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ABSTRACT

At CERN, the European Organization for Nuclear Research, radioactive nuclear beams
are produced at the On-Line Isotope Mass Separator facility, ISOLDE. This facil-
ity provides a variety of exotic nuclear species for multidisciplinary experiments in-
cluding nuclear physics. A gas-filled linear Paul trap was commissioned off-line and
on-line and now is fully integrated at the focal plane of the high resolution separa-
tor magnets of ISOLDE. Ion beams with reduced transverse emittance and energy
spread are now available for all experiments located downstream the separator beam
line. This device is also able to accumulate the ion beam and release the collected
sample in short bunches. Typical accumulation times are 100 ms and the released
bunch width is 5 —20 us. Such bunching capabilities has substantially increased
the sensitivity of collinear laser spectroscopy with fluorescence detection by reducing
the background from laser scatter by up to four orders of magnitude. The spectro-
scopic quadrupole moments of ***°K isotopes, as well as the ground-state spins of
73,76,18,19Ga isotopes and the magnetic dipole moments and spectroscopic quadrupole
moments of 737376.77.78.79Ga isotopes were determined for the first time. The sign of

the quadrupole moment of ®’Ga was also unambiguously determined for the first time.
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CHAPTER 1

INTRODUCTION

1.1 Motivation

The current knowledge of nuclear structure has been mostly based on the measure-
ments of observables belonging to stable isotopes. One of the cornerstones of nuclear
theory is the nuclear shell model. Being a model, it has had remarkable success in
accounting for the ground state properties of most stable nuclei. However, the recent
advances in the research of exotic nuclei have highlighted new aspects of nuclear struc-
ture and nuclear dynamics, which challenge the models developed so far. Extensions of
nuclear theory to explain these features require a deeper understanding of the nuclear
force, and the accumulation of a robust body of experimental data, which pushes the
technological frontiers on the production, separation and manipulation of radioactive

beams.

Key aspects of nuclear structure

That certain numbers of protons (Z) and neutrons (N) confer an extra stability to the

nucleus is a fact corroborated by experimental evidence taken from a vast number of
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1. INTRODUCTION

isotopes. For instance, trends on quantities such as the binding energies and relative
abundances show discontinuities at the numbers N ( or Z) = 2,8,20,28,50,82,126
[1]. For this reason, these specific N ( or Z) values are called “magic numbers”. These
numbers make a strong case for hypothesising the existence of an underlying shell
structure in the nucleus in which the nucleons occupy single-particle orbitals. The shell
structure can be understood in terms of successive energy gaps between clusters of
orbitals as they are filled. According to this idea, these orbitals ought to be eigenstates

of the Schrédinger equation:

HY, = E\Y,, (1.1)

where H is the Hamiltonian operator of the many-body system, ¥y is the total wave
function of protons and neutrons in a particular orbital (state) labelled by k, and Ej
is the eigenvalue of the Hamiltonian operator associated with W, and describes the
energy of the state k. Ignoring the Coulomb interaction between the protons inside the
nucleus, and only considering the strong force between the nucleons, the Hamiltonian

may be written as [2]

A = T+V (1.2)
p? .
= 221+Z‘/l]+ Z ‘/ljk+ y
i M i i<j<k

where m; is the mass of each nucleon (proton or neutron) and {\7, j,Vi jk---} are the

many-body potentials. Equation 1.2 already suggests that the nucleus is a system sub-

26



1.1 Motivation

ject to interactions of intricate nature. Determining these interactions and how the shell
gaps arise and change across the nuclear chart is a problem which lies at the core of
nuclear structure theory. The first ingredient for the theory is the so-called nucleon-
nucleon (NN) interaction, which corresponds to the V: j term in equation 1.2. In the
1930’s Yukawa made the first attempts to treat the NN interaction analytically [3]. He
proposed that the interaction between the nucleons were mediated by the exchange of
massive bosons (mesons T, p...). The meson hypothesis was indeed for many years
thought to be the fundamental theory of the nuclear force. Along these lines, phe-
nomenological potentials were proposed in the years that followed in order to describe
the existing NN scattering data. Examples of such potentials is the one proposed by

Hamada and Johnston in 1962, which is of the form [4]

~

Vij = VC(r) +VT(T)S'ij +VLS(r)I:'S+VLL(7’)Lij, (1.3)

where V¢(r) is the central part; Vy(r) is the tensor part; Vig(r) and Vir(r) are the
linear and quadratic spin-orbit components. The analytical expressions for those parts
can be found in the original paper. Modern versions of these phenomenological NN
potentials include the CD-Bonn potential and Argonne AV 18. Details can be found in
[5]. However, the practical implementation of these NN phenomenological potentials
in shell-model calculations are limited to cases with a reduced number of nucleons
(N =~ 10). Exact and general solutions, which should also include the other many-body
terms (NNN, for example) might take several years to come. This is fundamentally

owing to the fact that protons and neutrons are not indivisible constituents of nucleonic
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matter. They are made of quarks which interact via the exchange of gluons. The
current theory which governs these processes is quantum chromo dynamics (QCD) [6].
Nevertheless, to date, working on the low-energy regime of QCD (< 300 MeV) in order
to extract the NN interaction is too difficult a problem due to the many internal degrees
of freedom of the quark-gluon system [5]. Recent lattice QCD calculations for the NN
interaction have been performed by Ishii and collaborators [7] and show promising
future prospects since it was the first time that such calculations produced results in

agreement with the phenomenological models used to describe the NN interaction.

As mentioned in the previous paragraph, it becomes computationally difficult to use
the phenomenological NN interactions with an increase in the number of nucleons in
nuclear matter. Therefore, instead of trying to solve equation 1.2 from first principles,

the concept of a single-particle effective interaction is introduced.

Effective interaction and spin-orbit coupling

The concept of effective interaction arises from the assumption that the nucleons move
independently in an average field. In other words, it is assumed that the nucleons do not
interact with each other, but are bound by an effective single-particle potential V(r).
This potential can be envisaged as the net result of all the interactions between the
nucleons. The many-body terms which appear on equation 1.2 are regarded as “resid-
ual” interactions, which may or may not be treated perturbatively. The extent to which
the residual interactions can be reliably treated as a perturbation will depend upon the

accuracy of the effective potential, and assuring that the the many body terms have a
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vanishing contribution. By introducing the single-particle potential, the Hamiltonian

operator will assume the form:

a2
Pi N N A
A=Y 5 -+ Vi) |+ ) Vij+- =} Vi(r) (14)
A el i<j i
single—‘;article “res;c?ual”

In the late 1940’s, Maria Goeppert Mayer [8, 9] and Otto Haxel ef al. [10] were
the first to independently reproduce the sequence of the “standard” magic numbers
by assuming a central mean-field potential in addition to assuming a strong spin-orbit
coupling. Examples of mean-field potentials include the harmonic oscillator potential,
the finite square well and the more realistic Woods-Saxon potential. The latter has the

form given by equation 1.5 [11],

Vo

V) = e (r=ro)/a)’

(1.5)

where V; is the well depth and is empirically taken as Vp ~ 50 MeV [11]. The quantities
r and a are the nuclear radius and the diffuseness parameter, respectively. The latter
quantity, a, reflects the idea that the nucleus has a rather diffuse matter distribution.
The nuclear radius and the diffuseness parameter are empirically [11] determined as
ro=1.22A""3 fm and a = 0.5 fm. The shape of the Woods-Saxon potential can be
seen in comparison with the finite square well and harmonic oscillator potentials in
Figure 1.1. For a more detailed discussion of these potentials in the context of the
nuclear shell model, see for example reference [12]. On the extreme left of Figure

1.2, the single-particle occupancies for the nucleons are given in terms of the harmonic
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oscillator states, labelled as NI, where N is the major oscillator quantum number and /
is the orbital quantum number. Note that the states are degenerate with respect to the
orbital quantum number for this choice of potential. The degeneracy of these states is

lifted with the Woods-Saxon potential.

-10 —

)
S
|

V(r) MeV)

—— Woods-Saxon
——- Finite square well
--- Harmonic oscillator

(9%
(=}
|

N

40 —

) P TP

Figure 1.1: The finite square well (blue dotted line), harmonic oscillator potential (red
dotted line) and the Woods-Saxon potential (black solid line). Adapted from [11].

The spin-orbit interaction has the form V,(r)L -S. When this term is included as
a perturbation for the potential given by equation 1.5, the degeneracy of the states are
further lifted. The J quantum number can be defined as J =L + S, and the energy

splitting between spin-orbit partners, AE, is given by

—3(I+1) <Vio >y, J=L-S5
31 < Vio >ni, J=L+S.
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The nuclear states are therefore labelled as NIj. This scheme worked remark-
ably well to explain ground state properties of nuclei such as the spins and parities in
terms of single-particle “valence” nucleons. However, over half a century has passed
since the nuclear shell model became established and much more information has be-
come available on the properties of radioactive isotopes away from the line of stability.
Particularly in recent years, there has been an increasing number of experimental in-
vestigation which has been producing data pointing to radical changes in the shell
structure. For instance, there is the onset of a new magic number at N = 16, near the
neutron drip-line found by Ozawa et al. [13]; evidence of shell break-up at N = 20 for
32Mg isotopes measured by Guillemaud-Mueller et al. [14] and Motobayashi [15] and

evidence of shell break-up at N = 8, as discussed in [16, 17].

Spins, moments and the hyperfine structure

The data obtained from measurements of the nuclear spins and moments are extremely
valuable in order to test the validity of nuclear models, as well as to help to improve the
predicting power of such models in regions where experimental data is inaccessible.
The most recent compilation of spins and moments of ground and excited states of
radioactive isotopes measured by a variety of methods is the work of Stone [18] of
2005.

The hyperfine structure of atomic nuclei can provide model-independent, and of-
ten unambiguous information on the ground-state properties of the nucleus. In most

cases observables such as the spin and moments (u, Q) can be easily obtained from
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Figure 1.2: Single-particle occupancies of nucleons in a central mean-field potential
with strong spin-orbit coupling. On the extreme left, the brackets indicate the levels
for a pure 3D harmonic oscillator potential. In the middle, the occupancies for the
Woods-Saxon potential. On the extreme right, the Woods-Saxon potential plus spin-

orbit interaction. The numbers in the circles indicate the total accumulation of nucleons

before a shell gap. Figure adapted from [1].

32

1/2
3/2

5/2

7/2
9/2

11/2

1/2
3/2

5/2
7/2

9/2
1/2

3/2

3/2
1/2

5/2

1/2
3/2

1/2



1.1 Motivation

the data. If the nucleus is in a sufficiently long-lived excited state (with a lifetime
typically greater than 1 ms), it is also possible to obtain nuclear information of that
state. In addition, high-quality information on the change in mean-square charge radii

is simultaneously achieved from the isotope/isomer shifts [19].

Laser spectroscopy

With the advent of tunable lasers in the 1970’s, physicists have gained a sensitive and
versatile tool to study the hyperfine structure of atomic spectra in the optical region.
The parallel development of methods for the production and separation of radioactive
ion beams culminated in the realisation of on-line laser spectroscopy studies which
offered a wealth of data used to understand the structure of radioactive isotopes across
the nuclear chart. Compilations of the hyperfine structure of radioactive isotopes can
be found in [20, 21]. The present status of the optical measurements of nuclear observ-
ables, and including the recent gallium measurements discussed in this thesis is shown
in Figure 1.3.

Nowadays, for the continual intellectual advancement of nuclear physics, it is in-
creasingly necessary to produce exotic radioactive isotopes situated further from the
line of stability. However, since the production cross sections for these isotopes be-
come smaller, fewer are produced and with shorter lifetimes. Therefore, in order to
compensate for the loss in detection sensitivity in collinear laser spectroscopy with
fluorescence detection, background suppression methods are required. To this end, the

use of ion traps in laser spectroscopy studies have become an attractive option.
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Figure 1.3: Present status of optical measurements. The black squares indicate the
stable isotopes. The red squares refer to measurements made up to 2003, as detailed
in Kluge and Nortershéduser [21]. The blue squares represent the most recent update,
adapted from Flanagan [22].

Ion traps

These traps were originally used for mass spectrometry [23]. Nowadays, ion traps
have a much wider spectrum of applications, ranging from areas as diverse as ana-
lytical chemistry, to being an important ingredient in the development of prototypes
of quantum computers [24]. For radioactive nuclear beam facilities, these devices are
already part of the standard suite of beam manipulation devices. At the IGISOL fa-
cility in Finland, the pioneering application of a linear Paul trap to cool and bunch
ions for laser spectroscopy, resulted in pushing the limits of fluorescence detection to

radioactive beams with production rates of ~ 100 ions/s and half-lives typically < 1 s
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1.2 This work

[25].

1.2 This work

This Ph.D. research is the result of the author’s contribution to the work of the col-
laboration between the Universities of Manchester-Birmingham and the collinear laser
spectroscopy (COLLAPS) collaboration. This work builds on the doctoral work of
Ivan Podadera, who designed a gas-filled RFQ cooler and buncher at ISOLDE (IS-
COOL), and led the project up to the beginning of the off-line commissioning phase.
The author of this thesis played an important role in the off-line and on-line commis-
sioning of ISCOOL. With the definite installation of ISCOOL, better quality beams
became readily available for the user’s community using the high-resolution separa-
tor (HRS) beam line. This apparatus was used in conjunction with high resolution
collinear laser spectroscopy technique for the first time for a fruitful programme of
experiments on radioactive isotopes. During the on-line commissioning, radioactive
446K (Z = 19) were investigated and the quadrupole moments were determined. In
addition, ISCOOL allowed an extension of the current knowledge of spins and mo-
ments of neutron-rich gallium (Z = 31) isotopes, spanning A = 67 up to A =79. The
author was involved in all of the experiments described in this thesis and the analysis
and interpretation of the results reported in this work were performed independently
by the author and represent the author’s own work. This thesis is organized as follows.
Chapter 2 presents the basic theory of hyperfine structure of the atomic levels, Chapter

3 is about the laser spectroscopic methods used in this work. Chapter 4 introduces
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the isotope separator facility at CERN, the laser spectroscopy beam line and the IS-
COOL ion trap. Chapter 5 and 6 discusses the off-line and on-line commissioning of
ISCOQOL. Chapter 7 presents the first on-line experiment of neutron-rich Ga isotopes

and Chapter 8 continues with a discussion of the results shown in Chapter 7.
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CHAPTER 2

THE HYPERFINE STRUCTURE OF
ATOMIC LINES

2.1 Hyperfine interaction and nuclear moments

The first observations of the hyperfine structure of optical transitions resolved into
closely spaced fine lines was independently made by Michelson in 1891 and Fabry
and Pérot in 1897 [26]. The range of this splitting is of the order of ueV — meV,
which is small compared to the fine structure splitting, hence the term “hyperfine”
structure. The origin of this splitting is due to the interaction energy between the
nuclear electromagnetic moments and the atomic fields and now it is well-understood,
but it was only in 1924 that Pauli [27] first introduced the nuclear spin I in order to
account for the observed hyperfine lines. In this way, the correct description of atomic
states is achieved by using the vector sum of the atomic angular momentum J and the

nuclear spin I, which is labelled as F

F=I+1]. 2.1

In the same way that atomic fine structure states are labelled by | LSJMy), the
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2. THE HYPERFINE STRUCTURE OF ATOMIC LINES

conservation of angular momentum F in an isolated system leads to states labelled by
| IJFMF). The total angular momentum F can be conceptualized in terms of a vector

model as shown in Figure 2.1, where I and J are precessing around F.

Figure 2.1: The vector model for the coupling of I and J to the angular momentum F.

There is a hyperfine multiplet of states for each I and J going from FF =1+ J to
| I —J | in integer steps. The number of split components in a given multiplet is (2/+41)
or (21 + 1), whichever is smaller. In the absence of external fields, the M substates
for a particular F' value will be degenerate. Each F-state multiplet will have a differ-
ent energy due to the electromagnetic interaction between the nuclear moments and
the electromagnetic field produced at the nucleus by the electrons. The Hamiltonian
which describes this interaction, Hgys, can be expressed in a multipole expansion of

the product of two tensor operators of rank k [28]:

Hgm = i T(n) - T (e), (2.2)
k=0
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2.1 Hyperfine interaction and nuclear moments

The operators T*(n) and TX(e) act on the nuclear and electronic spaces, respec-
tively. On the grounds of parity conservation of the electromagnetic interaction, the
only terms which contribute to the Equation 2.2 are the even electric multipoles and

odd magnetic multipoles. The hyperfine structure Hamiltonian is given by:

N oo

Hyp =Y [To(n) -T0%i) — (— ze" )] + Y THn) - T(e), (2.3)

4Tegr; =1

1

where the first sum is carried out for all the N electrons which interact with the monopole
term (k = 0) via the Coulomb field. The difference of the terms in square brackets is
what accounts for the field effect in the isotope shift (see section 2.2). In the second
summation, the terms k = 1 and k = 2 are the magnetic dipole and electric quadrupole,
respectively. The magnetic dipole term is associated with the nuclear spin / and the
quadrupole term with the departures from a spherical charge distribution of the nucleus.
In the optical spectra, the higher-order terms have a vanishingly small contribution to
the hyperfine structure. The effects caused by the magnetic octupole (k = 3) and elec-
tric hexadecapole (k = 4) interactions, for instance, are already a factor of 10® smaller

than the former terms [29], and hence are too small to be experimentally observed.

The shift in the atomic energy levels caused by a multipole k can be computed by
projecting the product of T¥(n) and T¥(e) onto states of maximum / and J and using

first-order perturbation theory [28]

39



2. THE HYPERFINE STRUCTURE OF ATOMIC LINES

AE(IJF,IJF) = (—)””F{f, ; 1’;}

Ik IN[(J k J\]'
[(1 0 —1) <J 0 —J)} Ak (2.4)

where, Ay is given by the product of the matrix elements of the nuclear and electronic

spaces (for k > 1):

A= (JJ | T®(e) | JJ) - (1T | T*(n) | IT). (2.5)

The term in curly brackets in Equation 2.4 is a 6 — j symbol, which controls the
hyperfine structure through F. The terms in square brackets are 3 — j symbols and are
related to the projection of the tensor operators into the nuclear and electronic spaces.
The hyperfine structure coupling constants A and B are defined with respect to Ay by

(28]

A = A/, (2.6)
B = 4A,. 2.7)
2.1.1 Magnetic contribution

The energy shift caused by the magnetic dipole term is caused by the interaction be-
tween the nuclear magnetic dipole moment g and the magnetic field ‘B; created by the

electron currents in the nucleus and it is obtained from [29]
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2.1 Hyperfine interaction and nuclear moments

AE|(IJF,IJF) = <u-B;> (2.8)
1
= ZAC
2 b
where C is given by
C=[FF+1)—I(I+1)—-JJ+1)]. (2.9)

The A factor is explicitly written as:

_ By

A )
1J

(2.10)

Since I and J are fixed for a given multiplet, the spacing between neighbouring F’s is

accounted by the Landé interval for hyperfine components:

AEpp_| = AF. 2.11)

In cases where either I = 0 or J = 0, there is no hyperfine splitting.

2.1.2 Electric contribution

The energy shift caused by the electric quadrupole term is [28]

AE(IJF,IJF) = (2.12)

B3C(CH+1)—2A(I+1)J(J+1)
4 121—-1)J (2] —1) ’

where C is defined in Equation 2.9 and B is given by
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2. THE HYPERFINE STRUCTURE OF ATOMIC LINES

*v
B:er<a—Z2>. (2.13)

In Equation 2.13, e is the electric charge, Q; is the spectroscopic nuclear quadrupole
moment, and the term in brackets is the average electric field gradient along the nu-
clear symmetry axis (taken arbitrarily as z) produced by the electrons at the nucleus. In
addition to the atomic systems with either / = 0 or J = 0, the quadrupole contribution

to hyperfine splitting also vanishes for those withJ =1/2 or I = 1/2.

2.1.3 Total hyperfine structure

The total observable energy for a hyperfine multiplet in an F state is given by

AE;ptq1 = Vo + AE(IJF,IJF) + AE,(IJF,1JF), (2.14)

where v is the fine-structure transition centroid. It should be noted that the electric
quadrupole contribution in most cases can be seen as a small correction compared to
the splitting caused by the magnetic term, and hence it causes a departure from the
interval rule expressed by Equation 2.11. An illustration of the effect of both magnetic
and quadrupole interactions in the hyperfine structure of an atomic transition J; — J,,,
with the labels / and u standing for “lower” and “upper” states is shown by Figure 2.2.

It follows from Equation 2.10 that the ratio between the A hyperfine coefficients is
a constant for all isotopes with the same atomic transition, being only a function of the
electronic factors. Similarly, from Equation 2.13, the ratio between the B hyperfine

coefficients is also a constant. As a consequence, if the ratios r4 and rp are known
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2.1 Hyperfine interaction and nuclear moments

for one isotope, its possible to obtain the hyperfine coupling constants for an unknown

isotope.

Ay (B1)u i

Av _ — 2.15
A (B1)1 Ju " 215)
B (),

B~ (R, * 210

Electric dipole transitions between states labelled by | I/JFMp) and | 1J'F'M};) obey

the rules given by 2.17.
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Figure 2.2: Scheme of a hypothetical atomic transition with J; =3/2, J, = 1/2 and
1=3)2.
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2. THE HYPERFINE STRUCTURE OF ATOMIC LINES

AF =0, +1; F+F >1. (2.17)

The relative intensities of the peaks corresponding to electric dipole transitions be-
tween hyperfine components F and F’ following spontaneous fluorescence decay obey

the theoretical ! value is given by [30], known as Racah coefficients

' / 2
Sor I} (2.18)

!/
This is a useful information which can be helpful in the determination of the nuclear

spin.

2.1.4 Determination of u; and Q;

An analytical determination of A and B and hence, y; and Qg would require calculation
of reduced matrix elements for the dipole and quadrupole operators in both electronic
and nuclear spaces. This is a difficult problem. However, if the A factor and magnetic
moment are known for a reference isotope, then it is possible to obtain y; for an un-
known isotope. This assumption is valid ignoring an anomaly due to magnetization
distribution in nucleus®. Using similar arguments, the Q, can also be obtained if the B
factor and quadrupole moment of a reference isotope are known. Equations 2.19 and

2.20 are used to obtain y; and Q.

'In this approximation, stimulated emission effects are ignored.
2This phenomenon is called Bohr-Weisskopf effect or hyperfine anomaly [31]. When this effect is

taken into account, equation 2.19 must be modified to y; = Uref(14+A), where A is the anomaly.

Al
Are fI ref
However, for gallium, A ~ 0 [32], and therefore equation 2.19 can be used.
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2.2 The isotope shift

Al
M = Href, (2.19)
Areflref ref
_ B ref
Qs = 527 (2.20)
ref

2.2 The isotope shift

Changes in the nuclear charge distribution and volume cause shifts in the electronic
energy levels. The isotope shift (IS) is defined as the difference in the centroid fre-
quencies of a given atomic transition between two different isotopes, A and A’, where

A’ is the heavier

SvAA = v A, (2.21)

Equation 2.21 can be divided into two different terms, the mass shift (MS) and the field
shift (FS). The former is due to the changes in nuclear recoil kinetic energy between
two isotopes, and therefore it is a finite mass effect, whereas the latter can be accounted
for by considering the way the atomic electrons interact with the electromagnetic field
generated by the nuclear charge distribution and consequently it is a finite size effect.

Thus:

SV = BviA + v (2.22)
2.2.1 The mass shift

The total linear momentum in the atomic centre of mass frame is given by
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2. THE HYPERFINE STRUCTURE OF ATOMIC LINES

Pouc + Y, Pi =0, (2.23)

i
where ppyc is the nuclear momentum and pj is the momentum of the i'" electron. Con-
servation of linear momentum in the centre of mass frame leads to ppuec = — Y; Pi- The

total kinetic energy of the system is

1

2
o 2 Pi
KE = _2M<pnuc) +§i (—2m> (2.24)

_ Ly, R DL o
= oM (;pl +22p1 p,]) +2mezp' )

i>j i

where M is the nuclear mass and 1, is the electron mass. Terms of p;” can be combined

and the masses re-expressed as the reduced mass u = ( wni ),
(4

1 , 1
KEzﬂ;pi + 27 2 Pi Py (2.25)

i>]
Normal Mass Shift
The first term in equation 2.25 gives the shift in the energy levels for an atom with
reduced mass y. By considering E (<o) to be the energy level of a hypothetical atom

with an infinitely heavy nucleus, Hughes and Eckart [33] were able to show that the

energy levels of an atom with a finite nuclear mass M is

EM) = E()t (2.26)
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2.2 The isotope shift

The change in the energy level of an atomic transition between isotopes A and A’ can

be calculated with Equation 2.26, for E (o) as reference is given by [29]

m.0A

S(AEY" ™ m E(w) .

