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Abstract

Measurements of atomic and ionic data has been an active research area since the be-
ginning of spectroscopic studies. The experimental data deduced from these studies are
of great interest for our understanding of fundamental as well as applied physics. The
metastability of certain energy levels has been used to explain phenomena in widely dif-
ferent fields ranging from the principles of the laser to observations of forbidden spectral
lines originating from astrophysical objects. Eventhough measurements of radiative life-
times have been carried out for many decades new interesting results are still found in the
explanation of phenomena observed in these studies. The technological development in
the field of atomic physics has provided researchers with several tools which have opened
up completely new possibilities in recent years. Atoms and ions can now be stored for
long times which allows studies of extremely weak processes. In this thesis results from
studies of weak radiative decays of metastable levels are presented. The measurements
were carried out utilizing a laser probing technique together with ions stored in the ion
storage ring CRYRING at the Manne Siegbahn laboratory in Stockholm, Sweden. The
longest radiative lifetime measured so far in a storage ring, τ = 89 s in singly ionized
barium, is presented along with a completely new method for determining extremely long
radiative lifetimes. The thesis also includes new interesting results from lifetime measure-
ments in argon which revealed the unexpected importance of an E3 decay channel. This
is to the best of our knowledge the first ever observation of an E3 transition rate of this
magnitude in a singly charged ion. All lifetime measurements are presented with comple-
mentary calculations by our collaborators at Université de Mons-Hainaut and Université
de Liège, Belgium. The studies of BaII are also part of a collaboration with the Institute
of solid state physics of the Bulgarian Academy of Sciences.
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”One of the symptoms of an approaching
nervous breakdown is the belief that
one’s work is terribly important.”

-Bertrand Russell
Conquest of happiness (1930)
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Chapter 1

Introduction

In many ways the individual atom and its structure is what makes an element what it is.
Each element consists of atoms having a unique number of electrons surrounding a nucleus
made out of an equal number of protons. Each element may also have a different number
of neutrons in its nucleus which will not necessarily have drastic chemical consequences
but which will affect physical properties of the atom such as its energy level structure.

Atoms and ions have the ability to absorb energy added for example through electromag-
netic radiation or collisions. Added energy may lead to the excitation of one or more
electrons of the system in question, placing the atom or ion in a state different than
the lowest energy state i.e. the ground state. These excited states are most often very
unstable and as a consequence the atom or ion will soon after excitation return to its
ground state, loosing the previously absorbed energy while doing so. The average time
spent in the excited state before the system is deexcited is referred to as the lifetime of
that particular state. However, all excited states are not equally unstable. Some are in
fact what we call metastable meaning that they are not completely stable since there is a
lower energy state present but that the transition probability for further deexcitation is
very low. This low transition probability results in a lifetime longer than for an ordinary
state, typically by a factor between one million and one billion.

Each element and isotope can only absorb and emit certain discrete amounts of energy
which we call energy quanta. When dealing with light as the carrier of energy this implies
that each atomic or ionic system can only absorb and emit light of certain wavelengths or
frequencies. Since the total set of possible absorption and emission wavelengths, i.e. the
spectrum, is unique for each element it may be used as a fingerprint of the element in
question.

Data collection of these element specific absorption and emission wavelengths started when
Fraunhofer in 1817 saw spectral lines in the light from the sun [1] and is still an ongoing
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2 CHAPTER 1. INTRODUCTION

project. In the second half of the 19th century Kirchhoff realized that laboratory studies
of these spectral lines allow for identification of elements in spatially remote places [2] such
as the sun or other stars by comparing the object’s total spectrum with a database of
laboratory spectral lines. As studies of this kind continued some astrophysically observed
spectral lines remained unidentified. These mysterious lines were assigned to spectra from
hypothesized elements not present on earth such as nebulium see e.g.Ref. [3]. Eventually
these lines were identified as forbidden transitions originating from metastable levels which
could only be observed from extremely dilute environments [4, 5]. These metastable states
are useful for analytical purposes but laboratory studies thereof are much more compli-
cated than studies of ordinary short-lived states. Conditions resembling those present in
these dilute astrophysical areas from which the first observations were made have to be
reproduced in a laboratory in order to be able to study these forbidden transitions.

The probability of a certain transition between two states is a very useful quantity since
it is directly related to the observed intensity of a spectral line. The transition probability
is, however, not possible to measure in an absolute way but the lifetime of a state as well
as so called branching fractions (BFs) are. By combining the lifetime with the element’s
BFs the transition probabilities can be deduced and used to determine more properties
of our studied astrophysical object such as its temperature and pressure.

The number of spectroscopical applications are continuously growing and along with it, the
need for spectroscopical data. Elemental studies are no longer limited to the identification
of elements in space but may now be used to e.g. follow the flow of atoms or molecules in
the atmosphere, perform detailed studies of combustion processes or diagnose a wide range
of medical conditions. Laboratories in which studies of lifetimes of metastable states are
possible are rare and measurements are strongly needed, not least in order to verify the
more extensive theoretical databases which often have to be trusted since experimental
data are lacking.



Chapter 2

Theory

The spectrum observed from each element is a reflection of its energy level structure. Each
atomic state can be described by a unique set of quantum numbers which are extremely
useful when describing the system and predicting its spectrum. The quantum numbers
contain information about the wavefunctions of the electrons. The three most basic
quantum numbers are the principal quantum number, n, the orbital angular momentum
quantum number, l, and the spin angular momentum quantum number, s. Each l and s
quantum number is connected to the motion of one electron and associated with a certain
magnitude of the angular momentum vectors, l and s, according to Equations 2.1 and 2.2.

|l| =
√

l(l + 1)h̄ (2.1)

|s| =
√

s(s + 1)h̄ (2.2)

The possible values of the quantum numbers are restricted to a limited set. For example,
n can only take positive integer numbers and l = 0, 1, 2, ..., n − 1. Placing an atom
or ion in an external field will make not only the magnitude of the different angular
momenta important but also their projections along the field. In order to describe these
quantized projections we introduce the quantum numbers mX in which the subscript X
denotes which angular momenta that is projected onto the direction of the applied field.
For example, an angular momentum l with a magnitude described by l may give rise to
2l + 1 different projections in an external field and these projections are described by the
quantum number ml such that −l ≤ ml ≤ l. The spin quantum number for an electron
is s = 1/2 and can have two different projections in an external field corresponding
to ms = 1/2,−1/2. These two projections are commonly referred to as parallel and
antiparallel spin.

3



4 CHAPTER 2. THEORY

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

L =
∑

i

li (2.3)

S =
∑

i

si (2.4)

Small observed split ups of the energy levels referred to as fine structure can be described
by another quantum number, J , assigned to the vector, J, given by Equation 2.5 and
restricted to |L− S| ≤ J ≤ |L + S|.

J = L + S (2.5)

In other cases other coupling schemes are used to give a better description of the energy
level structure. For example, one could couple l and s to j for each electron and then sum
the j-vectors to a total J. This specific case is referred to as jj-coupling and often used
when describing heavier elements.

As high resolution spectroscopy was further developed even higher order effects were
discovered and explained through the coupling of the total angular momentum of the
electrons J and the spin angular momentum of the nucleus, I. This effect, known as
hyperfine structure was explained by introduction of yet another quantum number, F ,
associated with the vector F = I+J restricted by |I−J | ≤ F ≤ |I+J |. As a crude estimate
energy differences between outer electron orbitals are of of the order of eV whereas fine
structure and hyperfine structure splittings are rather meV and µeV respectively [6].

In LS-coupling each fine structure level is described by a set of three quantum numbers,
{L, S, J}. To adress a certain energy level, the n and l-value for each electron is given
in a list referred to as the configuration of the state and the total angular momenta are
given by the energy term describing the coupling of the different individual momenta and
usually written on the form 2S+1LJ . S and J are given by numeric values while each
L-value has a corresponding letter assigned to it according to Table 2.1. For example, the
first excited state in atomic helium is found when the first electron is in the state 1s and
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Table 2.1: Letter assignments for different L-values.

L-value 0 1 2 3 4 5
Notation S P D F G H

the second electron is in the 2s state. Consequently the configuration is 1s2s and the two
electrons may couple into the two LS-terms 3S1 or 1S0.

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

Π = (−1)
∑

j
lj (2.6)

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

If we consider a two level system we can introduce the so called Einstein coefficients or
transition probabilities, B12, B21 and A21 representing the processes absorption, stimu-
lated emission and spontaneous emission respectively. The Einstein coefficients determine
the rate of the population change of the two levels. We define the population in the energy
levels as N1 and N2 and their corresponding energies as E1 and E2.

6
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Figure 2.1: A schematic two energy level system.

The energy difference, ∆E, between the two levels can be written in terms of frequency,
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ν, or wavelength, λ, according to Equation 2.7 in which h denotes the Planck constant
and c the speed of light.

∆E = hν =
hc

λ
(2.7)

If we introduce a radiation field surrounding the two level system with an energy density
per frequency interval, ρ(ν), we can write the rate equations according to Equation 2.8.

dN1

dt
= −dN2

dt
= −B12ρ(ν)N1 + B21ρ(ν)N2 + A21N2 (2.8)

If we assume that there is no stimulated emission or absorption and that there is a
population, N0, present in a state i at some time, which we define as t = 0, the population
of that state will decrease exponentially with time according to Equation 2.9.

Ni = N0e
−t/τi (2.9)

The constant τi in Equation 2.9 is called the lifetime of state i and is defined as the
inverse of the sum of all available spontaneous decay transition probabilities from that
level according to Equation 2.10.

τi =
1∑

k Aik

(2.10)

The Einstein coefficient A21 is usually referred to as the spontaneous transition proba-
bility between states 2 and 1 and can generally be written according to Equation 2.11
where i and k are the two states involved in the transition and pj = −erj is the electric
dipole operator describing the dipole moment of the atom or ion caused by the orbiting
electron j [6, 7]. The system’s dipole moment may be oscillating for example due to an
incoming electromagnetic wave and the spatial dependence of this oscillation is introduced

into the radiative transition probability matrix element through the factor
∑

j eik·rj , see
Equation 2.11.

Aik ∝ | < i|∑
j

eik·rjerj|k > |2 (2.11)

If we consider a situation in which the wavelength of the incoming wave is long compared

to the size of the atom we can make a multi pole expansion of the eik·r term according to
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Equation 2.12 [8] since the magnitude of the wave, |k| = 2π/λ, makes the exponent ik · r
close to zero.

eik·r ≈ 1 + ik · r + ... (2.12)

The first term in Equation 2.12, inserted in the matrix element in Equation 2.11, gives
rise to electric dipole (E1 ) transitions, see Equation 2.13.

Aik =
32π3

3

ν3

4πε0h̄c3
| < i|∑

j

1 · erj|k > |2 (2.13)

The next term in the expansion, ik · r, gives rise to magnetic dipole (M1 ) and electric
quadrupole (E2 ) transitions when inserted in Equation 2.11. The third term in the
expansion is the magnetic quadrupole (M2 ) and electric octupole (E3 ) transitions etc.
These higher order effects are usually negligible compared to the electric dipole transition
probability but systems have been found in which higher order terms are important and
observed [9, 10, 11, 12]. Typically the probability for a M1 transition is a factor of
105 times smaller than that for an E1 transition and even higher order effects are still
orders of magnitudes less probable [13, 14]. The transition probabilities for higher order
effects have, however, an increasingly high order dependence on the transition energy,
e.g.A(E1) ∝ ν3 while A(E2) ∝ ν5 and A(E3) ∝ ν7 [12, 14]. As a consequence higher
order transitions are more commonly observed in highly charged systems in which the
transition wavelengths fall in the UV or x-ray region. For example, Beiersdorfer et al. [15]
have observed transitions of orders as high as M3 when studying U64+.

An estimate of a typical A-value can be obtained by inserting e.g.λ = c/ν = 500 nm and
the expectation value of the electric dipole moment (| < i|er|k > |) as the electron charge
multiplied with a typical electronic displacement, 1 Å. This gives roughly A = 108 s−1 [13]
resulting in a lifetime of tens of ns.

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

A level which does not have any E1 allowed decay channel to a lower lying energy level, i.e.
the matrix element in the first term of the expansion of Equation 2.11 equals zero, is called
metastable. Such a level can only decay through higher order transitions which makes the
lifetime of the level considerably longer than it would had been if an E1 allowed decay
channel would had been available. The lifetime of a metastable level typically increases
by a factor of 106− 109 due to this effect. Consequently the lifetime of a metastable state
will be of the order of ms or s instead of the typical order of ns.
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In many spectroscopical applications one useful parameter is the radiative transition prob-
ability for a certain transition. For example, the radiative transition probabilities can
be used to deduce elemental abundances from a recorded spectrum. The generation of
synthetic spectra with radiative transition probabilities as input parameters in order to
deduce elemental abundances is the foundation of much of our knowledge about the uni-
verse and also a useful tool for diagnostics of various processes. The lifetime for a level
does not, however, immediately give the radiative transition probabilities for the different
lines originating from the level in question. In order to deduce the absolute radiative
transition probabilities the relative line strengths of all lines originating from the upper
level is needed in addition to the lifetime itself. The branching fraction (BF) for a cer-
tain transition is defined as the ratio between the line intensity and the sum of all line
intensities with a common upper level, see Equation 2.14.

BFik =
Iik∑
k Iik

=
Aik∑
k Aik

(2.14)

Combining Equation 2.14 with Equation 2.10 gives the opportunity to combine lifetimes
and BFs to absolute transition probabilities, A-values, according to Equation 2.15.

Aik =
BFik

τi

(2.15)

Like lifetimes of metastable states, BFs are not trivial to measure in the laboratory. Usu-
ally ions are produced in hot ion sources in which the metastable states are continuously
depleted through collisions. These collisional deexcitations suppress the radiative decay
making the forbidden lines absent from the spectrum. Instead of laboratory measure-
ments astrophysical BFs are often used in order to deduce radiative transition probabili-
ties. Lifetime measurements at CRYRING have on several occasions been combined with
astrophysical BFs recorded with the Hubble space telescope in order to deduce absolute
radiative transition probabilities [16, 17].

In spectra containing a large number of lines clear identification and labeling of the origin
of lines are of highest importance, cf. Figure 2.2. The different spectra from the same
element originating from different charge states are therefore separated and labeled with
increasing roman numbers. Neutral argon is referred to as ArI while singly positive charged
and doubly positive charged argon are referred to as ArII and ArIII respectively.
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Figure 2.2: Spectrum originating from ejecta of the massive star η Carinae recorded with
the STIS spectrograph aboard the Hubble space telescope [18]. Transitions originating
from three different upper levels in ScII is indicated through the label of the upper level.

2.1 Calculations of radiative transition probabilities

The aim of this thesis is not to focus on the theoretical work in the included articles but
rather the experimental. Nevertheless a short introduction to the methods used in order
to calculate lifetimes and in particular the Hartree-Fock (HF) method is necessary.

In all of the articles which include calculations and are included in this thesis the pseudo-
relativistic HF method by Cowan [14] is used in some stage of the calculations of radiative
transition probabilities. The HF method is a variational method in which a trial function
φ is varied in order to minimize the energy, E, obtained when evaluating Equation 2.16.
In Equation 2.16, H is the N -particle Hamiltonian of the system given by Equation 2.17 in
which ri is the magnitude of the electron position vector ri and rij = |ri-rj|, see Figure 2.3.

