) 1.02 1.12
a4F7/2 - a4G11/2 4346.85 0.25(5) 0.23 0.25
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Fig. 3. Observed population decay curve of the
3d6(3G)4s a 4G11/2 level.
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Fig. 4. Stern-Vollmer plot showing the decay rate of the
3d6(3D)4s b4D1/2 level population as a function of pressure.
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Fig. 5. Stern-Vollmer plot showing the decay rate of the
3d6(3G)4s a4G11/2 level population as a function of pressure.

associated with the internal structure of the atomic system
(i.e. laser power, background pressure, ion current, optical
alignment etc.) remained very similar during the two life-
time measurements.

We have measured astrophysical BF s for lines from
a 4G11/2, from which the strongest decay channels are to
a 4F at 4243 and 4346 Å. The transitions from b 4D1/2
are distributed over a larger wavelength region than transi-
tions from a 4G11/2, and many of the lines are blended with
other lines making the intensity measurements uncertain.
Therefore we could not derive BF s for lines from this level.
The experimental A-values are given in Table 2, along with
uncertainties and comparisons to calculations. The agree-
ment with the values by Quinet et al. (1996) is within our
uncertainties. We estimate the uncertainty of the BF s to
6-12%, including the uncertainties in the intensity measure-
ment, calibration, reddening and residual lines.
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4. Discussion

The relativistic Hartree-Fock (HFR) calculations by Quinet
et al. (1996) show the best general agreement with the ex-
perimental values presented in this and previous studies.
The agreement is good with the exception of the b 2H11/2

level (Rostohar et al. 2001) which di�ers by 5⇤. This de-
viation has been explained by Hartman et al. 2003 as an
e�ect of level mixing between the b 2H11/2 and the a 4G11/2
levels. In addition, this mixing has been observed by
Johansson (1978) through unexpected spin forbidden spec-
tral lines, e.g. the b 2H11/2 - z 6F9/2 transition at 6269.97
Å.

Comparison of the theoretical lifetime values in Table 1
for a 4G11/2 and b 2H11/2 indicate that the lifetime of the
a 4G11/2 level should be approximately one tenth of the life-
time of b 2H11/2. However, the experimental values reveal
that the a 4G11/2 level is only one fifth of the lifetime for
b 2H11/2 indicating that the mixing e�ect can be observed
in the lifetimes. Calculations are sensitive to level mixing
and performing ab initio calculations which reproduce the
mixing properties of the system is not trivial. This is illus-
trated in Nahar & Pradhan (1994), Nahar (1995), Hibbert
& Corrégé (2005), Corrégé & Hibbert (2006) and Pickering
et al. (2002). In particular, Pickering et al. (2002) empha-
sized that even though the agreement between the theoret-
ical and experimental Fe ii A-values investigated Pickering
et al. (2002) are in general extremely good, probabilities
related to spin forbidden transitions that occur due to level
mixing may di�er by up to an order of magnitude.
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ABSTRACT
Parity forbidden lines, i.e. decay by radiative transitions from metastable levels, are observed
in spectra of low density astrophysical plasmas. These lines are used as probes of the physical
conditions, made possible due to the long lifetime of their upper level. In a joint effort, the
FERRUM project aims at obtaining new and accurate atomic data for the iron group elements,
and part of this project concerns forbidden lines. The radiative lifetimes of the metastable en-
ergy levels 3d4(a3D)4s c 4D5/2 and 3d4(a3D)4s c 4D7/2 of singly ionized chromium have
been measured. The experiment has been performed at the ion storage ring CRYRING. We
employed a laser probing technique developed for measuring long lifetimes. In this article we
present the lifetimes of these levels to be !5/2 = 1.28(16) s and !7/2 = 1.37(7) s, respec-
tively. A comparison with previous theoretical work shows a good agreement and the result is
discussed in a theoretical context.

Key words: ISM: atoms – astronomical data bases: miscellaneous – techniques: spectro-
scopic.

1 INTRODUCTION

The FERRUM Project (Johansson et al. 2002) is an international
collaboration which aims at obtaining new and accurate atomic data
of the group of iron-peak elements which runs from Sc to Cu in the
periodic table. The spectra of these elements are intrinsically rich
because of their complex energy level structure, arising from the
open 3d- shell. The dense level structure makes theoretical mod-
eling of these elements difficult where different approaches may
produce different results (Fischer 2009). Experimental data plays a
crucial role for these elements in order to judge the quality of the
calculations.

Chromium is of importance because of its high cosmic abun-
dance and singly ionized chromium, and its spectrum CrII, is
prominent in a variety of astronomical objects. Among these is the
massive star Eta Carinae which is used to identify numerous parity
forbidden lines of the iron group elements (Hartman et al. 2004;
Bautista et al. 2009).

