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Introduction

Nuclear structure information is of particular importance at the limits of nu-
clesr existence. Exactly thers, at the extranes of excitation energy, By, total
nuclear angular momentum, J, neutron number, N, and proton number, £, new
curiosa are axpacted to appesr. This thesis focusss on a detailed study of nu-
clear metastable states, the so called 'isomeric’ states, at high excitation energy
and high anpular momentum. Due to their long life times these isomeric states
provide the opportunity to extract directly detailed information on the basic nu-
clear properties, i.e., their proton-neutron confipuration and their deformation.
Several reasons may cause a delay in the nuclear decay of an excited state. It
is difficult for them either to change their shape to match the states to which
they are decaying, the 'shape isomers’, or to change their spin, the ’spin traps’
or to change their spin orientation relativwe to an axis of symimetry, the ' K-traps’
[Wauldd]. Usually the long-lived states in atomic nuclei are dassified accordingly.

Ther long life times make the isomers fascinating objects to study. The first
question to address is: are the states isomeric because they have to chanpe their
shapa, their spin or the orentation of their spin ¥ Furthermors, the life times
pive access to otherwise inaccessible pieces of information. They allow isomers
to interact with the magnetic fidds and for electric fislds in their surroundings.
By studying the magnetic dipole interaction the nuclear magnetic dipele moment
can he extracted and, in & similar way, the spectroscopic quadrupole moment can
be extracted from the study of the slectric quadrupels intaraction. Both nuclaar
moments help us to understand the structure of the nucleus. The magnatic

moment, 4, is a fingerprint of the orbitals which are occupied by the nudeons
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2 Introduction

which did not pair off to spin {§ and their proton-versus-neutron character. The
spectroscopic quadrupole moment, £),, provides information on the deformation

of the nucleus. A spherical nucleus, e.g., has £, = 0 in its ground-state.

Since: the mid-dghties the Leuven group of Prof. R. Coussement has beon de-
veloping several techniques, the so-called level mixing techniques [Cou8lh, Schi§,
Har§lh, Nay04, Coufl], to messure nuclear moments, conesntrating on nuclear
quadrupole moments., (One of the varants, the level mixing spectroscopy tech-
nique (LEMS), which is explained in chapter 2, is sspecially suitable for measur-
ing quadrupole moments of high spin isomers, although also other information,
which is valuable for other fields of physics, such as electric fisld pradients, can
be extracted. This thesis illustrates the wide variety of possible applications of
the LEMS technique and its extensions and variants, with the emphasis on the
nuclear structure information which can be derived from a LEMS experiment.

The critical reader might wonder why such efforts haw: been made to be
able to extract nuclesr deformations. Chapter 1 shows in detail how in the
diffarent regions of the nuclear map the deformation plays a erucdal role for the
understanding of the nuclear properties. The entry point is simple. In the vicinity
of the closed shells (similar to the atoms a shell structure exists in nuclei and
full proton and/or nautron shells give the nuclous extra stability) the nucleus is
sxpected to be nearly spherical. If both the proton and the peutron oumbear are
far away from the closed shells the nuclsd are deformed. Wherens the excitations
of clesed shell muclel are mainly determined by exciting the individual nuclaons,
a deformed, axially symmetric oudeus can also rotate as & whole about an axis
that is perpendicular to its symmetry axis. As this is a rotation of an asymmetric
charge distribution, it is referred to as ‘electric rotation’. Quantum-mechanically
there is no collective rotation ahout the nuclear symmetry axis bacause the time
evolution would result in a system that is indistinpuishable from the original.
The: latter is the resson why a spherical nucleus cannot rotate.

Nevortheless, sawwral sxperimental discoveriss reveal that this picturs is owr-
simplified. In the Ph nuclei, e.g., which have a closed Z = 82 proton shell and,
therefore, are thought to be nearly spherical, rotational bands have been discov-
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Int roduction 3

ered [Bal9l, Ami({]. This has led to an extension of the concept of rotation
in quantal systems. Not an asymmetric charpe distribution, but an asymmetric
current distribution allows these nucleai to rotate [Fra(a]. Hence the name 'mag-
natic rotation’ has basn adopted for these excitations. However, an immediate
guestion that nesds to be addressed is whather these rotors are indesd nearly
spherical.

Another interesting phanomenon in closed shall nuclai is the ocourrence of
particle-hole excitations across the shell pap which are surprisingly low in energy
[VD84, Hey83, Woo32]. Now it is understood that these excitations involw: the
so-called 'intruder orhitals’. These orbitals reduce their energies compared to the
corresponding spherieal shell medel enerpy when the nueleus takes a deformed
shape. Furthermore, 2particle-2hcole excitations across the shell gap are enarget-
ically favored compared to the {odd particle)-{odd hole) excitations. E.g., it has
recantly besn discovared that the 2particle-2hols and 4particle-dhole sxcitations
across the Z = 82 shell gap in Pb are the first excited states in this nucleus
[And{¥)]. This indicates that, apart from the ddformation, also the pairing plays
a crucial role in thase excitations. Howewer, despite of thea fact that the deforma-
tion is one of the two important parameters for the understanding of the intruder
states, only for a few of them the deformation has besn determinasd experimen-
tally in the Pb region [Bou8h, Wal87]. Section 1.1 treats in some more detail the
physics background behind the intruder states.

