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Abstract

The measurements that will be presented investigate the neutron-de�cient polo-

nium isotopes in the region ofA = 195 � 199, with a special emphasis on195Po

and 197Po. These isotopes were produced at ISOLDE/CERN and delivered to

the ISOLTRAP experiment where mass measurements and� -decay spectroscopy

were performed. The decay-spectroscopy studies were carried out for the �rst

time at ISOLTRAP with the support of the multi-re
ection time-of-
ight mass

spectrometer (MR-TOF MS). The masses of(195;197)g;mPo were measured pre-

cisely with Penning-trap mass spectrometry, from which the state ordering and

the energy of the 13/2+ states in 195;197Po were determined for the �rst time.

Furthermore, the state ordering and the energy of the 13/2+ state in lead, radon,

and radium were obtained through� -decay chains. The new data complete the

knowledge of the energy systematics in this region. The presented mass mea-

surements provide information on the behaviour of the 13=2+ states in the lead

region nearN = 104, which remain excited states.

Additionally, 195Po half-life measurements were performed in isobarically pure

conditions. The resulting 195gPo half-life value is in agreement with the one in

the literature, with improving in the precision of the value, whereas the195mPo

half-life value is signi�cantly smaller than the literature value.
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Chapter 1

Introduction

In the neutron-de�cient lead region, nuclei aroundZ = 82 and below N = 126

are known for the phenomenon of shape coexistence [1{4]. In these nuclei, shape

coexistence arises from (particle-hole) excitations of protons across theZ=82

proton closed shell to an intruder state. The intruder states have a lower exci-

tation energy than expected from the single-particle excitation picture. Shape

coexistence has been discussed extensively within the shell model description by

K. Heyde and co-workers Ref. [1, 5, 6], where it has been concluded that it arises

from a combination of factors including: pairing, monopole, and quadrupole in-

teractions. The deformation is found to be maximum atN = 104, where the

�i 13=2 orbital is partially depleted. Here the proton-neutron interactions between

proton pairs and valence holes in the�i 13=2 orbital are expected to be maximal

[7{12]. An interesting example of shape coexistence in this region is186Pb nucleus

[7], where spherical and deformed nuclear con�gurations are found to compete

all at an energy below 700 keV.

According to the shell model, the normal ordering of the low-lying states of odd-A

isotopes in this region, starting from theN = 126 closed shell and moving down

until reaching the mid-shell (N = 104), would be as follows: 3p1=2, 2f 5=2, and

3p3=2, before reaching the high-spin 1i 13=2 orbital, see Fig. 1.1. Thus, the sequence

of the spin and parity of the ground state in these isotopes start from 1/2� , vary

over, 5/2� , 3/2 � , and then reach a spin and parity of 13/2+ , when N < 114.

17



18 Chapter 1 Introduction

The single-particle shell-mode orbits in this region are shown in Fig.1.1. Such

a situation is similar to what we have in the odd-A Sn nuclei. The shell model

suggests that the high-spin 1i 11=2 orbital gives rise to a 11/2� ground state for

nuclei from A = 121 to A = 132, yet this is only observed for theA = 123 to

A = 127 nuclei (i.e., N = 73 to N = 77) [14, 15]. Based on this observation, it

would be expected that the 13/2+ state is the ground state at a lower neutron

number beyond the mid-shell. This, however, is not the case: experimental data

in the odd-A isotopes (namely Pb, Po, and Hg) demonstrate that the high-spin

13=2+ state is higher in energy and is degenerate with the low-spin 3/2� state

halfway between the shell-closuresN = 82 and N = 126 [16{18]. The pairing

e�ect plays an essential role in lifting the high-spin 13=2+ state above the low-

spin 3=2� state. The energy gain from pairing increases linearly with increasing

j [19]. Therefore, the 1i 13=2 orbital is one with a large pairing energy compared

to the single-particle orbitals near 3p3=2 orbital, implying that when removing

a couple more neutrons from theN = 126 core, neutrons tend to form pairs

within the 1i 13=2 orbital. This will keep the ground state in the odd-neutron

sequence away from having a single-particle (or hole) in the 1i 13=2 orbital. Thus,

the precise ordering will be in
uenced by the pairing energy in an orbital against

the energy separation to the next higher-lying neutron orbital. Consequently, in

the region with N � 116, the normal ordering for most of the ground states will

be inverted. The 13/2+ state can remain an excited state over a long chain of

isotopes and the valence neutron will occupy the 3p3=2 orbital if the single-particle

energy di�erence between these two orbitals is smaller than the pairing gain in

the 1i 13=2 orbital.