E(φ) =< φ|H|φ > (2.16)

H =
N∑

i=1

(
− h̄2

2m
∇2

i −
Ze2

4πε0ri

)
+

N∑

i<j=1

e2

4πε0rij

(2.17)

The HF method is a central field method meaning that each electron is treated as in-
dependent from the others and moving in a central potential created by an atomic core.
The first step in order to achieve this is to treat the interaction between electrons given
by the second term in Equation 2.17 as a perturbation and only concentrate on the first
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Figure 2.3: Overview over the considered atomic system.

term including the central potential of the system. The central field Hamiltonian’s eigen-
functions, vi, are referred to as central field orbitals and fulfill Equation 2.18.

N∑

i=1

(
− h̄2

2m
∇2

i + V (ri)

)
v(r) = Ev(r) (2.18)

The central field orbitals can be written as products between radial functions R(r) and
spherical harmonics Y (θ, φ) according to Equation 2.19.

v(r) = R(r)Y (θ, φ) (2.19)

The electron spin is thereafter included by multiplication of each orbital with a spin
function in order to form so called spin-orbitals. The trial function, φ, used in Equa-
tion 2.16 by the HF method should be a total N -particle wavefunction constructed out
of each individual spin-orbital and one may show that this can be done by constructing
a so called Slater determinant given by Equation 2.20 for N identical particles [19]. In
Equation 2.20, {qi} is the coordinates describing each electron’s state with a unique set
of quantum numbers, and ui is the corresponding one-electron spin-orbital.

φ(q1, q2, ..., qN) =
1√
N !

∣∣∣∣∣∣∣∣

u1(q1) . . . un(q1)
...

. . .
...

u1(qN) . . . un(qN)

∣∣∣∣∣∣∣∣
(2.20)

The factor 1/
√

N ! in Equation 2.20 is simply for normalization and ensures that < φ|φ >=
1. The Slater determinant is defined to always give an asymmetric wavefunction which
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is what is desired since we are dealing with fermions. The next step is to vary each
one-electron spin-orbital ui in Equation 2.20 in order to minimize the energy given by
Equation 2.16. Once a trial function is chosen the central potential of the atom is cal-
culated. This central potential is then kept fixed while minimizing Equation 2.16 with
respect to the trial function given by Equation 2.20. The trial function is later kept fixed
while minimizing the energy with respect to the potential etc. This iterative process will
hopefully eventually converge into a steady minimized energy value which results in a
good choice of potential and wavefunction.

The central field picture is often corrected with smaller effects. One such correction is
what is given by the electron-electron interactions included through the second term in
Equation 2.17 and referred to as correlation. Correlation takes into account deviations
from this central field approximation which are corrected for by expanding the trial func-
tion φ in Equation 2.16 and 2.20 into a linear combination of Slater determinants differing
in the individual occupied spin-orbitals according to Equation 2.21.

φ =
∑

i

ciφi (2.21)

These deviations from the central field can be due to both inner and outer electrons and
therefore they are often referred to as e.g. valence correlation or core correlation. These
correlation effects have proved to be significant on several occasions [20]. A difference in
the spin-orbitals is equivalent to a difference in configuration and this method of expanding
the trial function in order to account for correlation effects is therefore referred to as
configuration interaction (CI). This implies that the individual electronic wavefunctions
are not described by a single electronic state function but as a linear combination of
several. In other words the electron is no longer treated as being in a specific state but
rather in a superposition of several. If an accurate treatment is desired the electronic
wavefunctions should be treated as extensive linear expansions of large numbers of state
functions. This configuration expansion is eventually limited by the accessible computer
capacity used in the calculations. The state functions included in a particular calculation
are often given in so called configuration expansions.

Further corrections are often included in order to correct for other interaction effects be-
tween the different individual electrons. In principle all angular momenta of the electrons
affect each other to some extent and corrections such as spin-orbit, spin-spin or spin-
other-orbit interactions should be included if accurate results are wanted. Relativistic
corrections due to for example mass variations of the particles in the atom may also be
included into the theoretical model. The HF method can be used as an ab initio method
for calculating energy levels, wavefunctions and radiative transition probabilities, how-
ever, occasionally fitting parameters are varied in order to result in energy levels that
agree with experimental results. This parameter fitting to experimental data introduces
a dependence on laboratory work but also assures reasonable results.
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In Paper 3, included in this thesis, another model than the HF referred to as the multi
configuration Breit-Pauli (MCBP) approach [21, 22] is used in order to evaluate high order
transitions [23]. Like the HF method this is in its foundation a non-relativistic model
which adds relativistic effects as corrections to the non-relativistic results. As indicated
in the name MCBP includes CI through the introduction of configuration expansions and
is often used to perform calculations regarding heavy ions or ions in high charge states.
The MCBP method includes several of the effects which are taken into account in order
to correct for the simplification that the electrons are independent of each other such as
spin-spin, spin-orbit, spin-other-orbit and orbit-orbit interaction.
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Chapter 3

Experimental method

3.1 Experimental setup at CRYRING

All of the results presented in this thesis have been obtained through analysis of data
collected at the ion storage ring CRYRING at the Manne Siegbahn laboratory in Stock-
holm, Sweden [24], see Figure 3.1. Ions have been produced in a Nielsen ion source, see
Figure 3.2 and accelerated to 40 keV from the high voltage platform MINIS. The ions
pass through a 90◦ bending magnet, functioning as an isotope separator, before they are
injected through a radio frequency quadrupole into CRYRING. The storage ring itself
consists of twelve straight sections forming a ring with a circumference of 51.6m. Dipole
magnets are placed between the straight sections in order to control the path of the ion
beam and several beam optical elements such as quadrupole magnets are installed along
the beam lines.

Laser

PMT

Injection

Ion source

Isotope separator

Figure 3.1: Overview of the CRYRING facility.
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AnodeCathode

Ion outlet

Oven

Gas inlet

Figure 3.2: Schematic view of a Nielsen ion source.

To maximize the possible ion storage time in CRYRING ultra high vacuum (UHV) is
needed. A large number of vacuum pumps, including ordinary mechanical pumps as
well as turbo pumps, ion pumps and getter pumps, are connected to the storage ring in
order to keep the residual gas pressure as low as possible. The vacuum inside the beam
lines is extremely good and in fact the rest gas is not even detectable by conventional
vacuum meters which implies that the pressure is less than 10−11 Torr [25]. Stored ions
will, however, still get neutralized due to collisions with the small amount of remaining
residual gas which will cause an exponential decay of the ion beam. A typical maximum
ion beam lifetime, i.e. the time in which the current will decrease by a factor of 1/e, for
singly charged ions at 40 keV have been 1-2 minutes. The maximum obtainable current of
ions stored has proved to vary greatly depending on the ion production method. During
favorable conditions currents of the order of several µA have been used, for example when
studying Ar+ [23], while other data, for example Nd+ [26] have been recorded while the
ion current was as low as tens of nA.

Ions are produced by running a current of typically 15-30 A through the filament (cathode)
of the ion source shown in Figure 3.2. Emission of electrons will follow the heating of
the filament and by applying a voltage of approximately 200 V to the anode cylinder
surrounding the filament, the electrons will travel from the cathode to the anode. The
traveling electrons will through collisions ionize gas that can be let into the anode cylinder
through a gas pipe. Usually Ar, Xe or Kr is used as a so called carrier gas. If ions other
than the ones used as a carrier gas are wanted solid material or compounds can be put into
an oven with an outlet into the anode cylinder. By heating this oven the material inside
it will vaporize, enter the anode cylinder in gas form and get ionized. Once ionized, the
charged particles can be extracted through an outlet plate by applying a voltage between
the source and a neighboring electrode. In order to make the ionization process more
efficient the ion source is usually put inside of a solenoid through which a current of a few
amperes is flowing. The resulting magnetic field from the solenoid will make the electrons
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emitted from the cathode move in spirals rather than in straight paths which increases
the length of their travels and thereby increasing the probability for an ionizing collision
with an atom. The ions extracted from the ion source will be populated in a variety of
different states.

After the time needed for injection the majority of all excited ions will have decayed
leaving a stored ion beam consisting of mostly ground state atoms but also partly ions in
metastable states. A typical velocity of an injected ion is approximately 100 m/ms and
the fluorescence detection can not be made until the ions have traveled one lap in the
ring. The circumference of the ring is 52m which means that the earliest time in which
fluorescence detection is possible is approximately after 0.5ms. Even if we consider a
long-lived state with allowed E1 decay channels the population of that state after 0.5ms
will be completely negligible unless there is a strong excitation process into that state.
For example, a state with τ = 50ns will travel for 104 lifetimes before it can be detected
which means that its population will have decreased by a factor of 1/e104

, i.e. the state
is completely depleted.

The number of ions in metastable states at the time of ion extraction has proved to vary
when the settings under which the ion source is operated are changed. Details about
correlations between the number of ions in metastable states and settings of different
parameters such as filament current and carrier gas pressure have not yet been investigated
in detail. Indications have been that the number of injected ions in metastable states
increases with an increasing anode voltage. A proposed explanation is that the anode
voltage, V , determines the energy of the electrons, eV , emitted by the filament. The
atoms inside the source is ionized through collisions with these electrons and therefore the
electron energy has to be high enough to ionize and excite the ion into the metastable state.
For example, the ionization energy of argon is approximately 16 eV and the metastable
levels 3d 2G states are 19 eV above the ionic ground state. This would implicate that the
minimum anode voltage that could be used for producing Ar+ ions with populations in
the 3d 2G levels would be 16 + 19 = 35V.

Details about the different ongoing processes in an ion source of the kind used is largely
unknown and the situation might therefore be more complicated than this proposed pic-
ture. Most of the different parameters used for controlling the ion source are coupled and
dependent on each other. One can therefore not only change the anode voltage with-
out affecting other parameters and study the change in metastable state population of
the extracted ion beam. Competing processes governing the experimental conditions in
different ways are often present which complicates the situation further. For example a
lower anode voltage may give worse excitation probabilities but on the other hand lead to
a higher overall current of ions. Therefore a lower probability for excitation of each indi-
vidual ion may not necessarily imply that the total number of extracted ions in the state
under study is lowered. Situations like this in which the number of ions in metastable
states has decreased while the total number of stored particles has increased have been
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Filter
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DTD

Figure 3.3: Overview of the fluorescence detection system.

experimentally observed. In order to draw any detailed conclusions about what condi-
tions that are generally favorable a more extensive study has to be made. In the studies
presented in this thesis the general trend has seemed to be that the best way to get a
strong fluorescence signal is simply to maximize the ion beam current in any way possible
while keeping the anode voltage above the ionization and excitation limit. The benefits
of having a slightly weaker but stable ion beam compared to a slightly more intense but
more unstable ion beam should not be underestimated either. This is further discussed
in Section 4.

The laser system used consists of a Coherent Innova 400-25 Ar-laser pumping a Coherent
699-29 Autoscan ring dye laser. The laser system may generate tunable single mode
continuous wave laser light with a typical output power of 100-500mW in the wavelength
range 400 nm< λ < 700 nm. The linewidth of the ring dye laser is less than 1 MHz which
enables the user to resolve very small energy level splittings like those caused by hyperfine
structure which are typically of the order of a few GHz. A mechanical shutter of model
Uniblitz LS6 enables the formation of laser pulses as short as 5ms which through an
optical system, consisting of six mirrors, can be transported into CRYRING. A telescope
is also included in the optical setup which allows an optimization of the overlap and focus
between ion beam and laser light in the storage ring.
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Figure 3.4: Ion beam cross section measured by detecting neutral particles leaving the
storage ring with a multi channel plate particle detector placed outside one of the bending
dipole magnets [27].

Fluorescence from inside the storage ring can be detected with a Hamamatsu R585S
photo multiplier tube (PMT) sensitive in the wavelength range 160-650 nm. The PMT
is mounted such that a 1:1 image on the photo cathode of the ion-laser beam overlap is
obtained by a lens system, see Figure 3.3. The solid angle covered by the detection system
is of the order of 10% of 4π. A large number of color filters as well as interference and
band pass filters are available to be used in combination with this detector in order to
filter out background photons as well as scattered laser light. A particle detection system
is also present through the use of a multi channel plate (MCP) mounted in connection to
CRYRING [27]. The MCP is placed along a straight line following one of the ring’s straight
sections and used for detecting neutral particles leaving CRYRING. The circulating stored
ions get neutralized through collisions with residual gas and thereby leaving the ring
unaffected by the magnetic fields of the bending magnets. The number of neutralized
particles, which is proportional to the number of stored ions is continuously monitored
and imaged, see Figure 3.4.
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3.2 The laser probing technique

In order to investigate metastable levels a laser probing technique (LPT) has been de-
veloped [28, 29, 30]. The most direct way to measure the lifetime of a metastable state
would be to passively observe the fluorescence originating from the decay of the state in
question. In a storage ring this is possible [31], however, also very time consuming since
the fluorescence from the ions is spread out over a very large volume in space. The small
solid angle coverable by detectors make registered signals weak and long recording times
are needed if good statistics are to be obtained. In practice, this low count rate limits the
lifetime measurements to lifetimes of the order of tens of ms. Another disadvantage of a
passive technique is the necessary choice of either filtering out the fluorescence from one
single transition or monitoring the total fluorescence originating from several metastable
levels. If the latter alternative is preferred the individual decay rates have to be sorted
out during the analysis which may not be trivial.

The LPT actively induces a transition from the metastable state to a higher lying level
by laser induced excitation. The transition is chosen in such a way that the upper level
has an E1 allowed decay channel to a lower lying state different from the metastable,
usually the ground state. Since the transition probability of an E1 transition typically
is of the order of A(E1) ≈ 108 s−1 (see Section 2) the population of the upper level
will drastically decrease within a few ns. As this population decreases fluorescence of a
wavelength different than that of the laser is emitted and can be detected. A typical
schematic energy level scheme used in an experiment is shown in Figure 3.5. Given an ion
velocity of 105 m/s and an upper state lifetime of τ = 10ns it will take the ion about 10τ
to pass through our field of view i.e. essentially all the ions excited from the metastable
state into the short-lived upper state will decay within the volume covered by our PMT.

Since the number of atoms excited by the incoming laser light is proportional to the
intensity of the radiation field and the transition probability according to Equation 2.8,
a high laser light intensity as well as a large A-value for the probing transition is desired.
The transition probability has, however, proved to be of less importance than what might
be assumed. Probing transitions with A-values of the order of 105 s−1, for example the
b 2P3/2-z

2Fo
5/2 with an A-value of 6.2 · 104 s−1 [32] in TiII, and even a spin forbidden

transition, 3p64s2 1S0 - 3p63d4p 3Po
1 with ∆S 6= 0 in ScII have been observed with an

acceptable signal to noise ratio.

The intensity of the fluorescence from the upper level is proportional to the population of
the metastable level at the time when the probe pulse is applied and by probing the state
at different times after ion injection a lifetime curve is sequentially built up. The LPT
thereby makes use of the slowly decreasing population of the metastable level to get strong
detectable fluorescence signals over time instead of suffering from the low intensity of the
detectable fluorescence originating from the metastable level itself. The prize to pay for
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Figure 3.5: Schematic enery level scheme used in the study of the states 5d 2D3/2 and
5d 2D5/2 in BaII. The laser induces an excitation from the 5d 2D3/2 or the 5d 2D5/2 level up to
the 6p 2Po

3/2 level which promptly decays to the 6s 2S1/2 level.

these intense fluorescence signals is the consequential depletion of the metastable state,
i.e. the probe pulse almost completely redistributes the population from the metastable
level to the ground state of the ion.

In order to construct a detailed lifetime curve the population has to be probed at a large
number of different times and since each probe pulse depletes the metastable level new
ions have to be injected and stored for each data point. Each period of time starting with
an ion injection followed by a series of laser probe pulses and finally ended by an ion beam
dump is referred to as a ring cycle. Consequently, one ring cycle will result in one data
point in the lifetime curve. This introduces requirements on stability over time and puts
new demands on all equipment involved. Necessary techniques have been developed in
order to control and monitor this stability and the resulting data is corrected for possible
instabilities.