(2.27)

where A = A’ — A Equation 2.27 can be redefined as the difference in the transition

frequency of a given line for two different isotopes in the following way:

VNS ~ WV7 (228)

where Vv is the line frequency of the transition involving A. Equation 2.28 is referred to
as the Normal Mass Shift (NMS). 1t is useful to put real numbers in order to understand
the magnitude of this shift. In the case of a P/, — Sy transition at 417.209 nm of

69.70Ga isotopes, the normal mass shift is of the order of 80 MHz.

Specific Mass Shift

The Specific Mass Shift (SMS) is caused by the second term of Equation 2.25, which
represent a sum over all momenta correlations between pairs of electrons. This term
may reinforce the normal mass effect or act against it, depending on whether the pairs
of electrons are moving in the same direction or in opposite ways. This term is difficult
to calculate accurately for a many-electron system. It is sufficient to mention that the
specific mass shift is also proportional to 8A/AA’. The total mass shift is therefore

expressed as [29]
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2. THE HYPERFINE STRUCTURE OF ATOMIC LINES

5\’% = SV%SJFS\’%S

A —A
= M, (2.29)

where M = N+§ , 1s the sum of the normal (N) and the specific (S) mass shifts. Unless
reliable calculations of the specific mass shifts are available, the normal mass shift and

the specific mass shift can be related empirically [34] by :

Sy 0.3+ 0.9)5V%,}S , for ns — np transitions
SMS 0+ O.S)SV%,’,S , for ns? — nsnp transitions

2.2.2  The field shift

The difference between the monopole term (k = 0) and the %gzr terms in the Equation

2.3 gives the field shift effect of the isotope shift. This effect is illustrated by Figure

2.3. This figure shows that an electron will be less bound to a nucleus with a finite

Ze

charge distribution, than to a point charge nucleus. If Tnegr

is the Coulomb potential of
a point charge and ¢(r) the electrostatic nuclear field, it is possible to apply first-order
perturbation theory to obtain the change in the electron energy levels in the following

way [35]

AE = —e / (¢(r) ze )‘Pz(r)dV, (2.30)

4regr

where W(r) is the electronic wavefunction. If s(/ = 0) states are considered, the wave
function remains independent of the angular part and presents only a radial depen-

dence. Since there is a non-zero probability of finding s-electrons inside the nucleus,
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2.2 The isotope shift

Figure 2.3: Scheme of the electrostatic potential as a function of the distance from the
center of the nucleus r, for three general cases: a point charge, as indicated in black; a
small nucleus with a finite charge distribution, indicated in green and a large nucleus,
as indicated in red. The effects on the energy level of a state labeled by | A) are also
highlighted.

and considering that the nuclear size is smaller than the atomic radius, the radial wave
function remains constant and equation is reduced to [35]
Ze?

_ Ly 2
AE = 2 (0)(r), (2.31)

where the mean square charge radii (r?) = i [ r?pdV, with p being the charge density.

In the case of a spherically symmetric nucleus, (r?)o = %RZ, where R = 1.22A4'/3 fm

[11]. From equation 2.31, it follows that for two isotopes A and A’, the FS is given by:
Ze2 /

v = —aA‘PZ(O)S(ﬂ)AA /h. (2.32)
0

If relativistic and electronic screening effects are included in the formalism, equa-

tion 2.32 is then generalised into the form [19]
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2. THE HYPERFINE STRUCTURE OF ATOMIC LINES

SV = F(Z)\ (2.33)

where, F(Z) is a function showing a Z dependence, called electronic form factor, con-

taining the required relativistic corrections [36]. A%4" is a power series expansion in

8(r?)

A = §(P2)M 28 L 50 (2.34)

The coefficient C; are tabulated values [37]. To a good approximation MAT
8(r2>AA,, for light or medium-mass elements. In summary, the total measured isotope
shift is given by

VM = F(2)8(2)M + %M. (2.35)

In order to obtain the changes in the mean square charge radii from the measured
isotope shifts, it is necessary to subtract the mass shift and have knowledge of F(Z).
For light systems, the mass shift plays a more significant role in the overall shift. On the
other hand, the field shift becomes more predominant in heavier elements, whereas the
mass shift becomes negligible. The usual ways to obtain F(Z) is by either performing
ab initio calculations or by applying semi-empirical techniques using, for instance, ns-
np transitions [38]. Non-optical measurements also allow a reasonable calibration of
for F(Z) heavy elements [20]. The situation for gallium is somewhat more difficult,

since this element is located at an intermediate mass region (A ~ 70) and therefore

the specific mass shift must be taken into account. Non-optical data on radii exist
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2.2 The isotope shift

Table 2.1: Measured isotope shift and charge radii for gallium isotopes.

A IS CP =280 IS Py —2 S0t ()12
(A =403.3 nm) (A =417.2 nm)

[MHz] [MHz] [fm]
69 0 0 3.996
71 —32.8+£3.5 —-39.6£3.5 4.011

9The %Ga isotope was used as reference.
”Model-dependent RMS value. See [36] for details.

[36] for %71 Ga stable isotopes in addition to optical isotope shift data [39]. Table 2.1

summarises the information which is available in the literature.
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CHAPTER 3

EXPERIMENTAL APPARATUS AND
METHODS

3.1 Essentials of laser spectroscopy

The underlying mechanism of the technique applied in this work is the absorption of
electromagnetic radiation by an atomic system and the measurement of the number of
photons which originates from the ensuing spontaneous emission of radiation. This
chapter will discuss the basic laser spectroscopy techniques which allow high resolu-

tion measurements of the hyperfine structure of atomic nuclei.

3.1.1 Natural line width

In an ideal two-level atom, as described by Figure 3.1, the lower and upper states j
and k are separated by an amount of energy AE . It is sufficient to picture the atom-
radiation interaction semiclassically, in which the radiation at angular frequency ® j is
treated as a classical field and the atomic wavefunction is in a superposition of lower
and upper states, whose energy levels are perturbed by this field. The half life of the

€mission process is T .
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3. EXPERIMENTAL APPARATUS AND METHODS

it :::%: Aw,
w w w
0

Figure 3.1: Natural line width of a transition between states labelled by j and %.

In fact, as the figure suggests, the transition which populates the upper state k is not
only caused by an electromagnetic radiation with a defined frequency ® j;, but instead
by any frequency lying within a finite distribution of frequencies centered around @y,
which is the resonant frequency. This “natural breadth” or linewidth of the transition,
Ay, is characterized by the full width at half-maximum (FWHM) of the line profile

g(), described by a Lorentzian line shape

1 A(l)jk
®) === : 3.1
8(0) =57 (0—0)*+Aw% /4 G-

The width of the line profile is given by the convolution of the individual widths of
the j and k “lines”. When the lower level is the ground state, Aw ;. collapses to Awy.
The latter is calculated by summing over Einstein’s Ay; coefficients, which are the
probabilities of transitions from k to any allowed low-lying state i [40]. In this two-

level atom the summation is carried only for the k — j transition
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3.1 Essentials of laser spectroscopy

A()Jk = ZAki ZAkj (32)

This two-level system has an optical absorption cross section given by [41],

22

6(0) =3 x —5-Ay; g(®), (3.3)
0

For the case of excitation with a laser tuned on resonance (® = ®p) with wavelength

Ao = 2mc/ @y, the optical cross-section may be approximated by

A

G(m) ~ bR 3.4)

which is on the order of 10~° cm?, for transitions lying in the optical spectrum. When

0724

compared with nuclear scattering cross-sections (1 cm?), the advantage of using

lasers to probe the atomic nucleus becomes evident.

3.1.2 Broadening of the spectral lines

The broadening of the spectral lines are due to different mechanisms, classified as
homogeneous or inhomogeneous. Relevant to this work are the homogeneous power

broadening and Doppler broadening.
Power broadening

The continuous interaction of the radiation field with the atomic system causes tran-
sitions between the lower and upper states at a frequency called Rabi frequency. This

frequency is proportional to the field amplitude and the atomic dipole matrix element
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3. EXPERIMENTAL APPARATUS AND METHODS

[42]. At a certain value, called saturation intensity, the populations in the lower and
upper states will be equal. An increase in the laser power leads to more rapid Rabi
oscillations, which effectively shortens the lifetime of the upper level. Through the
energy-time uncertainty relation, this mechanism leads to a broadening of the line
shape, which causes a loss in resolution and to a lowering of the peak value of the line-
shape function g() [41]. The latter effect causes a loss in detection efficiency. Power
broadening can be mitigated if the laser power is set below the saturation value for the
atomic transition. In practice, this is achieved by optimizing the measured fluorescence

count and linewidth as a function of the laser power.

Doppler broadening

This broadening mechanism is related to the thermal velocities of the atomic sample.
Since each atom in the sample to absorb radiation on its rest frame, the range of fre-
quencies that can be absorbed by the sample is widened. The Doppler width for a gas

of thermal particles with resonance frequency ®y is given by [42]

2KT \*
60)D:2\/1n2coov?p, v,,:( - ) (3.5)

Depending on the mass and temperature, the Doppler broadening can be on the order of
several GHz [41], which in most cases washes out the individual peaks of the hyperfine

structure, which are typically separated by < 1 GHz.
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3.1.3 Collinear laser spectroscopy with fast beams

The traditional methods used to perform Doppler-free optical spectroscopy on radioac-
tive beams are the crossed beam technique and the collinear laser technique. The
crossed beam technique consists of “crossing” the laser and ion beam using collimat-
ing slits in such a way that only the fraction of the atoms travelling perpendicular to
the direction of the laser beam are excited. It is not hard to imagine that this technique
requires a substantial amount of atoms, which most of the time are not available for
radioactive species. This is one of the main reasons this technique has given place to
more efficient Doppler-free methods such as the collinear technique, which has been
used in the work reported in this thesis. In a typical collinear spectroscopy setup,
accelerated radioactive ions are overlapped with a co- or counter-propagating laser
beam. Historically [43], this geometry was developed out of the necessity to improve
the efficiencies and resolution of laser spectroscopy measurements at on-line separator
facilities. The collinear geometry is superior to the crossed beam technique because
the overlapping between the laser and the ions/atoms along the axial direction natu-
rally maximises the interaction region. In addition, Doppler-free measurements can
be performed due to the velocity compression of the ion beam caused by electrostatic
acceleration. This fact was first noted independently by Kaufman [44] and Wing [45].

The difference in velocity of two identical ions with initial energies E; = 0 and

E> = KpT along the beam propagation direction z is given by

2KpT
M

v, =vy—v = (3.6)
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If the ions are subject to acceleration due to an electrostatic potential V, the gain in

energy is eV. Now, the difference in velocity dv. between the accelerated ions is

2(eV + KT 2(eV
SVsz’z—vi:\/ ‘ v )_\/ <;4)=<V’12+V%)1/2—v’1 37

Equations 3.6 and 3.7 are related by

1 /v
& =~ —<—)8v
N 2\ ¢
1 /KgT
~ = ) 3.8
2 €V vZ: ( )

which states that an increase in the acceleration voltage V causes a reduction in the
velocity spread. The considerations taken which led to equation 3.8 may be generalized
to an ensemble of N ions with a Maxwell-Boltzmann velocity distribution. In this case,
the spread in kinetic energy for an ensemble of ions produced in an ion source with

average velocity v is a constant of motion,

OE = mvdv = cte. (3.9

This situation is graphically illustrated by Figure 3.2. The reduced Doppler width due

to the velocity compression of accelerated ions is found to be

. 20)0KBT In2

om
b MeV

(3.10)

Therefore, for the case of thermal ions at 60 keV, the Doppler width can be reduced to

less than the natural line width.

58



3.1 Essentials of laser spectroscopy

Figure 3.2: Illustration of the velocity compression mechanism along the beam prop-
agation in the z direction. Note that the spread in energy does not change with the

electrostatic potential.

In laser spectroscopy experiments, a scan can be performed either by changing
the laser frequency or by exploiting the (relativistic) Doppler effect. While changing
the laser frequency requires a fine control via scanning optical devices, it is known
that an observer moving towards a source of electromagnetic radiation will perceive
a frequency “shifted to the blue”, whereas if the observer is moving away from the
the source the shift will be “to the red”. The collinear laser geometry allows the laser
frequency to be kept fixed and the scan to be performed by Doppler-shifting the ions
to resonance, by changing the voltage of the sample. Consider the diagram shown by
Figure 3.3. It shows the collinear geometry, in which the ions are irradiated with a

co-propagating laser light.
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Figure 3.3: Frame S denotes the laser source fixed in the lab and S’ is the frame of the

ions moving away from the laser with velocity v.

In the S’ frame the energy of a single ion is E/ = Mc?. In the S frame the ion energy is

Lorentz-transformed into

E = yMc?
V2 —1/2
= <l——2> Mc? =M+ eV
c ~
rest acc
Rearranging equation 3.11 gives a useful relation:
B— v 1 1 1/2 eV
¢ (1+a)2| 7 Mc?

(3.11)

(3.12)

The relativistic Doppler shifted frequency V' in the frame §’ is related the frequency

fixed on the resonant frequency v by
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/

%:y(lJchosG) (3.13)

The angle 0 accounts for the departure from the collinear geometry and is usually

small, on the order of mrad. If 8 = 0 then the shift can be expressed as

Vi=v(l+oa+vo2+2a) (3.14)

During an on-line experiment it is important to determine how the frequency will be
shifted with the scanning voltage, V. Thus
v -V

e 3.15
oo Vo2 + 20 (3.15)

Since 8o = €8V /Mc?, a variation of the frequency with the scanning voltage is ob-

tained,

v/ —Ve

vV Mc2/o2 + 20,

This can be realised by electrostatic plates which are introduced prior to the interaction

(3.16)

region. It should be noted that the relativistic expression (equation 3.14) used for the
conversion from scanning voltages to frequency provides the general procedure which
can be used for any experiment of nuclei of any mass accelerated at any energy. For
the case of gallium isotopes (A = 70) accelerated at 50 keV, B ~ 103, which means
that a non-relativistic expression can be used. However, this procedure introduces a

systematic error of ~ 1 MHz for calculations of isotope shifts. This becomes more
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problematic if lighter species are investigated.

When 6 # 0 and not negligible, which happens when there is a poor overlap be-
tween the ion/atom and the laser beam, the measured resonances are modified. This
non-homogeneous broadening effect is known as peak skewing and was studied by

Campbell [46]. From equation 3.13, this effect can be accounted for by

AV = V(8)-Vv(0)

92
V'YB?- (3.17)

Q

3.2 Laser instrumentation

The spectroscopic experiments described in this work necessitated the use of a continuous-
wave tunable Ti:Sa laser as well as an external frequency doubler. This section delin-

eates the principle of operation of these devices.

3.2.1 The titanium sapphire laser

The Ti:Al,Os3 laser, also known as titanium sapphire (or simply Ti:Sa) was developed
by Moulton [47] in the 1980’s and belongs to a wide class of solid-state gain media.
It has become the most popular choice among the others because the interaction of
the Ti>* ion with the host lattice (Al,O3) produces a broad laser output, with a tuning
range from 680 — 1025 nm. Additionally, since there is no other d electron states above
the levels involved in the laser operation, this system does not suffer from excited state

absorption, which is an unwanted loss mechanism of pump power. This system can be
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though of as a 4-level system and the electronic structure of the levels involved in the

absorption and emission is shown by Figure 3.4.

A

collisional

> 2
o E S ——
] NE—
uCJ Tunable
laser output
Pump
radiation
2T N ;
T2 < =
~——="T,llisional
relaxation

Configuration coordinate

Figure 3.4: The electronic structure of the Ti:Al,Os.

Optical pumping excites the ground state electrons from the 2T5 band to the excited
E; band. This absorption can occur from 400 — 600 nm. Collisional relaxation allows
the electrons to de-excite to the bottom of the band. At this stage the population inver-
sion condition is met and stimulated emission then occurs from this level down to the
ground state band. The drain transition is achieved through rapid collisional relaxation
to the bottom of the ground state band. There are several cavity implementations which
can be used to obtain a laser output from a Ti:Sa crystal. In this work, the commercial
model Coherent 899 — 21 ring cavity was used to generate a laser output on CW mode.

Typical pump laser power ranges from 5 — 15 W. The Ti:Sa laser was initially pumped
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by an argon ion laser for the on-line commissioning and subsequently by a 18 W Verdi
laser for the gallium work. The Coherent 899 — 21 ring cavity has the “figure of eight”

geometry as shown by Figure 3.5.

P2

Figure 3.5: Scheme of the 899 — 21 cavity. P1, P2 and P3 are the pump mirrors. “The
figure of eight” cavity is formed with M1, M3, M4 and M5 folding mirrors. See text
for more details.

This model has passive and active frequency controls, which produce a single lon-
gitudinal mode output. In order to guarantee mechanical stability, as well as to avoid
thermal drifts, the cavity elements were mounted on a rigid Invar rod, as shown by
Figure 3.6.

The cavity elements comprised four folding mirrors (M1, M3, M4 and MS5). The last
folding mirrors serves as the output coupler where the laser light passes through. The
cavity also has a lens, L1, which is used to focus the light from the pump mirror into
the Brewster cut Ti:Sa crystal. Other elements are the optical diode OD, a Lyot filter
(a stack of three birefringent filters BF [48]) and an intra cavity assembly (ICA), used

for single mode selection. The optical diode, which consists of a Faraday rotator and
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Figure 3.6: All the elements which comprise the Coherent 899 — 21 ring cavity assem-
bly: 1. Upper fold mirror M5. 2. Lower fold mirror M3. 3. Pump mirror P3. 4.
Optical diode. 5. Output coupler M4. 6. Birefringent filter. 7. Intra cavity assembly
(ICA). 8. Focusing lens L1. 9. Titanium:Sapphire crystal. 10. Periscope optics P1/P2.

a quarter-wave plate, causes the light inside the cavity to travel only in one direction.
The birefringent filters are placed at Brewster’s angle and serve as a coarse mode se-
lector. Tunability can be achieved by rotating the stack around the plane containing
the crystal’s optical axis. For a given wavelength corresponding to an integral number
of full-wave retardations, the laser polarization is unaltered by the stack; otherwise the

laser polarization is modified and suffer Brewster losses in the cavity [49].

The ICA comprised a thin and a thick etalons. After the insertion of this element in
the cavity, the bandwidth is narrowed to 10 MHz. A temperature stabilised etalon was
placed externally to the cavity, and was used to achieve mode stabilisation, against
shirt term drifts. This arrangement permitted the laser to operate with a bandwidth of
~ IMHz. The laser wavelength was monitored with a wavemeter with a precision of

3 MHz. This precision was enough for the spectroscopy of gallium, since its natural
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linewidth is ~ 25 MHz. The output power of this laser was typically 1 W.

During the on-line commissioning of ISCOOL, the lines used were within the funda-
mental output of the Ti:Sa. However, for the gallium run, ultraviolet light was needed
in order to excite the transitions of interest (403 and 417 nm). Therefore, the Ti:Sa

output was frequency doubled by an external cavity.

3.2.2 The frequency doubler unit

In order to produce the second harmonic laser light used in the gallium experiment
(403 nm and 417 nm), the fundamental light from the Ti:Sa was directed to a commer-
cial external frequency doubler, WAVETRAIN®, from Spectra-Physics [50]. This

apparatus is a ring cavity, which resembles a delta is shown by Figure 3.7.

In order to achieve cavity stabilization, an active control method is implemented.
This method is based on the Pound-Drever-Hall technique, which is aimed to mea-
sure changes in the derivative of the reflected light from the cavity. Qualitatively, this
technique consists of adding sidebands to the fundamental laser beam and picking the
reflected beam. The sidebands are added due to phase modulation of the laser af-
ter it passes through an electro-optic crystal. To improve the efficacy of the locking
technique and hence the cavity stability, the sidebands should be far enough from the
resonance conditions inside the cavity for them to be reflected. This reflected signal is
mixed with the fundamental and by using phase sensitive detection, an error signal is
obtained and fed back to a prism mounted on a piezo control, which adjusts the length

of the cavity accordingly. This arrangement therefore ensures the cavity stability. The

66



3.2 Laser instrumentation

Figure 3.7: The Spectra-Physics Wavetrain external frequency doubler cavity together
with the beam paths of the fundamental and doubled light.

Pound-Drever-Hall technique offers many advantages over previous locking schemes,
since phase-sensitive detection decouples the variations on the laser frequency and
power. A detailed and approachable explanation of this technique can be found in
[51], for example. The cavity, along with its main optical components are shown by

Figure 3.8.

The fundamental beam passes through a retardation plate RP. The next optical
component is the phase modulator PM, which consist of 2KD*P electro-optic crystals,
driven by an rf oscillator. This part of the device also contains the phase sensitive

electronics. The phase modulator adds sidebands to the fundamental beam. The beam
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Figure 3.8: The Spectra-Physics Wavetrain external frequency doubler cavity together
with the beam paths of the fundamental and doubled light. The Delta cavity is com-
prised by M1, M2, PZT and the non-linear crystal, LBO. A major part of the funda-
mental which is not converted makes several round trips in the Delta cavity. A small
fraction of the fundamental is also used for the phase sensitive detection electronics.

See text for more details on the other components of this device.

is then directed to the cavity by lenses (L1 and L2) and bending mirrors BM1 and
BM?2. By careful adjusting the foci of L1 and L2, as well as the beam shifter BS, the
incoming laser can be mode-matched with the cavity. The ring cavity has the shape
of a triangle and the beam is deflected to the folding mirrors M1 and M2 by a prism
P. This arrangement improves the conversion efficiency with respect to other cavity
arrangements (e.g. the bow-tie resonator), since the losses are minimised by replacing
two folding mirrors by a Brewster cut prism P. The fundamental passes through the
non-linear crystal, Lithium Triborate (LBO) and the second harmonic output leaves
through M?2. The major part of the fundamental which was not converted makes several

round trips in the Delta cavity, which allows more power to be built, greatly improving
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the conversion efficiency. If the fundamental is not perfectly resonating in the cavity,
part of it will leak and will be picked up by a fiber couple FP and sent to the phase
modulator module via an optical fiber OF . The error signal is then fed back to the piezo
mount PZT, which stabilizes the cavity against vibrations caused by acoustic noise.
The frequency-doubled output beam is reshaped into a circular and non astigmatic
beam by a cylindrical lens CL and is directed to the ISOLDE experimental hall by

BM3 and BM4.
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CHAPTER 4

THE ISOLDE FACILITY

The Isotope Separator On-Line Device, ISOLDE, is a factory of radioactive ion beams,
which currently produces more than 600 isotopes of 70 different chemical elements.
The facility is part of CERN’s accelerator complex, and it has been in operation since
1967. This chapter outlines the main features of this facility in which the experiments

reported in this thesis were performed.

4.1 Facility layout

Figure 4.1 shows the structure of CERN’s accelerators network and ISOLDE is among
the various experiments hosted by the laboratory. The radioactive beams are produced
at this facility by means of proton, and sometimes neutron induced reactions on a
thick target. The ISOLDE facility utilizes the ISOL method for the separation of ra-
dioisotopes. This concept, which was first developed back in the late 1940’s by Koch
and collaborators [52] basically consists of producing and separating radioactive ions
through a mass spectrograph fast enough so that the beam can be delivered to exper-

iments located downstream the mass separator. Over the years, the method has not
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changed in concept. However, the improved selectivity in the ionization process, as
well as in the mass resolving power of current mass spectrographs have enabled the

production of rare isotopes at intensities of up to 10'! atoms per uA proton beam [53].

CERN Accelerator Complex

LHC

2007 (27 km)

LHCb

SPS

ATLAS

2000 Gran Sasso

LINAC 2

Leir

N LINAC 3
lons

» ion » neutr » P (antiproton) === /antiproton conversion b neutrinos  » electron

LHC Large Hadron Collider SPS Super Proton Synchrotron  PS  Proton Synchrotron

AD Antiproton Decelerator CNGS Cern Neutrinos to Gran Sasso  ISOLDE tope Separator OnLine Dt
LEIR Low Energy lon Ring LINAC LINear ACcelerator ToF Neutrons Time Of Flight

Figure 4.1: CERN accelerator complex and its various experiments. The position of
ISOLDE (green) can be seen with respect to the proton synchrotron booster, indicated

in pink.