Similarly, a competition between the neutron 13=2+ state and 3=2� state was also

observed in even-A thallium ( Z = 81), bismuth (Z = 83) and actinium (Z = 85)

isotopes [20{22] where the level spacings between states decrease with smaller

N . The isomeric states 7+ (10� ) that arise from �s 1=2 
 �i 13=2 (�h 9=2 
 �i 13=2)

con�gurations were found to be above the ground states 2� (3+ ), that originate

from �s 1=2 
 �p 3=2 (�h 9=2 
 �p 3=2) con�guration, by about a few keV.
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Figure 1.1: The spherical shell model orbitals in the lead region according to
the experimental data on 207Pb [13]. The orbitals are �lled to represent 195Po.
The 13/2+ and 3/2� states are determined by which orbital is occupied by the

valence neutron.

The 13=2+ state has been investigated in previous studies, however, information

about the level spacing between this state and the 3=2� state is not complete near

N=104, especially in odd-A lead and polonium isotopes. Most importantly, it is

not known whether the 13=2+ state ever becomes the ground state nearN =104

as the single-particle shell model would suggest.

In this regard, the measurements of the energy of the 13=2+ state are of interest

to bridge the gap in the knowledge and to track the evolution of the nuclear

structure in the lead region. As no decay path exists between these states, the

excitation energy can be obtained by measuring the mass values of the isomeric

and ground states with high precision. The masses of the isotopes of interest

were thus measured with the ISOLTRAP mass spectrometer at CERN-ISOLDE,

having relative uncertainties of 10� 8 [23, 24]. The identi�cation of the investigated

state was needed prior to the mass measurements of each individual state. This

was achieved by using a combination of the Resonance ionisation Laser Ion Source

(RILIS) [25{27] with complementary � -decay spectroscopy studies.
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In this thesis, the state ordering and excitation energy of odd-A polonium iso-

topes were revealed for the �rst time. The polonium isotopes were produced

at ISOLDE/CERN [28] and transported to ISOLTRAP for measurements. The

measurements contained two steps:� -decay measurements that were performed

to identify the spin of the nuclear state, and mass measurement on the state of

interest. The isomeric puri�cation process was carried out with the combination

between ISOLTRAP's MR-ToF MS [29, 30] and ISOLDE's RILIS. In addition,

the extracted information from both measurements allowed the determination of

the state ordering and excitation energies in odd-A lead, radon, radium through

� -decay chains.

This thesis is organized as follows. Chapter 2 brie
y displays the basics nuclear

physics that are related to this work. Chapter 3 discusses the operating principles

of the Penning trap and how it is used by the ISOLTRAP experiment for beam

puri�cation and mass measurements. The experimental setup of the ISOLTRAP

facility is presented in Chapter 4. Since the ISOLTRAP's MR-TOF MS assisted

the � -decay spectroscopy for the �rst time, some modi�cations to the ISOLTRAP

beam-line were needed. The transmission-e�ciency simulations and detection ef-

�ciencies of the decay-spectroscopy system are presented in Chapter 5. Chapter 6

discusses the data analysis and the results for each investigated states. In Chapter

7, the results of the half-life measurements that were performed at ISOLTRAP

for 195(g;m)Po are presented. Finally, a summary of the results presented in this

work is given in Chapter 8.
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Chapter 2

Basic principles of Nuclear

Physics

For a better understanding of the nuclei properties, their structure can be de-

scribed by using mathematical models. In this chapter, two basic types of simple

nuclear model are brie
y discussed. The macroscopic liquid-drop model, which

describes the nucleus as a collective body with no individual nucleon state, while

the shell model gives a description for individual nucleons in discrete energy

states.

2.1 Liquid-drop model

The liquid-drop model [33] is one of the �rst nuclear models that was proposed

to describe the nuclear properties. In some aspects, the similarity between the

nucleus and a the liquid drop helps to explain global behaviours of nuclei such as

nuclear masses, nuclear �ssion and binding energies. The liquid-drop model led

to a formula that approximates the nuclear mass which is known as the \semi-

empirical mass formula" (is based on the Bethe-Weizaecker formula) [34{36]:

22
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B(Z; A) = avA � asA
2
3 � ac

Z 2

A
1
3

� aa

(N � Z )2

A
+ � (Z; A)

(2.1)

where � (Z; A)

8
>>><

>>>:

> 0 A even Z and N even;

= 0 A odd Z or N odd

< 0 A even Z and N odd:

The �ve parameters in Equ. (2.1) are: the volume, surface, Coulomb repulsion,

asymmetry, and paining [37]. The �rst three terms that contribute to the binding

energy of nuclei are produced from the analogy between the nucleus and the

liquid-drop [34, 35]. The attempt to explain the odd-even staggering phenomenon

of the binding energy and the additional binding in nuclei withZ = N , led to

the correction to the formula [37, 38], in which the last two terms, asymmetry

[36] and pairing, were added.