The laser induced excitation of the ions is spatially restricted to the overlap volume be-
tween the ion beam and the laser beam. In this particular case that region is limited to
one of the twelve straight sections of CRYRING. The volume surrounding this straight
section is still, however, a large volume to completely cover with detectors. Therefore
a doppler tuning device (DTD) has been constructed and integrated into the beam line
of CRYRING, see Figure 3.6. The DTD allows the user to spatially restrict the exci-
tation volume even further. By applying a voltage of typically 2 kV to one or more of
the segments of the DTD while grounding the end caps, the acceleration potential can
be locally changed. The velocity of the circulating ions are thereby changed and as a
consequence the energy levels will be doppler shifted inside the DTD. A voltage difference
of a couple of kV results in a shift of the transition frequency of approximately 0.5 cm−1
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Figure 3.6: Schematic overview of the Doppler tuning device

which corresponds to several hundreds of laser line widths. Consequently the wavelength
of the incident laser light needed for excitation will be different within the DTD. Since
the wavelength that matches a transition inside the DTD is off resonance in the rest of
the ion beam the interaction volume can be reduced to the volume of the DTD itself.

3.3 Initial state population correction

To avoid systematical errors originating from variations in the experimental conditions a
number of possible corrections can be made if instabilities are found to be present during a
measurement. Since each ring cycle involves injection of a new set of ions it is crucial that
an equal amount of ions originally in the metastable state is injected each time. This is
monitored by a laser probe pulse fixed in time after ion injection. Usually every fourth ring
cycle is used to record this laser induced fluorescence (LIF) at a fixed time after injection
in order to construct a fluorescence normalization curve. If the initial population of the
metastable state would decrease for each ring cycle the fluorescence normalization curve
would reflect this decrease and the effect could be corrected for. A typical fluorescence
normalization curve is shown in Figure 3.7. Small variations in the laser light intensity
might also occur during measurements but this will, however, not necessarily change the
measured integrated intensity of the fluorescence since the laser pulses are chosen long
enough to almost completely deplete the metastable state. However, if the varying laser
intensity would cause a fluctuation in the measured signal also this change would be
reflected in the fluorescence normalization curve.
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Figure 3.7: Typical fluorescence normal-
ization curve reflecting the variations in
the population of the metastable state
at the time of ion injection.
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Figure 3.8: Curve showing the repopu-
lation of the 5d 2D5/2 level in BaII.

3.4 Repopulation

After injection, the number of ions populating the metastable state will not only be
affected by a negative rate due to the spontaneous deexcitation of the ions but also by a
positive rate originating from ground state ions excited into the metastable state through
collisions in the storage ring. This collisional excitation rate, Γ, is given by Equation 3.1
in which σ, v and p denote the cross section, velocity and pressure respectively [33].

Γ = σvp (3.1)

This repopulation of the metastable state has on several occasions proved to be significant
and correcting for this is of uttermost importance. The extent of this repopulation effect
is measured by completely depleting the metastable state at a time soon after ion injec-
tion and then probing the population of the state at varying times after depletion. The
resulting curves show an initial increase of the population of the state due to these rest gas
collisions and eventually an equilibrium between the repopulation and the spontaneous
decay is reached, see Figure 3.8.

The repopulation can be measured with two different techniques [30, 34, 35]. The first
method utilizes a long laser pulse just after ion injection that depletes the metastable
state. A second probe pulse with a time varying delay relative to the first one is then ap-
plied to measure the repopulation during the interval corresponding to the time between
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Ä

Figure 3.9: Figure showing the number of ions stored as a function of time during one
ring cycle. Below the ion beam decay curve is the four events occurring during the same
cycle. The first event triggers the ion injection and defines the time, t = 0. The second
event is the moving probe pulse that measures the population of the metastable state at
varying times, t. The third event is the probe pulse fixed in time before the ion beam
dump which measures the repopulation of the state during the time, ∆t. The fourth and
last event is the ion beam dump.

the two pulses. In this method one ring cycle is necessary for each point in the repop-
ulation curve and no lifetime measurement is possible while the repopulation is being
recorded. However, a time saving alternative method has been developed and frequently
used which measures the lifetime curve and the repopulation curve simultaneously. This
second method uses the same sequence of events that would be used in an ordinary lifetime
measurement. After ion injection a probe pulse sent with a growing time delay relative
to the time of ion injection is used to measure the population of the state as a function of
time but it will also function as the depleting pulse. By now applying a second probe pulse
before the ion beam is dumped the repopulation during the time interval corresponding
to the time between the two probe pulses can be measured. By introducing a probe pulse
at a fixed time just before the ion beam dump the repopulation curve will be built up
backwards while the lifetime curve is constructed, see Figures 3.9 and 3.10.

Since the repopulation of the metastable states depends on the overall number of stored
ions the stability in this quantity is also monitored. This is done with a particle detector
at a fixed time after injection. Usually the fluorescence normalization and the particle
normalization curve follow each other closely but on rare occasions the number of injected
particles each cycle has been increasing while the initial population of the metastable state
is decreasing or vice versa. A particle normalization curve is shown in Figure 3.11.
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Figure 3.10: Figure illustrating the simultaneous recording of a lifetime curve (closed
circles) and a repopulation curve (open circles). The data are obtained from the measure-
ments in BaII presented in Paper 1.
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Figure 3.11: Typical particle normaliza-
tion curve recorded at fixed time each
ring cycle.
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Figure 3.12: A particle curve showing
the exponential decrease in the number
of stored particles as a function of time
after ion injection.

3.5 Collisional quenching

Collisions do not only cause repopulation but also quenching of the metastable state.
Due to this collisional quenching the lifetime will appear shorter than if the ion under
study would had been isolated. In order to deduce the zero pressure lifetime from our
UHV measurements we need to measure the pressure dependence of the lifetime. For
low pressures the decay rate of the metastable level should be linearly increasing with
increased pressure [36]. The lifetime is therefore measured at slightly different pressures
and the data is fitted with a linear curve in order to extract the zero pressure lifetime.
Since the pressure inside CRYRING is too low to be measured directly an alternative
method for monitoring this quantity had to be developed.

When measuring the number of neutralized particles detected by our MCP as a function
of time after injection an exponential decrease is found, as shown in Figure 3.12. This
exponential decrease is due to neutralizing collisions between stored ions and rest gas
in the storage ring. If we fit the ion beam current decay (IBCD) curve with a single
exponential function we can extract a lifetime of the ion beam. This lifetime will be
proportional to the pressure of the residual gas in the storage ring. As a consequence the
lifetime of the IBCD curve can be used as an indirect pressure measurement under the
assumption that the number of ions in the metastable state is only a small fraction of the
total number of ions. We can now illustrate the pressure dependence of the lifetime in a
so called Stern-Vollmer plot where the decay rate of the metastable level is plotted as a
function of the decay rate of the ion beam. By fitting the data points in the Stern-Vollmer
plot and extrapolating to zero pressure the pure radiative lifetime can be evaluated. A
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Figure 3.13: Stern-Vollmer plot for the
level 3d 2G9/2 in ArII.
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Figure 3.14: Wavelength scan showing
the fluorescence signal as function of the
laser wavelength as it moves into res-
onance between the levels b 2D5/2 and
z 2Fo

5/2 in TiII.

typical Stern-Vollmer plot is shown in Figure 3.13.

3.6 Typical experimental procedure

The first prerequisite for a laser probing measurement at CRYRING is the production
of ions. The ions are accelerated to 40 keV and injected into the storage ring. Once the
ions are present the continuous laser beam is let into CRYRING without the use of a
shutter and the wavelength of the light is scanned close to a resonance. The intensity
of the fluorescence originating from the stored ions is continuously monitored with the
PMT during this scanning procedure and once the energy of the incident photons is corre-
sponding to the energy difference between two energy levels the fluorescence is drastically
increased. A typical wavelength scan is shown in Figure 3.14. In order to be able to
observe the resonance the background signal has to be relatively low. This is achieved
by placing a filter in front of the PMT which blocks out primarily scattered laser light
but also background photons. Usually a colored glass filter is used for this purpose and
the amplified and discriminated background signal can be reduced to around 100Hz. If
further background reduction is wanted another filter, usually an interference or band
pass filter, can be added. The interference filters have very narrow transmission profiles
which implies that the expected fluorescence channel does not only need to have a known
wavelength but it also needs to be strong enough to give a sufficient signal on its own.
A typical background level with the PMT equipped with a color filter as well as with an
interference filter is of the order of 5-10 Hz.
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Figure 3.15: Outpumping curve of the b 2P1/2 level in TiII recorded during a 350ms long
ring cycle.

Once the resonance has been observed the laser wavelength is actively locked through a
computerized feed back system at the peak of the fluorescence curve. The mirrors trans-
porting the laser light into CRYRING is then adjusted along with the focusing telescope
in order to optimize the overlap between laser light and ion beam. To maximize the signal
the probe pulse should be chosen long enough to completely deplete the metastable state.
Therefore the time needed to pump out the population of the metastable state is mea-
sured. This is investigated by irradiating the ions with continuous laser light and looking
at the disappearing fluorescence signal with a time resolved multiscaler, see Figure 3.15.
The length of the probe pulse is then chosen long enough, typically around 100ms, to
leave only a negligible population in the metastable level. By choosing the probe pulse
length this long, short term effects due to for example uncertainties in the opening time
of the shutter (≈100µs) become negligible.

When the probe pulse length is set, a timing system which controls all the trigger pulses
for the different electronic modules is programmed. The timing for a number of events
such as ion injection, emission of the laser probe pulses and ion beam dump are entered
into the control system which is running for the whole recording period, see Figure 3.16.
Once the timing of every necessary event is set the measurement is started and data are
collected in a virtual machine environment based data acquisition system.

The recording time for a lifetime curve varies greatly but the ring cycle is typically chosen
to 3τ . Around 50 ring cycles are necessary to construct a lifetime curve with good statistics
implying that the measurement time needed for one lifetime curve is approximately 150τ .
For a lifetime of one minute this means that the recording time needed for one curve is
2.5 h, a time under which all experimental equipment should be not only running but
also stable. Since a Stern-Vollmer plot should include several lifetime measurements at
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various pressures high demands have to be set on all parts of the experiment such as ion
production, ion storage and laser output.

When an appropriate number of lifetime curves have been recorded at the best possible
vacuum the pressure is slowly increased. This is achieved by heating a jacket surround-
ing one of the NEG pumps connected to the storage ring to approximately 200 ◦C. The
increased temperature causes an evaporation of material from the pump which raises the
pressure. This rise in pressure is immediately reflected in the shortening of the ion beam
lifetime. Raising the pressure is a time consuming task while lowering it again is a rea-
sonably fast process. Therefore a number of lifetime curves are measured at high pressure
before the heating of the pump is stepwise reduced. As the temperature of the NEG
pump falls the ion beam lifetime increases and measurements at intermediate pressures
can be performed.
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Figure 3.16: Schematic overview over the electronics and the data acquisition system
used by the LPT. The following abbreviations are used: repopulation (repop), particle
normalization (part norm), particle background (part bg) and data acquisition (data acq).



Chapter 4

Analysis

We assume that our stored ions can be described by a two level system as shown in
Figure 4.1.

-

-

6

?

α Γrad
1 + Γdeexc

1 (p)

Γneutr
1 (p)

Γneutr
0 (p)

N1

N0

Singly charged ion Neutralized ion

Figure 4.1: Two level scheme

In Figure 4.1 we define N1 and N0 as the populations in level 1 i.e. the metastable level
and level 0 i.e. the ground state. The decay rate β of the metastable level is determined by
the pressure independent radiative decay rate, Γrad

1 , and the pressure dependent collisional
destruction rate, Γdeexc

1 (p) + Γneutr
1 (p) according to Equation 4.1.

β = Γrad
1 + Γdeexc

1 (p) + Γneutr
1 (p) =

1

τ
+ Γ(p) =

1

τexp

(4.1)

In Figure 4.1, α is the excitation rate from the ground state into the metastable state.
The population in level 0 is assumed to be much larger than the population in level 1 and

31



32 CHAPTER 4. ANALYSIS

therefore we can treat N0 as being independent of the population in N1. The population
N0 will, however, decay with the rate Γneutr

0 (p) (hereafter referred to as Γ0 = τ−1
IBCD)

due to the loss of stored ions. This rate can be deduced from the IBCD curves, see
Figure 3.12. We can now write the change in N1 according to Equation 4.2 in which
N0(t) = N0(0)e−Γ0t.

dN1(t)

dt
= αN0(t)− βN1(t) = αN0(0)e−Γ0t − βN1(t) (4.2)

A linear differential equation of first order can be written according to Equation 4.3

dN1(t)

dt
+ g(t)N1(t) = h(t) (4.3)

and has the general solution shown in Equation 4.4 [37],

N1(t) = (K(t) + C)e−G(t) (4.4)

where G(t) is the primitive function to g(t), K(t) is the primitive function to h(t)eG(t)

and C is a constant. If we identify g(t) = β and h(t) = αN0(0)e−Γ0t we can write the
primitive functions G(t) and K(t) according to Equations 4.5 and 4.6,

G(t) = βt + A (4.5)

K(t) = Be(β−Γ0)t (4.6)

in which A and B are constants. By combining Equations 4.4, 4.5 and 4.6 we can write
the solution to our differential equation 4.2 according to Equation 4.7 in which D and E
are constants.

N1(t) = De−Γ0t + Ee−βt (4.7)

D =
αN0(0)

β − Γ0

(β 6= Γ0) (4.8)
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Figure 4.2: Theoretical curves (Equa-
tion 4.10) for 1/Γ0 = 100 s, 1/β = 10 s
and D = 1000 for different initial popu-
lations i.e. different a-values.
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Figure 4.3: Unnormalized fluorescence
signal (crosses), repopulation (open cir-
cles) and the corrected lifetime curve
(closed circles) recorded while studying
the 3d 2D3/2 level in CaII.

The expression given in Equation 4.7 is what we expect from our raw data, however,
depending on what we measure the initial conditions will vary. When measuring repopu-
lation we assume that our first quenching pulse completely depletes the metastable state
which gives the initial condition, N1(0) = 0. By inserting t = 0 in Equation 4.7 we
get D = −E under these initial conditions and we can write Equation 4.7 according to
Equation 4.9.

N1(t) = De−Γ0t(1− e−(β−Γ0)t) (4.9)

If our quenching pulse would leave a population a in the metastable state or if we simply
do not apply a quenching pulse the initial condition will be N1(0) = a resulting in a
solution given by Equation 4.10.

N1(t) = ae−βt + De−Γ0t(1− e−(β−Γ0)t) (4.10)

A number of theoretical curves showing the metastable population as a function of time
for several values of the initial population, a, are shown in Figure 4.2.

The most direct way to analyze the data is to measure the population decay described by
Equation 4.10 and the repopulation described by Equation 4.9 and subtract them from
each other which reveals the lifetime directly, see Equation 4.11.
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N1(t) = ae−βt + De−Γ0t(1− e−(β−Γ0)t)−De−Γ0t(1− e−(β−Γ0)t) = ae−βt (4.11)

The corrected lifetime curve is then fitted with a single exponential resulting in a lifetime
value, see Figure 4.3. Note that this lifetime still includes a pressure dependent term ac-
cording to Equation 4.1 which is corrected for by extrapolating this experimental lifetime
to zero pressure in a Stern-Vollmer plot, see Figure 3.13.