The current installations of ISOLDE, as shown by Figure 4.2, went into operation
in 1992, after an upgrade which placed the facility at one of the delivery arms of the
Proton Synchrotron Booster, PSB, which consists of a stack of four 50 m diameter
accelerator rings. The PSB receives 50 MeV protons from a linear accelerator, LINAC

2. The beam coming from the LINAC 2 is split into four parts. Each part is then
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sent to a PSB accelerator ring, at a particular order. These beams are subsequently
accelerated, synchronised and recombined for extraction. The timing involved in this
process is what determines the ultimate time structure of the proton pulse delivered to
ISOLDE. At ejection the proton beam reaches energies of up to 1.4 GeV. The proton
pulses delivered to CERN experiments by the PSB has a timing structure, namely, the
“supercycle”. In one supercycle, several experiments receive a fixed amount of proton
pulses. The pulsed are allocated in slots and the slot distribution is decided by the PSB
technical team. Typically, the PSB delivers typically 40 proton pulses per supercycle,
with an interval of 1.2 s between each pulse. At present ISOLDE takes approximately
20 pulses of 3 x 103 protons, totalling an average proton DC current of 2 uA, and

never exceeding 2.5 uA due to radioprotection issues.

4.1.1 The target and ion source unit

There are two independent target stations at ISOLDE, each connected to different mass
separators. These are called the general purpose separator (GPS) and the high resolu-
tion separator (HRS); the latter has a mass resolving power of M /AM = 5000. These
two stations offer great flexibility to the users in that it is possible to schedule beam
time in such a way that their use is whenever possible alternated - an experiment can
run in one of the target stations, while the radiation levels at the other station goes
down for a target change to be performed for the next experiment. A typical ISOLDE
target unit is shown by Figure 4.3. Due to the high radiation levels at the target area,

robotic arms are used to replace the units.
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1.0 or 1.4 GeV
PROTONS FROM PSB

Figure 4.2: Layout of the ISOLDE hall, with the various experimental setups which
are present the facility. The COLLAPS beam line is highlighted in red. Taken from
[54].

The material used in the fabrication of the target units varies depending on what
elements are to be investigated. There are three classes of materials employed: molten,
metal powder or a metal foil. The thickness of the target varies from 50 — 200 g/cm?.
The target temperatures range between 700 — 2000 K. When the protons are deliv-
ered to the target unit, radioactive nuclei are produced by different reaction channels
such as spallation, fission or fragmentation. The reaction products, which are in a
gaseous form thermally diffuse out of the target due to temperature gradients. For a
target unit equipped with a classical surface ion source, the radioactive vapour then

effuses through a transfer line and a hot ionizer tube. The ionizer tube is coated with
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Figure 4.3: Picture of an ISOLDE target unit. Taken from [55].

a material with a low vapour pressure (e.g. : Ta, Mo, Nb). Depending on the ion-
ization potential of the atom to be studied and on the work function of the material
chosen for the ionizer, some degree of chemical selectivity can be achieved. In order
to improve selectivity, photoionization can be used, depending on whether there are
schemes available. A thorough discussion of these issues can be found in [55]. Fol-

lowing the ionization process, the single charged ions are accelerated electrostatically
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by a voltage of up to 60 kV, mass separated and transported to a particular experiment
by means of ion beam optics elements. Experience has shown that the extracting high
voltage in the target area has to be applied asynchronous to the proton pulse to avoid
electrical breakdown due to the ionization of air at the target front-end. The final yield

has a quasi-continuous structure.

4.2 The COLLAPS beam line

The collinear laser spectroscopy (COLLAPS) beam line is shown schematically by
Figure 4.4. The incoming ion beam enters the setup and is deflected by 10° by two
capacitor plates. In order to optimize the transport downstream the beam line, the
beam passes through ion optics shaping devices (not included in the Figure 4.4). The
main part of the beam line is the post-acceleration region, where the Doppler-tuning
of the ion beam occurs. This region is formed by four ring electrodes and a charge-
exchange cell (CEC). The CEC, which is detailed in Figure 4.5, is a device filled with
a hot alkali vapour. It serves to neutralize the incoming ions on a single pass. The
next part of the beam line is the interaction region, where the beam on the atomic
state is resonantly excited with the collinear laser. The photons from the fluorescence
decay are counted by two photomultiplier tubes, positioned at 90° with respect to the
beam axis. This fluorescence is imaged by a cylindrical reflector which is placed at the
back of the light interaction region. Finally, there is a Brewster window mounted on
a vacuum flange which closes the beam line. Its purpose is to minimize internal laser

reflections which are a source of background.
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4.2 The COLLAPS beam line

Figure 4.4: A simplified scheme of the collinear laser spectroscopy setup at ISOLDE.
1. Single charged ions; 2. Laser beam; 3. Electrostatic deflection plates; 4. Post-
acceleration electrodes; 5. Charge-exchange cell (CEC); 6. Photomultiplier tubes; 7.

Brewster window. The dimensions are not to scale.

The scanning voltages and the signal from the photomultiplier tubes are controlled
by the “measurement and control program”, MCP. The MCP is set to output scanning
voltages between —10 V and 10 V, as shown by Figure 4.6. This voltage is then
amplified by a factor of ~ 50 with a Kepco BOP 500M amplifier, and added to the
high voltage of either of 3 independent Fluke power supplies. These power supplies
can be electronically switched in order to facilitate scans covering a wide spectral range
or across different mass regions. The scanning and Fluke voltages are connected to a
1000:1 voltage divider, which is read by a Prema 6040 digital voltmeter. The readout
from the Prema divider is recorded by the MCP at the end of the scan.

In order to measure a hyperfine structure, an accelerating voltage range AV is de-
fined for a given scanning region, as shown by 4.7. This region is divided into N
“channels”. Each channel collects photon counts during a fixed dwell time, which is

typically 10 — 100 ms. In principle, this cycle can be repeated many times, to improve
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hot oil

Copper blocks

Heated
central tube

Figure 4.5: Technical drawing of the charge-exchange cell. The central part contains a
solid piece of an alkali element. The blue arrows indicate the direction of the incoming
and outgoing beams.

the statistics.

4.2.1 Data acquisition electronics

For the conventional photon detection technique used in COLLAPS, the signals from
the photomultiplier tube are amplified and sent to a discriminator unit, for single pho-
ton counting. Under a certain threshold value set on this unit, the signal is not regarded
as coming from a photon and is rejected. Otherwise the signal is counted by a scaler.
For each channel, the output of the scaler is recored by the MCP program and reset. A

schematic description of the data acquisition electronics is shown by Figure 4.8.
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Figure 4.6: A simplified scheme of the scanning voltage applied to the post-

acceleration electrodes and the charge-exchange cell.

N channels

AV

—
dwell time
Measurement cycle

Figure 4.7: Scheme of the variation of the tuning voltages used in a hyperfine scan

Collinear laser spectroscopy with the subsequent laser induced fluorescence detec-
tion has been successively applied to the study of several radioisotopes for the past
30 years [19]. However, with this technique it is difficult to significantly increase
the detection efficiency without at the same time increasing the detection of the back-

ground due to continuous laser scatter from apertures and other components of the
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acquisition

Figure 4.8: Schematic layout of the electronics used on a classical collinear laser ex-

periment.

beam line. As a consequence, the minimum beam intensity required is typically of the
order of 10° ions/s. On the other hand, with the advent of linear ion traps, an efficient
way of suppressing laser background has been developed during the past few years.
This technique is the bunched-beam spectroscopy [25], and allows measurements to
be performed with ion fluxes as low as 50 ions/s. The technique was pioneered by the
Manchester-Birmingham groups, which since the closure of Daresbury radioactive ion
beam facility in the late 1990’s, have been conducting their experimental programme
primarily in Jyvéskyld . Based on the expertise accumulated from the work in Finland,
the group has promoted the development of a similar ion trap at ISOLDE and has been
working in conjunction with the COLLAPS collaboration in order to implement the

bunched-beam technique at ISOLDE.

4.3 The RFQ ion cooler and buncher - ISCOOL

A gas-filled linear Paul trap, ISCOOL, has been designed by Petersson [56] and Po-

dadera [57] in order to reduce the ion beam transverse emittance and longitudinal en-
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ergy spread, and deliver the beam as a continuous flux of particles, or accumulate and
release the ion beam in short bunches with a definite time structure. Figure 4.9 depicts

the device.

Figure 4.9: All the elements which composes the ISCOOL assembly: 1. Injection
quadrupole triplet. 2. Injection optics. 3. Main trapping chamber. 4. Extraction
optics. 5. Extraction quadrupole triplet. 6. Turbomolecular pumps. The dotted arrows
indicate the direction of the incoming and outgoing beams.

During the initial design stages, several locations were considered for the instal-
lation of ISCOOL. Ideally, this device should be installed at the target area, between
the target front-end and the separator magnets, because this would increase the mass
resolving power of the separator magnets. However, this place would render several
technical difficulties, the main one being due to radioprotection issues, considering

that the target zone is a controlled radioactive area at ISOLDE. Therefore, on the final
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design stages of ISCOOL, its location was decided to be on focal plane of the HRS

separator, after the 60° magnet, as shown by Figure 4.10.
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4. THE ISOLDE FACILITY

ISCOOL was designed to be a general purpose ion guide in that it should be able
to deliver cooled and bunched ions from a wide range of masses (10 < A < 300) to
all the experiments located downstream the HRS beam line. Essentially, ISCOOL
consists of injection electrodes, the radiofrequency quadrupole trap floating at high
voltage, and extraction electrodes. The quadrupole structure is formed by four rods,
coupled pairwise. The distance from the rods to the ion guide axis is rg. To each pair
of electrodes, a DC field and radiofrequency field with frequency ® and amplitude V
is applied. A phase shift of 180° is maintained between the pairs. The arrangement is

shown by Figure 4.11.

U + Vcos(wt)

-[U + Vcos(wt)]

Figure 4.11: Simplified scheme of the ion trapping device.

The confining potential in the transverse plane, defined as (x,y) reads [58]:
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¢o(

’”0

0(x,y) = (" —»%). 4.1

Equation 4.1 describes a hyperbolic paraboloid, commonly referred to as a “horse sad-
dle” potential. The field lines in the (x —y) plane are hyperbolae. The problem of
particles confined in a time-varying quadrupolar field can be explained with a simple
mechanical analogue - if a sphere is placed on the “saddle point” of a horse saddle,
it would not remain stable for very long. However, if the saddle is rotated around the
z axis, a dynamical feedback is created which maintains the sphere on the centre of
the saddle. Analogously, if a static DC field were applied to the quadrupole structure,
that would not provide a stable confinement, and therefore the ion cloud would escape
the centre of the trap. On the other hand, the ion cloud does stay dynamically con-
fined in the (x —y) plane due to the radiofrequency field. For a potential of the form

do = U +V cos(wr), the equations of motion in x and y coordinates read:

Ly [a—2gcos(2T)]x =0

dt
4.2)
2
ZTy —[a+2gcos(2t)]y=0
The substitutions T = 2 ,a= msre[({)z andg= 4eV > were made, where e is the 1on charge,

V is the DC voltage, U is the zero-to-peak rad1ofrequency voltage amplitude, m is the
ion mass in atomic mass units, ® is the radiofrequency. The equations 4.2 for x and
y are the canonical Mathieu’s equations [59]. Since the radius ry (see Figure 4.11) is

fixed (for ISCOOL, rp = 20 mm) and the beam is composed of single ionized ions, the

85



4. THE ISOLDE FACILITY

dimensionless parameters a and g are functions of the DC field, the radiofrequency and
amplitude. For fixed values of the radiofrequency and amplitude the ions will develop
a complicated oscillatory radial motion. It can be shown [60] that the stability of the
solutions of the Mathieu’s equation can be represented in terms of a diagram in the
a — q plane, shown by Figure 4.12. Outside the hatched regions in this diagram, the

ions develop an unstable motion and eventually hit one of the electrodes and are lost.

Figure 4.12: Single particle stability diagram for the (x —y) plane. The inner figure
shows in detail the expanded diagram, for0 < g < 1.2and —1 <a < 1.

In reality, ISCOOL was designed so that the quadrupole rods pass through a series of
25 variable-width wedge electrode rings, insulated from each other by SiO, as shown
by Figure 4.13. This allows the radiofrequency to be applied independently from the
DC part of the potential. In addition, it is also possible to apply different DC voltages
to each of the rings in order to create a potential gradient, which pushes the beam out

of the trap more efficiently. A typical DC gradient for ISCOOL is 0.2 V/cm. The trap
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4.3 The RFQ ion cooler and buncher - ISCOOL

can also accumulate the ions and release bunches. This is accomplished by applying a

voltage on the end plate electrode, as shown in Figure 4.14.

Figure 4.13: Picture of the trapping structure of ISCOOL superimposed by the 25
wedge electrodes. The direction of the incoming and outgoing beam is indicated by
the blue arrows.
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Figure 4.14: Diagram of the DC axial potential of ISCOOL.

In this configuration, the application of a trapping DC axial field generates a harmonic
defocusing potential, as pointed out by Drewsen et al. [61]. In the region of axial

confinement, the equations of motion are modified and so is the a — g stability diagram.
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For further discussion on this issue, see [62]. In continuous mode, Petersson [56]
estimated that up to ~ 1 nA of current would be fairly concentrated around the optical

axis (defined as z) and would be transmitted.

4.3.1 Phase space and ion cooling

In the Hamiltonian formulation of classical mechanics, a particle’s dynamics in three
dimensions is described by its position ¢ = (x,y,z) and its conjugate momentum p =
(Px, Py, Pz). These variables form a six-dimensional phase space, and each point of
this space will describe the state of the particle. The state of a collection of N particles
will be characterized by 6N variables. For a system with a large number of particles, it
becomes difficult to book-keep the state of each particle. Alternatively, these particles
are usually treated as an ensemble. As a consequence, it is the gross properties of the

ensemble as opposed to of individual particles which will be of interest.

4.3.1.1 Emittance and Acceptance

The positions and momenta of all the ions in an ensemble occupy a volume in the
six-dimensional phase space, formed by {gx,qy,q:, px, Py, p;} coordinates. If the ion
motion is decoupled in the three directions of space, which means that the equations of
motion for each coordinate have only linear terms in the force fields, then this volume
can be projected into subspaces for each pair of canonical coordinates (g;, p;) [63]. The
projection will occupy an area S;, which is known as an action diagram, S;, expressed

as:
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s.= [ [ daudp. 43)

The action diagram S; is defined as an emittance when the contour of the action diagram
can be represented by an ellipse. In the case of a beam propagating with the optical axis
in the the z direction, there is one longitudinal emittance and two transverse emittances.
The longitudinal emittance would be defined as €, = zp,. However, since z is the
direction the beam propagates, an alternative definition of emittance is used [62], which
takes into account the spread in energy and time. Therefore €, = AE X At. It only makes
sense to use this definition for bunched beams. Typical bunching times for ion traps are
of the order of us, therefore the unit for longitudinal emittance is expressed as [eV. us].
The transverse emittances either in x or in y coordinates can be generally represented
according to Figure 4.15. It shows an ellipse in two systems of coordinates, rotated by

an angle 6. In the x, y coordinates, the equation of the ellipse can be written as:

(x y)(gz 2;)(§>:8, (4.4)
—_—

T
where € is the eccentricity of the ellipse. A7, By, and Cr are the Twiss parameters,

which read [64]

Ar = (la/lp—1p/1,)sinOcosO
Br = (Ip/l,)sin*0+ (I,/1,)cos>O (4.5)

Cr = (Lo/Iy)sin*0+ (I/1,) cos>®
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Figure 4.15: Representation of an ellipse in an arbitrary system of coordinates rotated

by an angle 0 with respect to the x,y plane. Adapted from [64].

It can be shown that the combination of these parameters for any given 0 is

BrCr —A7 =1. (4.6)

The equation of the ellipse in the coordinates defined by the eigenvectors u and v, and

the eigenvalues A and A, of the Twiss matrix 7 is:

(1) + () -

where I, = \/€/A; and I, = \/€/A;. In this basis, the area of the ellipse is 7l l, =

TE TE LR
— = . Th ndition 4.
e T e condition 4.6

detT = CrBr — A% =1,
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implies that the area of the ellipse A, = we. The transverse emittance diagram can be
plotted in two ways. One way is by using the canonical displacement-momentum vari-
ables (x,py). Another way would be to use the (x, x) pair, where x’ is an angle. Figure
4.16 shows graphically the basic relation X' = p,/p, . If the transverse emittance is
represented in (x,x’) coordinates, then the emittance is said to be non-normalized. This
means that whenever the beam energy is changed, the longitudinal momentum will also
change, therefore, the angle x’ will change. The unit of the non-normalized emittance
is [mm.mrad]. However, it is conventioned to present the emittance as [T mm.mrad].
Since (x,x’) are not conjugated coordinates, care must be taken in order to always be
clear about what is the beam energy for that particular non-normalized emittance. An
emittance €; measured at a fixed energy E; can be related to an emittance €, measured

at a different energy E, by [57]

A

Figure 4.16: Decomposition of the momentum p in the p,, p, components. The angle

x' represents the beam divergence with respect to the beam with central momentum at

Pz-

€ =€/ =. “4.7)
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From this expression, it is clear that the higher the energy, the smaller the emittance.
If the emittance is calculated in the canonical representation (x, py), the emittance is
said to be normalised. In this case, the units are [mm2/s]. Because of the relation in
Figure 4.16, it is always possible to recover the normalized emittance from the non-
normalized emittance and vice-versa. In practical terms emittances are often measured
as displacement-angle diagram accompanied by the beam energy. The emittance of an
ISOLDE beam will depend on the combination of target-ion source, but is about 357
mm.mrad [65]. It can be physically understood with the help of Figure 4.17. ISCOOL

was designed to deliver beam with a transverse emittance of 3 Tmm-mrad at 60 keV.

5mm

5mm

Figure 4.17: Geometrical representation of a typical emittance of a beam produced at
ISOLDE.

It is not always true that shape of the action diagram is elliptical. According to
Fong [66], the elliptical shape of the emittance will only be preserved if the motion
of each coordinate is independent. For ions travelling in a perfect quadruple field this
is the case. However, due to imperfections in the fabrication of quadrupole rods, high
order terms in the electric field are introduced, and non-linear forces will couple the
coordinates and therefore will induce aberrations. These aberrations will distort the

elliptical shape of the emittance diagram, and may compromise the beam quality.
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For any ion optics device, the system may accept a collection of ions with or with-
out losses. This acceptance is therefore related to the geometry and fields applied
to an ion optics system, in order to exactly match each of the action diagrams in the
phase space so that the ion beam may be fully transmitted [67]. The acceptance and
emittance have the same units. Therefore, only a fraction of the ion beam with an emit-
tance bigger than the acceptance of the device will be transmitted. The rest will get
lost by various mechanisms. For instance, the ions can hit the electrodes and get lost.
Moreover, as Dezfuli pointed out [63], matching the area of the action diagrams with
the acceptance is a necessary, but not a sufficient condition for a perfect transmission;
The shape of the ellipse should also match the shape of the acceptance of the optical
system. The latter condition can in principle be achieved by employing linear focusing

elements, such as a quadrupole lens.

4.3.1.2 Liouville theorem

In the active view of a canonical transformation [68], the time evolution of a collec-
tion of N particles in the phase space is regarded as a mapping of the 6/N canonical
coordinates into the same phase space. Figure 4.18 shows a point characterized by its
position and momentum vectors (q, p). The Figure also shows the vicinity of the point,
which is represented by the dotted circles. The solid and dotted lines enclose the two
volumes of particles in the phase space. They are connected by the solid arrow, which
takes the ensemble from a given time #; to a time #,. The Liouville theorem states that

for conservative systems, the local density of a cloud of non-interacting particles does
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not change as the ensemble evolves with time [67]. In other words, the density of a
collection of particles in the phase space behaves as an incompressible fluid [69], and
can only be reduced by means of dissipative forces. In the case of interacting particles,
Liouville theorem will only hold valid for a gas of particles in thermal equilibrium

[69].

*® ,q(t,).p(t,)

att,).p(t,)

Figure 4.18: Active representation of a canonical transformation. Adapted from [68].

Since the ISOLDE facility provides a plethora of radioactive species, it makes sense
to employ a cooling method which is fast, universal and chemistry independent. For
ISCOOL, buffer gas cooling was the method chosen, owing to the quick cooling times
involved, and the relatively simple implementation. It should be noted, however, that
many other powerful methods of ion cooling exist. Laser cooling is a good example,
which is based on the directional loss of momentum of an atom after laser absorption

and isotropic emission. With this technique it is possible to cool atoms down to < mK.
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The only drawback of this technique is that it is limited to a few atomic species. For a

comprehensive review of alternative methods of ion cooling, see for instance [70].

4.3.2 Buffer gas cooling

Major and Dehmelt [71] were the first to examine the effect of the ion motion in a
background neutral gas in a conventional Paul trap. Their model disregarded ion-ion
collisions and was mainly based on the assumption that the ions suffered elastic col-
lisions with the neutral gas. They found out that the collision process would result in
a viscous drag caused by the background gas and the ion motion would be damped
exponentially. The next important contribution that followed was the work of Douglas
and French [72], who reported that filling a linear radiofrequency quadrupole trap with
a buffer gas improves the transmission of the ions injected. They called this effect
“collisional focusing”. Following the work of Douglas and French, Kim [69] made a
detailed study based on Monte Carlo approach on the the effect of buffer gas cooling
and the statistical properties of the cooled beam. Monte Carlo simulations such as the
one performed by Jokinen et al. [73], are useful to understand the process of gas cool-
ing at ISCOOL. A more detailed account on how these simulations were performed
can be found in [56].

In the treatment of buffer gas cooling, the charged particles and the neutral buffer
gas occupy a volume which is permeated with a homogeneous electric field. The ther-
mal collisions between the buffer gas and the ions are isotropic. Since there is a direc-

tional electric field E, the ions on average gain momentum and drift in the direction
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of the field with a velocity v;. The ion mobility K is defined [74] as the constant of
proportionality between v, and E. In equilibrium, the force in the direction of the field
will be the same as the dissipative force, and therefore

e

Fy=——Va (4.8)

This velocity dependent dragging force modifies the equations of motion 4.2 to:

Z—i}{ +b% + [a—2gcos(27)]x =0

. 4.9)
d7y
dt?

+b% —[a+2gcos(21)]y =0,

where b = e¢/Km. A change of the kind x(¢) = x’ (t)e’%t for the x and y coordinates
transforms the set of differential equations for the respective coordinates back into the
canonical Mathieu equations, now for x’ and y’ variables, and the a parameter changed
into @’ such that @’ = a— b? /4. As Dawson [58] pointed out, the damping force induced
by the presence of a buffer gas can be seen as enlarging the area of stability in the a — ¢
diagram.

In order to quantitatively determine the effect of gas cooling on the motion of the
ions, it is important to know the ion mobility. For the microscopic determination of
K, it is necessary to develop a rigorous statistical treatment of the loss of momen-
tum during collisions between the ions and the buffer gas, and even between the ions
themselves. Lunney and Moore [75] have carried out a numerical integration method

considering the damping as a viscous force caused by hard sphere collisions. For the
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low energy region (E < 1eV), one can find data on ion reduced mobility in the litera-

ture. For the E > 1 eV, the hard sphere collision model gives the equivalent mobility:

_ 2e(M+m)* 1

K=——-— (4.10)
M Mm nov

where m is the mass of the buffer gas, M is the mass of the ions, n is the gas density, ©
is the elastic collision cross section, and V is the ion velocity.

An important feature of the microscopic approach is that it reproduces a phe-
nomenon called rf-heating. It is based on the fact that during ion-gas collisions, the
transfer of momentum generates an increase in the amplitude of the ion oscillations
and eventually the ion hits the electrodes and gets lost. This is the dominating effect
when the mass of the ion is of the same order of the mass of the buffer gas. Therefore,
lighter ions would not be efficiently transmitted with this method of cooling. This is
the main reason that for gas-filled ion beam coolers, He or H are often chosen as the

buffer gas.
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CHAPTER 5

THE ISCOOL OFF-LINE
COMMISSIONING

5.1 Introduction

Prior to the installation of ISCOOL at the focal plane of the HRS, it was decided
by the ISOLDE technical committee that tests with the device should be performed
at an off-line test bench. During these tests, the conditions of operation of ISCOOL
were investigated under scenarios similar to the operating conditions of an ISOLDE
beam line element. The requirements set by the committee concerned the efficiency
and quality of the beam transport through the device, and were based on the design

specifications of Podadera [57]. These requirements are listed below:

e Greater than 70% transmission for Cs and K and greater than 20% for Li in

continuous mode;
e Stable transmission without losses for up to 1 nA of current;
e Transverse emittance less than 3w mm.mrad at 60 keV;

e Longitudinal emittance less than 1 us bunches with an energy spread of 1 eV at
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60 keV for all ion sources.