The binding energy of nucleiB (A; Z ) is de�ned as an energy that is needed to

separate all the nucleons that form a nucleus. It is expressed in terms of the

atomic massM a:m as follows [39]:

B (A; Z ) = ZmP + NmN � M a:m (A; Z ) + Zme � Be(Z ): (2.2)

M a:m (A; Z ) is the experimental atomic masses,mP;N are proton and neutron

masses, andBe(Z) is the binding energy of electrons.

2.2 Shell Model

The shell model is a quantum description of the nuclear structure. It is based on

the assumption that each nucleon moves independently in a potential produced by

the interaction with all other nucleons in the nucleus. The appropriate potential

to produce the nuclear shell structure is the Woods-Saxon potential, which has an
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intermediated form between the square well and the harmonic oscillator potentials

[39],

V(r ) =
� V0

1 + e(r � R0 )=a
: (2.3)

Here, V0 is the potential depth, R0 is the radius of the nucleus,R0 = r0A1=3,

r0=1.25 fm, and a � 0.5 fm. This version of potential produces the �rst three

magic numbers (which are 2, 8, and 20), but not the higher ones.

In 1949 M. Mayer, D. Haxel, J. Jensen and H. Suess [40{42] proposed to add

an extra term in the nuclear potential that describes the spin-orbit interaction

Vos(r ). The Vos(r ) term re-orders the energy levels and gives the correct magic

numbers at which the higher shell closures occur. One of the major e�ects of the

Vos(r ) term is that the splitting in the energy levels increases proportionally to

(2l+1). The energy levels resulting from Woods-Saxon potential and spin-orbit

contribution are illustrated in Fig. 2.1.

According to the shell model, the energy levels of protons and neutrons are in-

dependent and characterised by quantum numbersnlj . The maximum number

of protons or neutrons in each level is given by (2j + 1), j = l + s. The shell

model also predicts spin (j ) and parity ( � = � 1l ) of nuclei in the ground state.

In even-even nuclei, all nucleons are paired and so, for each pair, the angular mo-

menta couple and then the nucleus will have zero spin and even parity. In case of

odd-odd nuclei, there is an unpaired proton and neutron. Thus, the total spin of

the nucleus will be the sum of the total angular momentum of these two unpaired

nucleons. The parity is determined by (� 1)l1+ l2 , l1 and l2 are the orbital angular

momenta of the remaining unpaired nucleons. In odd-A nuclei (whether Zor N

is odd), the extra-unpaired nucleon, a valence nucleon, determines the spin and

parity of the ground state and other properties. The excitation of the nuclei, from

the shell model perspective, requires to excite nucleons from one energy level to

another. The spin and parity of the nucleus will be changed according to the new

energy level that is being accommodated by the excited nucleons [39, 43].
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Figure 2.1: Protons and neutrons orbitals. The left column shows the magic
numbers and energies of the Woods-Saxon potential. The spin-orbit coupling
in nuclei leads to a split in the levels betweenj = l � 1=2 as shown on the

right.
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2.3 Collective model

The collective model [44, 45] combines some of the features of the liquid-drop

model and the shell model. It was proposed to explain certain nuclear properties

such as the excitation of high mass nuclei. The spherical-shell model confronts a

di�culty in describing the low-energy spectra of many heavy nuclei that have the

neutron or proton numbers away from the magic numbers, in particular with 150

. A . 190, and A&224 [46]. The excited states in these regions are formed from

collective motions of many nucleons, as opposed to the prediction of the shell

model: individual nucleons move to another orbit. According to the collective

model, the excitations of the nuclei can be the result from two di�erent types of

collective motion: vibrational motion, in which the nuclei vibrate about spheri-

cal or ellipsoidal shape (shape oscillations), and rotational motion of the entire

nucleus [39]. The collective behaviour of nuclear states at low excitation energy

is associated with a deformation in the surface. More speci�cally, a surface of

nucleons deforms from spherical shapes. The shape of the deformed nucleus is

described by the nuclear radiusR(�; � ). For axially symmetric nuclei [39]:

R(�; � ) = R0
�
1 + � 2Y 0

2 (�; � )
�

; (2.4)

whereR0 as de�ned in Eq. (2.3), andY 0
2 (�; � ) is the second-order spherical har-

monic. � 2 is the quadrupole deformation parameter. It describes how deformed

the nucleus is, positive� 2 value corresponds to the prolate shape, and the negative

� 2 corresponds to the oblate shape [39].

2.4 Shape coexistence in the Pb region

Shape coexistence is a phenomenon where di�erent nuclear shapes based on dif-

ferent con�gurations can be found in one nucleus at low energy [1]. It is observed

in the neutron-de�cient lead region (Z = 82) when moving down fromN = 126 to

N = 104. A well-known case is the186Pb nucleus at the mid-shellN = 104. Two
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coexisting con�gurations (oblate and prolate) have been observed in addition to

the spherical ground state 0+ within less than 700 keV [7].