Worth noticing is that if the quenching pulse used in the repopulation measurement
would leave a population in the metastable state the resulting corrected lifetime curve
would be the difference between two expressions of the form given by Equation 4.10 but
with different initial population constants, a. If we call these two constants a and a′

and perform the subtraction we see that the correct lifetime is still obtained although
the exponential lifetime curve will be described with a different coefficient according to
Equation 4.12.

N1(t) = a′e−βt+De−Γ0t(1−e−(β−Γ0)t)−ae−βt−De−Γ0t(1−e−(β−Γ0)t) = (a′−a)e−βt (4.12)

Both the fluorescence curves and the curves showing the ion beam current decay include
a number of points measured after the ion beam dump. This reveals the background level
of both the PMT and the MCP detector. By averaging these data points the background
level can be determined and subtracted from both the particle and the fluorescence curves.
Variations in the number of stored particles will introduce a time dependence on the other-
wise constant D in Equation 4.9 and have a diverging effect on the tails of the fluorescence
and repopulation curves as seen in Figures 4.4 and 4.5. If not corrected for, the extracted
lifetime will consequently deviate from the true value by a factor approximately the same
as the variation in the number of stored ions, e.g. if there is a 10% change in the number
of stored ions during the recording of one lifetime curve the extracted lifetime will deviate
with approximately 10% from its true value.

Up until now the common praxis has been to normalize the repopulation with respect to
these particle variations. The fluorescence has then been normalized against the initial
population of the metastable state at the time of injection. The two curves were then
subtracted in order to get the corrected lifetime curve. Since the repopulation has been
assumed to be a weak correction to the fluorescence no normalization of the fluorescence
curve with respect to particle variations has been used. However, as the lifetimes measured
have become longer this contribution to the fluorescence from repopulation can no longer
be seen as a correction but should rather be considered as a significant part of the LIF
signal. Therefore a more careful method for corrections has been developed.

In this new method possible particle variations are corrected for by normalizing both the
repopulation, given by Equation 4.9, and the fluorescence, given by Equation 4.10. This
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Figure 4.4: Theoretical ideal LIF (closed
circles), repopulation (open circles) and
lifetime curve (crosses) under stable con-
ditions.
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Figure 4.5: Theoretical LIF (closed cir-
cles), repopulation (open circles) and
lifetime curve (crosses) showing the di-
verging effect of a 10% variation in the
number of injected particles calculated
for τ = 3 s and τIBCD = 30 s.
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Figure 4.6: Comparison between unnor-
malized curves (closed circles) and nor-
malized curves (open circles) simulating
a 10% variation in the number of stored
ions during one measurement.
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Figure 4.7: Zoom in on the convergence
of the normalized curves (open circles)
and the divergence of the unnormalized
curves (closed circles).

normalization will lead to the wanted convergence of the two curves as seen in Figure 4.6
and 4.7.

The two normalized curves, Equation 4.9 and 4.10, can now be subtracted from each other
in order to reveal the lifetime curve, ae−βt. In the particle normalization of the fluorescence
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Figure 4.8: Theoretical curves simulated with a 10% increase in the number of particles
and a 10% decrease in the initial population of the metastable state according to Fig-
ure 4.9. The crosses show the measured fluorescence, the closed circles show the corrected
lifetime curve when the fluorescence is normalized to the initial metastable state popula-
tion and the repopulation is normalized against the number of particles. The open circles
show the case when both the repopulation and the fluorescence are normalized against
the number of stored particles. The open circles are also normalized against the initial
metastable population.

curve the time dependence in the constant D will also be added to the constant a, see
Equation 4.10, since only the sum of the two effects can be measured and consequently
the lifetime curve will also reflect the variations in the number of stored ground state
ions which is undesired. This effect can, however, be removed since the normalization
due to the number of particles is known. By doing the inverse of the normalization on
the curve showing the difference between the fluorescence and the repopulation the time
dependence can be removed and the lifetime curve thereby gets independent of the number
of circulating ground state ions as wanted. Since the subtraction of the repopulation from
the fluorescence results in a single exponential of the form ae−βt we can also normalize for
variations in the otherwise constant a, i.e. variations in the population of the metastable
state at the time of ion injection. The correction to the resulting lifetime when normalizing
compared to when not is sometimes negligible or of the order of one percent. Situations
have, however, been observed when the number of stored particles as well as the number
of ions initially in the metastable state has varied during measurements. An increase in
one of the two quantities is not necessarily coupled to an increase in the other. If, for
example, a 10% increase in population is present along with a 10% decrease in metastable
state population as shown in Figure 4.9 the effects get more important and normalization
according to this latter method is necessary if high accuracy is wanted, see Figure 4.8.

In order to verify the expected single exponentiality of the corrected lifetime curve a
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Figure 4.9: Simulated variations in the
number of stored particles (open circles)
and the initial metastable state popu-
lation (solid cirlces) used in the calcu-
lations of the curves included in Fig-
ure 4.8.
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Figure 4.10: Lifetime extracted from a
single exponential fit as a function of the
first time point included in the corre-
sponding fit. The dashed line indicates
the deduced lifetime value.

so called stability plot is constructed, showing the extracted lifetime as a function of
starting point used in the fit. A corrected lifetime curve where the fluorescence shows a
single exponential behavior should result in a plot that gives the same results no matter
of starting point. For each and every lifetime curve a stability plot is constructed and
an example is shown in Figure 4.10. The lifetime is then taken as an average value of a
number of points included in the stable region of Figure 4.10.

Once the lifetime has been extracted the ion beam lifetime is measured from the IBCD
curves, Figure 3.12 and the Stern-Vollmer plot, Figure 3.13 is constructed. A linear fit
weighted against the uncertainty in each data point is done and the zero pressure lifetime
can be evaluated.

The uncertainties obtained from each lifetime curve in the analysis are important not only
for the particular lifetime but also in the further analysis since they are used as weights in
the Stern-Vollmer fit. In order to fit the lifetime curves the commercially available software
PeakFit v4.11 developed by Systat Software Inc. [38] is used. Once the normalizations and
repopulation corrections have turned the raw LIF curve into a single exponential lifetime
curve, the lifetime and its corresponding uncertainty are taken as average values from the
stability plot, see Figure 4.10. The IBCD curve recorded simultaneously as the lifetime
curve is then fitted with a single exponential in PeakFit to obtain the ion beam decay
rate i.e. the relative pressure. Once both these quantities have been determined we can
plot them as one data point in the Stern-Vollmer plot. Finally a routine called regress2
is used in Matlab to perform a linear fit of the Stern-Vollmer plot weighted against the
uncertainty in each individual lifetime curve.
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Recently this method including normalizations and subtraction of different signals from
each other has become more and more delicate due to increasing lengths of the lifetimes
measured. This has resulted in large uncertainties associated with the lifetimes e.g. in
TiII [39]. Therefore a new method has been developed in which the repopulation curve is
fitted directly with an expression of the form of Equation 4.10 [33]. With this method the
subtraction of repopulation as well as normalizations with respect to initial metastable
state population is made obsolete which decreases the uncertainties for measurements
concerning extremely long lifetimes. For further discussion, see Sections 5.1 and 5.2.

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

In order to investigate the effect of such an error we can introduce a pressure independent
decay rate of the ion beam, Γmod, which modifies the rate, β, given by Equation 4.1. Let
us refer to this modified decay rate, described by Equation 4.13, as β′.

β′ = Γrad
1 + Γdeexc

1 (p) + Γneutr
1 (p) + Γmod

1 = Γrad
1 + Γmod

1 + Γ(p) =
1

τexp

(4.13)

The same description of the measurements, see Equations 4.2-4.10, can now be performed
by substituting β with β′ and adding the decay rate Γmod to the decay of the ion beam.
The result of this will be that what actually is plotted in the Stern-Vollmer plots is β′

as a function of Γmod + Γneutr. When we later extrapolate to a zero ion beam decay rate
what we get is not the pure radiative lifetime but Γrad

1 + Γmod
1 .

However, a limit on the rate Γmod is set since Γneutr ≥ 0. This implies that even though
this modification of the ion beam decay rate can not be measured it can not be faster than
the decay rate at base pressure. A typical ion beam lifetime is 100 s, i.e. the modification
to the decay rate can not be higher than 1/100 s−1. The effect of Γmod ≤ 0.001 s−1 on
the deduced radiative lifetime can now be examined. A typical radiative lifetime is 1 s
and a typical collisional quenching rate, Γ(p), is 0.04 s−1 at base pressure [40]. If an
ideal theoretical curve is constructed based on this data we can introduce values on Γmod

ranging from 0 to 0.01 s−1, see Figures 4.11 and 4.12. The resulting pure radiative lifetime
deduced for these different values of Γmod is shown in Table 4.1.

The conclusion is that given these input data the worst case scenario would result in an
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Figure 4.11: Ideal theoretical Stern-
Vollmer plot with Γrad = 1 s−1, Γmod = 0
and Γ(p) = 0.04 s−1 at base pressure
(τIBCD = 100 s).
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Figure 4.12: Ideal theoretical Stern-
Vollmer plot with Γrad = 1 s−1, the
maximum possible Γmod = 0.01 s−1

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

Table 4.1: Deduced pure radiative lifetime depending on the value of Γmod.

Γmod Γrad
1 (s−1) Deviation from Γrad

1 = 1 s−1

0 1
0.002 1.006 0.6%
0.004 1.012 1.2%
0.006 1.018 1.8%
0.008 1.024 2.4%
0.010 1.030 3.0%

error of 3%. Investigations of this kind have also been made on experimental data in
which it was found that the deviations in radiative lifetimes are significantly smaller than
the uncertainties in the unmodified lifetimes [41].
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Chapter 5

Results and discussion

5.1 BaII - Paper 1

The lifetime measurements of the metastable states 5d 2D3/2 and 5d 2D5/2 in BaII consti-
tute the two longest lifetime measurements ever by this research group and, to the best of
our knowledge, the measurement of the level 5d 2D3/2 is the longest radiative lifetime ever
measured in a storage ring, 89 s. Measuring lifetimes of this order of magnitude presents
new problems that have to be dealt with. One prerequisite for the study was the possibil-
ity to store the ions long enough to have the time necessary to perform the laser probing
measurements available. This maximum possible storage time has increased with the
CRYRING operators’ experience and knowledge and is now rather minutes than seconds
at 40 keV rendering lifetime measurements of the same order of magnitude possible.

With increasing recording time comes higher demands on the stability of the equipment
used. During the time needed to measure enough data to construct one lifetime curve
some variations in ion production as well as in initial population of the metastable state
were observed but both these effects were also corrected for. One of the most crucial steps
in this study was the analysis of the repopulation which turned out to have a large effect
on the final lifetime as seen in Figure 5.1.

When studying Figure 5.1 it is clear that more or less all recorded fluorescence signal
after 20 s is originating from ions excited due to repopulation. When subtracting this
effect the resulting significant lifetime data is simply noise and should be disregarded in
the analysis. The amount of repopulation subtracted from the normalized fluorescence is
crucial for the resulting lifetime and should be treated with extreme care in the analysis.

If the measuring time is long enough, the recorded data will include a part in which an
equilibrium between the repopulation and the fluorescence is reached, as in Figure 5.1. If

41
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Figure 5.1: Normalized fluorescence
(open circles), normalized repopulation
(crosses) and the final lifetime curve
(closed circles) for a measurement of the
5d 2D5/2 level in BaII at base pressure.
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Figure 5.2: Normalized fluorescence
(open circles), normalized repopulation
(crosses) and the final lifetime curve
(closed circles) for a measurement of the
3d2 3P2 level in ScII at base pressure.

this situation is present the tails of the two curves will converge and the correct amount
of repopulation can be subtracted. In other studies the recording time have been to short
for this equilibrium to be reached, as in Figure 5.2, which makes it harder to say whether
or not the repopulation was over- or underestimated.

From Figure 3.9 we see that one possible situation in our measurements is that the moving
probe pulse meant to measure the LIF has passed the fixed repopulation pulse. When
this happens the fixed repopulation pulse will actually measure the LIF instead of the
repopulation itself since no depletion pulse has been sent from the timing system. This
implies that the signal detected at the time of the repopulation pulse should actually
be the continuation of the LIF curve. This gives another possibility to control that the
amount of repopulation subtracted is reasonable in order to deduce a correct lifetime, see
Figure 5.3.

Changing the amount of repopulation by a factor changes the resulting lifetime of approx-
imately twice that factor, e.g. a 10% increase in the amount of repopulation changes the
resulting lifetime with approximately 20%, which makes this procedure very important if
the resulting lifetime should be accurate. This is illustrated in Figure 5.4.

Figure 5.5 and Figure 5.6 show the standard deviation from the fit of the corrected lifetime
curve and the r2-value of the fit as a function of the repopulation correction factor used.
It is clearly shown that the purest single exponential behaviour of the corrected lifetime
curve is present before we start altering the amount of repopulation which supports our
normalizations.
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Figure 5.3: Laser induced fluorescence
(closed circles) and repopulation (open
circles) built up backwards. The repop-
ulation level at t > 35 s is the end of
the fluorescence curve due to the lack-
ing of a depletion pulse preceeding the
fixed probe pulse meant for measuring
the repopulation.
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Figure 5.4: The figure shows the change
in deduced lifetime when dividing the
amount of repopulation with a certain
factor, i.e. the repopulation correction
factor.
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Figure 5.5: Standard deviation from the
fit of the corrected lifetime curve as a
function of the repopoulation correction
factor used in the analysis.
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Figure 5.6: r2-value from the fit of the
corrected lifetime curve as a function of
the repopoulation correction factor used
in the analysis.

The lifetime of the 5d 2D3/2 level presented in this article is the first ever reproduction of
a previous experimental result [42] of this lifetime and is also supported by a number of
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theoretical calculations [43, 44, 45, 46] among them our new ones presented in Paper 1,
τ = 82.0 s and τ = 31.6 s respectively.

A remark can also be made that the calculation regarding the lifetime value of the 5d 2D5/2

level by Guet and Johnson [45] cited in Paper 1, τ = 37.2 s, has been corrected after the
publication of this experimental study. The authors accidently omitted the M1 contribu-
tions to the decay channels and the new corrected lifetime value of τ = 30.8 s [47] agrees
well with our presented measurement.
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5.2 The repopulation method for determinations of

lifetimes - Paper 2

The traditional way of determining lifetimes has been to fit an exponential to the decaying
fluorescence originating from the level of interest. This Rapid Communication presents
an alternative way of determining radiative lifetimes by monitoring collisional excitations
into the metastable state under study. This effect, referred to as repopulation, has been
monitored in connection with earlier studies at CRYRING. Usually, during the analysis,
the repopulation is subtracted from the raw fluorescence data recorded with the LPT
in order to extract the pure radiative decay of the level, see Section 4. However, the
repopulation curve itself is actually enough to deduce the radiative lifetime of the upper
level directly as shown in Section 4, Equation 4.9.

This new method has been applied to repopulation curves recorded when measuring the
lifetime of the 5d 2D5/2 level in BaII [48]. The three repopulation curves, originally
recorded for correction purposes, with their corresponding fits are shown in Figure 5.7.