The whole test bench was enclosed by a Faraday cage because the pilot studies with IS-
COOL were performed in high voltage. The off-line set-up comprised the ion source,
injection optics, the cooler and beam diagnostics. For the diagnostics, Faraday cups,
emittance meters and a Micro Channel Plate were used. During the off-line tests the
ions were extracted from the ion source with energies ranging from 30 to 60 keV. An
assessment of the electronics and vacuum system was also undertaken. These inves-
tigations were essential in order to set the limits of the parameters necessary for the
efficient and reliable operation of the device. For instance, the optimal gas pressure
as well as the DC and radiofrequency fields needed for cooling and transmission of
the ions in continuous mode were established. These tests took place from September
2005, when the author of this thesis started the Ph.D. course and was involved in the
building, testing and parallel developments which comprised the off-line commission-
ing of ISCOOL. This phase lasted until June 2007 and demonstrated that the device
met most of the the requirements for installation. This chapter is dedicated to the
description of the setting up of the test bench and the results obtained from the inves-
tigations. These results, and preliminary investigations of the transmission in bunched

mode were reported in [76].

5.2 Tools for diagnostics

For the assessment of ISCOOL performance, several ion beam detectors were em-

ployed during the device commissioning. Faraday cups were used to measure the
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transmission efficiency of the device in continuous mode. The emittance meter was
used to measure the transverse emittance. The Micro Channel Plate detector was used

to measure the bunch widths and energy spread.

Faraday cups

A Faraday cup consists of a metal plate usually placed in a cylinder. The ions hit the
interior of the cup and induce an electron current. The output of the Faraday cups
was connected to a Keithley picoammeter, model 485. There is a correspondence with
the number of ions and the electron current produced. Two Faraday cups were used
for the off-line tests. One was placed in a beam diagnostic box, anterior to the ion
source. The second Faraday cup was connected on the other extremity of ISCOOL.
To avoid the escape of secondary electrons, —200 V was applied in front of the cups,
causing a 2-fold suppression on the current generated by the secondary electrons. The
suppression voltage was provided by a FUG HCN 7EM-2000 negative polarity power
supply. The Faraday cups could be moved in and out with a compressed air outlet,
controlled manually by a 24V switch place outside the cage. With this arrangement,
it was possible to measure the transmission efficiency 1(%) between the ion current

measured before (1) and after (I,) the trap,

n(%) = la 100, (5.1)
I
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Emittance meters

Two emittance meters were used. One developed at Orsay, and a commercial appa-
ratus. Figure 5.1 shows the two devices used for the emittance measurements. Both

devices are based on the same principle, but differ in the design.

Figure 5.1: In picture a) the commercial emittance meter from ISOLDE, in b) the

emittance meter from Orsay.

The emittance meter from Orsay is based on electrostatic deflectors, as described
in [77], and shown in Figure 5.2. By varying V'1 and V2 stepwise, the data acquisi-
tion records the ion current from an electron multiplier positioned at the back of the
deflectors (not shown in the figure). The ion current is measured as a function of the
displacement x (mm) and the angular divergence x’ (mrad). This device could also be
rotated by 90°, thus providing emittance information of the y —y’ plane. The emittance
meter from Orsay only operates with small currents (< 100 pA) due to the limitations
in the electron multiplier used for the current measurements.

The emittance meter from ISOLDE was developed by NTG Neue Technologien
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Figure 5.2: Principle of operation of the emittance meter from Orsay. The voltages Vi
and V; are applied to the plates indicated in blue. Adapted from [77].

and purchased by the ISOLDE collaboration. This emittance meter is a purely me-
chanical device based on the slit-harp principle [78], as illustrated by Figure 5.3. The
“harp” is made of metal wires and the ion current, /, is measured as the harp is moved
in the vertical direction. The slit and harp are positioned parallel to each other, and are

controlled by linear stepping motors. This device is able to measure nA of current.

Micro Channel Plate

In addition to the Faraday cups and emittance meters, a Micro Channel Plate (MCP)
detector was also used during the off-line tests. This device was necessary in order

to characterize the ion bunches and to investigate the cooling times. An MCP is ba-
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Figure 5.3: Principle of operation of the emittance meter from ISOLDE, based on the

slit-harp principle [78].

sically a matrix of small electron multiplier tubes arranged uniformly parallel to each
other. Each tube is a channel whereby secondary emission from the charged particle is
stimulated. This device is directly sensitive to single charged particles and is suitable
for measurements of time-of-flight. The MCP used was from El-Mul Technologies,
model BO25JA. It is a 25 mm diameter single MCP with an anode as read out. Be-
cause of the relatively high currents used for the tests, which could easy damage or
saturate the MCP, attenuation grids were put in front of the device. The grids con-
sisted of a 0.2 mm thick metal etched mesh, with holes of 0.1778 mm diameter, with
an orientation of 60%, providing 91% attenuation, as specified by the manufacturer.
These attenuation grids were mounted on two plates which were connected to a linear

vacuum feedthrough. This arrangement offered three positions for different modes of
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transmission: 100% (no attenuation), 9% when one grid is used and 1%transmission
when the two grids are parallel. Both plates were floating at ISCOOL high voltage (30
kV). The back plate was connected to a positive high voltage supply in order to make it
possible to measure the energy spread of the beam after re-acceleration, by measuring
the variation of the ion beam current as a function of a positive bias applied between
the plates. The detector set-up was mounted on a DN200 flange as shown in Figure

54.

Attenuation plates

Faraday cup

DN200 flange = r OT

Linear
feedthroughs

Figure 5.4: Technical drawing of the MCP and attenuation grids. In (a), a three dimen-
sional view of the setup, and in (b), the side view.

The electrical connections of the MCP detector are shown in the Figure 5.5. A
voltage of 41000 V is applied at the anode for the amplification with a CAEN HV

power supply, model N470. The whole assembly was then placed on top the side of a
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cross piece chamber as shown in Figure 5.6.

grids MCP

anode

Current meter

Figure 5.5: Scheme of the MCP electrical connection. The high voltage was supplied
by a CAEN HV power supply, model N470.

5.3 First tests

Stable ions of ®Li, 22Na, 3°K, 133Cs were used in the initial stage of the ISCOOL com-
missioning. Although these elements have the same chemical properties, and therefore
would not give much information on the different chemical processes which might take
place inside the trap, they covered a convenient mass range and therefore would give
important information concerning the mass dependence of the transmission efficiency

through the trap.

Surface ion source

The ion source used was a commercial Heat Wave model 101139 [79]. Separate pellets

were used for different elements. The ion source pellet consisted of a fused mixture
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attenyation MCP Faraday Cup
grid

Figure 5.6: Installation of the MCP at the cross piece chamber.

of the sample and a porous matrix of aluminosilicate. The compound was held by a
container made of molybdenum. The whole structure was supported by three rhenium
legs. The heater was a molybdenum coil, welded together with the compound. The
diameter of the ion source was 6 mm. Typical temperatures of 950 — 1100°C were
sufficient for releasing the singly charged ions. The ion source was heated with a Delta
Elektronika ES 030 — 5 power supply and was connected to the ion source as shown
in Figure 5.7. A bias voltage could be applied to the Delta supply, as indicated in the
figure. The power supply was limited in voltage. Typical heating current of 1.8 A in

voltage limited mode (4 — 5 V) produced ion currents of a few nA.

The extraction optics consisted of an ion gun, where the ion source was placed,
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ISCOOL

Delta i@rce

~5V

Figure 5.7: Illustration of the surface ion source connections with the delta power
supply.

according to the set-up shown in Figure 5.8. In the ion gun there were five electrostatic
elements: a bias voltage which was added to the high tension through the Delta supply;
an extraction voltage; two Einzel lenses and a set of x, y steering voltages. The structure
was mounted on a DN160 - ISO CF flange. The electrodes were powered with a
CAEN High Voltage power supply model N126. The ions leaving the gun were initially
assumed to have transverse emittance of about 10T mm.mrad, although measurements
performed during the off-line commissioning indicated that the emittance was actually
357 mm.mrad.

During the first tests with the surface ion source, low (< 0.5%) transmission effi-
ciencies were measured. The most reasonable explanation for such low transmission
efficiency was due to the inappropriate ion source and optics, such that the ions were
not being efficiently injected into the cooler. The ion beam had to travel 1 m in a
field-free region before entering the trap. Under these conditions, where there was no

well-defined potential, the ion beam naturally diverged, causing severe losses. A num-
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extraction Einzel lenses

voltage
‘ steering

DN 160

\2:source

15mm

Figure 5.8: Ion gun from the “Laboratoire de Physique Corpusculaire”, IN2P3-Caen
(LPCO).

ber of ideas were tested in order to improve the injection conditions at the entrance of
the trap, including the introduction of extra lensing optics placed after the ion source.
These arrangements only marginally improved the transmission efficiency through the
trap. The maximum transmission efficiency achieved was of about 5% for 33Cs™.
In order to quantify the losses, two consecutive Faraday cups were placed before the
cooler, as shown in Figure 5.9. The ion current was measured with Faraday cups con-
nected to a Keithley picoammeter. The result of this test showed that 4/5 of the beam
was lost half-way between the ion source and the trap entrance, which suggested the
urgent need of more focusing elements. The installation of an injection quadrupole
triplet for the off-line test bench had already been foreseen, but during this first stage
of the off-line commissioning it was still missing.

The quadrupole triplet consisted of three sections of electric quadrupoles. In the
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Faraday cup 1 Faraday cup 2
lon source
AVAN
RFQ
= - >
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Teflon | .
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50 cm 50 cm

Figure 5.9: Scheme of the test intended to understand the poor extraction conditions

of the LPC ion source.

first section of the triplet, the rods up and down were coupled together with posi-
tive polarity and left and right also coupled together, but with negative polarity. The
same order of polarity was applied to the third sector. For the second sector, in or-
der to avoid over-stretching the ion beam in one direction, the rods had the polarities
switched. Since misalignment could cause large asymmetries in the fields, the voltages
applied on the second section the electrodes were decoupled. A simulation of the beam
trajectory was carried out for the stages covered during the off-line commissioning us-
ing SIMION 3D [80]. Figure 5.10 compares the results. The bottom picture shows
the configuration of the first attempts to inject the beams into the cooler. The middle
picture shows a relative improvement in the injection optics towards the cooler after
the extra lens was included, whereas the top picture shows the injection optics set-up

including the injection quadrupole triplet.

Therefore, the injection quadrupole triplet was essential for the continuation of the

tests. Figure 5.11 shows the installation of the device. CAEN power supplies, model
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injection quadrupole

triplet
injection ground

electrode

)

ion source

extra optics Fmfymyer]
injection
optics

Figure 5.10: Beam calculations with and without the injection quadrupole triplet. The

beams were travelling at 30 keV.

N471A ware used for the electrodes. For an ion beam extracted at 30 keV, the voltages
necessary for the triplet were of about 2 kV. This was the recommended limit of what
the Kapton wires used to connect the electrodes to the power supplies could sustain.
Therefore, during the off-line tests it was only possible to optimize the quadrupole

triplet voltages for beams up to 30 keV.

5.4 The main vacuum chamber assembly

Figure 5.12 shows the core of ISCOOL, which consist of injection optics, the trapping
region and the extraction optics. A complete account of all the dimensions of the

vacuum chamber as well as its mechanical characteristics can be found in [57].
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to rfq

from ion
source

Figure 5.11: Installation of the injection quadrupole triplet at the off-line test bench.

The top flange contains the connections feedthroughs for the triplet electrodes.

DC electrodes

Ground inj. | Ground inj.
Second inj.

electrode Injection electrode electrode
plate Extraction ;
irst ext.
First '”J Second inj. plate
electrode gjoctrode

electrode

Figure 5.12: Main components of ISCOOL.

Injection optics

The injection optics comprises a ground injection electrode, two injection electrodes
and an injection plate, as shown in Figure 5.12. These electrodes were designed [57] so
as to gradually bring the difference of energy between the trap and the ion beam down
to 100 eV. The two injection electrodes were powered with FUG HCN 7E-20000 NEG

and FUG HCN 7E-12500 NEG power supplies, respectively. The injection plate was
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Table 5.1: Set voltages for the injection optics relative to ISCOOL high-voltage V,.

Injection electrode 1 Injection electrode 2 Injection plate
V, —7000 V V, —2000 V V, =50V

powered with a DC24-D3500 power supply. Typical setting values used during the

off-line tests are shown in Table 5.1.

Vacuum system

The beam line pressure at ISOLDE should ideally be kept at 10~ "mbar. This is a
requirement which suits most of the experiments existing at the facility. Since there
is a constant flow of a buffer gas inside the trap, a differential pumping scheme was
needed.

Although it is true that the ion cooling is enhanced with higher pressures, an in-
crease in the gas load may have three side effects. Firstly, it can exceed the pumping
capacity of the vacuum pumps, making it more difficult to keep a satisfactory vacuum
on the extremities of the device. Secondly, high pressures would spray the beam prior
to re-acceleration, because in this region there is no RF field in order to keep the beam
radially confined. Thirdly, the high voltage fields causes electrical sparks depending
on the mean free path of the gaseous media. Therefore, in order to find the optimal
gas pressure for the operation of ISCOOL, these constraints were tested in the off-line
commissioning.

Figure 5.13 shows a layout of the vacuum system used in the test bench. On the

extremities there were two Pfeiffer TPH 1201P turbomolecular pumps, with a pumping
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capacity of 1200 1/s. They were connected to an Edwards RV 12 rotary vane primary
pump. In the middle section, there is another Pfeiffer turbomolecular pump, model
TPH 1801P, with a pumping capacity of 1400 1/s. This pump was connected to an
Edwards E2M?28 two stage rotary primary pump. All the turbomolecular pumps were

controlled by Pfeiffer DCU600 modules placed outside the HV area.

PKR251
CMR263|

DCU600
TPH 1201P TPH 1801P
1200 I/s 1400 I/s

RV12 E2M28

water cooling

[ DCU600 DCU600

TPH 1201P |
1200 /5

Figure 5.13: Layout of the vacuum system for the test bench.

The vacuum on the injection and extraction regions was monitored with two Pfeif-
fer PKR251 gauges. These gauge uses the cold cathode plus Pirani measurement
devices in a single system. The Pirani system reads the pressure from 10° mbar to
10~ 3mbar. From 10~3 mbar to 10~ mbar the pressure is measured with the cold cath-

ode. Therefore, pressures ranging from 10~° mbar to 10 mbar could be measured. In
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the beginning of the off-line tests, the pressure in the vacuum chamber was also mea-
sured with a PKR251 gauge. However, since the vacuum in this region lies between
the two measurement systems employed, it was difficult to get it to work properly.
Attempts to measure the pressure with a Pfeiffer CMR 263 capacitance gauge were
made; however, this gauge operates with pressures ranging from 10° mbar to 1073
mbar. Therefore it was not possible to precisely determine the pressure in this section
during the off-line tests. Instead, the pressure on the extremities of the trap, hereafter
defined as ‘““side pressure” was the quantity measured. The buffer gas was helium. For
a flow of between 0.1 mbar 1/s and 1 mbar 1/s, the pressure in the vacuum chamber was
estimated to be ranging from 10~* mbar to 10~> mbar, which approximately scales
down to 10~! mbar inside the trap region, according to the calculations performed by
Podadera [57]. For most of the tests a 200 mbar bottle of grade 6.0 (99.9999%) helium
was used. From the bottle, there was a pressure reducer connected to the valve. The
pressure reducer was always set to 0.5 mbar. From the valve, the gas was fed through
a capillary metal tube to the region enclosed by the the DC electrodes. The valve was
controlled by a Pfeiffer RVC300 unit. This device was also connected to the pressure

gauge in the middle section.

DC electrodes

As briefly discussed in section 4.3, ISCOOL has 25 variable-width axial electrodes,
which are wrapped around the quadrupole rods. This serves to create a potential gra-

dient to guide the ions towards the trap extraction end. The application of modest
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potential gradients (0.1 V/cm) allows 100 times faster extraction times [81]. This ar-
chitecture also offers the possibility to swap the position of the electrodes for different
axial trapping configurations. Each electrode is connected to a DC24-D3500 power
supply. The last three electrodes can be fast-switched between two different power
supplies. This alternative was not tested during the commissioning phase. Typical
values for the DC electrodes used in the off-line tests are tabulated in 5.2. It is worth
mentioning that according to calculations performed by Podadera [57], the voltage on
each axial section of the trap approximately corresponded to a third of the voltage

applied to the axial electrode.

Radiofrequency oscillator

The radiofrequency generator used for ISCOOL was designed and built by Klaus
Rudolph [82]. It consists of one oscillator head, which generates the radiofrequency
and a control unit. The oscillator head was placed inside the high voltage cage, on top
of ISCOOL main vacuum chamber, whereas the control unit was located on the elec-
tronic rack, also inside the HV cage. The control unit could be controlled locally or
remotely. This system was specified for a load of 300 pF, which is almost the measured
capacitance of the rf rods (295 pF). The radiofrequency oscillator provides a sinusoidal
voltage to the pair of RF-electrodes. These connections are symmetrical with respect
to ground. There are two modes of operation. In mode 1, the frequency range lies
between 200 kHz and 1000 kHz, with a voltage amplitude from peak-to-peak ranging

from 100 V to 400 V. In mode 2, the frequency ranges between 300 kHz and 1400 kHz.
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Table 5.2: Typical set voltages for the DC electrodes.

Electrode Length (mm) Voltage (V)

AX1 19 +110
AX2 19 +95
AX3 39 +90
AX4 39 +84
AXS 39 +82
AX6 39 +80
AXT7 39 +76
AXS 39 +70
AX9 39 +65
AXI10 39 +61
AX11 39 +57
AX12 39 +52
AX13 39 +48
AX14 39 +45
AX15 39 +40
AX16 39 +35
AX17 39 +30
AX18 39 +24
AX19 39 +20
AX20 19 +15
AX21 19 +13
AX22 9 +12
AX23 9 +10
AX24 9 +51
AX25 9 +110

In both modes, the frequency can be varied in steps of 1 kHz.

Figure 5.14 shows a scheme of the RF circuit. In the picture L1 and L2 indicate

the inductances of the control winding and of the radiofrequency-output windings, re-
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Figure 5.14: Diagram of the NG-VFO0400/200-1200 sinus oscillator main circuit.
Taken from [82].

spectively The rf inductance is a toroidal core wound up with copper wire. The core is
made of ferrite, a ferromagnetic material. L2 and the total circuit capacitance form a
resonant circuit. This arrangement has a fixed output frequency ® = ﬁ There-
fore in order to change the frequency it would be necessary to modify either the total
capacitance or the inductance of the circuit. The solution proposed by Klaus was to
change the frequency by changing the inductance. When the oscillator is switched on,
it starts with the lowest possible frequency. To get higher frequencies the inductance
is reduced by saturation of the core. The magnetic field H is related to the magnetic
flux density by B = uH, where u is the magnetic permeability. Due to a non-linear
property in ferromagnetic materials, u rapidly decreases as H gets stronger. The DC

current applied on L1 serves to increase H so the ferrite becomes u-saturated. As a

consequence, the magnetic permeability does not increase with the magnetic flux in-
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duced at the core. Instead, it drops, thus dropping the inductance L2, increasing the
output frequency. The power comes from two IRF640 FET in a self-excited push-pull
arrangement. A phase-locked-loop circuit was also integrated to the system to con-
trol the frequency of the oscillator and stabilize it. At the control unit there is a green
LED to indicate when the frequency is locked. The amplitude is stabilized via the
drain DC voltage at the FET. The voltage at the oscillator head is compared to the set
value. In order to keep it at this value, the drain DC voltage of the FET is regulated
accordingly. From the off-line tests, it was noticed that the oscillator could not deliver
frequencies higher than 1 MHz with the required amplitudes in order to maintain the
stability conditions of the ion motion inside the trap. This problem was later fixed by

Klaus Rudolph in good time for the on-line commissioning.

Extraction optics

The extraction electrodes comprised an extraction plate, two extraction electrodes, and
one ground extraction electrode as shown in Figure 5.12. This geometry was designed
to gradually extract the ions back to the beam energy defined by the vacuum chamber
(< 60 keV) prior to extraction. The extraction plate was powered with two DC24-
D3500 power supplies. The plate has two set values, namely “collection” and “extrac-
tion”, where the “collection” corresponds to the positive polarity power supply and the
“extraction” corresponds to the negative polarity power supply. In the bunching mode
these two power supplies are switched typically every 100 ms. The two extraction

electrodes were powered with FUG HCN 7E-20000 NEG power supplies. Table 5.3
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Table 5.3: Set voltages for the extraction optics relative to ISCOOL high-voltage V,.

Extraction plate Extraction electrode 1 Extraction electrode 2
V,—0V V, =500V V, — 6500V

summarises the typical values used for the extraction optics during the off-line tests.

5.5 The complete set-up and external controls

Figure 5.15 shows the complete set-up in the test bench. Once this set-up was com-
pleted, access to the area enclosed by the Faraday cage was only necessary for the
change in the ion source and minor intervention operations.

A control system was developed to set most of the parameters involved during the
off-line commissioning. This system comprised hardware and a software for remote
control. The control hardware was a Siemens S7-300 Programmable Logic Controller
(PLC) placed outside the high voltage cage, acting as a master for an ET- 200M dis-
tributed station located at the high voltage platform. The user interface was written
in LabVIEW, from National Instruments, by Talinen [83] and later modified for extra
capabilities. The communication between the PLC and the stations was done with a
Process Field Bus (Profibus) receiver/transmitter via a fibre optics cable. This inter-
face allowed the user to control the power supplies for the injection electrodes and the
extraction optics, as well as for the DC segments. The DC electrodes had 0 — 10V
analog input and output signals, with an accuracy of 0.1% of the controlled range. In

addition, the interface permitted the control of the radiofrequency and gas flow. Figure
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Figure 5.15: The complete set-up. The beam travelling direction is from the right to
the left.

5.16 shows a scheme of the /0 hardware for the control system. During the off-line
tests the injection quadrupole triplet and ion source control voltages were tuned man-
ually with a Teflon stick. Both emittance meters from Orsay and ISOLDE had their

own control system.

In the graphical interface, shown by Figure 5.17, the grey fields were for monitoring
purposes, whereas the white fields allowed the user to make changes within the range
indicated in square brackets. An excellent matching with monitoring values has been

observed. Also, for a given ion mass and a set of voltage amplitude and frequency
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Figure 5.16: Scheme of the off-line /0 hardware used for the control system. It com-
prised analog input (A7) and output (AO) modules to control the DC supplies and digital
inputs (DI) and outputs (DO) used to control the RF and pressure. Taken from [83].

the interface (see Figure 5.17) calculated the Mathieu g value, which was essential in
order to understand the stability conditions of the ions inside the device. The author of
this thesis implemented the buffer gas feeding control with two modes of operation. In
the pressure mode, the user could set a pre-defined nominal pressure and the RVC300
controller would adjust the valve in order to reach this pressure. In the flow mode, the
user could control a voltage lying between (0 — 10) V and the valve, which is factory
calibrated for the voltage against flow would open or close accordingly. Since the
pressure readout from the gauge installed in the vacuum chamber was not reliable for
reasons already discussed, the flow mode ended as the final method of operation for

the buffer gas.
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Figure 5.17: Graphical user interface used to control most of the ISCOOL parameters.

5.6 Results in continuous mode

The trap parameters such as the radiofrequency and amplitude, the gas pressure, the in-
jection optics, the extraction optics and the potential gradient produced by the DC elec-
trodes were optimized for maximum transmission. The following subsections outline
the main results of the off-line commissioning, including the transmission efficiency

and transverse emittance.

5.6.1 Cesium

The first element used in order to characterize the cooler in the off-line test bench was

133Cg*. This element was also the heaviest available for the tests. Thus, it was useful
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Table 5.4: Set voltages used for the injection quadrupole triplet. The notation “U” and
“D” stand for “up” and “down”. The numbers indicate the sections of the triplet. The

beam is injected through section 1.

UDI1 LR1 L2 R2 U2 D2 UD3 LR3

+1950V  —1930V 2216V 42318V 2000V —2343V +1168V —1233V

to check the upper limit of the efficiency. The pressure on the extremities of the trap
was approximately 10~ mbar. The bias voltage of the ion source was set to +300 V
and the extraction voltage +295 V. The first lens voltage was +292 V. The second set
of Einzel lenses at the ion source had no effect on the beam focusing and were set to
zero. The third lens was set to +350 V. Table 5.4 summarises the set voltages of the
injection quadrupole triplet. The difference between the voltages applied to the second
section of the injection quadrupole triplet can be in part explained by a misalignment

of the beam line.

Concerning the injection optics, the first injection electrode was set to +6350 V,
the second injection electrode was set to +1600 V and the injection plate to +60V.
For the extraction electrodes, the extraction plate set to 18 V. Extraction electrodes 1
and 2 were set to 41000 V and +12600 V, respectively. This set of values maximised
the injection of ions in the trap. For the purpose of efficiency measurements, Figure
5.18 shows the transmission efficiency of 4.7 nA 33Cs* at 30 kV as a function of the
voltage applied at the extraction plate. Since there is a sudden drop in the transmission
efficiency for a small voltage difference, the energy spread before re-acceleration and

extraction could be estimated to be =~ 1 eV.
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Figure 5.18: Transmission efficiencies for '>3Cs™ as a function of the voltage applied

at the extraction plate.