In astrophysical low density plasma regions, the time scale
of collisional deexcitation is of the same order as the spontaneous
radiative decay through forbidden transitions. The spectral lines as-
sociated with these transition are therefore sensitive to the density
and temperature of the surroundings and they can serve as tools
for measurements of these quantities provided that the radiative de-
cay rates (A-values) are known. One way to determine the rates is
by combining of the lifetime of the upper level with the branching
fractions of the different decays from the same level. We have de-
veloped a technique where metastable lifetimes, measured using a

laser probing technique (LPT) on a stored ion beam, is combined
with branching fractions (BF ’s) from astrophysical spectra. Indi-
vidual A-values can then be derived. This has succesfully been ap-
plied to a number of elements, see eg. (Hartman et al. 2005; Gurell
et al. 2009).
Futhrermore, the need for accurate atomic data for Cr II has also
been pointed out in a study by Dimitrijevic et al. (2007) for stel-
lar abundance studies and by Wasson, Ramsbottom & Norrington
(2010) for calculation of collision strengths.

2 ION STORAGE RING EXPERIMENT WITH CR II

The storage ring CRYRING (Schuch et al. 1989) in Stockholm,
Sweden, consists of 12 straight sections with bending magnets in-
between which gives a total circumference of 50 m. A hot cathode
ion source of Nielsen type (Nielsen 1957) mounted before a isotope
separating 90! bending magnet produced single charged chromium
ions which where accelerated to 42 keV prior to injection into the
ring. Once inside the ring the ions circulated in an ambient ultra
high vacuum below 10"11 mbar which allows the ion beam to be
stored for several minutes.
The ion source was loaded with Cr2Cl3 and heated to tempera-
tures above 400!C to produce Cr+ ions. An ion beam current of
around 1.5 µA was obtained and a fraction of the ions were in the
metastable state of interest.

c! 2002 RAS
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Figure 1. Energy level diagram and A-values for some of the relevant tran-
sitions.

2.1 Laser probing of the c 4D5/2,7/2 levels

A laser probing technique (Lidberg et al. 1999; Mannervik et al.
2005), has been developed at Stockholm University and refined
during the last decade. It has been proven useful for determining
lifetimes from milliseconds (3.4 ms in Xe II (Lidberg et al. 1997))
to minutes (89 s in Ba II (Gurell et al. 2007)). Instead of passively
monitoring the decay of the population in the metastable state, it
is actively probed using a tunable cw laser. In one of the straight
sections a Doppler tuning device (DTD) is installed. The DTD
locally accelerates the ions and the corresponding Doppler shift
allows for the ions to be in resonance with the laser light in the
middle of the DTD. The local change in velocity will keep the
ions in resonance with the laser light for approximately 1 cm
and the ions in the c4D metastable state will be pumped to the
higher lying z4D! state promptly. An allowed transition from the
upper level then produces fluorescent light which is detected by a
photomultiplier tube in this area.
Energy levels and schematics of the laser probing can be seen
in figure 1 along with relevant A-values involved in the probing.
These are obtained from Kurucz (1988) and Martin Fuhr & Weise
(1988).

The fluorescent light intensity is directly proportional to the
population in the metastable state and by probing at different
delays after ion injection a decay curve is recorded. A new sample
of ions has to be inserted into the ring after each probe pulse since
the probing depletes the population in the metastable state. The
initial population in the metastable state may vary from sample to
sample. Would such variations occur it is important to compensate
for these in order to obtain accurate values. By probing every
fourth ion sample at a fixed time after injection we are able to
monitor the fluctuations in initial population of the metastable state
during the course of the experiment. Normally the variations are
small, often neglible, as in this case were no significant trends in
the initial population where observed.
The desired probing wavelengths of 6047 Å for the
J = 7/2 ! J = 7/2 and 6064 Å for the J = 5/2 ! J = 7/2
could be obtained with a Coherent 699-29 ring dye laser with
Rhodamine 6G as gain medium. The dye laser was pumped with a
Coherent Innova argon ion laser. At stable operation it produced
an irradiance of 180 mW which was guided into the ring through a
series of mirrors and a telescope.

3 ANALYSIS

The recorded data (i.e. fluorescent light) from a complete probing
cycle includes systematic effects that has to be corrected for. The
uncertainty in the estimation of these effects together with the sta-
tistical uncertainty of the initial population and the statistical Pois-
son error of photon counting contribute to the total uncertainty in
the recorded data. Systematic effects arising from ion beam colli-
sion processes with the rest gas in the ring have to be considered.
The analysis of these effects are explained in detail in the sections
below.
At base pressure the vacuum inside the ring is below the range of
the vacuum meters (10"11 mbar). In order to estimate the pressure
dependency of the measured lifetimes, data sets collected at differ-
ent pressures are compared. This can be achieved by heating one
of the non-evaporate getter (NEG) pumps and thereby raising the
pressure in the ring. A total of five data sets where collected at each
pressure for the J = 7/2 level and then added in order to get bet-
ter statistics. In the same way, eight measurements were made at
the low pressure and four at the higher pressure for the J = 5/2
level and then added. The difference in intensity of the collected
light between the two levels can partly be ascribed to differences in
the A-values of the involved transitions. Each data set contained 20
data points corresponding to probing with 150 ms delays.The poor
signal, particularly for the D5/2 level, reduced the best fitting re-
gion to the first 11 points which is roughly 1.5 times the measured
lifetime.