The three available repopulation curves added three more data points to the Stern-Vollmer
plot used in order to deduce the zero pressure lifetime in Ref. [48], see Figure 5.8.
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Figure 5.7: Three repopulation curves
recorded at three different pressures,
i.e. three different ion beam lifetimes,
fitted with curves described by Equa-
tion 4.9.
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Figure 5.8: Stern-Vollmer plot for the
5d 2D5/2 level in BaII. The light points
are the original data points resulting
from an exponential fit to the corrected
fluorescence curve and the bold points
are three new data points originating
from analysis of the repopulation curves
directly.
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Figure 5.9: Stern-Vollmer plot following the reanalysis of the b 4P5/2 level in TiII

As seen in Figure 5.8 the error bars associated with the new high pressure point is more
than a factor of 4 smaller than the average error bars associated with one of the old
high pressure points deduced from fitting the fluorescence decay. This shows one of the
advantages of this new method, namely that the signal is significantly better at high
pressures compared to the case when the repopulation is subtracted from the fluorescence
which usually results in a very weak signal since a large part of the fluorescence signal at
these high pressures is due to repopulated ions.

Another advantage of this new method is associated with the normalization with respect
to initial population of the metastable state as described in Section 4. Since the first thing
done in a repopulation measurement is to completely deplete the metastable state, the
initial population at the time of injection into the storage ring is irrelevant for these kind
of measurements. This also saves a lot of time during an experiment since typically every
fourth ring cycle is used for measuring these otherwise necessary normalization curves.

A previous study of the b 4P5/2 level in TiII published in 2003 [39] constitutes a case in
which the repopulation correction was of major importance for the deduced lifetime. An
accurate method for handling this effect had not been developed at the time of publication
and the lifetime published was given with large error bars, τ = 28±10 s. This experimental
lifetime value did not agree with the results of the calculations, τ = 14 s. The development
of the analysis method for repopulation correction together with this completely new
method have allowed us to reanalyze the lifetime curves and also to add the data from
the repopulation curves to the Stern-Vollmer plot. The results are still preliminary but
indications are that the experimental lifetime should be rather τ = 16 ± 2 s a deviation
of 1.2σ from the published value, see Figure 5.9.
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5.3 ArII - Paper 3

Previous lifetime measurements in XeII [10] and KrII [9] have revealed significant contri-
butions to the transition probabilities of several lines from spontaneous M2 decays of the
upper metastable level. This fact awakened the curiosity whether or not this was a phe-
nomenon coupled to the electronic structure of singly charged noble gases and therefore
also present in ArII. ArII has several metastable levels two of which were measured in
this study, 3d 2G7/2 and 3d 2G9/2. This doublet is interesting since one of the two levels
does not have any allowed E1 or M2 decay channels to the ground state in LS-coupling.
Instead this decay will have to be through E2 or E3 transitions. The transitions used
for probing were 3d 2G7/2-4p

2Fo
7/2 and 3d 2G9/2-4p

2Fo
7/2 with transition probabilities

A = 9 · 105 s−1 [49] and A = 2 · 107 s−1 [50] respectively. The upper 4p 2Fo
7/2 level is

short-lived with τ = 8.41± 0.03 ns [51] and will decay to the 3d 2D5/2 and 4s 2D5/2 levels
as shown in Figure 5.10.

145000

150000

155000

160000

165000

170000

175000

4s 2D
5/2

3d 2D
5/2

4p 2Fo
7/2

3d 2G
9/2,7/2

E
 (

cm
−

1 ) 613 nm514 nm

461 nm

Figure 5.10: Partial enery level scheme for ArII.

A previous publication included calculations of these two levels resulting in lifetime values
of 4.90 s and 6.10 s [52]. The analysis of the experimental data, however, showed system-
atically shorter lifetimes for both levels. Due to the high energy of the two states, 19.1 eV,
the repopulation effect is very small and close to negligible. The conditions under which
the experiment took place proved to be very stable implying that the final corrected and
normalized lifetime curves showed very small deviations from the raw data. This implies
that the lifetime differences observed are probably not due to experimental reasons but
rather theoretical.

The theory was greatly expanded to include both M2 as well as E3 decay channels in order
to explain the discrepancy between theory and experiment. The transition probability
for the E3 decay proved to be several orders of magnitude higher than expected and
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the experimental results could be verified after major work on the theoretical side. A
significant E3 contribution has been observed, to the best of our knowledge, only one
time prior to this in the spectrum of a singly charged ion, namely in YbII. However, in
ytterbium the transition studied is the 2S1/2-

2F7/2 in which the upper level has a lifetime
of 10 years [11, 12] which should be compared with 2-3 s in our study.

The transition probability for an electric multipole transition of order K from level γJ
to level γ′J ′ can be calculated according to Equation 5.1 in which λ is the transition
wavelength, K is the order of the transition, J and J ′ is the J-value of the upper and
lower level respectively and | < γJ ||rK ||γ′J ′ > | is the reduced electric multipole matrix
element [12].

A(EK) =
1

2J + 1

2(K + 1)(K + 1)

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

(
2π

λ

)2K+1 1

h̄
× | < γJ ||rK ||γ′J ′ > |2 (5.1)

We can now compare the E3 transition probabilities previously found in YbII with the
ones presented in this work. If we take the ratio between the two reduced matrix elements
each given by Equation 5.1 we get Equation 5.2.

<2 F o
7/2||E3||2S1/2 >

<2 GJ ||E3||2P o
J ′ >

=

√√√√(2 · 7/2 + 1)

(2J + 1)

AY b(E3)

AAr(E3)

(
λY b

λAr

)7

(5.2)

By entering the known E3 transition probabilities from this study and the one calculated
in YbII, AY b(E3) = 3.80 · 10−9 s−1 [12], into Equation 5.2 it is concluded that the reduced
matrix element of the argon transitions are only about 6 times larger than the one in
ytterbium even though the transition probability is almost 8 orders of magnitude higher.
This is an indication of the importance of the high power scaling of the energies involved
in these transitions. These differences in the size of the reduced matrix elements are most
likely connected to the LS-symmetries of the transitions.
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Summary

The lifetimes of the 5d 2D3/2 and the 5d 2D5/2 levels in BaII have been experimentally
determined to be τ = 89.4 ± 15.6 s and τ = 32.0 ± 4.6 s respectively. The lifetime of
the 5d 2D3/2 level is thereby the longest radiative lifetime ever measured in a storage ring
and the first reproduction of a previously presented experimental value. Both lifetimes
agree well with earlier theoretical values as well as with our new calculations as seen in
Figures 6.1 and 6.2.
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Figure 6.1: Comparison between experi-
mental and theoretical lifetime values of
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see inside of Ref. [48]
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A new method for measuring extremely long lifetimes, of the order of tens of seconds or
more, have been developed in order to avoid several previously documented complications

49



50 CHAPTER 6. SUMMARY

associated with lifetimes of this magnitude. Instead of measuring and correcting for the
effect of collisional excitation into the metastable level during the storage of ions, this
collisional excitation is used directly to determine the radiative lifetime of the upper
state. Compared to an ordinary ion beam fluorescence decay measurement the subtraction
and correction for this repopulation are made obsolete and the experiment is no longer
dependent on the initial population of the metastable state. When the measurement
is made independent on these two otherwise crucial effects the resulting uncertainties
decrease significantly. The method has been applied to repopulation curves, originally
measured to be used for correction, recorded when studying the 5d 2D5/2 level in BaII.
The greatest advantage is during the high pressure measurements where this new method
gives good statistics thanks to a high rate of repopulation whereas the original lifetime
curve gets weak due to the same effect. The lifetimes deduced from these repopulation
curves are included in the Stern-Vollmer plot for this level presented in Ref. [48] and the
new lifetime presented is τ = 32.0 ± 2.9 s, the most accurate lifetime value for this level
presented so far, see Figure 6.2. This new method has also given a preliminary revised
lifetime value of the b 4P5/2 level in TiII [39], τ = 16± 2 s.

The lifetimes of the 3d 2G7/2 and the 3d 2G9/2 levels in ArII have been experimentally
determined to be τ = 3.0 ± 0.4 s and τ = 2.1 ± 0.1 s respectively. Previously calculated
values for these two levels included M1 and E2 contributions and resulted in τ = 6.10 s
and τ = 4.90 s [52]. Although forbidden in LS -coupling the calculations were extended
to include M2 contributions but more importantly also E3 contributions which proved
to shorten the lifetimes significantly. The E3 transitions are the second and third ever
found in a singly charged ion and the transition probabilities are more than a factor of
108 higher than in the already known E3 transition in YbII [11, 12], see Table 6.1.
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Table 6.1: Contributions of the different decay modes to the lifetimes of the 3s23p4(1D)3d
2G7/2,9/2 levels computed by two independent methods (HFR and MCBP) and comparison
with experiment.

Level Type
∑

A (s−1)a

HFR MCBP EXPT
3s23p4(1D)3d 2G7/2 M1 1.96(-1) 2.46(-1) -

E2 2.63(-2) 2.67(-2) -
M2 1.51(-2)? 1.51(-2) -
E3 1.33(-1)? 1.33(-1) -

τ (s) 2.70 2.38 3.0± 0.4

3s23p4(1D)3d 2G9/2 M1 2.77(-1) 3.44(-1) -
E2 8.45(-3) 1.42(-2) -
E3 1.35(-1)? 1.35(-1) -

τ (s) 2.38 2.03 2.1± 0.1

a HFR, MCBP, EXPT : this work.
a(b) stands for a × 10b.
Starred values : from MCBP, see Ref. [23].
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Chapter 7

Outlook

Over the years investigations of forbidden decay processes in positive as well as in neg-
ative ions, see e.g.Refs. [53, 54], have proven to yield new and interesting results. The
experimental results have both confirmed and contradicted theoretical predictions which
has lead to an evolution of the theoretical models used. The increased agreement between
theory and experiment has also increased the credibility of the theoretical databases which
still are considerably more extensive than the available experimental ones. However, as
calculations get more and more detailed continued confirmations of predictions are still
needed. This is indicated by the fact that experiments still surprise with unexpected
effects not predicted by theory such as strong higher order contributions to the decay
channels.

Moreover, experimental data is requested by physicists as well as by astronomers in or-
der to model for example astrophysical plasmas. Even though it is not a new method,
spectroscopy is still one of the most important tools for studying remote objects and new
spectroscopical data is consequently still desired.

The future of the LPT looks bright thanks to the development of the experimental equip-
ment. The existing laser system will eventually by expanded to include also a Spectra-
Physics Matisse R© Ti:Sapphire ring laser pumped by a Spectra-Physics Millennia R© Pro 15s
Nd:YAG laser and equipped with an external frequency doubling cavity, Spectra-Physics
WaveTrain R©, thanks to funding from the Wallenberg foundation. This will expand the
reachable wavelength region to approximately 350-1100 nm, a region in which a continu-
ous tunability will be available when the already present laser setup is combined with the
new one. This opens up completely new possibilities. New probing channels get avail-
able through the wider wavelength coverage something which probably will make studies
of multiply charged ions possible. The studies of metastable states in multiply charged
ions are interesting since higher order transitions get more probable with increasing en-
ergy. Therefore more experimental studies of these effects can be made which hopefully
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increases the understanding of the details surrounding these decay processes.

The new laser system will also consist of a larger number of possible simultaneous laser
sources which opens up even more possibilities. Two Nd:YAG laser, one Ar ion laser, one
ring dye laser, two Ti:Sapphire lasers combined with the possibility to use laser diodes
and a frequency doubler make many processes such as multi photon excitation or optical
pumping possible while probing with yet another laser, see e.g.Ref. [55, 56]. This will
hopefully lead to great improvements in the signal to noise ratio and also increase the
number of possible states that can be probed.

The storage ring CRYRING will eventually be replaced by a new electrostatic storage
ring, DESIREE [24]. This will also improve the measurements done with the LPT. DE-
SIREE will be operated at temperatures of approximately 10K which will improve the
vacuum greatly compared to CRYRING. A better vacuum implies that the extrapolation
of measured lifetimes to zero pressure done in the Stern-Vollmer plots will be smaller
and therefore the concluded pure radiative lifetime of the metastable state will probably
be determined with a better accuracy than what is done at CRYRING. The absence of
magnetic fields is another advantage of the new electrostatic storage facility. This mag-
netic field free environment will remove the previously encountered problems with Zeeman
mixing of energy levels [10].

Overall, the experimental setup presently placed in connection to CRYRING will most
likely continue to produce intriguing and puzzling results which in the long run will
increase not only the general understanding of atomic decay processes but also through
applications of the deduced results make a contribution to physical and astronomical
research in general.



Chapter 8

Author’s contribution

All of the work that has resulted in the presented papers have been a team effort of
the authors listed in connection to each paper. My contribution to this work has been
experimental as well as analytical. During all experiments I have been involved in the
preparations including setting up electronics and the data acquisition system as well
as ensuring a functional and optimized laser during the experimental run. During all
measurements I have also been partly responsible for the ion production as well as for
maintaining the functionality of all experimental equipment. Furthermore, I have been
involved in the analysis of the experimental data in all presented studies including an
extensive repopulation investigation when analyzing the presented barium data included
in Paper 1, which is also written by me. In addition to this I have been able to verify
the new analysis method presented in Paper 2 by applying it on old experimental data
from both CaII, TiII and BaII. Finally I have developed and suggested the new method
for analyzing and normalizing experimental data, presented in Section 4, which includes
normalization of both fluorescence and repopulation data with respect to variations in
stored particles.
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The two metastable levels 5d 2D3/2 and 5d 2D5/2 in Ba II both show extremely long lifetimes of the order of
several tens of seconds each. This has been found both by experiments and by theoretical predictions. The
small transition probabilities associated with these two levels make them interesting and challenging for
theoreticians as well as for experimentalists. Several calculations and measurements of these two lifetimes have
been made previously but discrepancies between the results are present. This article presents values of �
=89.4±15.6 s for the 2D3/2 level and �=32.0±4.6 s for the 2D5/2 level measured in a beam-laser experiment
performed at the ion storage ring CRYRING. These values are supported by our new calculations resulting in
�=82.0 s for the 2D3/2 level and �=31.6 s for the 2D5/2 level.

DOI: 10.1103/PhysRevA.75.052506 PACS number�s�: 32.70.Cs, 31.10.�z

I. INTRODUCTION

Singly ionized barium �Ba II� shows a very simple atomic
structure: the ground state is 5s25p66s 2S1/2. The atomic en-
ergy levels compiled by Moore �1� and, more recently by
Curry �2�, belong to the 5p6ns �n=6–50�, 5p6np �n
=6–12�, 5p6nd �n=5–48�, 5p6nf �n=4–14�, and 5p6ng �n
=5–12� configurations. The Ba II spectrum, and particularly
the radiative lifetimes of the metastable states of this ion, are
an interesting challenge for theoreticians as well as for the
experimentalists. As this ion shows a rather simple electronic
structure with one outer electron moving outside of closed
shells in the resultant field of the nucleus and of the 54 inner
electrons, outer correlation is expected to be rather small but
this may not be true for core-valence correlation. In addition,
as we are dealing with a rather heavy ion, relativistic effects
are expected to play a role and must be considered ad-
equately in the calculations. The lifetimes of the long-lived
metastable states are traditionally an interesting test for the
accuracy of the theoretical models because they are very sen-
sitive to small configuration interaction effects.

On the experimental side a number of problems are con-
nected with measurements of lifetimes of such long lived
levels such as 5d 2D3/2 and 5d 2D5/2. Well controlled con-
finement of the ions is necessary and several processes such
as collisional excitation and deexcitation of the levels have to
be monitored to permit accurate determinations of the radia-
tive lifetimes. Solely the ion confinement presents high tech-
nical demands on the apparatus used. In addition to an ex-
tremely good vacuum, stability over long time scales has to
be obtained in order to avoid systematical errors. Prior to this
study all measurements of the lifetimes of these two meta-
stable levels in Ba II have been performed with ions in traps
and in fact, to the best of our knowledge, the lifetime of the
5d 2D3/2 level presented in this study is the longest radiative
lifetime ever measured in a storage ring.