Figure 5.19 shows the emittance diagrams of 33 Cs* ions extracted at 30.3 keV.

The measurements were made with the emittance meter from Orsay.

) Area of the ellipse = 7.89 1 mm.mrad
Emittance RMS (10) = 4.29 &t mm.mrad

Area of the ellipse = 3.35 7 mm.mrad
Emittance RMS (10) = 2,05 x mm.mrad
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Figure 5.19: In a) the emittance of 13*Cs* transmitted without gas, whereas b) shows
the reduced emittance once the gas is injected in the trap.
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In Figure 5.19.(a), 10 pA of cesium was injected in the trap without the buffer gas.
The transmission efficiency was 10%. In Figure 5.19.(b), it is shown the emittance
measured with the same parameters, except for the fact that helium has been released
in the chamber with a flow of 0.1 mbar I/s. The presence of the buffer gas resulted
in a transmission efficiency of 70% of cesium. Figure 5.19 also shows a significant
difference in the emittance diagrams. Once the cesium undergoes thermal collisions
with the buffer gas, there is almost a 3-fold reduction in the transverse emittance.

Figure 5.20 shows the dependence of the transmission efficiency as a function of the

radiofrequency.
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Figure 5.20: Transmission of uncooled ions against radiofrequency for '33Cs™. The
ions are extracted at 2 kV. The uncertainty in the measurement is ~ 5%. This estimate

is used hereafter.

The amplitude was fixed at 240 V(_,, (zero-to-peak). The incoming current was
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5.6 Results in continuous mode

0.79 nA. During these measurements, the settings for the ion source power supply were
+4.5V, 1.58 A. The HV was 2 kV, with a bias of 200 V. The extraction voltage was
set to 190 V. Lens 1 and 2 were set to 2 kV and 0.63 kV, respectively. The triplets
had not been installed during this measurement. Therefore the maximum transmission
efficiency was limited to 10%. The measurement was useful to show that the trap can
work as a “high-pass” mass filter, since a large frequency bandwidth 240 — 280 MHz,
the transmission was hardly altered. This result can be understood in connection with
the Mathieu g parameter. It was also instructive to understand the behaviour of the
transmission efficiency as a function of the buffer gas pressure in the trapping region.
For monitoring purposes, the pressure was measured with a gauge located in one of

the trap extremities. The result of this analysis is shown in Figure 5.21.

What is interesting in this data is the collisional focusing effect already alluded to
in section 4.3.2. The plot also indicates a subsequent saturation in the transmission
curve, followed by a sudden drop. This drop is believed to be related to a leak of
the buffer gas out of the main vacuum chamber. In fact, on this occasion the current

measured with the first Faraday dropped from 3 nA to 0.16 nA.

5.6.2 Potassium

A number of different systematic measurements was carried out for **K*. During
these tests, the current measured in the first Faraday cup was 11.5 nA, with the ion
source power supply at 5V, limited to 1.8 A of current. The influence of the buffer gas

pressure on the transmission and emittance was investigated. The radiofrequency and
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Figure 5.21: Transmission of '33Cs™ against gas pressure measured outside the main

vacuum chamber.

amplitude were fixed to 520 kHz and 280 V(_ . In terms of the Mathieu parameters,
this gave ¢ = 0.65. Figure 5.22 presents the results. The transmission efficiency mono-
tonically increased with more gas injected in the chamber. It then reached a saturation
point at a side pressure of flow of 5 x 10~® mbar. For the emittance, the plot indicates
that with no gas inside the trap, the emittance was 32w mm.mrad. As the buffer gas
flow increased, the emittance experienced a 10-fold decrease, while the transmission
reached its maximum value. Once again, a remarkable feature of this plot is the deep
saturation of the efficiency and emittance at about the same gas pressure, which indi-
cates a strong correlation between the enhancement in the transport of the ion beam

and the underlying cooling process.
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Figure 5.22: Transmission efficiencies and transverse emittance for *K™ as a function

of the gas pressure measured on the sides of the cooler.

Figure 5.23 shows the results from the analysis of the influence the radiofrequency
amplitude had on the transmission and emittance. From the data, it is apparent that al-
though there is almost a reduction factor of 2 in the emittance, the overall trend varies
only slowly, whereas the transmission dramatically increases with the rf amplitude.
Finally, a complementary study was carried out to assess how the radiofrequency in-
fluenced the transmission efficiency and the emittance. Figure 5.24 shows the results.
The transmission efficiency rapidly peaks at 500 kHz, then steadily decreases with in-
creasing radiofrequencies. However, the data suggest that around the peak frequency,
the cooler should still transmit as a “high-pass” mass filter. It can be seen from the

plot a lack of emittance data points before 420 kHz. This was due to limitations of
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Figure 5.23: Transmission efficiencies and transverse emittance for *’K™ as a function
of the rf amplitude. The frequency was fixed to 520 kHz.
the ISOLDE emittance meter, which requires a minimum of 1nA of current in order to

operate.

5.6.3 Sodium

In order to test the transmission in continuous mode of 2*Na™, the radiofrequency was
fixed at 650 kHz and the amplitude 280 V(_,. During these measurements, it was
found that the current from the ion source was rather unstable. Figure 5.25 shows the
results. From the plot, it can be seen that it follows the same systematics of potassium.
Finally, an interesting result that emerges from this data is the fact that initially the

transmission suffers a small decrease with the increase of the buffer gas. A possible
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Figure 5.24: Transmission efficiencies and transverse emittance for *K™ as a function
of the rf amplitude. The amplitude is fixed to 280V(_,.

explanation for this result might be due to a non-linear behaviour between the voltage

and gas flow calibration of the RVC300 valve controller in the region studied.

Further to the previous buffer gas systematics for 22Na™ ions, another set of mea-
surements was taken in order to assess the dependence of the transmission on the ra-
diofrequency amplitude. This study was made for both cases of transmission with
cooling and without cooling. The same dependence was investigated for the emit-
tance, but only considering cooled ions. The rf was fixed at 650 kHz. The buffer gas
flow was kept at 0.1 mbar /s (side pressure 4.6 x 10~° mbar). The incoming current
was 6.4 nA for the scans without buffer gas, about 12 — 6 nA for the tests with cooling

and 4.4 nA for the emittance scans. Figure 5.26 summarizes the results.
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Figure 5.25: Transmission efficiencies and transverse emittance for 2>Na* as a func-

tion of the gas pressure measured on the sides of the trap.

This plot is revealing in several ways. First, unlike the clear saturation in the case
of transmission with cooling, the data represented by the squares connected by the
dotted lines show that there is a staggering effect in the transmission as a function of
the zero-to-peak field amplitude. Second, in the region between 200 V and 250 V the
emittance follows the same trend as the transmission without cooling. This means that
the ion motion is dominated by instabilities which are not being damped by the buffer

gas.

A complementary measurement was taken, this time keeping the amplitude fixed
(280V(_p), but varying the radiofrequency. The flow was still kept at 0.1 mbar 1/s.

For the emittance measurements, the current measured at the first Faraday cup was
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Figure 5.26: Transmission efficiencies and transverse emittance for 2>Na* as a func-

tion of the rf amplitude. For the emittance data, cooling is assumed.

between 5 — 9 nA. The results obtained by these measurements are shown in Figure

5.27.

Interestingly, this plot suggests a stepwise behaviour in the transmission efficiency
with increasing radiofrequency. It was first believed that this was due to other elements
being extracted from the ion source. However, an analysis of the composition of this
ion source using the Scanning Electron Microscope/Energy Dispersive X-Ray Spec-
troscopy (SEM/EDX) technique [84] indicated that indeed the ion source beam was
predominantly made of sodium. It is possible that this behaviour could be understood
in terms of the different regions of stability for the ion motion, which would affect the

transmission efficiency. On the other hand, this effect is washed out when no cooling
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Figure 5.27: Transmission efficiencies and transverse emittance for 2>Na* as a func-

tion of the rf. For the emittance data, cooling is assumed.

is involved. It can also be seen from this plot that the emittance remains to some extent
insensitive to changes in the radiofrequency. By comparing the evolution of the trans-
mission efficiency at the same rf region, it is clear that the rf helps to compress the ion

cloud as the cooling effect takes place.

As a final remark, since the errors were not included in these measurements due to
instabilities in the ion source, caution must be applied for the interpretation of these
observations. As a conservative estimate, the error on the transmission efficiency was

of the order of 3% — 5%. Therefore some of the claimed effects are only speculative.
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5.6 Results in continuous mode

5.6.4 Lithium

This element was useful to check the lower limit of the transmission efficiency against
mass. Figure 5.28 shows the systematics in the transmission of 0.25 nA of ®Li* in-
jected into the trap, as a function of the radiofrequency. The amplitude was fixed at
280 Vo_p. From this plot, it can be seen that the transmission efficiency as a function
of the radiofrequency displays a similar behaviour to that of 2’ Na ions. At 500 kHz the

curve reaches a saturation point.
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Figure 5.28: Transmission efficiencies and transverse emittance for °Li* as a function

of the radiofrequency.

The optimum transmission in continuous mode for this element was 18%. It is
worth mentioning that this relatively low transmission is due to the fact that helium

was used as the buffer gas; therefore, ions with light masses such as lithium will suffer
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Table 5.5: Transmission efficiencies and emittances for the elements used in the off-
line tests.

Element Transmission efficiency Transverse emittance at 30 keV

6Lj 17% -

23Na 28% 3.477 mm mrad
IK 68% 3.56m mm mrad
133¢s 79% 3.35% mm mrad

from the effect of rf heating and will not be efficiently transmitted.

5.6.5 Argon

40 A1 was used for the tests with a MKS ISOLDE plasma ion source unit. It has been
observed that the current measured in the first Fadaray cup was 10 times higher when
a normal load of buffer gas was released into the trap. It is likely that residual buffer
leaking from the trap has drifted and has been ionized in the plasma. Therefore, it was
not possible to make any efficiency estimates with this type of ion source. On the other
hand, in a real on-line scenario, this will not pose a problem, since it is unlikely that

helium would drift towards the target-ion source region.

5.7 Summary

Table 5.5 summarises the main results as far as the transmission in continuous mode is
concerned at 30 keV, and Table 5.6 summarises the best parameters found for operation
of ISCOOL during these tests. It is apparent from Table 5.5 that the reduction of

the emittance is a property which is independent of the incoming beam. It is also
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5.7 Summary

important to recall that the beam emittance is expected to be lower with the increase
of the HV, which at ISOLDE is typically 60 kV. These results matched the assigned
requirements, and had been presented to the ISCC (ISOLDE Scientific Coordination
meeting) on a continuous basis. In December 2006 Richard Catheral took over the
role of Technical Coordinator of ISOLDE and became responsible for the ISCOOL
integration. Further studies were requested on transmission in bunched mode and on
“ISOLDE like” beams. Meanwhile, integration issues started to be dealt with by the
technical team. Permission was granted to install ISCOOL in situ at the ISOLDE hall

during the Summer 2007.
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Table 5.6: Optimal settings of ISCOOL for different masses.

Control 6Lj 23Na K 133Cs
Inj. 1 —7000V —7000V —7000V —6050 V
Inj.2  —2000V —2000V —2000V —2100V

Inj. Plate  —50V ~ —50V  —50V  —50V

AXI1 +150vV. +100V ~ +100V ~ +110V
AX2 +101V 480V +80V +95V

AX3 +59V +70 V +70V +90V
AX4 +58V +67V +67V +84V
AXS +56 V +65V +65V +82V
AX6 +54V +64 V +64 V +80V
AX7 +52V +62V +62V +76 'V
AXS8 +50V +59V +59V +70V
AX9 +48 V +56V +56 V +65V

AXI10 +46 'V +53V +53V +61V
AXI11 +44'V +50V +50V +57V
AX12 +42'V +47V +47V +52V
AX13 +40V +44 V +44 V +48 V
AX14 +38V +41V +41V +45V
AX15 +36V +38V +38V +40V
AX16 +34V +35V +35V +35V
AX17 +32V +32V +32V +30V
AXI18 +30V +29V +29V +24 'V
AX19 +28'V +26 'V +26 'V +20V
AX20 +26'V +23V +23V +15V
AX21 +25V +20V +20V +13V
AX22 +24V +17V +17V +12V
AX23 +23V +24'V +14V +10V
AX24 +30V +60 V +30V +51V
AX25 +70V  +130V 4100V +110V

Ext. Plate -1V -5V -3V ov
Ext. 1 -500V =800V —-900V -500V
Ext. 2 —8000V —8000V —8000V —6500V

RF 900 kHz 650kHz 520kHz 300 kHz
Amplitude 280V 280V 280V 300 V
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CHAPTER 6

THE ISCOOL ON-LINE
COMMISSIONING

The insertion of ISCOOL at the focal plane of the HRS during the summer 2007 was
made possible due to the positive results obtained from the off-line commissioning
phase. Figure 6.1 shows the final location of the device. The installation work com-
prised the integration of the vacuum system to the existing network, the connection of
the pumps to the central exhaust containers, the construction of water cooling circuits
for the turbomolecular pumps, the mechanical alignment of the new beam line ele-
ment, the installation of the extraction quadrupole triplet, as well as the construction of
one high voltage cage for the trap and one for the electronics and power supplies. All
the controls for the power supplies of the DC electrodes, which include the injection,
the 25 segments and extraction optics became part of the standard ISOLDE control
system. The control of the gas pressure and the radiofrequency were maintained in
LabVIEW. Following the installation work, done by the ISOLDE technical team, the
on-line commissioning took place in November 2007. This was also a convenient op-

portunity to start optimising the device for future on-line runs. During these tests, it
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was also possible to further characterize the device in conjunction with the COLLAPS

laser spectroscopy setup.

Figure 6.1: The location of ISCOOL before and after the on-line commissioning.

This chapter is dedicated to the first tests of bunched beam laser spectroscopy with

ISCOOL. These results of these investigations were reported in [85].
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6.1 Laser spectroscopy of *#+4K and 3°Rb

6.1 Laser spectroscopy of ***%°K and °Rb

The COLLAPS line (see Figure 4.4) was not modified for these tests, apart from a
Faraday cup, which was placed at the end of the line, for monitoring the ion beam
current. Tests were made on stable 3°K and on radioactive #+4°K, produced from
a Ta target. Tentative bunched beam collinear laser spectroscopy was performed on
48K In addition, stable 35Rb was studied. These elements were surface-ionised and
extracted at 30 keV. The nominal value for the high voltage of ISCOOL was 29.920
kV. The transitions chosen were the D, lines both for sodium and rubidium. Since
these are atomic transitions, the ions were neutralised by passage through the charge
exchange cell, which was filled with hot potassium vapour. The fluorescence photons
were detected by two Burle 8852 photomultiplier tubes. It should be noted that during
a substantial part of the tests, the tubes were operated without any cooling, so that a
high rate (~ 42 kHz) of dark counts was recorded. Furthermore, the D, transitions
for potassium and rubidium (766 nm and 780 nm, respectively) were not situated in
the peak of the tube’s spectral responsitivity curve. Finally, tubes designed for the
infrared region have intrinsic low quantum efficiencies (5% at best, for the Burle tubes).
The Coherent 899-21 Ti:Sa solid state ring laser was used (see Figure 3.5). It was
pumped by an argon ion laser, model Coherent INNOVA 400 series. The wavemeter
used was a Burleigh, model WA-20. This wavemeter was a Michelson interferometer
equipped with an internal He-Ne laser. The laser frequency could be determined with

an accuracy of 3 MHz.
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6.1.1 Laser and ion beam overlap

The beam extracted from ISCOOL was steered to the COLLAPS line with minor ad-
justments on the voltages applied to the beam line elements. In order to maximise the
detection efficiency, the ion and laser beams were tuned to produce an overlap at the
light collection region. Two apertures were inserted in the COLLAPS beam line for
this purpose. The first aperture had 1 mm diameter and was placed before the light
collection region. The second aperture with 4 mm diameter was placed after the light
collection region. In addition, a Faraday cup was installed at the end of the beam line.
The last element of the setup was a Brewster window, which served to transmit the
laser through without internal reflection and to help with the laser alignment. With the
first aperture in place, 45% of 2 nA of 3°K extracted at 30 keV was measured with
the last Faraday cup. With both apertures in, 27% was transmitted. It should be noted
that an ion beam with a large emittance makes inevitable the employment of hard ion
beam focus or more laser power (to increase the beam waist), or more generally, a
combination of both. A harder focus introduces skewed ion velocities. This has a
detrimental effect for the quality of the spectral data, since it will produce resonances
which no longer possess a symmetrical profile, as studied by Campbell [46]. More
laser power proportionally increases the laser scatter, which increases the background.
Under these circumstances, the reduction of the ion beam transverse emittance pro-
vided by ISCOOL allowed the use of less laser power, because of the reduced laser
beam waist now required for good atom-laser overlap. Therefore, the laser scatter at

the interaction region, which is normally a dominant source of background became less
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6.1 Laser spectroscopy of *#+4K and 3°Rb

of an issue. As a concrete example, on the COLLAPS beam line typical background
due to dark counts is 300 s~ !, whereas the background due to laser scatter is 3000 g1
per mW of laser power [86]. During the online commissioning of ISCOOL, the latter

source of background was reduced to ~ 1500 s~! per mW of laser power.

6.1.2 Timing of signals and data acquisition

For the measurements in continuous mode the scans were made in the usual way, as
detailed by section 4.2. For measurements undertaken in bunched beam mode, the
data acquisition was changed to account for the new time structure of the ion beam.
In this mode, the timing was controlled by a function generator, model Philips 5768,
which was used to generate a TTL signal to a fast-switch which was connected to the
end plate electrode. The switch used was a Belhke High Voltage Push-Pull Switch,
model GHTS 60. Two power supplies were connected to the switch inputs. One power
supply was set to 50 V and the other to 0 V. By varying the period time in the function
generator, it was possible to control the accumulation and release time of the bunches.
The trap was set to accumulate for typically 100 ms and open for 100 us. Since the fast
switch was placed in the high voltage cage, it was necessary to send the TTL signal
from the function generator via an optical fibre link, as schematically illustrated by

Figure 6.2.

The same TTL signal which was sent to open the trap, was used to generate a gate
signal with a width set to be equal to the time spread of the ion bunch. This signal

was produced by a dual timer Ortec N93B. With this device, it was also possible to
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Figure 6.2: Scheme on how the signals are produced and send to ISCOOL and COL-
LAPS.

introduce a delay in the signal in order to account for the time of flight of the ion
bunch from the cooler to the interaction region. This distance was of ~ 20 m, which
for the K and Rb beams at 30 keV corresponded to a time delay of 50 — 100 us. A
CAEN NIM-N405 3-fold logic unit was used to gate the photon events so they were
registered only during the time window defined by the bunch width, thereby vetoing
any background event which happened outside this time window. The modifications

made in the electronics involved in the data acquisition are shown by Figure 6.3.

To data
acquisition

Delay/gate Gating
—> — — >
-_> generator unit

Dual timer

ToF

Function _start .
u»nch
generator G

GATE WIDTH DELAY

Figure 6.3: Modified electronics for the bunched beam mode of acquisition.

Although this scheme was suitable for a first demonstration of bunched beam spec-
troscopy, the COLLAPS data acquisition was free running in “passive” mode. There-

fore, the dwell time had to be “manually” synchronised with the period imposed by the
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6.2 Bunch width

function generator. The system was later changed so that during a scan, the data ac-
quisition software originated a signal, which was sent to the cooler in order to release
the ions. In this way, each channel in the spectrum recorded the same number of ion
bunches.

Finally, since the beam energy was redefined by ISCOOL high voltage, the total

voltage for a channel i was given by

V (ch#i) = ViscooL — Viuke — k x VM, (6.1)

where ViMCP = % x i and k is the Kepco amplification factor, as explained in section
4.2. With this modification, the spectra could be converted to frequency using the

relativistic Doppler shift equation (Equation 3.14).

6.2 Bunch width

During the on-line commissioning, it was possible to make the first characterisation of
the ion bunch released by ISCOOL. The bunches were initially measured with the MCP
detector placed at the exit of the trap. However, the downside of this type of detector is
that it cannot distinguish between the ions of interest and isobaric contaminants or even
molecular ions of similar mass. This ambiguity was eliminated by counting the time
distribution of photons resulting from laser-induced fluorescence. For this purpose, a
Stanford Research Systems SR430 Multichannel Scaler (MCS) was used to count the
photons as a function of time. In this way the time-of-flight (ToF) of the ion bunch was

measured. The device was triggered by the same TTL pulse which was used to open
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6. THE ISCOOL ON-LINE COMMISSIONING

the end plate of ISCOOL in order to release the bunch. In addition, the tuning voltage

was held constant on a resonance peak. The effects of several ISCOOL parameters

were investigated.

6.2.1 Accumulation times

The number of ions injected into the trap could be controlled with a movable slit placed
after the HRS. Figure 6.4 summarises the measurements carried out for 8Rb ions

against different accumulation times, ranging from 2.5 ms to 100 ms.

[ \
70 79 90 128

Counts (arb)

C) 10 ms

ToF (us)

Figure 6.4: Bunch widths of 8°Rb. The time markers in the x axes were measured in
us. The accumulation times in the trap are shown in the top right hand corner. In a)
and b) the number of bunched ions are 3 x 10* and 6 x 10%, respectively. In ¢) 5 x 103
ions were bunched, whereas in d) 5 x 10* were bunched. The y axes are not on the
same scale. Adapted from MCS display.
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6.2 Bunch width

Figures 6.4.(a) and 6.4.(b) show the bunch widths of ions injected at ISCOOL with
the same rate, but with accumulation times of 2.5 ms and 5 ms, respectively. It should
be noted that a two-fold increase in the the number of accumulated ions caused the first
two bunches to merge. The origin of this effect is not understood. In Figures 6.4.(c)
and 6.4.(d), a similar study was performed, but with less ions injected into the trap than
in 6.4.(a) and 6.4.(b). This time the investigation showed that a ten fold increase in the
accumulation times helped to reduce the bunch width. Taken together, these results
suggest that a compromise between the number of ions injected and accumulation

times must be met in order to achieve shorter ion bunches.

Of special importance was an investigation on how space-charge effects would
affect the bunch width. Figure 6.5 shows the bunch width characterization of 3°Rb. In
this study the accumulation time was fixed at 100 ms. In Figure 6.5.(a), 1.2 x 10° ions
were observed in a bunch with a time spread of 17 us, whereas in Figure 6.5.(b), the

accumulation of 5 x 10* jons resulted in a bunch 5 us wide.

6.2.2 Gas pressure

The bunch widths were investigated for different values of the buffer gas pressure.
Figure 6.6 shows the difference between the photon arrival times for 8°Rb ions. In
Figure 6.6.(a) the gas pressure was 0.1 mbar, whereas in Figure 6.6.(b), the gas pressure
was set at 0.05 mbar. The time spread of the ion bunch were the same in both cases.
However, the study showed that less buffer gas induces a later arrival of the ion bunch.

The origin of this effect is not understood, since intuitively it would be expected that
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Counts (arb)

0 75
ToF (us)

Figure 6.5: Bunch width of 85Rb. The number of ion is the bunch 1.2 x 10° in a), and

in b) this number is 5 x 10*. The y axes are not on the same scale. Adapted from MCS
display.

for less buffer gas, the ion bunch would have more energy and therefore would arrive

earlier.

6.3 Background suppression

An often used figure of merit to assess the quality of spectral data is the signal-to-noise
ratio (S/N). It is defined as the ratio between the signal count, Ng and the standard
deviation of the noise count, Ng [87]. In the COLLAPS setup, the dominant source
of noise is related to the random laser scatter in the light collection region and dark

counts. Therefore
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67 77

Counts (arb)

- b)

73 82
ToF (us)

Figure 6.6: Bunch width of 8Rb from the photon arrival times. In a) the buffer gas

pressure is 0.1 mbar. In b) the pressure was 0.05mbar, which caused the bunch to arrive

later. The y axes are not on the same scale. Adapted from MCS display.

(6.2)

Z|

where € is the detection efficiency, which is a function of the transition strength, the
detector efficiency and a geometrical efficiency (solid angle of light collector and laser-
ion overlap). The detection efficiency is measured in units of photon/atom. (€ x Rg)
and Rp are the signal and background rates measured in (photons/s), and ¢ is the data
collection time in one channel, measured in seconds.