According to the spherical shell model description, shape coexistence can be

explained through the so-called intruder states. The intruder orbitals are a result

of the interaction between proton and neutron orbitals. In heavy nuclei, where

there is a su�cient number of valence protons and neutrons, there is a large

overlap between these orbitals. This improves the proton-neutron interactions

which, in turns, decreases the excitation energy of the intruder state and leads to

particle-hole excitations across a shell closure. The lowering of the energy level is

linearly increased when the number of valence neutrons becomes large [1]. The

attractive proton-neutron interactions can polarize the nucleus, thereby creating

a signi�cant deformation.

In neutron-de�cient lead nuclei, shape coexistence occurs when a pair of protons

are scattered intoh9=2 orbital, and thus forming intruder con�gurations [1]. For

186Pb, one expects that the energy required to excite one proton pair from the

closedsd shell to the h9=2 orbit, which is above the shell closure, is� 7 MeV (ob-

tained from one proton excitation in208Pb, which is determined experimentally

as 3.9 MeV, [47]). However, the observed excitation energy of the intruder states

is less than 7 MeV as in186Pb. Therefore, the di�erence in proton single-particle

energies between two major shells needs to be corrected by including other fac-

tors, such as pairing and proton-neutron interactions gained from the change in

the proton con�gurations outside the inert core. The energy of the� (2p � 2h)

intruder con�guration can be described with these corrections by [1, 6]:

E intr (0+ ) = 2( E j � E j 0) � � Epairing + � Emonopole + � Equadrupole ; (2.5)

where 2(E j � E j 0) � 7 MeV. E j and E j 0 are the proton single-particle energies of

j and j
0

orbit, respectively. The large contribution to the intruder energy comes

from the last term [6], which represents the attractive quadrupole proton-neutron

interaction. The strength of proton-neutron interaction increases with valence

neutron space and then reaches the maximum as the mid-shell is approached.
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This results in lowering the excitation energy of the intruder state, and thus

reducing the shell gap.

In this picture, the �rst excited state in 186Pb results from the � (2p � 2h) con-

�guration �h 2
9=2, and corresponds to oblate shape, while the second one comes

in through � (4p � 4h) con�guration �h 4
9=2, and leads to the prolate shape. The

spherical ground state has a� (0p � 0h) regular con�guration [1].

A similar mechanism can be used to describe the intruder con�gurations, with

regard to change in the proton con�guration in Hg , Po and Pb isotopes. Accord-

ing to the Eq. (2.5), the intruder energy in oddN -evenZ nuclei will be a�ected

by proton con�gurations and their interaction with the neutrons, which comes in

through the monopole and quadrupole terms [1].

2.5 Radioactive decay

Unstable nuclei are known to exhibit a radioactive decay which is a process where

the nuclei emit radioactive radiations such as� particles, � particles or 
 rays.

In this process, the probability of a radioactive nuclide decaying goes according

to [39]:

A(t) = A0e� �t : (2.6)

Here, A(t) is the measured activity andA0 is initial activity. A(t) is de�ned as

� N /� t, where � N is the change in the number of nuclei. The half-life (t1=2),

which is the time required to reduce the number of radioactive nuclei by a half,

can be determined from the decay constant (� ) as follows [39, 48]:

t1=2 =
ln 2
�

: (2.7)

Note that 1/ � has the dimensions of time. The half-life of radioactive isotopes can

vary from less than microseconds to millions of years. For example, the half-life

of 212Po is 0.3� s, while 40K has a half-life � 1:3 � 109 years [49, 50].
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The radioactive process aims to reduce the energy of the nuclei by either trans-

muting the energetic nuclei (parent) into other stable nuclei (daughter) through

the emission of� or � particles, or by de-exciting the nuclei by emitting
 rays.

2.5.1 Alpha decay

In heavy elements with a proton numberZ > 82, the binding energy per nucleon

(B=A) decreases due to Coulomb repulsion, which grows asZ 2. Thus, the nuclei

with high A mass tend to decay toward lighter nuclei by releasing an� particle

in an attempt to reach the region of stability. In � decay, the nucleus relieves two

protons and two neutrons, which is essentially a nucleus of helium. The nucleus

mass reduces by 4 units of mass as the daughter nucleus is emitted [39]:

A
Z PN ! A� 4

Z� 2 DN� 2 + Q � + �: (2.8)

Generally, a parent nucleus can decay from ground state through� emission

to either ground or one of the excited states of a daughter nucleus. As the

� particle has 2 neutrons and 2 protons, they are paired to zero intrinsic spin

momenta. Therefore, the total angular momentum is totally obtained by the

orbital momentum l � , which is in the rangej I i � I f j� l � �j I i + I f j, I i (I f ) is

the angular momentum of the initial (�nal) state. If the initial and �nal states

have di�erent parities, � i 6= � f , then the parity of � emission is odd and vice

versa [39]. The energy Q� that is released in the decay process is given by [39]:

Q� = (m P � mD � m� )c2: (2.9)

This decay energy will be shared between the� particle and the daughter (heavy

recoiling), thus, the � -particle energy will be a bit less than Q� [39]:

T � =
AD

(AD + 4)
Q� ; (2.10)
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Figure 2.2: The potential energy diagram of� particle. The kinetic energy of �
particles emitted from nuclei ranges from 4-10 MeV. Therefore, it is impossible
classically for the � particle to overcome the Coulomb potential height Vb (�
28 MeV for 238U). However, the � particle is able to tunnel from r=R to r=R

0

and escape, when r> R
0
, with an energy E� .

whereAD is the atomic mass of the daughter. The� -particle energy is typically

4 to 10 MeV, however, this energy is small compared to the energy needed to

overcome the electrical repulsion and exit the nucleus which is around 28 MeV

in 238U element for example. The quantum mechanic theory nicely explains the

emission of the� particle through the tunnelling e�ect (see Fig. 2.2). Inside

the nucleus, where r< R, the nucleons are con�ned to an attractive potential well

(short range force). Outside the nucleus r> R, the nucleons are subject only to

the long-range Coloumb potential. The nucleons randomly come together as an�

particle (2p and 2n with particle-wave feature), tunnel through the barrier well,

become free of the nuclear attraction, eject away from the nucleus by repulsion

force, and then appear on the other side as� particles [39, 48].
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2.5.2 Beta decay

Unstable nuclei may reach the line of stability by the emission of the� particle.

The � -decay process involves three type of emissions: beta-negative decay (� � ),

beta-positive decay (� + ) or electron capture (EC) [39]. The conversion of a

neutron into a proton or vice versa inside the nucleus is the basic way to describe

this process. In the� � emission, a neutron converts to proton and electron as

follows [39]:
A
Z P ! A

Z+1 D + � � + � e: (2.11)

We can write � + emission in analogous to the� � process [39]:

A
Z P ! A

Z� 1D + � + + � e: (2.12)

In the EC process, the atomic numberZ (neutron number N ) is decreased (in-

creased) by one [39]:

A
Z P + e � ! A

Z� 1D + � e: (2.13)

The � decay includes transmutations among isobars, at which theA remains

constant in any of the three� emissions andZ changes by one [39].

2.5.3 Gamma decay

Gamma decay is often associated with� or � decay. When a nucleus is formed

in a high-lying state, it decays to the lower states and releases its extra energy by

emitting photons. The 
 -ray energy corresponds to the energy di�erence between

the initial and �nal nuclear states (neglecting the recoil energy) [39]:

E
 = E i � Ef (2.14)
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The total angular momentum of the photonI can take any value betweenj I i � I f j

and j I i + I f j, with the exception that I can not be zero.

Two di�erent transitions can be classi�ed between nuclear states; electric and

magnetic transitions. The parity � of the photon is subject to selection rules

depending on the type of transition and the angular momentumI [39]:

� =

8
<

:
(� 1)I for electric transitions;

(� 1)I +1 for magnetic transitions:

The angular momenta and the parity of the initial and �nal nuclear states will

determine the type of transition. If the two nuclear states have the same parity

� i = � f then, even angular momentumI characterises the electric, while the odd

angular momentumI characterises the magnetic. In case of the two nuclear states

have di�erent parity � i 6= � f , the transition is electric for odd I , and magnetic

for evenI [39, 48].

2.5.4 Internal conversion

Another electromagnetic process, which could compete gamma emission, is what

is known as internal conversion. Nucleus in this process de-excites to the ground

state by transferring its energy to the orbital electron (usually K- electron) [39].

The energetic electron will then be ejected from the atom and another electron

that occupies a high energy level will �ll the vacancy. This results in X-rays

emission due to the di�erence in energy between the two levels. The electron will

be emitted with an energyEe less than the excitation energyE � by an amount

equals to the binding energy of the orbital electronEB .

As this decay process competes with gamma emission photons, one can de�ne

the ratio between these process as follows [39]:

� =
Ne

N

; (2.15)
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where � is the internal conversion coe�cient, Ne is the number of decays via

internal conversion andN 
 is number of decays via gamma rays [39].
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Chapter 3

Ion traps for mass measurements

and beam puri�cation

The ISOLTRAP mass spectrometer at ISOLDE/CERN was used to determine

precisely the masses of Po isotopes, which will be described in this work. ISOLTRAP

currently consists of four ion traps [23, 24]. They use either static or radio-

frequency electromagnetic �elds to con�ne radioactive ions in a well-de�ned vol-

ume, allowing their study for a time limited only by their decay half-life and hence

achieving high precision measurements. For this work, three of the four ion traps

were used for beam preparation and puri�cation and one for mass measurements.