A number of theoretical calculations and measurements
have been published for the radiative lifetimes of the two
5d 2D3/2 and 5d 2D5/2 low-lying levels but large and unex-
pected discrepancies are observed among these values. For
the 5d 2D3/2 level, the measurements of Schneider and Werth
�3� and of Yu et al. �4� differ by a factor of 4 and, for the
5d 2D5/2 level, the results of Plumelle et al. �5� are larger
than those of Nagourney et al. �6� and of Madej et al. �7� by
about 50%. On the theoretical side, the scaled Thomas-
Fermic-Dirac calculations of Warner �8� lead to lifetime val-
ues shorter by about a factor of 2 than the other theories both
for the 5d 2D3/2 and 5d 2D5/2 levels �Garstang �9�, Guet and
Johnson �10�, Dzuba et al. �11�, Gopakumar et al. �12�, Sa-
hoo et al. �13��. New measurements and calculations of life-
times are therefore strongly needed for these two levels for
definitely assessing the reliability of the different sets of pub-
lished results.

II. HFR CALCULATIONS FOR FORBIDDEN
LINES IN Ba II

In the present work, three different theoretical models
were considered within the framework of the pseudorelativ-
istic Hartree-Fock �HFR� method described by Cowan �14�.
In a first calculation �HFR�A��, only valence correlation was
considered in the physical model including the 5s25p6ns �n
=6–8� and 5s25p6nd �n=5–8� configurations. In a second
calculation �HFR�B��, some core-valence correlations were
included by means of additional configurations with one hole
in the 5s or 5p subshell. This corresponds to the following
configurations: 5s25p6ns �n=6–8�, 5s25p6nd �n=5–8�,
5s25p56s6p, 5s25p55d6p, 5s25p54f6s, 5s25p54f5d,
5s25p55f6s, 5s25p55d5f , 5s25p54f6d, 5s25p55f6d,
5s25p56p6d, 5s5p65d2, 5s5p66s2, and 5s5p65d6s. In particu-
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lar, it is expected that the 5s→5d core excitation plays an
important role because it corresponds to an allowed quadru-
pole transition from the 5s25p65d configuration. The influ-
ence of ns→nd core excitation on E2 transition rates was
already pointed out by Quinet and Hansen �15� in the case of
the 3s→3d excitation in iron group elements. In our third
calculation �HFR�C��, the HFR�B� model was extended with
configurations characterized by two holes in the 5s or 5p
subshell, i.e., 5s25p45d6s2, 5s25p45d26s, 5s25p45d3,
5p65d26s, 5p65d6s2, and 5p65d3. Finally, as transition prob-
abilities for magnetic dipole and electric quadrupole radia-
tion are very sensitive to transition energies, the A values
calculated using our different HFR models were corrected
with wavenumbers deduced from experimental energies
compiled by Curry �2�. Calculated transition probabilities for
M1 and E2 transitions depopulating the 2D3/2 and 2D5/2
metastable levels are reported in Table I.

It is clearly seen from this table that single-electron core
excitations from the 5s and 5p orbitals are much more im-
portant than double excitations. Indeed, going from calcula-
tion HFR�A� to calculation HFR�B� leads to a variation of
about 10% in E2 transition probabilities while going from
HFR�B� to HFR�C� has nearly no effect on the computed A
values. Radiative lifetimes computed in the present work are
compared with previous theoretical and experimental results
in Tables II and III.

For the 2D3/2 level, our value is in very good agreement
�within 2%� with the theoretical data obtained by Guet and
Johnson �10�, Dzuba et al. �11�, Gopakumar et al. �12�, and
Sahoo et al. �13�. For the 2D5/2 level, our value is in good
agreement �within 5%� with the ones obtained by Garstang
�9�, Dzuba et al. �11�, and Sahoo et al. �13� while it is about
17% smaller than the calculations due to Guet and Johnson
�10� and Gopakumar et al. �12�. However, these discrepan-
cies can easily be explained by the fact that these latter au-
thors did not take the M1 contribution into account. From
our HFR�C� calculations, it is seen that inclusion of the M1
transition effectively decreases the lifetime of the 2D5/2 level
from 38.3 to 31.6 s. The lifetimes obtained with the most
elaborated theoretical model �HFR�C�� are in very good
agreement �within the error bars� with the experimental val-
ues published by Nagourney et al. �6�, Yu et al. �4�, Madej et
al. �7�, and those measured in the present work.

III. EXPERIMENTAL METHOD

The experiment utilized a laser probing technique �LPT�
�16–18� together with a beam of Ba+ ions stored in the ion

storage ring CRYRING at the Manne Siegbahn Laboratory
in Stockholm, Sweden. The ions were created from solid Ba
placed in a Nielsen ion source equipped with an oven. The
Ba+ ions were accelerated to 40 keV and the isotope 138Ba+

was selected and injected into the storage ring. The current
of stored Ba+ ions was of the order of 0.5 �A and showed an
exponential decay after injection with a maximum lifetime of
approximately 100 s. This loss of stored ions is primarily
caused by neutralization due to collisions between the ions
and the residual gas in the ring. The ion production method
creates ions in a variety of different states, among them the

TABLE I. Calculated A values �in s−1� for M1 and E2 transi-
tions depopulating the 2D3/2 and 2D5/2 metastable levels in Ba II.

Transition Type HFR�A� HFR�B� HFR�C�

2D3/2-2S1/2 E2 1.357�−2� 1.217�−2� 1.219�−2�
2D3/2-2S1/2 M1 0.00�0� 3.388�−13� 3.189�−13�
2D5/2-2S1/2 E2 2.905�−2� 2.601�−2� 2.607�−2�
2D5/2-2S3/2 M1 5.565�−3� 5.578�−3� 5.573�−3�
2D5/2-2S3/2 E2 3.150�−7� 2.682�−7� 2.649�−7�

TABLE II. Comparison between theoretical �calculation
HFR�C�, see the text� and experimental lifetime �in s� for the 2D3/2
metastable level in Ba II.

Theory Experiment

This work Others This work Others

5d 2D3/2 82.0 72.1a 89.4�15.6� 17.5�4�b

45.4c 48�6�d

83.7e 79.8�4.6�f

81.5g

81.4h

80.086�714�i

aGarstang �9�.
bSchneider and Werth �3�.
cWarner �8�.
dKnab-Bernardini et al. �26�.
eGuet and Johnson �10�.
fYu et al. �4�.
gDzuba et al. �11�.
hGopakumar et al. �12�.
iSahoo et al. �13�.

TABLE III. Comparison between theoretical �calculation
HFR�C�, see the text� and experimental lifetime �in s� for the 2D5/2
metastable level in Ba II.

Theory Experiment

This work Others This work Others

5d 2D5/2 31.6 33.2a 32.0�4.6� 47.0�16�b

19.0c 32.0�5�d

37.2e 34.5�3.5�f

30.3g

36.5h

29.856�296�i

aGarstang �9�.
bPlumelle et al. �5�.
cWarner �8�.
dNagourney et al. �6�.
eGuet and Johnson �10�.
fMadej et al. �7�.
gDzuba et al. �11�.
hGopakumar et al. �12�.
iSahoo et al. �13�.
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metastable ones. The population of both levels 2D3/2 and
2D5/2 was probed through a laser induced excitation to 2P3/2

o ,
a level that quickly decays via an E1 transition to the ground
state 2S1/2, as illustrated in Fig. 1, with a lifetime of
6.27±0.25 ns �19–23�. The intensity of the laser induced
fluorescence �LIF� from the transition 2P3/2

o to the ground
state, which is an indirect measurement of the population of
the metastable level at the time of the probe pulse, was de-
tected by a photomultiplier tube �PMT�.

A Coherent 699-29 Autoscan ring dye laser pumped with
a Coherent Innova 400-25 Ar-laser was used together with
the dye Rhodamine 6G which enabled lasing at both the
required probing wavelengths with an output power of about
700 mW. The lifetime curves are built up by a series of data
points where each data point corresponds to one cycle, i.e.,
one injection of ions into the storage ring. In each cycle a
laser pulse induced the transition from the metastable level to
the 2P3/2

o level with a time delay, relative to the ion injection,
increased for each cycle. After the excitation, the fluores-
cence from 2P3/2

o to the ground state was detected with a
Hamamatsu R585 PMT used together with a color filter that
prevented the scattered laser light from reaching the detector.
In this way the population of the metatstable level as a func-
tion of time after injection was monitored.

In addition to the lifetime measurements the PMT was
also used to measure the repopulation of the metastable level
by making use of a second probe pulse that was fixed in time
at the end of each cycle. Since the duration of the first probe
pulse was chosen long enough ��200 ms� to deplete the
metastable level the second pulse measured the repopulation
of the level at a time interval equal to the time difference
between the two pulses. By keeping the repopulation pulse
fixed at the end of each cycle this interval varied and a re-
population curve was built up �18,24� backwards.

A multichannel plate �MCP� particle detector is mounted
at the end of a zero degree prolongation of one of the straight
sections of the storage ring. With this detector neutralized
ions which were unaffected by the magnetic field of the
bending magnet in front of the MCP were detected. The
stored ions get neutralized through collisions in the storage
ring and the number of neutralized particles detected is pro-
portional to the number of ions stored at the same time. The
MCP was used to measure the ion beam current decay over

time and also to measure the number of injected particles in
the ring at a fixed time each cycle. These two curves enabled
compensation of the recorded fluorescence signals both for
the decay of the ion beam and also for the possible variation
in the number of particles injected during each cycle.

The number of injected particles during each cycle is,
however, not necessarily directly related to the number of
injected ions populating the metastable level. The ratio be-
tween these two quantities has occasionally been observed to
be nonconstant during previous experiments. Indications are
that the conditions under which the ion source is operated,
such as gas pressure, anode voltage, and filament current,
may lead to variations in the populations of different states.
Therefore every fourth cycle was used to measure the LIF at
a fixed time after injection. This allowed normalization with
respect to variations in the initial population of the meta-
stable level. The typical variations in the present study were
about 10%.

The measured decay rate of the metastable level will con-
sist of two parts, the radiative decay rate and a collisional
decay rate. The latter is pressure dependent and by measur-
ing the lifetime as a function of pressure the radiative decay
rate can be determined by extrapolating the measured decay
rates to zero pressure in a Stern-Vollmer plot �25�. A number
of curves showing the decay of the LIF over time were re-
corded at the best possible vacuum in the storage ring, i.e.,
p�10−11 Torr. To enable the extrapolation in the Stern-
Vollmer plot the pressure was later increased by heating one
of the nonevaporative getter pumps connected to the storage
ring. This allowed the lifetimes of the two levels to be mea-
sured at slightly different pressures. Since the pressure in the
storage ring is so low, even for the high pressure measure-
ments, no absolute measurements can be made with vacuum
meters. Therefore the lifetime of the ion beam which is de-
pendent on the number of neutralizing rest gas particles is
used as an indirect relative pressure measurement.

IV. ANALYSIS

One example of the decay of the LIF is shown in Fig. 2.
The curve shows the expected exponential decay and also the
background signal from the PMT recorded at the end of each
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FIG. 1. Level scheme for Ba II.
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FIG. 2. Unnormalized fluorescence measured by probing the
2D5/2 level at base pressure. Each time point represents one value of
the delay time between ion injection and the probe pulse.
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cycle after the insertion of an ion beam dump. This back-
ground was subtracted and the fluorescence curve was then
normalized against the variation in original population of the
metastable level. A nonzero equilibrium level can be seen
before the beam dump at the end of the fluorescence curve.
This is due to a continuous repopulation of the metastable
level after injection into the storage ring. The repopulation of
the metastable level was assumed to be mainly caused by
collisions with rest gas and therefore the repopulation shown
in Fig. 3 was normalized against the particle curve recorded
at fixed time each cycle, Fig. 4. This effect can be corrected
for by subtracting the repopulation from the fluorescence,
however, before this can be done the repopulation also has to
be normalized against the ion beam current decay, Fig. 5.
Figure 6 shows the normalized fluorescence, the normalized
repopulation and the difference between them, i.e., the final
normalized lifetime curve.

Each corrected and normalized lifetime curve was fitted
with a single exponential function to evaluate the lifetime of
each data set. The standard deviation of the fit was used as
the uncertainty of the lifetime. Each deduced lifetime and its
corresponding uncertainty can be seen as one point in one of
the two Stern-Vollmer plots, Figs. 7 and 8. The Stern-
Vollmer plots were fitted with linear fits weighted against the
uncertainty in each point which resulted in the radiative life-

time at zero pressure and a standard deviation of the fit
which is listed as the uncertainty of the pure radiative life-
time.

V. RESULTS

Figures 7 and 8 show the two Stern-Vollmer plots. The
weighted fit in Fig. 7 resulted in a lifetime of the 2D5/2 level
of �=32.0±4.6 s and the fit in Fig. 8 resulted in �
=89.4±15.6 s for the 2D3/2 level. These values are supported
by our new calculated lifetimes presented in Tables II and III,
�=82.0 and 31.6 s, respectively. The results in comparison
with results from previous studies are illustrated in Figs. 9
and 10.

VI. DISCUSSION

Prior to this study no measurements of the lifetime of the
2D3/2 level showed consistent results. The first attempt to
measure this lifetime was made in Ref. �3�, a study in which
Ba+ ions were stored in a quadrupole trap where the lifetime
was measured as a function of pressure. This allowed an
extrapolation to zero pressure in order to obtain the radiative
lifetime. The method used was to excite the stored ions from
the ground state with a pulsed laser to the higher lying 2P1/2
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FIG. 3. Unnormalized repopulation, measured by probing the
2D5/2 level at base pressure.
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FIG. 4. Particle normalization curve recorded while measuring
the lifetime of the 2D5/2 level at high pressure. The plot shows the
number of particles stored at a fixed time after injection. The time
indicated on the x axis is the corresponding time point in Figs. 2, 3,
and 5.

0 10 20 30 40
0

500

1000

1500

2000

2500

3000

3500

4000

t (s)

P
ar

tic
le

s
(c

ou
nt

s)

FIG. 5. The ion beam current decay at base pressure recorded
while measuring the 2D5/2 level.
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FIG. 6. Normalized fluorescence �empty circles�, normalized re-
population �crosses�, and the final lifetime curve �filled circles� for
a measurement of 2D5/2 at base pressure.
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level which decays partly to the ground state and partly to
the metastable 2D3/2 level with known transition probabili-
ties. The ion cloud interacted with laser pulses sent into the
trap with a repetition rate of approximately 3−30 s−1 in or-
der to probe the ground state population which enabled the
lifetime of the metastable level, or at least its lower limit, to
be extracted, �=17.5±4 s. The second measurement of the
2D3/2 lifetime was made in Ref. �26�. Once again an ion trap
was used but with a slightly different method to measure the
deexcitation of the metastable level. The same excitation
wavelength as in the first study was used but now for optical
pumping into the metastable level. Once equilibrium had
been reached the laser was switched off and with various
delay times the ground state population was probed. The
deduced lifetime of the metastable level after extrapolation
to zero pressure was 49.0±5.9 s. In both these measurements
one of the reasons for the discrepancies between theory and
experiments was suggested to be collisional quenching due
to rest gas in the ion trap. To control or monitor this process
in a sufficiently accurate way is not trivial. The third mea-
surement performed in Ref. �4� used a single barium ion
stored in a trap under conditions where the authors found the
collisional quenching to be insignificant. The measurement
utilized the method of quantum shelving and the resulting
lifetime was �=79.8±4.6 s.

In the present study, however, the repopulation effect due
to collisions as well as collisional deexcitation of the meta-
stable level is of major importance as can be seen in Figs.