If all the experimental parameters are fixed during the experiment, longer collec-
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6. THE ISCOOL ON-LINE COMMISSIONING

tion times are required in order to increase the signal-to-noise ratio. However, due to
constraints in beam time allocation, increasing the collection time is often not feasible.
In an extreme example, during the on-line commissioning of ISCOOL, g ~ 1073 and
Rp ~ 5 x 10°photons/s (2 mW of laser power plus dark counts). In order to achieve a
S/N > 3 with an ISOLDE yield of *°K of 107 ions/s, it would have been necessary to
collect data for at least 28 years to scan across 200 channels, using conventional opti-
cal detection techniques. With the modifications implemented in the data acquisition
electronics due to ISCOOL, the effective measurement time in a given voltage channel
became a fraction of F = t,, /1, of the dwell time. Therefore, the bunched beam tech-
nique is able to suppress the background by a factor of F~! without throwing away

any fluorescence-related data.

6.3.1 Rubidium

The first demonstration of bunched-beam spectroscopy was performed on 8Rb (I =
5/2). The beam was accelerated to 29.9 keV. The ion current was 2.8 x 107 ions/s
measured with a Faraday cup positioned after ISCOOL. The transition chosen was the
S1/2 — P32 (D2 line) at 780.24 nm. The hyperfine structure is shown on Figure 6.7.
The accumulation and trap-open times of ISCOOL were 10 ms and 200 us, re-
spectively. The time width of the ion bunch was 10 us. Therefore the background
suppression factor was F = 10°. Figure 6.8 shows the results of the scans for the
gated and ungated spectra. The natural linewidth of the transition is dv(nat) = 6 MHz.

The linewidth obtained from this measurement was dv(meas) = 19 MHz (which cor-
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Figure 6.7: Schematic diagram of the hyperfine levels of the D5 line of 85Rb. The
energy levels are not to scale.

responds to 3.4 V). Since the ISCOOL settings and beam energy during these tests
were similar to those of the off-line commissioning, it is a valid assumption that the
beam emittance was 3.41% mm.mrad. If 27% of the beam passed through the 1 mm
aperture, this is equivalent to a circular beam with a Gaussian intensity distribution
with a FWHM of 2.5 mm. Therefore the beam angular divergence was approximately
5.4 mrad. Using Equation 3.17, this gives a broadening contribution to the linewidth
of dv(0) ~ 5 MHz. In order to obtain a crude estimate of the broadening caused by
the energy spread dv(e), the terms are added in quadrature to the natural line, which
gives dv(e) ~ 17 MHz. This is is equivalent to an energy spread of OE == 3 eV, since

%’ = 5.5 MHz/V, by virtue of equation 3.16.

It is worth mentioning that even though this scan was performed with low laser
power (0.04 mW), the background count rate was 42,000 photons/s, most of which was

due to dark counts, owing to the fact that the photomultiplier tubes were being operated

151



6. THE ISCOOL ON-LINE COMMISSIONING

800

700

&

>
“n
N
\‘
1

600

500

300

36900
5e+05 ! ! !

Fluorescence counts

4.9e+05 . '. .. :-.-".".n .® -'. -'-..' ....-l. . '- . * . -. o .-.-..'.- o, .-..-.. -....- 1

4.8e+05— —

36700 36800 36900

Relative frequency (MHz)

Figure 6.8: Resonance spectra of 2.8 x 107ions/s of 3°Rb extracted from ISCOOL and
delivered to COLLAPS. After neutralization, the laser excited the F =3 — F' =4
transition. In (a) the hyperfine structure for gated photons, and (b) ungated. The ions
were accumulated for 10 ms and the gate width was 10 us. The FWHM of the peak
was 19 MHz. The total scanning time was 3.3 hours.

at ambient temperature. This situation was remedied on the penultimate day of tests,
after a chiller unit was placed around the tubes. This radically reduced the dark counts
to rates of 150 counts/s. Regrettably, the proton beam had already been interrupted, and

therefore no further radioactive tests were possible with these improved conditions.

6.3.2 Potassium

In order to further illustrate the effect of bunching the beam for collinear laser mea-

surements on radioactive beams, scans of the hyperfine structures of **4K were per-
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formed. After neutralization, the laser excited the D5 line at 766.49 nm. The hyperfine

structure is shown on Figure 6.9.

(1=2)

- F'=1/2
A ‘~35 MHz
F'= 3/2
A A
Pap— ~40 MHz
F'= 5/2
Al A
~25 MHz
F'= 7/2
A
v,= 766.49 nm
F= 3/2
5. — ~400 MHz
1/2
F= 5/2

Figure 6.9: Schematic diagram of the hyperfine levels of the D, line of *+4°K. The
frequency difference between the hyperfine levels are indicated. Both isotopes have a
ground state spin I = 2. The values for the A factors were taken from [88]. For the B

factors, see text. The energy levels are not to scale.

Figures 6.10 and Figures 6.11 compare the scanned hyperfine spectra of “+4°K for
ungated and gated photons. The background suppression factors were F(*K) = 10*
and F (*°K) = 2.5 x 10,

Both figures show that the 6 hyperfine components could not be fully resolved.
The FHWM of the resonances were ~ 50 MHz, and therefore larger than the split-
tings of the hyperfine structure multiplets shown in Figure 6.9. For instance, what
seems to be a single peak on the right hand side of Figures 6.10.(a) is actually com-
posed of three fluorescence lines resulting from the excitation of F =5/2 — F' =7/2,

F=5/2—F =5/2and F =5/2 — F' = 3/2 transitions. Likewise, the peaks from
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Figure 6.10: Resonance spectra of 6.4 x 10° ions/s of **K. In (a) the hyperfine structure
for gated photons, and (b) ungated. The fitted line is in blue. The FWHM of each peak
was 48(1) MHz. The ions were accumulated for 100 ms and the gate width was 10 us.
The laser power was 0.04 mW. The total scanning time was 33 minutes.

the excitations of F =3/2 — F' =5/2,F =5/2—F' =3/2and F =3/2 - F' =1/2
compose the collapsed structure observed on the left. The observed intensity of the
peaks corresponding to transitions between hyperfine multiplets F — F’ did not fol-
low Racah values (Equation 2.18). A fitting code based on x> minimisation was written
by the author of this thesis in order fit the observed data, which takes this effect into
account by letting the peak intensities run as free fitting parameters. The code was
written in C++, using the ROOT framework [89]. This offered several advantages, the
main one being that the fitting method is based on the standard CERN-MINUIT library

and is already implemented as a member function of ROOT function classes. In the
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Figure 6.11: Resonance spectra of 10° ions/s of “°K. In (a) the hyperfine structure for
gated photons, and (b) ungated. The fitted line is in blue. The FWHM of each peak
was 42(6) MHz. The ions were accumulated for 300 ms and the gate width was 12 us.
The laser power was 0.04 mW. The total scanning time was 22 minutes.

code, the ROOT class TGraphErrors was used. This class automatically provides the
errors of each fitting parameter. In order to fit the spectrum, the hyperfine coefficient
A (81 2) was fixed to literature values [88], while the value for A (P3/,) was constrained
using Equation 2.15. The ratio r could be calculated using figures found in [90] and
[88]. A realistic lineshape for the hyperfine transitions is the Voigt profile, which is a
convolution of a Gaussian and Lorentzian lineshapes. However, in order to reduce the
computational time involved in the x> minimization, each peak was fitted to a pseudo
Voigt profile, which consisted of a weighted sum of Gaussian and Lorentzian line-

shapes with different widths, as described by Bruce [91]. The resulting error of such
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Table 6.1: Hyperfine structure coefficients B (P; /2) and static quadrupole moments of
44,46
“OK.

A B P (MHz) Q(b)
4  +25+1.5 +0.52+£0.3
46 +27.4+£54 +0.57£0.11

an approximation is ~ 1% in terms of the lineshape amplitude. The hyperfine constant
B (P3;) together with the peak intensities were left as free fitting parameters. The
same procedure was adopted for “°K. This allowed the hyperfine coefficients B (P; /2)
to be measured for the first time. Once the B (P3 /2) hyperfine parameters were ob-
tained, it was straightforward to extract the static spectroscopic quadrupole moments,
by making use of Equation 2.20, with 3°K as the reference isotope. The values of the
By.r and Q;ef were found in [90] and [92]. Table 6.1 summarises the results. It is inter-
esting that the data show a large B factor, albeit with low statistics. The investigation on
the moments of neutron-rich potassium isotopes is the subject of a new experimental

proposal, which has been approved and will take place at CERN-ISOLDE [93].

6.4 Summary

These tests account for the first demonstration of bunched beam spectroscopy with IS-
COOL, and clearly show that the device has been successfully commissioned on-line.
The tests also provided a starting point to find the optimal beam transport conditions
in order to bring the ions to the COLLAPS line with minimal losses. The first on-line

experiment using this technique was subsequently performed on neutron-rich gallium
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isotopes, which is the subject of the next chapter.
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CHAPTER /

LLASER SPECTROSCOPY OF GALLIUM
ISOTOPES

7.1 Introduction

Following the encouraging results obtained during the on-line commissioning of IS-
COOL, laser spectroscopy using cooled and bunched beams was applied for the first
time in the study of neutron rich gallium isotopes. The study was a realisation of the
1S457 proposal [94], and took place from the 29™ of June to the 4™ of July 2008. In
total, 7 shifts were allocated for the initial experiment, but in effect 5 shifts were the net
data collection time, due to interruptions to the proton beam. The experiment measured
the hyperfine structures of ’~7°Ga. This chapter presents the data set obtained and the
methodology which has been developed in order to analyse the data. The analysis of

the spectra allowed the spins, and hyperfine coupling constants to be determined.

7.2 Experimental details

The only stable isotopes of gallium are A = 69 and A = 71. For this experiment, a

uranium carbide target unit was used (UC375) to produce neutron-rich gallium iso-
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topes. The target material was 46 g/cm? uranium carbide, and the unit was equipped
with a Nb cavity. This unit had been previously used for the production of Mn isotopes
between the 10" and 29" of June 2008. During the gallium run, the target received
typically half of the 40 proton pulses in a super cycle. Typically 3 x 10'3 protons per
pulse were delivered with an energy of 1.4 GeV. The time between each pulse had a
duration of 1.2 s, totalling an average proton current of 2 uA. The RILIS photoioniza-
tion setup was requested and Ga™ was produced with an efficiency of 21% [95]. Yield
measurements were performed for some isotopes with a tape station and a § counter.
In those measurements, the target and line were heated with 600 and 250 A (1900°
and 1900° C, respectively). Table 7.2 shows the half-lives and yields of the isotopes

studied.

At this stage, all ISCOOL controls, including HV, radiofrequency and gas had been
fully integrated to the ISOLDE controls network. The HRS and ISCOOL voltages
were set to 50060 V and 49900 V, respectively. The platform voltage of the cooler
was measured with a FUG HTV 65000 high voltage divider, which was connected to
a Keithley DMM 2000 electronic display. The divider ratio was 10000 : 1. This device
was calibrated against a divider used for the HRS power supply, which resulted in a
readout accuracy of +1 V. The radiofrequency and amplitude of the trap were set to
® = 360 kHz and V,y = 420 V(_, for all masses. The buffer gas pressure was 0.1
mbar. With these settings, the transmission efficiency of ISCOOL in continuous mode
was > 60%. In bunched mode, typical accumulation times were between 10 ms and 50

ms. The temporal width of the ion bunches were 20 us -25 us. The accumulation times
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Table 7.1: Summary of half-lives and yields of Ga isotopes from an UCx target. The
yields are given in units of ions/u C.

A Uy Yield (literature)®  Yield (IS457)

67 3.2d —

68 67.62m 9.0 x 10°

69  stable —

70 21.14m 2.5 %107

71  stable —

72 14.1h 5.3 x 107

73 4.86h 4.8 x10° 1.8 x 10°
74 8.12m 3.9 x 107 9.8 x 10®
75 126 3.1x 107 2.4 %108
76 32.6s 1.3 x 107

77 13.2s 7.7 % 100

78  5.09s 3.9 x 10° 5.0x107°
79 2.84s 2.6 x 109 3.0x107%

Taken from [96, 97]. There is a mistake in the quoted yield for "3Ga.

bExtrapolated value.
used were shorter than during the on-line commissioning. This was due to the fact
that there was a significant Rb isobaric contamination, up to two orders of magnitude
higher than the Ga yield.

The low-lying atomic levels of Ga are shown in Figure 7.1. This diagram focuses
on the levels involved in the photoionization of gallium in addition to the levels used
to perform the subsequent collinear laser work. The recent upgrade of RILIS from a
copper-vapour to a solid-state pump laser system provided an improvement on the final
yield, since it permitted simultaneous excitation of the low-lying >P, /2 and ’py /2 states,

which are almost equally populated. Moreover, this upgrade allowed more green (532
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Figure 7.1: The low-lying levels of atomic gallium [98].

nm) power to be used in the final step. All in all, a relative improvement by a factor of

2 was achieved for the final Ga yield.

In order to neutralize the Ga™ in the COLLAPS line, the charge-exchange cell was
filled with sodium vapour. The temperature at the cell centre was around 250° C. With
the exception of %7376Ga, all the other isotopes had the hyperfine structure measured
in both 2P, 2 —28, /2 (403 nm) and ’p, /2 —28, /2 (417 nm) transitions. The natural
linewidth of both transitions is ~ 25 MHz. The branching ratios of the decays are 33%
and 67%, respectively. The Ti:Sa was pumped with a Coherent Verdi V18 laser, with
15 W of pump power. The fundamental laser power was 1 W and the power of the

doubled light was 0.3 — 1.5 mW. The fundamental wavelength was monitored with a

HighFinesse wavemeter with an accuracy of 3 MHz.
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The data acquisition was implemented in a similar way to the scheme developed
during the on-line commissioning, except that this time the trigger used to open the
trap originated from the data acquisition software. The modification is shown in Fig-
ure 7.2. It is important to mention that both photomultiplier tubes suffered from mul-
tiple ringing associated with the photon signal, which could lead the data acquisition
arrangement to double-count or multiple count photon events. This undesirable effect
seems to be related to an impedance mismatch between the PMT and the impedance
of the external load [99]. This was a recurrent problem, which was also observed dur-
ing the on-line commissioning. In the IS457 experiment, this problem was dealt with
by applying a dead time on the Ortec 416A gate and delay generator placed after the
discriminator module. In this way, the detection of one photon event would veto any
subsequent events possibly related to the spurious ringing signal for at least 11 us, as
exemplified in Figure 7.3. In this example two photons would fall within the 20 us

time window and would be counted in the channel.

7.3 Data analysis

At a glance, Figure 7.4 shows all the measured isotopes. The background suppression
factor was equal to 103. During the experiment, several short scans were performed for
each isotope, in order to determine the scan position and range. Measurement times
for each spectrum in the full range took from 1 minute to 30 minutes. The FWHM
of the peaks in the P;/, — Sy, transition was ~ 75 MHz, whereas in the Py, — Sy /»

transition it was ~ 65 MHz. An important procedure adopted during the experiment
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Figure 7.2: Diagram of the electronics for the bunched beam mode of acquisition used

in the Ga run, with the data acquisition running in “active” mode.
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Figure 7.3: Timing of signals for bunched beam spectroscopy.
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was to make a scan of a reference stable isotope in between every change of mass in
the separator. This was intended to detect any drifts in the centroids of the transitions,

due to drifts in the laser frequency or high voltage.

In the cases where the isotopes had the hyperfine structures measured in both
Py — 812 and P35 — Sy)o transitions, the methodology used for analysing the
datasets consisted of a combined approach. A fitting code based on the code used
to fit the on-line commissioning data was written by the author of this thesis to fit both
spectra simultaneously in order to find a single xfnin in %> multidimensional parameter
space. This approach proved to be advantageous, because in those cases the transitions
had the same hyperfine coupling constant A (S /2). Therefore, the number of fitting
parameters was reduced by one and the final fit had a global %2 for both spectra, with

a reduced error for the B hyperfine constant associated with the P; / state.

It should also be mentioned that in this work an accurate determination of the
magnitude of the isotope shifts was not possible due to drifts in the laser frequency
and in the acceleration voltages. Taken together these effects could therefore have
introduced systematic uncertainties which are difficult to quantify. In the second round
of experiments which took place in May 2009, it was possible to implement short-term
stabilisation of the laser. Most of the isotopes presented in this thesis were remeasured.
The isotope shifts obtained from this data set are currently under analysis, and will not

take part of the discussion presented in this thesis.
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Figure 7.4: The dataset obtained in the [S457 run.
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Table 7.2: Table summarizing the measured spin and hyperfine structure coupling con-
stants of 9’Ga. All values are in MHz. All values are positive, unless stated otherwise.

This is the convention used hereafter.

A Source 1 A (P12 A (S12) A(Pyp)  B(Pyp)
67Ga  This work 3/2 1225.8+23 980.3+1.6 1763+1.1 73.0+3.3
Ref. [100] 3/2 1228.86582 — 175.09736  71.95750
+0.00045 +0.00015  +0.00055

67(}a

The hyperfine structure of this isotope was measured with the Py, — Sy, (403 nm)
and P35 — Sy/2 (417 nm) transitions. The spectra are shown in Figure 7.5. For the
Py /5 — Sy, transition, the fitting parameters were the background, the centroid for the
transition, A (Py /), A (S}/2), and 4 pseudo Voigt profiles with a common width and
free intensities, as described in section 6.3.2. For the P3/; — Sy, transition, similar
parameters were fitted, including the A (P; /2) and B (P3 /2) coupling constants. The
function to be fitted had in total 22 free parameters. The fit allowed the A (S »)
hyperfine coupling constant to be determined for the first time. The results obtained
are consistent with previously published values, as shown on Table 7.2.

An independent investigation was undertaken in order to assess the reliability of the
error estimates given by the ROOT fitting engine in the combined analysis approach.
This investigation was based on an algorithm which worked with the sznin found by
MINUIT. The algorithm, written in C++, basically froze the parameter for which the
1 o error was sought. An incremental perturbation was then introduced on this param-

eter and the > was re-evaluated, letting all the remaining fitting parameters free. As
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Figure 7.5: The hyperfine structure of I = 3/2 ground state for ’Ga in the a) P, /2=
S1/2 and b) P35 — Sy, transitions. The blue line indicates the fitted data, which was

obtained from a simultaneous minimization of > for both spectra.
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Figure 7.6: A cut on the x> hypersurface against the A (P, /2) parameter for the simul-
taneous fitting of ®’Ga in the P, /2 — S1/2 and P35 — S, transitions.

an illustration, the A (P} /) hyperfine constant in the combined analysis approach was
scrutinised. The result is shown in Figure 7.6. In this plot there are 651 data points

which clearly fit a parabola.

A search on these data points in order to find a x;,zu-n which is smaller than x%”.n show
that indeed the output x%”.n given by ROOT was the global minimum. The 1 ¢ error for
the parameter was obtained from the condition AXZ =1, as prescribed by [101, 102],

and was found to be consistent with the error estimate of ROOT.

68Ga

The spectra of %8Ga were also measured for the P, /2 — 812 and P35 — S, transi-

tions, as shown in Figure 7.7. However, what is immediately noticeable is that both
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Figure 7.7: The hyperfine structure of / = 1 ground state for ®Ga at the a) P, /2=
S1/2 and b) P35 — Sy, transitions. The blue line indicates the fitted data, which was

obtained from a simultaneous minimization of > for both spectra.
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Table 7.3: Table summarizing the measured spin and hyperfine structure coupling con-
stants of ®*Ga. All values are in MHz.

A Source I A(Pip)  A(Sip) A(Pyy) B (Pyp)

%Ga This work 3,2 — 1070.9+0.5 191.9+0.2 61.7+0.7
Ref. [103] 3/2 1339 1069 190.8 62.5
Ref. [39] 3/2 1339+£2  1075+3 — —

structures have completely collapsed due to the small hyperfine coupling constants.
From this dataset, not even the sign of the hyperfine coefficients could be determined.
In fact, during the fitting process, the hyperfine coefficients A (P3 /2) and B (P3 /2) were
scaled to published values of the magnetic and quadrupole moments [18] via Equations
2.19 and 2.20, using "' Ga as reference. The values of A (S| /2) and A (Py ) were fixed

to the ratios of "' Ga, calculated from Equation 2.15,

ran = 2512) s 591 40,001, 7.1)
A (P3)2)

s = (S172) _ 0708+ 0.002. (7.2)
A (Py)2)

69Ga

This isotope was only measured in the P; /, — Sy ; transition. Figure 7.8 shows the data
and fitted spectrum. Table 7.3 summarizes the hyperfine constants obtained from the
fit together with previously published values. It shows that the values for the hyperfine

constants of the current study are consistent with those of previous measurements.
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Figure 7.8: The hyperfine structure of I = 3/2 ground state for °Ga measured in the

P35 — 8 2 transition. The blue line indicates the fitted data, which was obtained from
a %% minimization routine.
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Figure 7.9: The hyperfine structure of / = 1 ground state for °Ga at the a) P, /2=
S1/2 and b) P3» — Sy, transitions. The blue line indicates the fitted data, which was

obtained from a simultaneous minimization of > for both spectra.
70Ga

As Figure 7.9 shows, this isotope was measured in both transitions. Table 7.4 summa-
rizes the fitted hyperfine constants. Note that this is the first time that these observables
have been measured. The ground state spin / = 1 has also been confirmed. The large
uncertainty in the coefficients of the P;, — Sy, transition was caused by its almost

collapsed structure.
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Table 7.4: Table summarizing the measured spin and hyperfine structure coupling con-
stants of °Ga. All values are in MHz.

A Source I A (PI/Z) A (SI/Z) A (P3/2) B <P3/2)
Ga Thiswork 1 562.54+0.6 448.5+0.6 769+2.8 289+9

71(;::l

This isotope was chosen to be the reference during the calibration scans. Therefore,
several spectra were produced from scans performed on both transitions. Figure 7.10
shows an example of the simultaneously fitted spectra for a given dataset of ’!Ga runs
(runs #21 and #48, respectively).

Due to the large number of calibration scans, it was possible to verify whether there
were any systematic effects in the error estimate of the hyperfine coupling constants.
For the purpose of this analysis the spectra from the Py, — Sy, and P3, — Sy);
transitions were fitted separately. The error weighted average, X, of a set of parameters

x; measured with an error 6; can be computed using Equation 7.3 [104]

Y xiw;

—Zi Wi’ (7.3)

X =

where w; = 1/ (51-2 is the weight factor. The error on the average, G, is calculated from

Equation 7.4

1
G, = )T (7.4)

Figure 7.11 shows the results for the Py , — S ; transition. The error weighted average
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Figure 7.10: The hyperfine structure of I = 3/2 ground state for ’!Ga at the a) P, /2=
S1/2 and b) P35 — Sy, transitions. The blue line indicates the fitted data, which was

obtained from a simultaneous minimization of % for both spectra.
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Figure 7.11: Fitted hyperfine coefficients a) A (S} /,) and b) A (Py ) for "' Ga for dif-
ferent run numbers. The grey lines indicate the error weighted average. The thickness

of the line indicates the error of the mean.

for the A (S /») coefficient was calculated to be 1357.9 0.3 MHz. Analogously, for
the A (P ») coefficient the average was 1701.740.2 MHz. To determine whether these
numbers followed a normal distribution and hence whether the effect of systematic
errors was negligible, a > analysis was performed with respect to the averaged mean,

according to Equations 7.5

176



7.3 Data analysis

Table 7.5: Table summarising the f factors for each hyperfine structure coupling con-
stants of 7'Ga in the P, /2 — S1 2 transition.

Coefficient  f
A(Syp)  1.02
A(Pp) 121

()E—xi)z
2
; O;

=
(3]
I
M=

(7.5)

N

” o (F—x)?

BRATETS
where Ny, 7 is the number of degrees of freedom, defined as the number of free fit-
ting parameters (N) minus one, Ngoy = N — 1. The multiplicative factor f could be
determined by manipulating equation 7.5, giving f = {/X?/Naos. If f ~ 1, it would
mean that x> ~ Ny, r» and therefore, the fitted hyperfine constants followed a normal
distribution; otherwise, the f factor would determine the scaling factor to be applied to
the errors. For instance f < 1 would mean the errors were overestimated by the fitting
program; conversely, f > 1 would suggest the errors were underestimated. The results
of this analysis, summarised on Table 7.5, show that f ~ 1 and therefore suggest that
the numbers are indeed normally distributed, without the necessity of any scaling to be
applied to the final errors.

A similar study was conducted for the hyperfine constants of the Py, — S, tran-

sition. Figure 7.12 shows the results. The error weighted average for the A (S, /2),

A (P3/;) and B (P; ;) coefficients were calculated to be 1358.1+0.2 MHz, 242.9+0.1
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Figure 7.12: Fitted hyperfine coefficients a) A (S /5), b) A (P3/,) and c) B (P3,) for
"1Ga for different run numbers. The grey lines indicate the error weighted average.

The thickness of the line indicates the error of the mean.