3.1 Repopulation

The process of collisional excitation of ground state ions into the
metastable state, here by referred to as repopulation has been iden-
tified as a systematic effect that needs to be considered in most
cases. The effect of repopulation of the metastable state manifests
itself as a larger signal than expected from probing at times later
than the intrinsic lifetime of the metastable state. Since the state is
repopulated the number of ions in the metastable state and hence
the recorded signal does not approach zero with time, it rather ap-
proaches a constant steady state value. This effect can be substan-
tial. In fact measuring the repopulation may be sufficient for de-
termining the lifetime of the state (Royen et al. 2007). In our ex-
periment the effect is neglible for the c 4D5/2 level (i.e. the signal
was below the background signal of "5 counts per second). For the
c 4D7/2 a repopulation effect could be observed. When correcting
for the repopulation, the background automatically gets subtracted
and hence the result reflects the radiative decay of the ion. The
recorded and repopulation corrected lifetime curves for the mea-
sured levels can be seen in figure 2 and 3 together with the result of
a least squares fit of a first order polynomial to the logarithm of the
data. The exponential decay from the result of the fit determines the
lifetime and the error of the lifetime is the error propagated stan-
dard least square error from the fit.
The effect of repopulation of the metastable state depends on the to-
tal number of stored ions in the ground state. Since a new ion beam
is injected every probing, variations in the number of stored ions is
monitored. By comparing the number of neutralized ions imping-
ing on a Multi Channel Plate (MCP) detector at the same delay time
after ion injection, it is possible to normalize the repopulation data
against fluctuations in stored ions. The MCP is installed after one of
the bending magnets, thereby all ions neutralized in the preceding
straight section hits the detector. The amount of neutralized ions is

c! 2002 RAS, MNRAS 000, 1–4
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Figure 2. Recorded lifetime curve of the c 4D7/2 level after systematic
corrections.
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Figure 3. Recorded lifetime curve of the c 4D5/2 after systematic correc-
tions.

assumed to be directly proportional to the total number of stored
ions.

3.2 Collisional quenching

Not only repopulation but also collisional deexcitation may occur
due to the rest gas in the ring. This will quench the metastable state
population. The collisional decay rate of the metastable level is as-
sumed to be directly proportional to the pressure in the ring. The
pressure in the ring is, however, below the range of the vacuum
gauges and can not be measured directly, instead the decay of the
ion beam is monitored by detecting neutral particles on the MCP.
This decay rate is used as a relative measure of the pressure. By
plotting the different metastable level decay rates versus the ion
beam decay rates in a Stern-Vollmer plot (Demtröder 1998) and ex-
trapolating to zero pressure, we can obtain the pure radiative decay.
A minimum of two different measurements at different pressure is
therefore needed. As mentioned above, this was achieved by heat-
ing one of the NEG pumps for a measurement at raised pressure
in addition to a measurement at the best possible vacuum at less
than 10!11 mbar. A Stern-Vollmer plot of the two different levels
can be seen in figure 4 and 5 respectively. The error in the pure
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Figure 4. Stern-Vollmer plot of the c 4D7/2 level. The pure radiative decay
rate can be extracted from the intercept at zero pressure.
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Figure 5. Stern-Vollmer plot of the c 4D5/2 level. The pure radiative decay
rate can be extracted from the intercept at zero pressure.

radiative lifetime is then the error from the least squares fit in the
Stern-Vollmer plot.

4 RESULTS AND DISCUSSION

The published theoretical values and the new experimental result
can be seen in table 1.The difference in the lifetime error estimation
for the different levels is originating from the exponential fit of the
corrected data as seen in figures 2 and 3. The number of counts in
the first data point is one order of magnitude higher for the J = 7/2
level which gives a better exponential fit. This can also be seen in
the Stern-Vollmer plots where the error bars for the lifetimes from
the J = 7/2 measurements are smaller than for the J = 5/2.
The straight line fit is hence more accurate for the J = 7/2 level.
The next step would be to obtain BF "s for these levels in order to
deduce A-values for the transitions involved. Emission line from
these levels have, however, so far not been observed.
Levels for which BF "s have been measured are the c4P3/2 and
c4P5/2 metastable levels. Presently this level is not accessible via
probing by a dye laser, however, this would be a good candidate for
future experiments involving frequency doubled light.
The difference between the two calculations (Nussbaumer &

c! 2002 RAS, MNRAS 000, 1–4
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Table 1. Result of this experiment together with previous theoretical work.

! (s)
Config. Term Exp. ref (1) ref (2)

3d4(a3D)4s c 4D7/2 1.37(7) 1.33 1.61
3d4(a3D)4s c 4D5/2 1.28(16) 1.38 1.52

(1) Quinet (1997)
(2) Nussbaumer & Swings (1970)

Swings 1970; Quinet 1997) are most likely due to the inclusion
of core polarisation of the 3s-subshell in the latter work. The corre-
sponding excitations of the 3s gives rise to configuration state func-
tions with an open 3s subshell and an extra 3d-occupancy. This in
turn gives new contributions to the transition integrals, through 3s-
3d transitions. It has been showned (Quinet & Hansen 1995) that
this represents a strong ”branch” for the electric quadrupole transi-
tions.
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