6–8. After just 20 s almost all of the fluorescence signal is
originating from ions that are excited into the metastable
level due to repopulation and correcting for this is of most
importance. This effect has been studied several times prior
to this study at CRYRING and a method for correction has
been developed �18,27� and used for determining lifetimes as
long as 28 s in Ti II �28�. In this particular case, changing the
amount of repopulation by a factor changes the lifetime of
the level approximately with twice that factor. More explic-
itly, if the overall intensity of the repopulation curve would
be changed by 5% before subtraction from the fluorescence,
the extracted lifetime would change by about 10%. Under-
standably this is one of the most important reasons for our
fairly large uncertainties, especially in the measurement of
the �=89.4±15.6 s lifetime. In order to justify the amount of
subtracted signal, matching the equilibrium level of the LIF
with that of the repopulation can be done if the measurement
is performed under a sufficiently long time, see Fig. 6. A
correct amount of repopulation subtracted from the LIF
should render a curve showing a single exponential decay
and therefore the accuracy of the fit of the final lifetime
curve can also be used to control that the correct amount of
repopulation was subtracted during the analysis. Every data
set recorded during this study was carefully analyzed with
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FIG. 7. Stern-Vollmer plot for the 2D5/2 level.
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FIG. 8. Stern-Vollmer plot for the 2D3/2 level.
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respect to repopulation and resulted in a corrected and nor-
malized lifetime curve showing single exponential behavior.

The values presented in this article of the Ba II 2D3/2 life-
time support the result of the previous measurement by Yu et
al. �4�, the one out of the previously existing three measure-
ments that definitely had the most favorable experimental
conditions. Thereby this study constitutes a measurement of
this lifetime where a previously published result has been
reproduced. The measured lifetime �=89.4±15.6 s also
agrees well with several theoretical values �10–13� as well as
with result from our own calculation. The lifetime of the
2D5/2 level has been measured three times prior to this study
and all three measurements are within each others error bars.
The lifetime presented in this article �=32.0±4.6 s fits in
well with these previous measurements as well as with sev-
eral theoretical values �9–13� and with the calculated value
presented in this article which supports not only the resulting

2D5/2 lifetime but also the validity of the method used for
measuring also the longer 2D3/2 lifetime.
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Monitoring the weak collisional excitation of a stored ion beam reveals the radiative decay rate
of extremely long-lived metastable levels
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A fast ion beam stored in an ion storage ring will suffer from collisional interaction with the residual gas
even in extreme ultrahigh vacuum. Normally these effects are negligible or easy to correct for. For measure-
ments of extremely long radiative lifetimes of metastable levels we have found that correction for collisional
effects is very important and usually limits the accuracy. We now suggest that by monitoring the process of
collisional excitation of the metastable level of interest the lifetime value could be determined directly with
improved accuracy. The method is applied to available data from our recent measurement of the 5d 2D5/2 level
in Ba+, yielding a value of 32.0±2.9 s, thus squeezing the error bar by 35%.

DOI: 10.1103/PhysRevA.76.030502 PACS number�s�: 32.70.Cs, 33.50.Hv

As quantum mechanics was developed it was understood
that physical conservation laws were manifested in selection
rules for different quantum numbers. It was, for instance,
clearly seen that an atom in a specific quantum state could
only make radiative transitions to other levels if these were
of certain symmetries. Thus only a restricted number of tran-
sitions are allowed, a fact that naturally is very helpful in
establishing the level structure of an atom. For spectra ob-
served in the optical wavelength region, essentially all tran-
sitions are due to electric dipole �E1� transitions.

When spectral lines were observed from planetary nebu-
las �1� in the 19th century that had never been observed in
the laboratory it was suggested that they were emitted from
elements not present on Earth. Finally Bowen �2� could,
however, show that unknown lines reported from gaseous
nebulas were due to forbidden transitions, i.e., transitions
that do not obey the selection rules for E1 transitions. The
clue for this explanation was that the density in these astro-
physical objects was so low that collisional deexcitation was
sufficiently weak to allow for large populations �N� to be
“trapped” in the metastable level. Thus optical emission lines
could be intense even if the transition probabilities �A� may
be only 10−8 of that of an allowed transition, since the line
intensity is proportional to NA. Usually collisional deexcita-
tion rates are much higher than the radiative decay rates for
metastable levels and populations will not build up to permit
the radiative transition to be observed, which is the reason
for these lines not to be observed in laboratory light sources.

In recent years primarily two achievements have made it
possible to study forbidden transitions experimentally. First
ultrahigh vacuum techniques made it possible to suppress
collisional decay rates to levels below the radiative rates.
Second, trapping techniques have been developed �using
traps and storage rings�, which permit the atoms or ions to be
kept within view for times much longer than the radiative
lifetimes to be measured.

We have since performed lifetime measurements by a la-
ser probing technique �LPT� �3,4� at the ion storage ring
CRYRING at the Manne Siegbahn Laboratory at Stockholm
University. The technique has been proven to be a versatile
technique that can be used widely for, in particular, positive

singly charged ions �5–7�, but also for negative ions �8�. We
have gradually been able to extend the measurements to
longer and longer lifetimes. Some time ago we reported a
very long lifetime in Ti+ �9� and now an even much longer
lifetime in Ba+ �89 s� �10� has just been published. The tech-
nique has been described previously in detail, which will not
be repeated here. It should, however, be noted that the ex-
periment is utilizing a fast stored ion beam, which is selec-
tively laser probed to determine the population of a specific
metastable level. Although the base pressure in the storage
ring is below 10−11 mbar, the collision rates will be substan-
tial due to the high velocity �typically 105 m/s� of the stored
ions. As the LPT has been extended to measure lifetimes
longer than 1 s, the crucial problem has been to correct prop-
erly for collisional contributions from both excitation and
deexcitation �11�.

The LPT is utilizing the fact that ions in metastable levels
to some extent are populated in the ion source. Thus a frac-
tion of the ion beam injected into the storage ring consists of
ions in metastable levels. By laser probing, the decay of a
specific level can be determined. Normally this decay is
dominated by radiative decay, but collisional destruction is
also contributing and has to be determined and corrected for.
This is done by lifetime measurements at different rest gas
pressures in the ring and an extrapolation to zero pressure in
a Stern-Vollmer plot. The collisional decay rate at base pres-
sure has in previous measurements been small relative to the
radiative decay rate �the collisional rate varies but could be
typically 0.05 s−1�.

Collisional excitation of stored ground state ions to the
metastable level �“repopulation”� will, however, also occur
�11�. This effect counteracts the decay and eventually bal-
ance between decay and excitation will occur. This is mani-
fested in a decay curve that deviates from a pure exponential
curve as it bends off in a constant tail �Fig. 1�.

The repopulation of the metastable level can be deter-
mined by a separate measurement �4� in which the initial
metastable population is quenched by a prompt laser pulse
directly at ion injection. By a second laser pulse applied at
increasing time delay, the repopulation of the level can be
measured. This curve can be subtracted from the raw data of
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the lifetime measurement to restore the exponential decay of
the initial population of the metastable level �Fig. 1�. Now
when we have extended our measurements to very long life-
times, comparable to the ion storage lifetime in the ring, the
repopulation correction is more delicate. Since the curves
cannot be followed until the balance level is reached, the
final result will be very sensitive to the normalization of the
lifetime curve and the repopulation curve to each other be-
fore subtraction is performed. This fact has been the limiting
factor for the accuracy obtained in our measurements of the
longest lifetimes. Now we have, however, realized that all
information needed is included directly in the repopulation
curve itself. In this Rapid Communication we present this
approach, which will be of great importance for measure-
ments of extremely long lifetimes.

The collisional effects are all dependent on the actual
cross section ���, the residual gas pressure �p�, and the beam
velocity �v�. The latter is kept constant in the experiment.
For the collisional effects we will use the notation �i

j =�ivp,
where i denotes the level and j denotes the different types of
collisional effects �excitation, deexcitation, neutralization�.
Here we have �i

j =�i
j�p� �except for the radiative decay rate

�rad which is independent of p� and the dependence in p is
linear since we are in the single collision regime. Consider a
two-level system of the ground state �level g� and a meta-

stable state �level m� �Fig. 2�. The decay rate � of level m
�the metastable level� is determined by the radiative decay
and the collisional destruction.

� = �m
rad + �m

deexc�p� + �m
neutr�p� =

1

�
+ ��p� =

1

�exp
. �1�

In Eq. �1� ��p� denotes the sum of the pressure dependent
collisional destruction processes. The excitation rate is de-
noted � �Fig. 2�. In our experimental situation we also know
that Nm is always much smaller than Ng, implying that Ng
could be considered approximately constant as regards exci-
tation to the metastable level. Ng is, however, decaying due
to the loss of ions from the ring ��g

neutr�p�=�g� as we will see
from the measured curves.

Thus we have the following simple rate equation:

dNm�t�
dt

= �Ng�t� − �Nm�t� , �2�

dNm�t�
dt

= �Ng�0�e−�gt − �Nm�t� �3�

⇒Nm�t� = Ae−�t + Be−�gt, �4�

B =
�Ng�0�
� − �g

. �5�

For a repopulation measurement, the initial population is
quenched by a laser pulse and consequently Nm=0 for t=0.
From this we obtain

⇒A = − B ⇒ Nm�t� = Be−�gt�1 − e−��−�g�t� . �6�

From this expression it is seen that the parameter � of
interest to determine here �i.e., the quantity containing the
radiative lifetime of the metastable level� can be determined
directly from the repopulation curve. The collisional excita-
tion rate � is only entering explicitly as the derivative of the
curve at t=0 �Eq. �3��. It is naturally the decay of the meta-
stable level that causes the curvature of the growth of the
population.

The function can be fitted directly to the raw data to ex-
tract �. It should also be noted that the decay of the ion beam
�e−�gt� can independently be determined from the simulta-
neous measurement of this quantity by a particle detector.
The great advantage here is that subtraction of two curves
from each other �and the required normalization� is avoided.
The method will mainly be advantageous for long lifetimes
for which repopulation is a relatively strong effect and where
the normalization is difficult. It should, however, be noted
that the parameter � which is fitted still contains the pressure
dependent collisional destruction rate. Thus repopulation at
different pressure points will still be required. We have now
applied this idea to the limited available data from our pre-
vious measurements.

In Fig. 1 a previous measurement in Ca+ is shown. This is
a very clear example of the effects of repopulation. The life-
time curve turns asymptotically to a constant level for which
there is a balance between excitation and decay. The separate
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FIG. 1. Unnormalized fluorescence signal �crosses�, repopula-
tion �open circles�, and the corrected lifetime curve �closed circles�
recorded while studying the 3d 2D3/2 level in Ca+.

FIG. 2. Schematic two-level system indicating population and
depopulation processes.
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measurement of repopulation reaches consequently the same
level. When the latter curve is subtracted from the decay
curve a pure singly exponential decay is found which gives
the decay of the ions that were in the metastable level when
the ions were injected into the ring. Our measurements in
Ca+ were published already in 1999 �12�. The lifetime of the
3d 2D5/2 has more recently been measured more accurately
in ion traps using laser cooling �13–16�. If we extract the
lifetime from the single exponential which is obtained after
subtraction �Fig. 1� we obtain 1.004�9� s. If we fit the re-
population curve directly we get 1.020�39� s. It should be
noted that this is the lifetime for a particular pressure. To
extract the radiative lifetime it is necessary to perform the
measurement at different pressures and to extrapolate a
Stern-Vollmer plot to zero pressure. We note, however, the
good agreement between the two methods. For this relatively
“short” lifetime �1 s� for which the subtraction can be per-
formed accurately, the final accuracy is not improved.

Our recent results for the extremely long-lived homolo-
gous levels in Ba+ have just been published �10�. Here the
normalization of the curves to each other before the subtrac-
tion was delicate. As noted in Ref. �10�, a change of the
repopulation curve by a scale factor of 1.05 would change
the extracted lifetime by as much as 10%. This fact caused
the error bars to be fairly large. In Fig. 3 we show repopu-
lation curves from these recent measurements. Curves from
three different pressure points are given in the same figure.
We see the initial derivative increase with pressure as ex-
pected as explained above. Also the slope of the tail in-
creases since it depends on the residual gas pressure.

If the repopulation curve is fitted directly according to Eq.
�6�, the lifetime value can be determined with higher accu-
racy for long lifetimes since the subtraction procedure is
avoided. In Fig. 4 we have added the values obtained for
three pressure points in the published Stern-Vollmer plot.
They fall on the line but with smaller error bars. As we
extract the radiative lifetime from the intercept at zero pres-
sure, we obtain a lifetime value with improved accuracy. The
value we obtain with inclusion of the new points is
32.0±2.9 s, which is the most accurate value obtained so far
for this level �cf. the table of Ref. �10��.

In 2003 we published a very long lifetime in Ti+ �9�. As

explained in Ref. �9� we had severe problems in finding a
way to get a reliable normalization. The solution was to use
a recent method that had been developed to measure both the
lifetime and the repopulation simultaneously. The uncer-
tainty was still large and we quoted 40% error bars. As noted
in the paper, the experimental lifetime was considerably
longer than expected by preliminary calculations. New cal-
culations by Palmeri and Biémont �17� also indicate that the
lifetime should rather be half of the 28 s given in our previ-
ous work, i.e., a value slightly outside our given error bars.
We have now applied the latest method to the four repopu-
lation curves recorded during that experiment at different
pressures and from the limited amount of data we extract a
preliminary lifetime of 14±6 s, see Fig. 5. The fitted value
seems to support the shorter lifetime predicted by theory.

It should be noted that in our measurements in recent
years the method with simultaneous recording of repopula-
tion has been utilized �18�. This method was invented to
reduce the uncertainty in the normalization procedure be-
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FIG. 3. Repopulation curves recorded while probing the
5d 2D5/2 level in Ba+ at three different pressures.
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FIG. 4. Stern-Vollmer plot for the 5d 2D5/2 level in Ba+. Data
points originating from ordinary lifetime curves are shown as regu-
lar points and the three new data points deduced from the repopu-
lation curves directly are bold and indicated by arrows. Note that
the error bars associated with the high pressure points, on average,
decrease by more than a factor of 4 when going from radiative
decay curves to repopulation curves.
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FIG. 5. Stern-Vollmer plot based on the analysis of repopulation
curves for the 2P5/2 level in Ti+.
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tween the lifetime and the repopulation curves but also to
reduce the very time-consuming measurements by a factor of
2. The drawback is that these curves require some special
treatment as explained in our previous papers �18� and they
are not suitable to use with the method described here if high
accuracy is desired.

We have presented a promising alternative method for
determination of very long radiative lifetimes. The method
has been applied to some available data sets to demonstrate
its potential. We expect that future measurements optimized
for the method will greatly improve the accuracy for these
kind of measurements. It is interesting to note that the re-

population curves discussed in this Rapid Communication
could be regarded as a simulation of the processes in gaseous
nebulas from where the forbidden lines were first observed.
In such plasmas the emission corresponds to the balance
level reached asymptotically in the repopulation curve. It is
also obvious that this level is directly related to the colli-
sional conditions present in the actual plasma.

We are grateful to the staff of the Manne Siegbahn Labo-
ratory for excellent support during our experiments at CRY-
RING. This work was supported by the Swedish Research
Council �VR�.
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of Two Metastable States in Ar�
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A laser probing investigation has yielded the lifetimes of the 3s23p4�1D�3d 2G7=2;9=2 metastable
doublet states of Ar�. The results, obtained with the CRYRING ion storage ring of Stockholm, are 3:0�
0:4 and 2:1� 0:1 s, respectively. Comparisons with theoretical values calculated with two independent
theoretical approaches, i.e., the pseudorelativistic Hartree-Fock method and the multiconfiguration Breit-
Pauli approach, have allowed us to establish the unexpected and extraordinary strong contribution of an
electric octupole (E3) transition to the ground state, in addition to the M1 decay channels to the 3d 2;4F
states and the E2 contributions to the 4s 2P, 2D states.