In the following, their basic operating principles will be presented

3.1 Ion motion in a Penning trap

A Penning trap is considered a useful tool to determine the atomic mass of a

con�ned ion [51, 52]. The con�nement of the ion in thexy-plane can be achieved

by a homogeneous magnetic �eld~B. In addition, the ion is trapped in the z-axis

direction by means of an electric quadrupole �eld. In practice, the electric �eld

is produced by a set of three electrodes, a central one called a ring electrode and

the other two are called end caps (as shown in Fig. 3.1). Correction electrodes

35
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Figure 3.1: Hyperbolic and cylindrical Penning trap con�gurations are illus-
trated on the left. The right diagram shows the three motions of the ion in

the Penning trap.

are added to achieve a very precise quadrupole potential (as shown in Fig. 3.1 for

a cylindrical-shaped trap). The magnetic �eld is added by inserting the electrode

set in a very homogeneous superconducting magnet.

This results in di�erent motions of the ion in the Penning trap: a cyclotron

motion, a magnetron motion, and an axial motion in thez-axis direction. The

two former motions give a radial epicyclic orbit inxy-plane. The three motions

are illustrated in Fig. 3.1.

Assume a particle with a mass ofm, carrying a chargeq and placed in a magnetic

�eld ~B. This particle will move in a cyclotron orbit due to the Lorentz force~F Lor

[52]:

~F Lor = q(~v � ~B): (3.1)

The cyclotron motion is periodic, with a cyclotron frequency given by:

! c =
q
m

B ẑ: (3.2)

In an ideal Penning trap, the ion will be con�ned axially by an electrical force

produced by the quadrupole potentialU(z; r) [52]:
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U(z; � ) = Udc
(2z2 � � 2)

4d2
; (3.3)

� 2 = x2 + y2; (3.4)

whered2 = 1
4(2z2

0+ � 2
0) stands for the so-called \characteristic trap dimension" and

is given in a hyperbolic Penning trap (such as the precision trap of ISOLTRAP)

by the constantz0 and � 0 at the minimum axial and radial distances, respectively.

Udc stands for the voltage di�erence that is applied between the end caps and the

ring electrode.

The equations of the ion motion can be derived starting from the Lorentz and

electrical forces that act on the ion in the Penning trap as follows [52]:

~•r =
q
m

(~E + ~v � ~B): (3.5)

Using ~B = B ~ez, and de�ning the electric �eld in terms of the quadrupole poten-

tial, U(z; � ), as ~E = � ~r U(z; � ), Eq. (3.5) can be reformulated as [52]:
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: (3.6)

The equation of the axial motion has the following structure:

•z + ! 2
zz = 0: (3.7)

This equation represents a simple harmonic motion, with an axial frequency! z:

! z =

r

Udc
q

md2
: (3.8)
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The radial components can be written using the de�nition of the! c and ! z, as

follows: 0

@
•x

•y

1

A � ! c

0

@
_y

� _x

1

A �
1
2

! 2
z

0

@
x

y

1

A = 0: (3.9)

The solution of the Eq. (3.9) shows that the radial motion combines two circular

motions (cyclotron and magnetron motion) with the following eigenfrequencies

[52]:

! � =
1
2

[! c �
p

! 2
c � 2! 2

z ]; (3.10)

where ! � and ! + are the magnetron and reduced cyclotron frequencies, respec-

tively. They satis�ed the following relation [52]:

! c = ! + + ! � : (3.11)

Three important relations for the Penning trap mass spectrometry can be deduced

from Eq. (3.8) and Eq. (3.10):

� The magnitudes of the radial and axial frequencies have the following order:

! � < ! z < ! + : (3.12)

� In order to achieve the ion con�nement the quantities! 2
c � 2! 2

z and qUdc

must be real. The use of the Eq. (3.2) and Eq. (3.8) results in the condition

of a stable con�nement from which the minimum magnetic �eld can be

determined [52]:

qB
m

> 2
Udc

d2
: (3.13)

� The Taylor expansion for the Eq. (3.10) results in the following expressions:
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! � �
Udc

2dB
; (3.14)

! + � ! c �
Udc

2dB
; (3.15)

it follows, to the �rst order, that the magnetron motion is mass-charge indepen-

dent.

3.2 Excitation modes of the ion motion in the

Penning trap

In the Penning trap, the ion motions can be controlled by applying radio fre-

quency electric (rf) �elds, namely dipolar and quadrupolar �elds, to the elec-

trodes. Two excitation modes are used to either eliminate unwanted ions (iso-

baric mass separation) or to couple di�erent ion motions. The dipolar �eld is

accomplished by applying a rf voltage to the ring segments with opposite phase

on opposite segments (see Fig. 3.2, left panel). It can be utilized to remove an

undesired ion from the trap [23]. Depending on the frequency of the applied �eld,

it is possible to excite the magnetron or the reduced cyclotron motion.