MHz and 39.05 & 0.33 MHz, respectively. A summary of the %2 analysis is shown on
Table 7.6. Finally, the values for the hyperfine coupling constant A (S /2) was obtained
from the weighted averages from the different datasets, as shown in Table 7.7. Again,
there is excellent agreement between the measurements of the hyperfine constants from

this work and previously published values.
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Table 7.6: Table summarising the f factors for each hyperfine structure coupling con-
stants of 7'Ga in the P; /2 — S1 2 transition.

Coefficient  f
A(Syp) 118
A(P3)  0.72
B (Ps),) 1.2

Table 7.7: Table summarising the measured spin and hyperfine structure coupling con-
stants of '!Ga. All values are in MHz.

A Source I A (Py)2) A (S1/2) A (Ps3p) B (P3))
"IGa  This work 3/2 1701.7+0.2¢ 1358.04+0.19> 242.9+40.1°¢ 39.054+0.33¢
Ref. [103] 3/2 1701 1358 242.4 394
Ref. [39] 3/2 — 1358 +£0.04 — —

“Weighted average based on 403 nm calibration runs
bWeighted average based on 403 nm and 417 nm calibration runs
“Weighted average based on 417 nm calibration runs

72(}a

The hyperfine structure of this isotope was measured in both transitions. Figure 7.13
shows the simultaneous fit of the scan performed on the P, — S transition against
several spectra from runs performed on the P3/, — §;/; transition. The fit allowed
the A (S /2) hyperfine constant to be freely determined with a value consistent with
the ratio given by Equation 7.2. Despite the consistency in the determination of the
B (P /2) constant, as shown by Table 7.8, this value is not in agreement with the pre-
viously published value of Ehlers et al. [100]. However, in the same work the authors

published a value for A (P; ), which is consistent with the findings from the combined
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Figure 7.13: The hyperfine structure of / = 3 ground state for ">Ga at the a) P, /2812
and b) P35 — Sy transitions. The blue line indicates the fitted data. See text for
details.

analysis approach. Finally, by constraining B (P3 /2) to the published value, a consid-
erably worse fit is obtained. The new measurements on ’>Ga in May 2009 helped to

solve this inconsistency. Section 7.4 is dedicated to the discussion of this issue.

The results of the combined analysis using run # 007 as the best spectrum for the

P35 — Sy transition are shown in Table 7.9.
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Table 7.8: Fitted values of B (P;,) for different runs of 2Ga.

Run# B (Py;) (MHz)

001 252420
002 248 £13
003 236+ 11
004 241+7
005 243 +27
006 239+4
007 235+4

Table 7.9: Table summarising the measured spin and hyperfine structure coupling con-
stants of 7?Ga. All values are in MHz.

A Source 1 A (P)) A(Sip)  A(Pp)  B(Pyp)
2Ga Thiswork 3 —43.7+04 -3554+03 —6.35¢ 235+4
Ref. [100] 3 —43.90076 — —6.25698 193.67365
4+0.00015 4+0.00011  +0.0008

“This value was scaled using the ratio r417

73 Ga

The hyperfine structure measurements of 7>Ga were performed on the P, /2 — 812 and
P35 — S} ) transitions. The results are shown in Figure 7.14. It is somewhat surprising
that Figures 7.14.(a) and 7.14.(b) have relatively collapsed structures. If this isotope
had I = 3/2, like 67.69.71Ga, there would be 4 peaks in the P /2 — 872 transition
and 6 peaks in the P35 — Sy 5, on the grounds of angular momentum coupling rules.
However, assuming / = 3 /2 in the fitting process led to r417 = +5.09 £0.21 (compared

to +5.591 4 0.001 in Equation 7.1) and large values for %2, which is a manifestation
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Table 7.10: Table summarising the measured spin and hyperfine structure coupling
constants of Ga. All values are in MHz.

ISOtOpe SOUI'CC Spln A (PI/Z) A (SI/Z) A <P3/2)
3Ga  Thiswork 1/2 412.84+1.3 328.6+1.2 60.14+1.2
Ref. [105] 3/2 — — —

of the incompatibility of this dataset with the / = 3/2 assumption. On the other hand,
by assuming I = 1/2, three peaks result from the angular momentum coupling rules
and selection rules for allowed transitions between hyperfine substates, and the ratio
A (S1/2)/A (P3)2) = +5.48 £0.11, which is in good agreement with the value given
in Equation 7.1. The conclusion that emerges from this analysis is that / = 1/2. As a
consequence, B (P; /2) = 0. All the hyperfine coupling constants were determined for

the first time, as shown in Table 7.10.

74(}a

The hyperfine structures of *Ga were measured in the P, 12— 812 and P3jp — Sy )2
transitions. Apart from tentative spin assignments made on the basis of  decay studies
[106, 107], a consensus around the ground-state spin for this isotope does not exist
in the literature. During the fit, spin values ranging from I = {2,3,4,5,6,7} were
tested and judged on the basis of the quality of fits produced. However, the main
difficulty associated with this assessment was the fact that the structures were collapsed
in both transitions. In order to overcome this problem, the fitting routine allowed the
hyperfine coupling coefficient A (S;/,) to run as a free parameter, and A (P;/,) and

A (P3,) were scaled from A (S;/,) according to the ratios given by Equations 7.2
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Figure 7.14: The hyperfine structures for ">Ga at the a) P, /2= S12andb) P3p — Sy o
transitions. The blue line indicates the fitted data for / = 1/2, whereas the red line
indicates the fit for / = 3 /2. In both cases the fits were obtained from a simultaneous

minimization of %2 for both spectra.
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and 7.1. To prevent the fitting program from arbitrarily assigning zero values to some
peaks, a lower bound on the peak intensities was imposed to be comparable with the
background level. Figure 7.15 shows a variation of > for different possible ground-
state spins. In order to discern between different spin assumptions, the confidence level

nc was used, where n was calculated from [108]

22
n= | 5 Kmin_ (7.6)
Xmin/NdOf

In this case, Ndof = 380. The confidence level was computed from the standard
error function p(%) = erf(n/+/2). From inspecting Figure 7.15, it becomes immedi-
ately clear that / = 2 can be discarded with a confidence level of 99.99%. However,
it is hard to decide from spins 3 and 4 (p ~ 57% in favour of I = 4). It is clear that
I > 5 can be discarded with a confidence greater than 98.5%. Figure 7.16 shows the
spectra fitted for I = 4. However, since I = 3 cannot be completely ruled out, the hy-
perfine structure coupling constants will be given for these two spin candidates. Table

7.3 summarises the findings.

75 Ga

In this work, the hyperfine structure of 7>Ga was measured with the Py /2 — 81/ tran-
sition only. Figure 7.17 shows the data and fitted spectra, for I = 3/2. The data was
also fitted for I = 5/2; however, the fit gave a ratio A (S;,5)/A (P3/,) = 4.99+0.03,
which is many standard deviations away from the ratio given by Equation 7.1, and

hence could be discarded. The main results obtained in this analysis are summarized
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Figure 7.15: % as a function of possible spin assignment for 7#Ga. The numbers show

the confidence levels relative to the minimum (I=4).

185



7. LASER SPECTROSCOPY OF GALLIUM ISOTOPES

74

Ga
2000 —————1—— . T
2
- a) X,=1.62 1
1500 — — | f 4 ) —
[ == X=163 ]
1000 — —
2 500(- _
>
Q - .
(8] . o o "
8 0 i | | I | I [ b (nd
I -400 -200 0 200 400
S _
>
[ |
0

-600 -400 -200 0 200 400 600 800
Frequency (MHz)

Figure 7.16: The hyperfine structures for "*Ga at the a) P, /2 — 812 and b) P35 —
S1/2 transitions. The blue line indicates the fitted data for / = 4, whereas the red line
indicates the fit for / = 3. In both cases the fits were obtained from a simultaneous

minimization of %2 for both spectra.
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Table 7.11: Table summarising the measured spin and hyperfine structure coupling
constants of "*Ga. All values are in MHz. Using positive or negative values for the

magnetic hyperfine coupling constants produce equally good fits.

A Source I APip) A(S1p) APp) B(Pp)
74Ga  This work 3 12.9¢ 10.3+£0.4  1.85¢ 189.64+8.6
This work 4 10.3¢ 8.2+0.3 1.47¢ 226.9+7.3
Ref. [106] (3,4)  — _ _ _
Ref. [107] (4,5)  — - - -

“This value was scaled using the ratios r493 and r417.

Table 7.12: Table summarising the measured spin and hyperfine structure coupling

constants of 7°Ga. All values are in MHz.

A Source I A(Pip)  A(Sip) A (Ps)2) B (P3))

>Ga This work 3/2 — 973.5+1.3 1743+0.6 —1029+1.8
Ref. [109] (3/2) - — _ _
Ref. [110] (1/2,3/2) — — _ _

on Table 7.12.

76Ga

The analysis of the hyperfine structure for 7°Ga was based on data from the P; /2 =
S1/ transition. In order to determine the ground-state spin and the hyperfine coupling
constants of this isotope, a procedure identical to the one performed on 7>Ga was
conducted. Two spin candidates, I = {2,3} were used in the fits. By checking the ratio
of A (S1/2)/A (P3/) for both cases, it was possible to rule out the I = 3 possibility,

since in this case the ratio was r4;7 = +5.21 +0.05, whereas for / = 2, the ratio was
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Figure 7.17: The hyperfine structure of / = 3/2 ground state for ">Ga at the Py /2=
S1/2- The blue line indicates the fitted data.
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Figure 7.18: The hyperfine structure for 7°Ga at the P; /2 — Sy 2 transition. The blue
line indicates the fitted data for I = 2, whereas the red line indicates the fit for 7 = 3.

r417 = +5.64 £0.06. In addition, on the basis of the %2 of both fits, a hypothesis test
gives a confidence level better than 46 in favour of / = 2. In summary, the spectra

allowed a firm spin assignment as well as a determination of the hyperfine constants

for 7°Ga. Table 7.13 shows the results.

77(}a

The 7’Ga isotope was measured in both atomic transitions. Figure 7.19 shows the
data and the fits for both spectra, for I = 3/2. The fits allowed the hyperfine con-
stants for 7’Ga to be extracted. Table 7.14 summarises the results. Note that the ratio

A (S12)/A (P3)2) = +5.58 £0.02, which is consistent with Equation 7.1. This result,
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Table 7.13: Table summarising the measured spin and hyperfine structure coupling
constants of "°Ga. All values are in MHz.

A Source I AP ASi)p) A (Py)) B (Ps)))
76Ga This work 2 — —374.6+1.5 —664+06 117.2+2.9
Ref. [111] (3) — — — —

Ref. [112] (2) — — — —

Table 7.14: Table summarising the measured spin and hyperfine structure coupling

constants of 7’Ga. All values are in MHz.

A Source I A (PI/Z) A (SI/Z) A (P3/2) B (P3/2)

"7Ga Thiswork 3/2 1341.742.2 1070.5+1.5 191.74+0.7 —77.1£25
Ref. [112] (3/2) — — — —

in conjunction with the quality of the fits serve as reliable grounds to confirm I = 3/2.

8Ga

The hyperfine structure of ’®Ga was measured in both transitions. The fitting code
tested three spin candidates, I = {2,3,4}. By analysing the ratios of the hyperfine
coupling constants A (S;/2)/A (P3/,) for each case, as shown on Figure 7.20, it was
possible to rule out the I = {3,4} possibilities, and make an unequivocal assignment of
I =2 for the ground-state spin of ’8Ga. It is worth noting that the possibility of having
I =1 as the ground-state spin could easily be discarded since the number of peaks on
the P35 — Sy, transition would have to be 5, and not 6, as observed. The spectra
shown in Figure 7.21 shows the fitted data for both transitions. It becomes evident that

I = 2. Table 7.15 summarizes the results.
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Figure 7.19: The hyperfine structure of I = 3/2 ground state for '’ Ga at the a) P, /2=
S1/2 and b) P35 — Sy, transitions. The blue line indicates the fitted data, which was

obtained from a simultaneous minimization of % for both spectra.
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Figure 7.21: The hyperfine structure of I = {2,3} possibilities for ’®Ga at the a) P, /2=
S1/2 and b) P35 — Sy, transitions.
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Table 7.15: Table summarising the measured spin and hyperfine structure coupling
constants of 3Ga. All values are in MHz.

A Source I A (P)p) A (Sy)2) A (P3))) B (P3)5)

8Ga This work 2 —607.6+09 —48494+08 —869+0.5 119.7+2.4
Ref. [113,114] (3) — _ _ _

79Ga

The hyperfine structure of 7Ga was measured in both transitions. Two possible can-
didates for the ground-state spin are I = {3/2,5/2}. Figure 7.22 shows the fits for
both cases. Based on the > comparisons, it is not possible to determine the spin. The
ratios A (S1/2)/A (P3/;) are +5.5540.07 and +5.6540.09 for / =3/2 and I = 5/2,
respectively. Thus, this method cannot distinguish between the spins either.

In order to gain further information which could help in deciding on the ground-
state spin candidates for "’Ga, an investigation into the behaviour of the relative in-
tensities of the peaks was undertaken. Although these intensities deviate from the
predictions of Equation 2.18, the empirical values obtained from the dataset were ex-
ploited. Figure 7.23 shows each hyperfine peak of the odd-Ga isotopes measured in
the Py, — Sy, and Py, — Sy, transitions. The average value of those intensities
was calculated only using the calibration runs of 7! Ga, which are indicated with blue
circles. In the Figure, the position of the points for the hyperfine peaks of ©7:737779Ga
isotopes are related to the measurements performed between the calibration runs. In

the case of "Ga, the values for the intensities were obtained based on a fitting assum-

ing 7 = 3/2. This can be justified by the fact that fitting ”*Ga with 7 = 5/2 did not
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Figure 7.22: The hyperfine structure of "°Ga at the a) P, /2= S1pand b) P3yp — Sy p
transitions, assuming I = 3/2. The spectra ¢) and d) show the same spectra, assuming
I =5/2. The blue line indicates the simultaneously fitted data.
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Table 7.16: Relative intensities for the Py, — Sy, transition of "1,79Ga. normalised to
Ni.N:F=2—=F =2N:F=2—=F' =1;N3:F=1—-F =2;Ns: F=1—
F'=1. Add one to F and F' if I = 5/2 is considered.

Peak Racah (I =3/2) Racah (I =5/2) "'Ga(I=3/2)¢ Ga(=3/2,5/2)"

N 1 0.8 1 1.11£0.09
N> 1 1 1.00+£0.02 1

N3 1 1 0.96£0.02 1.02+0.06
Ny 0.2 0.28 0.29+£0.01 0.27+£0.04

“Averaged values.

bIn this case N, was chosen for the normalisation.
change the relative intensities significantly. In the case of the P, — Sj, transition,
run #59 was the last calibration performed on ’'Ga. When looking at the Py 2= 81,2
transition data, it is noteworthy the striking consistency within these intensities and
the calibration runs, which show that the relative intensities remained constant for the
duration of the experiment.

Tables 7.16 and 7.17 provide the average relative intensities for the hyperfine peaks
in the P/ — Sy and P35 — S, transitions, respectively. The Tables also show
the theoretical predictions based on Racah intensities assuming / =3/2 and I = 5/2.
Table 7.16 is quite revealing in several ways. First, it is clear that for the Py, — S/,
transition in "'Ga, N4 has an experimental value 50% greater than what would be
expected from Racah intensities. This trend is consistent with what was observed in the
case of "’Ga, assuming I = 3/2. On the other hand, looking at the Racah predictions in
the case of I = 5/2 for Ny in the P, /2 — 81/ transition, the experimental value should

have been reduced by 25%, which was not the case, and yet the experimental value for
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Table 7.17: Relative intensities for the P35 — Sy, transition of 9Ga. Ny : F =
3F =2,y F=2—-F =2,N;:F=1—-F =2,Ny:F=2—F =1;
Ns:F=1—F'=1;Ng:F=0—F'=1. Addone to F and F’ if | = 5/2 is considered.
The ‘/‘on N5 and Ny indicates that the fitting programme produced different outputs
for the intensities when fitting the dataset using I = {3/2,5/2} as candidates.

Peak Racah (I =3/2) Racah(I=5/2) "'Ga(=3/2)* Ga(=3/2,5/2)

N 1 1 1 1

N> 0.35 0.43 0.54£0.01 0.49+0.05

N3 0.07 0.12 0.18+0.01 0.17£0.03

Ny 0.35 0.34 0.54+0.01 0.55+£0.06

Ns 0.35 0.43 0.48+£0.01 0.53+0.01/0.494+0.13
Ne 0.14 0.33 0.22+0.01 0.1£0.1/0.134+0.13

“Averaged values.

Table 7.18: Table summarising the measured spin and hyperfine structure coupling

constants of 7?Ga. All values are in MHz.

A Source I A (P1)) A (S12) A(Pyp)  B(P3p)
®Ga  This work 3/2  6958+1.5 556.1+1.2 100.1+£1.2 553+4.2
Ref. [115] (3/2) - - - -

N for 7Ga is consistent with the experimental value of 7'Ga. The findings suggest
that I = 3/2 is the ground state-spin. This result and the hyperfine coupling constants

of "Ga are shown on Table 7.18.

7.4 A second experiment

In May 2009, beam time was allocated in order to complete the IS457 initial pro-

posal. During this experiment, 0.1 — 2.0 mW laser was available, and the typical
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power was used (0.3 — 0.4 mW). The laser beam was expanded to a larger waist
(~ 3 mm). Therefore, a lower power density laser beam was delivered to the light
collection region. In addition, this arrangement has increased the overlap with the
ion beam. From this work, it was possible to re-measure the hyperfine structures of
69,71,72,73,74,75,76,77,78,9Ga in the P; /2 — 81 transition. The data is still under analy-
sis and the preliminary results obtained are in agreement with the findings discussed in
this thesis. In addition, the hyperfine structures of 8-#1:82Ga were measured for the first
time. Relevant for the completion of this thesis was the investigation of the discrep-
ancy between the B hyperfine coupling constant in ">Ga obtained from the previous
IS457 campaign and the result from the 1960’s. In addition, the ambiguity around the

ground-state spin assignment for 7?Ga necessitated further investigation.

2Ga revisited

In Section 7.3 an important issue was raised, which concerned a discrepancy in the
value of the B hyperfine coupling constant for ’>Ga between measurements performed
in the first round of IS457 experiments, and previously measured values. The experi-
ment was repeated, with different laser intensities. Figures 7.24.(a) and 7.24.(b) show
the data for 0.1 mW and 0.3 mW, respectively. The fits for these datasets were per-
formed as before, with B (P5 ;) left as a free parameter, and the magnetic the hyperfine
coupling constants A (S/,) and A (P3/,) fixed to the literature values. The FWHM
of the resonances were found to be narrower, 60 &2 MHz, for the case of lower laser

power than in the case of 0.2 mW, which was 68 +£1 MHz. The B factor for 0.2 mW
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was found to be +239 +5 MHz, whereas for 0.1 mW, B (P3/2) =+1974+6 MHz, a
value which is now in agreement with the literature value.

The result of this study demonstrates that a variation in the laser intensity can ac-
count for a shift in the centroid positions of the resonances in the case of an overlapping
hyperfine structure. This problems is also considered later when optical pumping ef-

fects were modelled.

Y Ga revisited

Figure 7.25 shows the hyperfine structure of ’17*81Ga measured with the same laser
power (0.35 mW). The blue spectra shown in the Figures 7.25(b) and 7.25(c) cor-
respond to fits of 7°Ga and ®'Ga, with the ground-state spin assumed to be I = 3/2
and I = 5/2, respectively. Table 7.19 also shows the ratios between the hyperfine
coefficients A (S)/,)/A (P5/,) obtained from fits for different spin possibilities. It fol-
lows that assigning I = 3/2 to "’Ga and I = 5/2 to 8!Ga is consistent with the ratio
of the magnetic hyperfine coupling constants for '!Ga, of which the spin is known.
The change in the distribution of the peak intensities relative to the reference isotope
(71Ga, [=3/ 2) is shown on Table 7.20. Here is further strong evidence to establish

the ground-state spin of Ga as I = 3/2.
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Figure 7.24: The hyperfine structures of 72Ga for 0.2 mW in (a), and 0.1 mW in (b).
The blue line indicates the fitted data. The black lines are to mark the positions of
the hyperfine peaks. The magnetic hyperfine constants were fixed, whereas B (P;;)
was left as free parameter. The 6 component intensities were also left as free fitting
parameters.
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Table 7.19: The ratio between the hyperfine coupling constants A Sy, and A P; ), for

different spin assignments. The absolute values were obtained from fitting the dataset

of the recent IS457 campaign of May 2009. The reference ratio based on 2008 data is

+5.591(1).

I A(Si12)/A (P3p)
3/2  15.64+0.02
5/2  45.73+0.02
3/2 +5.96 +£0.04
5/2  15.62+0.04

Table 7.20: Relative intensities for the Py, — S| /5 transition of ’1"*8! Ga, normalised
toN|.Nj :F=3—=F =2;N,: F=2—=F =2,N3:F=1—F =2;N;: F =2 —
F'=1;Ns:F=1—-F =1,Ng:F=0—F =1.Addoneto F and F' if  =5/2 is

considered.
Peak Racah (I =3/2) Racah (I =5/2) "1Ga Ga 81Ga
Ni 1 1 1 1 1
N, 0.35 0.43 0.434+0.03 0.42+0.01 0.5140.06
N3 0.07 0.12 0.094+0.01 0.07+0.01 0.3040.04
Ny 0.35 0.34 0.394+0.03 0.43+0.01 0.4740.06
N5s 0.35 0.43 0.354+0.03 0.32+0.03 0.5540.06
Ne 0.14 0.33 0.114+0.01 0.18+£0.03 0.3440.05
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7.5 Optical pumping simulation

In order to understand the changes in the relative intensities of the hyperfine transitions
observed during the gallium experiments, and the change of the resonance centroids
in 72Ga with laser power, an optical pumping model was developed by the author of
this thesis. The model is an extension of the original work of Yordanov [116], and
is based on the semiclassical approach and weak-field approximation [42]. The main
change made in the original formalism was the addition of hyperfine “leak” states,
corresponding to decay from the Sy, level into the P, energy level, when exciting
the P35 — Sy, transition. Following the notation of Yordanov, the time evolution of

the electronic population occupancies of each my substate is given by the rate equations

g—1 g1
Ni = =Ni ) (Aij+Dyj)+ Y} NiDij,  0<i<g -1 7
j=0 Jj=0
_ g1 g1
N, = Y NjAji+Dji)—N; Y Dji, §—-1<i<g-—1,
j=0 Jj=0

where g’ = (21 + 1)(2J 4 1) is the degeneracy of the upper state and g is the total de-
generacy, which also includes the leak state. A;; is the Einstein spontaneous emission
coefficient of either the resonant transition or of the leak state, which can be readily
obtained from the lifetime of the atomic transitions multiplied by 3 — j and 6 — j sym-
bols [117], and is shown by Equation 7.8. For the S, — P35 decay, T=9.72 ns and

for the Sy, — Py, decay, T=20.3 ns.
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QEANEEAD@ED fi; B V(R 1 R (7.8)
ij T F oJi 1 —mp; Amp mp, .

The D;;j(Dj;) matrix elements are related to the Einstein B;;(B;;) stimulated emis-
sion/absorption coefficients' times the radiation spectral density p(v). The latter quan-
tities are directly related to the optical absorption cross section (see Equation 3.3 ) and

the laser intensity (W/m?), as shown by Equation 7.9.

o(v)I

Djj=B;jp(v) = v

(7.9)

The saturation intensity for the Py, — S/, transition is Iy ~ 250 W/m? [103]. The
laser was linearly polarised, which implies Amr = 0 for the absorption of radiation.
The decay is unrestricted with respect to the polarisation of the emitted photons, there-

fore Amr = %1, 0. The final fluorescence decay rate R is given by

R= ) NAj (7.10)
0<i<g’
g'<j<g—1
The system of coupled first-order differential equations 7.7 was integrated numeri-
cally using the fourth-order Runge-Kutta method with fixed step size. The routine was
written in C, with some features of C++, and executed in the ROOT framework. The
integration was performed in two steps. First, the atoms interact with the laser from

the point they are formed in the charge-exchange cell (see Figure 4.4) until the sample

reaches the detection setup and passes in front of the light interaction region. In terms

IThe Einstein A and B coefficients are related by : A;j = Sﬂcifgi I
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Table 7.21: The change in the FWHM of the resonances for different laser intensities.

I (W/m?) FWHM (MHz)
30 35.360 +0.003
60 37.979 +0.002
120 44.237+0.002

of distance, this corresponds to ~ 35 cm. If "1Ga ions are accelerated by 30 kV, then
the time-of-flight corresponds to 1.22 us. The second integration occurs for the sample
passing in front of the photomultiplier tube, which is equivalent to an extra integration
time of approximately 200 ns. During this time, the total decay rate is computed cu-
mulatively. The model also incorporates the effect of a residual Doppler broadening
caused by 1 eV energy spread of the ion beam, by numerically convoluting atoms with
different velocity classes. Figure 7.26 shows the simulated spectra of /! Ga for different
laser intensities. The simulated spectra were fitted with the same programme used to
analyse the real data. From the fits, the widths of the resonances were obtained, and

tabulated on Table 7.21.