DOI: 10.1103/PhysRevLett.99.213001 PACS numbers: 31.15.Ar, 32.30.�r, 32.70.Cs

Most singly charged atomic ions have metastable states
that can live very long (lifetimes of the order of seconds or
even more). Such levels usually decay to the ground state
by magnetic dipole (M1) or electric quadrupole (E2) tran-
sitions (denoted ’forbidden transitions’). These second
order transitions are generally 105–108 times weaker than
allowed electric dipole (E1) transitions. As examples, the
metastable 2DJ levels in the singly-charged alkaline earth
elements Ca�, Sr� and Ba� have attracted much interest
lately. The 5d 2D3=2 level in Ba� has a lifetime of 89 s (see
Ref. [1] and references therein) which is the longest life-
time that has been directly measured so far. Higher order
transitions, i.e., magnetic quadrupole (M2) or electric
octupole (E3) contributions to the decay channels, are
generally still orders of magnitude weaker and in most
cases negligible. To the best of our knowledge, the only
reported electric octupole transition in a singly-charged ion
is the 2S1=2 �

2F7=2 in Yb�, with an intensity correspond-
ing to a radiative lifetime of 10 years [2,3], yielding an
extremely narrow natural linewidth. The expansion coef-
ficients for the high order terms have an increasingly high
power dependence on the actual transition energies and,
consequently, the high order contributions will be more
important as the transition energy increases. This is the
case for highly charged ions, for which the transitions may
appear in the x-ray region and many high order transitions
are observed. This is the reason that Beiersdorfer et al. [4]
could observe as high order as a magnetic octupole (M3)
transition at 2.7 keV in U64�.

Singly charged ions of noble gases are special since the
excitation energies are extraordinarily high. While the
2D3=2 level in Ba�, mentioned above, has an excitation
energy of 0.6 eV, the lowest excitation energies in Ar�,
Kr� and Xe� are 20 times higher or more. Lifetimes of
metastable levels have been determined by the laser prob-

ing technique [5,6] (LPT) developed at the ion storage ring
CRYRING at the Manne Siegbahn Laboratory. We have
published results in Xe� observing a hyperfine effect for a
very long-lived level [7] and measuring lifetimes of some
more short-lived levels (ms lifetimes) [8]. Later on results
for Ar� were presented [9]. For measurements in Kr� we
originally found a significant discrepancy between our
experimental and theoretical results. Finally we could
rule out that this could be due to experimental problems
and therefore we decided to include higher order effects in
the calculations and unexpectedly it turned out that the
level’s decay was dominated by a magnetic quadrupole
decay (M2) [10]. This intriguing result inspired us to revisit
the long-lived 5d 4D7=2 level in Xe�. Also here calcula-
tions showed that this decay was dominated by a third
order effect, namely, a magnetic quadrupole transition.
Because of the magnetic field sensitivity of this particular
state the experiment was more demanding, but finally the
magnetic field effect could be disentangled and the experi-
mental results confirmed the theoretical findings [11]. Our
previous study of Ar� [9] presented mainly calculations of
lifetimes in which second order contributions (M1 and E2)
were included. At this time we had not yet realized the
importance of higher order contributions. The experimen-
tal part was more restricted in that work and the weak
signals permitted only one lifetime to be experimentally
determined. With the new results in Kr� and Xe� in mind
we decided to study Ar� once more.

In the present study, we were interested in the decay
properties of the 3s23p4�1D�3d 2G7=2;9=2 levels in Ar�.
These metastable states can decay to lower energy levels
of the same configuration and of the 3s23p44s configura-
tion via magnetic dipole (M1) and electric quadrupole (E2)
transitions (see Fig. 1). More interestingly, they can also be
connected to the ground term 3s23p5 2Po through higher
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order transitions, primarily by electric octupole (E3) tran-
sitions. These transitions are expected to appear in the UV
region (around 65 nm) and the transition probabilities are
likely to be enhanced by a strong wavelength effect like the
ones observed in Kr� [10] and Xe� [11]. Contrary to these
last two cases however, the M2 decay channel is forbidden
by the LS selection rules while the E3 transitions are
allowed [3]. Allowing for departure from LS selection
rules, the 3s23p4�1D�3d 2G7=2 may decay through M2

without breaking the selection rules for J (�J � 0;�1 or
�2) while the other doublet with J � 9=2 cannot. This
situation renders the 3s23p4�1D�3d 2G7=2;9=2 levels of Ar�

particularly attractive for a detailed experimental and theo-
retical investigation of their radiative properties, which is
now reported in this Letter.

Argon gas was injected into the ion source of Nielsen-
type, where the atoms were ionized due to collisions with
electrons. The ions were extracted and then accelerated to
40 keV, isotope separated in a 90� bending magnet where
40Ar� was selected and finally transported and injected
into the storage ring. The ion beam current during the
experiment was typically 5 �A and the pressure inside
the ring was below 10�11 Torr. During the ion production
a small fraction of the ions were populating the metastable
level of interest. The stored ion beam will decay due to
collisions between ions and residual gas inside the ring.
This decay of the ion beam was monitored with a multi-
channel plate (MCP) [12] neutral particle detector,
mounted after one of the bending magnets, connected to
a multiscaler. The MCP was also used to monitor the
amount of ions injected every ring cycle.

The lifetime was measured by the LPT, described in
detail previously [5,6]. The populations of the 3d 2G7=2

and 3d 2G9=2 levels were probed through a laser induced
excitation to a short-lived higher lying level,
3s23p4�1D�4p 2Fo7=2, with a lifetime of � � 8:41�

0:03 ns [13]. The intensity of the fluorescence from this
upper level, detected by a photomultiplier, is proportional
to the population of the metastable level. By applying laser
probe pulses at different delay times relative to ion injec-
tion into the storage ring the lifetime curve of the meta-
stable level was recorded.

Some systematic effects have to be corrected for in the
experiment, e.g., repopulation (collisional excitation) and
collisional deexcitation. The repopulation will increase the
population of the metastable level through collisions be-
tween stored ions and rest gas inside the storage ring, an
effect which will make the measured and observed lifetime
appear longer. A technique has been developed to record
this effect in order to correct for it [5,14]. Collisional
deexcitation will, in contrast to the repopulation, deplete
the metastable state and shorten the observed lifetime. This
effect was corrected for by measuring the lifetime at differ-
ent pressures inside the ring. The measured decay rate is
then plotted as a function of pressure in a Stern-Vollmer
plot from which the radiative decay rate was extracted at
zero pressure, see Fig. 2. The contribution to the lifetime
curve from repopulation was in this experiment small and
only caused a 1% correction to the observed lifetime. A
number of normalization curves are regularly recorded in
order to correct for possible variations in the ion beam
intensity, metastable state population and laser beam
stability. In the present experiment these corrections were
negligible.

The extracted lifetimes for the metastable levels 3d
2G7=2 and 3d 2G9=2 in Ar� were experimentally deter-
mined to be 3:0� 0:4 s and 2:1� 0:1 s. The uncertainty
listed with each value is the standard deviation from the
fitted curve where the main part comes from statistical
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FIG. 2. Stern-Vollmer plot for the 3d 2G9=2 level.

M1/E2

E3/M2

E2

E2

3p5 P2 o

3d F4

3d G2

4s P2

4s D2 3d F2

M1/E2

FIG. 1. Schematic partial Grotrian diagram of Ar�. Only the
main decay channels of the 3s23p4�1D�3d 2G term are indicated.
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spread between the measured pressure points, as well as
from subtraction of repopulation.

In order to compute the radiative parameters of the
transitions depopulating the 3s23p4�1D�3d 2G7=2;9=2 meta-
stable states, we considered two independent structures:
i.e., the Hartree-Fock pseudorelativistic (HFR) method
implemented in Cowan’s chain of computer codes [15]
and the multiconfiguration Breit-Pauli (MCBP) approach
implemented in the AUTOSTRUCTURE code [16].

In the HFR approach, configuration interaction (CI) was
retained among 38 configurations, i.e., those considered
previously by Schef et al. [9] to which we have added the
3s23p33d4p, 3s23p34s4p, 3s3p43d4s, 3s23p23d3,
3s23p23d24s, and 3s23p23d4s2 configurations. Using the
experimental energies compiled at NIST [17], the HFR
method was then combined with a least-squares optimiza-
tion routine minimizing the discrepancies between the
experimental and calculated energy levels belonging to
the 3s3p6, 3s23p43d and 3s23p44s configurations. The
Slater integrals (Fk, Gk and Rk) corresponding to the
remaining configurations were scaled down by a factor
0.85 according to a well established procedure [15].

In the MCBP calculation, single electron orbitals, Pnl�r�,
were constructed by diagonalizing the nonrelativistic
Hamiltonian using a scaled statistical Thomas-Fermi-
Dirac model potential V��nl� [18]. The �nl scaling parame-
ters were optimized variationally by minimizing a
weighted sum of the LS term energies. LS terms are
represented by CI wave functions of the type

 � �
X

i

ci�i: (1)

Relativistic fine-structure levels and transition rates
are obtained by diagonalizing the Breit-Pauli Hamiltonian
in intermediate coupling. The one- and two-body fine-
structure and non-fine-structure operators have been fully
implemented to the order �2Z4, where � is the fine-
structure constant and Z the atomic number. Semi-
empirical corrections take the form of term energy correc-
tions (TEC). By considering the relativistic wave func-
tions, �r

i , in a perturbation expansion of the non-
relativistic wave functions, �nr

i , we have

 �r
i � �nr

i �
X

j�1

�nr
i

h�nr
j jH1b �H2bj�

nr
i i

Enr
i � E

nr
j

; (2)

where H1b and H2b are, respectively, the one-body and
two-body parts of both fine-structure and non-fine-
structure Hamiltonians. A modified nonrelativistic
Hamiltonian is constructed with improved estimates of
the differences Enr

i � E
nr
j so as to adjust the centers of

gravity of the spectroscopic terms to the available experi-
mental values.

The CI expansion included the following configura-
tions: 3s23p5�3s23p4np�n�4�5��3s23p4nf�n�
4�5��3s3p53d�3s3p54s�3s3p43d4p�3s3p44s4p�

3p64p � 3p53d2 � 3p53d4s � 3p54s2 � 3s23p33d2 �
3s23p33d4s�3s23p34s2�3s23p34p2 in the odd parity,
and 3s3p6�3s23p4nd�n� 3�5��3s23p4ns�n�
4�5��3s23p45g�3s3p44s2�3s3p44p2�3s3p43d2�
3s3p54p � 3p63d � 3p64s � 3s23p33d4p �
3s23p34s4p�3s3p43d4s�3s23p23d3�3s23p23d24s�
3s23p23d4s2 in the even parity. The scaling parameters
have been optimized by minimizing the sum of all the
860 LS term energies. The optimized values were the
following: �1s � 1:4662; �2s � 1:1167; �2p � 1:0640;
�3s � 1:1250; �3p � 1:1252; �3d � 1:1812; �4s �

1:1945; �4p � 1:1606; �4d � 1:1146; �4f � 1:1492;
�5s � 1:1158; �5p � 1:0899; �5d � 1:1172; �5f �

1:1527 and �5g � 1:1518. TEC have been applied to all
the spectroscopic terms below 170 000 cm�1 as compiled
in the NIST database [17].

In Table I, we compare the experimental lifetimes (� in
s) of the 3s23p4�1D�3d 2G7=2;9=2 levels of Ar� as obtained
in the present work with the two different HFR and MCBP
calculations. A general good agreement between theory
and experiment is observed for the two levels. In the table,
we present also the contributions (

P
A in s�1) of the

different decay modes (M1, E2, M2 and E3) to the life-
times computed by the two methods. The M2 and E3
numerical values have been obtained only in the MCBP
approach (see the starred values in the table) because
Cowan’s code [15] does not allow the calculations of these
higher order corrections.

It has been found that the additional configurations
considered in our HFR model play an important role, the
total contributions (M1� E2) to the 2G7=2 and 2G9=2 life-
times calculated by Schef et al. [9] (not shown in this table)
being increased by about 36% and 40%, respectively. The
present model is justified by the fact that the most impor-
tant core-valence correlation, as pointed out in Ref. [19], is

TABLE I. Contributions of the different decay modes to the
lifetimes of the 3s23p4�1D�3d 2G7=2;9=2 levels computed by two
independent methods (HFR and MCBP) and comparison with
experiment.

Level Type
P
A (s�1)a

HFR MCBP Experiment

3s23p4�1D�3d 2G7=2 M1 1:96��1� 2:46��1� � � �

E2 2:63��2� 2:67��2� � � �

M2 1:51��2�? 1:51��2� � � �

E3 1:33��1�? 1:33��1� � � �

� (s) 2.70 2.38 3:0� 0:4
3s23p4�1D�3d 2G9=2 M1 2:77��1� 3:44��1� � � �

E2 8:45��3� 1:42��2� � � �

E3 1:35��1�? 1:35��1� � � �

� (s) 2.38 2.03 2:1� 0:1

aHFR, MCBP, Experiment: this work. The a(b) notation stands
for a	 10b. Starred values: from MCBP; see text.
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included and also by the fact that it was shown in Ref. [9]
that the contributions to the M1 and E2 decay rates of
higher (n > 8) terms along the Rydberg series were
negligible.

Table I shows the importance of the E3 transitions in the
decay of both levels. They contribute up to 30% to the total
decay. The agreement between the HFR and MCBP M1
and E2 contributions is within 20% and 40%, respectively.
It should be emphasized that the E3 contributions are the
fastest E3 transitions (of the order of a tenth of a s�1) ever
observed in an experiment.

It is interesting to compare the E3 rates for these tran-
sitions in Ar� with the only previously reported E3 tran-
sition in a singly charged ion. The calculated transition
probability [3] for the 2S1=2 �

2F7=2 transition in Yb� is
3:8	 10�9 s�1, a value that is consistent with the experi-
mental estimate of a lifetime of 10 years [2] for the upper
level. The Yb� transition appears at 467 nm, while the Ar�

transitions discussed here are at 65 nm (observation not yet
reported). Since the E3 transition rate depends on the
transition energy to the seventh power the difference in
wavelength will enhance the transition rate drastically. But
if we correct for this energy factor, the Ar� rate is still
about 36 times larger than for Yb� meaning that the matrix
element is about 6 times larger. This relation is also ob-
tained directly from the calculations using the Cowan code
which yields the reduced matrix element for the E3 tran-
sition in Ar� to be h3pjjr3jj3di � 13:49 a:u:, while the
corresponding matrix element for Yb� is h4fjjr3jj6si �
�2:15 a:u: [2]. This difference is essentially due to the
principal and orbital quantum number changes of the
jumping electron involved in the transition, i.e. �n � 0,
�l � 1 for Ar� and �n � 2, �l � 3 for Yb�.

We also note that for the ns2np4�3P�nd 4D7=2 � ns
2np5

2P1=2;3=2 E3 transitions in Kr� (n � 4) [10] and in Xe�

(n � 5) [11], the calculated rates were about 4 orders of
magnitude smaller than the values obtained in the present
work for Ar�. Moreover, in contrast to Ar�, the E3 con-
tributions for Kr� and Xe� were negligible compared to
the M2 ones. We conclude that the importance and ampli-
tude of the E3 decay mode for the Ar� states reported here
is quite extraordinary.
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