The magnetron motion of ions can be excited when a dipolar rf �eld, with! d = ! �

is applied. The excitation of the magnetron motion increases the magnetron orbit

of all ions with di�erent masses and then removes them from the trap centre. If

only one ion species needs to be driven away from the trap centre, then a dipolar

rf �eld with ! d = ! + has to be applied [23].

The quadrupolar excitation is achieved when a rf �eldUq, with a frequency ! q,

is applied to the ring segments with the same phase on opposite segments (see

Fig. 3.2, right panel). This excitation mode aims to convert the ion motion from

one radial mode to another. A full conversion, from one radial motion to another,

can be accomplished when! q matches the cyclotron frequency! c = ! + + ! � [54].
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Figure 3.2: A dipolar excitation is obtained by applying the rf �eld to two
opposite ring segments and a quadrupolar excitation is obtained by applying

the rf �eld to all rings segments, in quadrature.

The conversion process takes some time and it depends on the amplitude of the

applied quadrupole voltage [23]:

Tconv /
1

Uq
: (3.16)

The conversion of the initial magnetron motion into a cyclotron motion a�ects the

radial energy of the ions. The orbit of the magnetron motion becomes smaller,

while at of the cyclotron motion increases, until, for full conversion, it becomes

equal to the initial magnetron orbit, see Figure. 3.3. Due to the much higher

cyclotron frequency, the radial energy is this way signi�cantly enhanced [23].

3.3 Mass-selective bu�er-gas centring technique

in the Penning trap

The so-called mass-selective bu�er-gas centring technique employs a rf �eld, to

excite the ion motions, and a bu�er gas (typically is the helium gas at low pressure

of the order of a 10� 5 mbar) to cool the ions and then damp the axial and radial

ion motions. The radial cooling is also employed as a means to separate the ions

of interest from others species [23]. In this technique, the ion motion can be
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Figure 3.3: The conversion between the two radial motions due to quadrupole
excitation. (a) illustrates the magnetron motion at the beginning of the con-
version process. (b) shows a full conversion from one radial motion to another

when ! q = ! c.

excited with a dipole excitation at ! � . This excision mode leads to an increase

in the magnetron orbit for all ions, since the frequency! � is in �rst order mass-

charge independent. To separate the ions of interest from other ion species, a

quadrupole excitation at a cyclotron frequency of! c has to be applied. The

quadrupole excitation couples the two radial motions and resonantly converts

the magnetron motion into the cyclotron motion. Consequently, the orbit of the

magnetron motion of the ions of interest is reduced with a concomitant expansion

in the orbit of the cyclotron motion (the cyclotron motion is much faster and will,

therefore, induce many more collisions with the helium gas, hereby damping the

motion faster for the excited ions than for the non-excited ions). This increase

in cyclotron motion will be damped due to the helium gas. Therefore, the ion of

interest will be driven to the centre of the trap, as shown in Fig. 3.4(b), while

the unwanted species remain on a large orbit [23, 55].



42 Chapter 3 Ion traps for mass measurements and beam puri�cation

Figure 3.4: The ion motion in a bu�er-gas-�lled Penning trap. (a) shows a
decrease (increase) in the orbit of the cyclotron (magnetron) motion results
from the ion-helium collisions. (b) shows the mass-selective centring where

both motions (cyclotron and magnetron) are simultaneously decreased.

3.4 Cyclotron frequency measurements

The time-of-
ight ion-cyclotron-resonance (ToF-ICR) method [56] is employed at

ISOLTRAP to measure the cyclotron frequency of the ion [57]. In the TOF-ICR

method, the ion is released from the precision Penning trap and guided towards

a micro channel plate (MCP) detector, which is placed at a distance out of the

magnetic �eld strength. The time-of-
ight (ToF), starting from the center of the

trap until reaching the MCP, can be measured and allows sensing the response

of the detected ions excitations applied while they were trapped [23].

Assuming that the ions in the Penning trap are �rst excited by a dipolar excitation

and then by a quadrupolar excitation with frequency! q = ! c, the magnetron

motion will be turned into the cyclotron motion. The conversion between the

two radial motions leads to an enhancement in the radial kinetic energyEr since

! + � ! � . Due to the radial motion, the ions will possess a magnetic moment�

when they are ejected from the Penning trap and exit the region of the strong

magnetic �eld ~B [23]:
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Figure 3.5: Schematic of the 
ight path of the ion after ejection from the
Penning trap. In ToF-ICR technique one measures the ToF of the ion from
the center of the trap to the MCP through the magnetic �eld gradient [56].