It is important to mention that for the lowest intensity used in the simulation (30
W/m?), the model gives a FWHM = 26 MHz, if the residual Doppler broadening
is neglected. This is indeed close to the transition natural line. Experimentally, the
narrowest linewidth observed was 48.9 2.3 MHz for 0.11 mW laser beam passing
through a ~ 3 mm collimating aperture, which would correspond to a power density

of ~ 20 W/m?.

It is also instructive to investigate the change in the absolute values of the transition
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Figure 7.26: Simulation of the hyperfine structure for 7' Ga on the for the Ps 2= S1)2

transition, for different intensities.
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Table 7.22: The simulated relative intensities of "'Ga(l = 3 /2) for different laser in-

tensities. The errors on the relative intensities are small (~ 1072).

Peak Racah 30 W/m?> 60 W/m? 120 W/m?
Ny 1 1 1 1

N, 035  0.367 0.376 0.394
Ny 007  0.078 0.086 0.099
N; 035  0.368 0.379 0.397
Ns 035  0.351 0.345 0.335
Ne 014  0.143 0.144 0.146

strengths, as well as the relative intensities. These are directly related to how the
electronic populations of the hyperfine levels evolve as a function of pumping time
and laser intensity. As an illustrative example, Figure 7.27 shows the results for the

changes in populations for strongest transition, F =3 — F' = 2.

Relative intensities

The optical pumping model offered some insights in understanding the observed changes
in the relative intensities. For the simulated spectra shown in Figure 7.26, the relative
intensities obtained from the y> minimization are tabulated on Table 7.22. Qualita-
tively, the simulation is in good agreement with the results shown on Table 7.20 for
71Ga. Another outstanding feature that arises from this exercise is that the commensu-
rate increase on the relative intensity of N3 with the power density is correctly repro-
duced by the modelling.

The optical pumping model was also used to investigate the hyperfine structure

of ”?Ga. The simulation was performed for different intensities in a similar way to
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7IGa. However, the simulation fails to reproduce the shift on the transition centroids
for an increase on the laser intensity. The reason for the disagreement between the
model and experimental data is not yet understood. Furthermore, the model cannot
explain the relative intensities of the data taken on the first round of measurements. It
is believed that the experiment was performed with intensities beyond saturation, since
higher laser intensities were then used (more power and tighter focus were applied). In
addition, a poor ion-optics setting in the first experiment could be the cause of a non-
uniform atom-laser overlap, so that different groups of atoms would start interacting
with the laser at different points in space. Therefore, in a more realistic model, a careful
convolution of the time distribution of the optical pumping would have to be taken into
account. On the basis of this study it is recommended that in the case of overlapping
hyperfine structures with the same atomic structure such as gallium, care must be taken
with the laser power used. If a reference isotope exists with a well-resolved hyperfine
structure, it would be desirable to make a measurement with the lowest possible laser

power in order to recover Racah relative intensities.

7.6 Summary

The analysis of the dataset obtained in the first round of experiments of the 1S457
campaign allowed most of the spins and the hyperfine coupling constants to be unam-
biguously determined. For the scans performed on both transitions, the simultaneous
fitting approach was rather beneficial for the determination of the hyperfine coupling

constants. The second experimental campaign helped to clarify some pending issues
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Table 7.23: Table summarising the measured hyperfine structure coupling constants of

Ga isotopes. No brackets after the values indicate the parameter has been constrained

in the fitting process.

A A (Pr)2) A (S172) A (P3)2) B (P3)2)
(MHz) (MHz) (MHz) (MHz)
67 3/2 +12258+23 +980.3+1.6 +176.3+1.1 +734+3.3
68 1 +11.6 +9.3 +1.7 +10.8
69 3/2 +10709+0.5 +191.9+0.2 +61.74+0.7
70 1 +562.5+0.6 +448.5+0.6 +76.94+2.8 +28.9+9)
71 3/2 +1701.7+0.2 +1358.04+0.19 +2429+0.1 +39.05+0.33
72 3 —43.7+0.4 —35.5+0.3 —6.35 +197+6
73 1/2 +412.8+1.3 +328.6 1.2 +60.14+1.2 —
74 (3) +12.9 +10.3+0.4 +1.85 +189.6 £8.6
4) 4103 182403 1147 42269+73
75 3/2 +973.5+1.3 +1743+0.6 —102.9+1.8
76 2 —374.6+1.5 —66.4+0.6 +117.2+£29
77 3/2 +1341.7+22 +1070.5+1.5 +191.7+£0.7 —77.1+2.5
78 2 —607.6+0.9 —484.91+0.8 —869+0.5 +4119.7£24
79 3/2 +695.8+1.5 +556.1£1.2 +100.1+£1.2  +55.3+4.2

related to ">7°Ga. The optical pumping model was helpful in order to clarify the

origin of the changes in the observed relative intensities. Table 7.23 summarises the

results. From the hyperfine constants obtained, the nuclear moments can be promptly

extracted. The next chapter will discuss these results in more detail.
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CHAPTER 8

DISCUSSION

8.1 Ground-state spins and nuclear moments

From each hyperfine coupling constant obtained from the fits of the data presented in
the previous chapter, the corresponding moments were derived using Equations 2.19
and 2.20, and using "' Ga as reference. For the determination of the magnetic dipole
moment, a weighted average was performed between u(Py») , u(S; /) and u(Ps ),
except when the ratios between the magnetic hyperfine coupling constants were fixed.

Tables 8.1 and 8.2 summarise the results.

8.2 The odd-A nuclei
Magnetic dipole moments

The magnetic dipole moment, y;, which first appeared in Equation 2.10 is now formally

defined as the expectation value of the T!(n) operator in a state with maximum M;

projection, | IM; = 1)

= (| T (n) | 11), (8.1)
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Table 8.1: Table summarising the measured moments of the odd-A Ga isotopes. No
sign next to the numbers indicate that the sign of the moment was unknown. Previously
published data taken from [18].

Previous work This work
A I" p(nm) Qi) [ p(nm) Qy(b)
67 3/2° +1.8507 0.195 3/2 +1.8483 +0.1981
+0.0003 +0.005 4+0.0022  +0.0091
69 3/2° +2.01659 +0.17 3/2  +2.0211 +0.1675
40.00005 +0.03 4+0.0009  +0.0024
71 3/2° +2.56227 +0.106 3/2 — —
40.00002 +0.003
73 3/2° — — 1/2  40.207 0
+0.005
75 3/2° — — 3/2 +1.8370 —0.2793
4+0.0023  +0.0055
77 3/2° - — 3/2  42.0201 —0.209
4+0.0021  £0.007
79 (3/27) — — 3/2  +1.0485 +0.15

+0.0016  £0.01

where the operator Tl(n) has contributions from the orbital (L) and spin (S) terms

which comes from the currents of the individual nucleons! [12]:

T! (I’l) = :UNZ(glan,n + gsnsz,n)- (8.2)
n

The constant uy = % is the nuclear magneton, where m,, is the proton mass. The
14

terms g; and g, are the orbital and spin gyromagnetic ratios, or g-factors. For a free

proton g; = +1 and gz = +5.585694713 + 0.000000046, whereas for a neutron g; = 0

I'This operator omits meson exchange currents. For a detailed discussion, see [118], pg. 18.
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Table 8.2: Table summarising the measured moments of even-A Ga isotopes. No sign
next to the numbers indicate that the sign of the moment was unknown. Previously
published data taken from [18].

Previous work This work

A T p(nm) Qy(b) ! p(nm) Qy(b)

68 1" 0.01175 0.0277 1 — —

+0.00005 4+0.0014

70 1" — — 1 +0.5644  40.078
4+0.0004  +0.024
72 3~ —0.13224 +0.52 3 —0.13396 +0.53
40.00002 +0.01 +0.00005  +£0.01
74 (3,4) — — (3) +0.03138 +40.51
+0.00011  £0.02
(4) +0.03303 +40.61
4+0.00012  £0.02
76 (2,3)F — — 2 —-0.941 +0.3181
4+0.0034  +0.0083
78 (31) — — 2 —1.22 +0.325

+0.01 +0.007

and g, = —3.82608545 £ 0.0000009, [119]. For a nucleus in a state with angular
momentum /, u; = g7luy, where gj is the nuclear g-factor. In terms of a single nucleon

the operator u is given by

p="T"(n) = uy(gij: + gs5:) /I (8.3)

For j =1+s, it can be shown [12] (p. 154) that

g+ (gs—2)/2]uw, for j= 1+ 1/2,
o >_{ g — (85— 21)/2% j/(i+ D]y, forj=1-172. ®4)
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The values obtained from Equation 8.4 are the Schmidt estimates for the magnetic-
moments in a single particle picture. However, this is a rather simplified picture which
only works in a small number of cases. In fact the nuclear currents produced by other

nucleons should also be taken into account and therefore effective g-factors need to

ree

17 [12]. Using a renormalised gﬁf - +3.34 for

be used. Typically g5’/ = 0.6 x g3
the proton, the measurements of the ground-state spins of 67:6%71.75.77.7Ga can some-
what be accommodated in the framework of the nuclear shell model, in which the three
valence protons occupy the single-particle T p3/, orbital. Figure 8.1 shows the mag-

netic dipole moments of the neighbours of odd-A gallium isotopes, whose ground-state

spins are [ = 3/2.

The experimental values of the magnetic moments of gallium fall slightly below
the values of its odd-A copper neighbours, except for N = 44, when the moment of
gallium becomes higher than for copper, and N = 42 when the gallium ground-state
spin is not 3/2. A comparison between odd-A copper and gallium isotopes reveals an
increase in the magnetic moments, approaching the Schmidt line for N = 40. This is
expected, because as the neutrons completely fill the fp shell (at N = 40), there is no
first-order core polarization contribution from the neutrons (the spin-orbit partners v
P1/2:P3/2 and vV fs 5, f75 are filled, therefore 1p — 1h excitations are blocked) and the

pure T p3, configuration should dominate.
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Figure 8.1: The magnetic dipole moments in the vicinity of odd-A gallium isotopes.
Only the isotopes with I = 3/2 are included. The error bars are small compared to
the symbol size. The moments for copper and arsenic are taken from [18, 120]. The
theoretical shell model values using the GXPFI interaction were taken from [121].
The value of the magnetic moment of BCu (N =44) is an unpublished value of recent
collinear laser studies performed with ISCOOL [22].
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Electric quadrupole moments

The spectroscopic electric quadrupole moment, Q;, which appeared in Equation 2.13
is a measure of how much the nuclear charges deviate from a spherical distribution.
It is defined in terms of the expectation value of the T?(n) operator in a state with

maximum M; projection, | IM; = I)

Q, = (I | T*(n) | II), (8.5)

where the operator T?(n) = py(ry)r3 Y5 (0,0), with py the nuclear charge density. For

a point particle, the quadrupole moment becomes [12]

(2I—1)¢

2
iz (86

Os=7F

where € is an effective charge, which results from truncations in the model space and
from the introduction of effective operators and (r?) is the nuclear mean square charge
radius. The negative sign occurs for a particle orbiting outside a closed shell. The
positive sign corresponds to a hole. The first possibility gives an oblate deformation,
whereas the second one leads to a prolate deformation. The result from Equation 8.6
has been used as an estimate of the quadrupole moment, using the radial dimension
of a single particle (hole) in a three-dimensional harmonic oscillator potential (see
reference [122], pg. 209), with N = 3. The effective charge was taken to be é ~ e.
From this estimate Qg = 0.11 b. With this simple shell model assumption, the sign

of the Qy is explained for N < 40 from a proton hole configuration, since (T p3 /2)3 =
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8.2 The odd-A nuclei

(T p3 /2)_ I Itis also instructive to consider whether the gallium isotopes are deformed.
In this case, the nucleus is considered to have an intrinsic quadrupole moment Qg. The
spectroscopic quadrupole moment is then the projection of Qg along the quantization

axis. Both quantities are related by [19]

37 —I(I+1)

T+ 12132 @7

Qs =

The intrinsic quadrupole moment does not depend on the nuclear spin and is often
parametrized as a function of a deformation parameter 3 [19]
_ 3ZR2

—ZB(1+0. .
Qo NG (140.36B), (8.8)

where Z is the number of protons and R, = 1.2 A3 fm. For well-deformed nuclei,
B=0.2—0.3[11]. Using as an estimate for gallium (/ = 3/2, A~ 70 and B = 0.1)
gives 05 = 0.12 b, which is comparable to the single particle estimate for the T p3/»
proton. Using B = 0.2 gives Oy = 0.24 b. This suggests that the gallium isotopes
are indeed near spherical, and therefore it encourages shell model calculations to be
performed in this region. Figure 8.2 shows the evolution of the measured quadrupole
moments of odd-A gallium isotopes, in addition to the theoretical calculations using
GXPF1 interaction [121].

The figure shows a drop in deformation as the N = 40 subshell is filled, which
gives a single-particle character to the configuration. This complements the conclu-
sion drawn from the analysis of the magnetic moments. Again, the theory correctly

reproduces the observations up to N = 40.
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Figure 8.2: The electric quadrupole moment of odd-A gallium isotopes. The blue lines
are the single particle estimates for a harmonic oscillator potential. The green lines
are estimates for a nuclear deformation | B |= 0.2. The GXPF]1 theoretical values were
taken from [121].
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The present study of the odd-A gallium isotopes produced results which corrob-
orate the recent findings of Stefanescu and collaborators [123], which were based on
the analysis of high-spin data detected with the GAMMASPHERE array. The authors
have identified a g9/, proton band and observed a systematic lowering of 17 /2,13/2,
9/2 levels as the sub-shell is filled at N = 40. For 73Ga, however, the authors were
unable to make an unequivocal ground-state spin assignment, despite observations of
a severe depression of the high spin states. Theoretically, a recent work by Yoshinaga,
Higashiyama and Regan showed that by including the fp shell and the g9/, orbital in
shell model calculations designed to understand the high-spin data on 7>-77-79Ga, they
could correctly reproduce the trend which shows an I = 1/2 level decreasing in en-
ergy as N approaches 42 [124], as shown by Figure 8.3. The authors also managed to

correctly assign the ground-state spin of 7°Ga.

8.3 The even-A nuclei

In the case of the odd-odd nuclei, the nuclear g-factor, and hence the magnetic dipole
moment can be tentatively estimated from the coupling of a proton occupying an orbital
with angular momentum 7 J; and a neutron occupying an orbital v J,, with g-factors,
g1 and g;. In this picture the possible total angular momenta for a nucleus follow the
triangular relation and can assume values from | I —J | ... 7+ J. To illustrate this point,
a simple vector model is shown by Figure 8.4. For J = J; +J2 and p = gJ in units of

uy, it follows that
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Figure 8.3: Results of recent shell model calculations compared to high-spin data on
neutron rich gallium isotopes. Taken from [124].

Figure 8.4: The coupling of two nucleons with angular momentum J; and J; to a state
with angular momentum J.
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8.3 The even-A nuclei

g = | } (3.9)

|J
|ty | cosO1+ | 2 | cos O
|/ ]

=

J- - J-J2
= g |Ji| D | 292
sl 7 tee 2 ey

g1+8 L 818 Ji(+1)=Dh(h+1)
2 2 JI+1)

The equation derived in 8.9 is the Landé formula [125]. Likewise, the quadrupole
moments can be estimated from additivity rules using an expression involving 3 — j
and 6 — j symbols, which can be found in reference [12], for example. The resultant
nuclear spin J will depend on the relative orientation of the individual spins and in

some cases it can be predicted using Nordheim’s empirical rules [126]:

J :|J1—J2’, if Ly +J;+Ly+Js is even, (8.10)

|1 —h|< J <Ji+Jh, ifLi+Jy1+Ly+J;iso0dd. (8.11)

The measured values of the moments for odd-odd gallium isotopes are more dif-
ficult to reconcile with a simple single-particle picture, because there is more than a
single particle (hole) occupying the proton and neutron orbitals, and therefore the oc-
cupancy of each nucleon could be such that j; # J;. In this case, the use of recoupling
rules for the total angular momentum such as the seniority scheme is necessary [125].
Notwithstanding, using Nordheim’s rule 1 (Equation 8.10) the spins and parities of
68,70Ga are consistent with Tt p3 2@V fs;p and T p3 /5 ®V py/; configurations. How-

ever, the moments of these isotopes cannot be explained by Equation 8.9. For instance,
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in the case of "’Ga (I = 17), if the protons were arranged as in 3] Gas (I = 3/27,
u = +2.56 uy) and the neutrons as in §£G639(1 =1/27, u=+0.54 uy), the resultant
moment from the Landé formula would be +2.32 uy, which compares poorly with the

measured value (+0.56 uy).

For the case of "?>Ga, its ground-state spin has negative parity. It is this isotope
that marks the onset of deformation. This should be understood by the fact that the
V 892 orbital is starting to fill. The ground state spin of this isotope is in agreement
with the revised empirical rule (R3) of Brennan and Bernstein [127], which states that
J=Jh+h -2 formwp;,,®V (gg /2)7 /2. However, the magnetic moments are not in

such good agreement ( ey = —0.13396 +0.00005 uy, temp = —0.47 uy).

The data obtained from the laser measurements of "*Ga permits ambiguities in
the ground-state spin assignment between / = {3,4}. The problem in fitting the data
is compounded by the possible presence of a 9.5 s 0T isomer in the spectra. How-
ever, fitting the spectra for either spin configurations led to the conclusion that the
quadrupole moment was large and positive. Turning to other experimental evidence,
it is possible to constrain the value of I, ;. The observation on the B decay of 74Ga
to *Ge with the subsequent Y de-excitations of the daughter made by Ythier and col-
laborators [106] in 1959 led them to suggest that the ground-state spin of "*Ga could
be 2 <1 < 5. Later, Eichler ef al. in 1962 suggested that / =4~ or / =5~ would
be good candidates. In their work, the authors argued that this assignment would be
consistent with the absence of strong beta decays to the first and second 2" states in

74Ge. Camp, Fielder and Foster [111] in 1971, this time using high purity germanium
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8.3 The even-A nuclei

detectors, which improved the resolution of the observed yrays also suggested the pos-
sibility of I = {37,4~}. Finally, the last decay study involving "*Ga was performed
by van Klinken and Taff in 1974 [128]. In this work, the authors compared their ex-
perimental results to calculations performed by Schwartz on jj coupling including an
unrestrained number of protons and neutrons in the orbitals [129]. The authors could
then build a theoretical level ordering based on a residual proton-neutron interaction,
which led them to suggested more assertively that / =4~ was the ground state for a
neutron configuration of v (gg /2)9 /2 00V (gg /2)7 /2 or a mixture of both. In the present
work, the simultaneous fitting procedure on both atomic spectra described in the pre-
vious chapter, indicates that the = {2,5} possibilities could be ruled out. With the
accumulated body of experimental data presented it is therefore plausible that 7*Ga has
a I = 4 ground-state spin assignment.

As for 7%78Ga, the ground-state spins had only been tentatively assigned based on
decay studies. The observation on the B decay of "°Ga to "°Ge made by Camp and
Foster [130] led them to suggest that the ground-state spin of 7°Ga could be / = 3.
However, in observing the decay of 7°Zn to ®Ga, Ekstrom and collaborators [112]
suggested that the ground-state spin of 7°Ga would be I = 2%, Similarly, B decay
studies of "8Ga to 78Ge made by Lewis ef al. [113] and later the study led by Wohn
et al. [114] on the decay of 78Zn pointed to three possible ground-state spins for "8Ga
: I =27,3% or 4=. Using the log ft values?, they ruled out I = {2,4} as potential

candidates, and were led to conclude that / = 3% was the ground state spin of "Ga.

%log ft is the comparative half-life. This concept appears in the Fermi theory of beta decay. For a

brief introduction to this theory, see Krane [11].
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The hyperfine structure measurements of the present work were able to resolve this
matter, and it was found that the ground-state spin assignment of 7978Ga isotopes was
I = 2. It is likely that this state has negative parity that arises from a coupling of
T f52®V (g9 /2)3 as suggested for 7>Cu [131]. However, a firm parity assignment has
to be made in connection with the decay scheme of these isotopes, and perhaps the
schemes might also have to be reinterpreted. The data on the quadrupole moments
also revealed that 7®78Ga have to a good approximation the same underlying nuclear
structure. The quadrupole moments for both isotopes show a relative decrease with
respect to '>7*Ga, which is an indication of a drop in collectivity as N approaches 50.
It should be noted that the only existing shell model calculation on the moments of
odd-odd gallium isotopes was carried out for ®®Ga, by Honma et al. [121] using the
GXPF1 interaction. Regrettably, the sign of the quadrupole moment for %8Ga is not
known, but in absolute terms this interaction is able to indicate that ®3Ga is almost

spherical( Qxp, = 0.0277£0.0014 (b), Ogxpr1 = —0.013 (b)).

8.4 The region landscape

The results presented in this work offer a complementary view to the existing body of
knowledge which has been so far accumulated in the region. For instance, when the
data on the nuclear moments are seen in connection with recent mass measurements
that span N = 28 to N = 50 [132-134], as shown in Figure 8.5, it seems that N =40 is

still a valid sub-shell for gallium.
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Figure 8.5: Two neutron separation energy (S2,) close to N = 40. 100% means that
the (S»,) calculation was made with two new measured masses, whereas 50% means
that the value used for one of the two masses was taken either from JYFLTRAP or
ISOLTRAP measurements and the other value was taken from the AME2003 [135].
Courtesy of Ari Jokinen [136].
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On the whole, in order to summarise the abundance of data available for this region,
Figure 8.6 puts into perspective the recent achievements. Of the many outstanding
features of this chart, it is important to stress the change in parity for the ground-state
of Ge and Ga at N = 41, which indicates that the neutrons are occupying different
harmonic oscillator shells. This is a manifestation of the fact that the fp shell is a
rather transitional region, since there are strong single-particle and collective effects
which coexist. Gallium in particular poses more difficulty for theoreticians since it
has 3 protons outside the Z = 28 core. This thesis has produced a wealth of new data
on spins and moments for neutron-rich gallium isotopes, where neutrons are filling
the gg/> shell. It is hoped that these results will stimulate theoretical effort to extend
the shell model into this region. Experimental results will also soon become available
on changes of the mean-square charge radii, which is an additional measure of shell
structure effects. The correlations between the radii and quadrupole deformations (Qy)
will be interesting to see. Though still scarce, more data are becoming available on the
B(E?2) transition probabilities, which hopefully will help to complete the picture of the

evolution of the nuclear structure in this region.
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CHAPTER 9

CONCLUSIONS AND OUTLOOK

In the course of this Ph.D. research, ISCOOL was commissioned off-line and on-line
at CERN-ISOLDE. The results of the off-line commissioning showed that ISCOOL
performed in compliance with its design specifications. The result of the on-line
commissioning presented in this work constituted a first demonstration of bunched-
beam spectroscopy at CERN-ISOLDE. The first on-line experiment using cooled and
bunched beams at ISOLDE ran successfully in July 2008 on neutron-rich gallium iso-
topes. The programme set to measure the neutron-rich copper isotopes ran subse-
quently in the summer of 2008. The spectra obtained from these two experiments al-
lowed several ground-state and isomeric spins and moments to be determined. In May
2009, the programme of measurements for the IS457 proposal was completed. From
these recent measurements, it was possible to confirm the moments and ground-state
spin assignments of the neutron-rich gallium isotopes obtained in the previous run,
and presented in this thesis. In addition, these measurements spanned neutron-rich
gallium isotopes beyond the N = 50 neutron magic number, adding new information
on the spins and moments of 72:80:80m81.82Ga  From this dataset the isotope shifts of

69,71,72,73,74,75,76,77,78,79,80,80m,81,82 G will be reliably obtained. It is also planned that
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the gallium programme will be extended to the neutron-deficient gallium isotopes, and
an addendum to the original IS457 proposal is being drafted. In terms of ISOLDE ma-
chine development, in 2009 it is planned that the “kick™ extraction of the ion bunches
will be investigated with ISCOOL. In this method, the last three DC segments of the
ion trap can be pulsed, improving the time focusing of the ion bunch. In the near
future, ISCOOL will be of fundamental importance for the Manchester-led collinear
resonance ionization spectroscopy beam line (CRIS), which is under construction at
ISOLDE, and will allow experiments with unprecedented sensitivity and yet with the
high resolution required for hyperfine structure studies in the optical region. Indeed,
ISCOOL has opened new avenues to perform optical measurements across a much

wider area of the nuclear landscape.
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