� �
Er

B
: (3.17)

In this region, the radial energy will be converted to an axial energy under the in-


uence of the force~F resulting from the magnetic-�eld gradient [23] (see Fig. 3.5):

~F = � ~� � ( ~r ~B) = �
Er

B
@B
@z

ẑ: (3.18)

The time that is required for the ion to travel from the center of the trap to the

MCP is given by [23]:

T(! q) =
Z z1

0

r
m

2(E0 � qU(z) � � (! q)B (z))
dz: (3.19)

Here the initial kinetic energy (magnetic �eld) in the z-direction is represented

by E0 (B (z)), while U(z) represents the electrostatic voltage [23]. In Eq. (3.19)

we already expressed the general case, in which the conversion frequency is not

necessarily equal to the! c of the ion and hence the magnetic moment can take

di�erent values, depending on the degree of conversion.

Figure. 3.6 shows the ToF resonance of133Cs+ , in which the minimum ToF is

observed in the resonance case! q = ! c. The minimum ToF follows from the fact

that the radial energy has its maximum value at! q = ! c, and thus the � (! q) will
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Figure 3.6: The ToF-ICR resonance of133Cs+ . The cesium isotope was pro-
duced o�-line (in preparation for the polonium run) by using the ion source at
ISOLTRAP. The cyclotron frequency was measured withTq=1.2 s. The pink
line represents the �t of the experimental data to the theoretical model [57].

be maximum according to Eq. (3.17). Conversely, the non-resonant excitation

! q 6= ! c leads to a smaller magnetic moment and hence shows an increase in the

ToF.

It must be noted that the precision of the cyclotron-frequency measurement de-

pends on the full-width-at-half-maximum (FWHM) of the peak, which itself de-

pends on the length of the duration time required for the quadrupole excitation

(Tq) [58]. Therefore, the resolving power of the precision traps obeys the following

equation [23]:

R =
� c

� � (FWHM )
=

m
� m

� � c � Tq: (3.20)

Here, � c = ! c=2� and � � is the spectral width of the peak. Longer excitation

time is used to reduce the width of the resonance peak and enhance the resolving

power [59]. However, in the case of short-lived radionuclides, the possibleTq of

the excitation is limited by the half-life of the ion of interest. The radioactive

decay process will likely take place if the ion half-life is shorter thanTq. As

a consequence of that, the number of ions will be reduced [23]. In addition,
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collisions with rest gas molecules can limit the resolution for long excitation

times. This is dependent on the vacuum quality in the Penning trap and requires

the whole system to operate at pressures better than 10� 8 mbar.
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Chapter 4

Experimental setup of

ISOLTRAP

4.1 The radioactive ion beam source at ISOLDE

The Isotope mass Separator On-Line Device facility (ISOLDE) at CERN is dedi-

cated to producing a variety of radioactive ion beams [61]. The experimental hall

of ISOLDE is shown in Fig. 4.1 [60]. The radioactive elements are produced by

protons, with a kinetic energy of 1.4 GeV, coming from the Proton-Synchrotron-

Booster (PSB). The accelerated proton impinges on a thick target, e.g., uranium

carbide UCx , [28, 62]. The radioactive products resulting from the nuclear reac-

tions are stopped in the target material. In order to release them, the target is

heated to a temperature of 2000� C, which facilitates the processes of di�usion and

e�usion from the target material into an ionisation cavity. The ionisation process

is accomplished by using one of three ionisation techniques: surface ionisation

[63], plasma ionisation [64] and laser ionisation with RILIS [25{27]. The last

method is an element-selective, providing a beam with a superior purity. During

the ionisation procedure, unwanted nuclides can also be ionised (by surface) and

contaminate the ion beam. These contaminants can be removed by magnetic

mass separators. At ISOLDE, there are two mass separators: the high-resolution
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Figure 4.1: The schematic view of the ISOLDE facility at CERN. A thick target
is bombarded with 1.4 GeV protons from the PSB. Proton-induced reactions
in the target lead to the production of di�erent isotopes. The isotopes are
then ionised, separated with HRS or GPS and then forwarded to di�erent

experiments. The ISOLTRAP experiment is shown on the left [60].

separator (HRS) [65] and the general purpose separator (GPS). They are di�er-

ent from one another in design and resolution. The HRS is con�gured with two

magnet mass separators, thus achieving a high resolving power ofR = m=� m

up to 5000. The GPS has one magnetic mass separator withR � 1200. Starting

from the ion source, the ion beam is accelerated to 30-60 keV and transported

through the separator to di�erent ISOLDE experiments [66].

4.2 The ISOLTRAP facility

The ISOLTRAP facility is situated at ISOLDE (CERN). It is dedicated to mea-

sure the masses of nuclei with a relative precision down to�m=m � 10� 8 [23, 24]

and resolving power up to 106 [23]. The ISOLTRAP experiment is composed

of: a radio-frequency quadrupole (RFQ) trap [67] for preparing ion beams; two
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