The interplay between the deformation (i.e., the long range part of the nucleon-
nucleon interaction) and the pairing (i.e., the short range part of the nudeon-
nucleon interaction) is also important far away from the closed shells. For exam-
ple the momeant of inartia of a collective rotor is less, by a fuctor of J, than the
rigid body walue. This is due to the pairing correlations betwesn the nuelaons.
The ground-state is a superposition of % paired configurations. This pairing of
two fermions is similar to the electron-electron pairing in superconductors. Su-
perconductivity in metals can be quenched by heat and/or magnetic fislds. The
analogues in nuclei are internal excitation energy and collective rotation. The

main difference between nuclei and superconducting metals is the number of par-
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4 Introduction

ticles. The limited number of particles males that no sharp phase transition
takes place, but that the pairing is reduced step-by-step. The question arises
how many pairs need to bresk up before all pairing correlations are fully blocked
[Wauldg]. The way to learn something shout pairing in nuclsi is by axtracting
experimentally the moment of inertia which depends on both the pairing and the
deformation. Yet, direct measuraments of the deformation of collectiw: rotors are
a must for a thorough study of the pairing correlations in nuelai.

Suction 1.4 explains how A -isomers and magnetic rotors can be described
theoretically by the tilted axis cranking (TAC) theory. In thess calculations the
nuclsus is allowed to rotate around an axis that is tilted away from the princdpal
axes of the nucleus. Both the A-isomers and the mapnetic rotors rotate in such
a way. This will be explained in sections 1.2 and 1.5, respectively.

One of the major nuclear physics goals of this work is to determine experimen-
tally the spectroscopic quadrupole moment of a magnetic rotor. Howewer, this is
not straightforward due to the short life times of the states involved. Therdfors,
we have measured the spectroscopic guadrupole moment of the W*Ph{F™ = 117}
shape isomer, which has the same ?rl[ﬂsl_fﬂlhgﬁlim fg}u_ proton confipuration as
sugpested for the J = 16~ mapnetic rotational bandhead. This result allows &
deduction of the spectrescopic quadrupols moment of a magnetic rotational band-
head. Also the deformation of the " Ph{f™ = 117} isomer by itsalf is interesting,
because of the intruder confipuration of the isomer.

The puclear reaction to produce 8Pb isomers has besn chosen such that
also the "™Pb{J™ = 117) isomer has been populated. Besides the (F* = 117)
shape isomer the 981%1Ph isctopes contain the J™ = 127 spin trap. Both of
them influence the LEMS curwe. The analysis of the transitions in '**Ph pro-
vides an excellent experimental test for the LEMS formalism, taking into ae-
count the perturbations due to two isomers. This formalism has besn applied for
the first time in practice to extract the spectroscopic quadrupole moment of the
Y¥1Ph({J™ = 117) isomer. This information was otherwise not accessible in our
series of expariments. Experimeantal and theoretical results on the Ph iscmears are

discussed in chapter 3.
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Int roduction 5

The next chapter shows the experimental results on the spectroscopic quadrupole
moment of the '™ W({I* = K¥ = 35/27) isomer. Five unpaired nucleons are the
building blodks for the "*W{I™ = K™ = 35/2~) K-trap. This makes it a suitable
isomer for studying the reduction of the pairing correlations in moclai. The usual
way to do it is by extracting the moment of inartia of the rotational band built
on this A -trap and comparing it with the moment of inertia of the pround-state
band. 5S¢ far, it is usually assumed that the deformation of the pround-state
and the isomeric state are the sames. Howewwr, is this a valid assumption? The
9W{I" = K™ = 35/27) is an extra interesting case because its life time is much
shorter than predicted by its A-trap character [Wal01)].

The quadrupole moments are determined by measuring ther interaction with
an electrie field pradient provided by a erystalline material. The Pb nuelsi were
implanted in 2 Re lattice and the W nuclsi in a T lattice. The choices of these
lattices are well motivated as explained in chapters 3§ and 4. The aelactric fidd
pradients of Pb in Re and W in Tl ware not known before this work was initi-
ated and are hence new solid state results. Therdfore, chapters § and 4 contain
a section discussing the electric field pradients in Re and in TI, respectively. In
addition the dectric field gradient in T1 is strongly temperature dependent. Sub-
section 4.4.2 explains how a variant of the LEMS technique, the 'invwerted LEMS
technique’ allows the determination of the temperature dependenes of the slectric
field pradient. Such an experiment was performed for the first time.

The quadrupole moments, obtained from the several experiments, have besn
compared with shell model ealenlations, taling into account the interaction be-
twexm the valence nucleons and the underlying core, and TAC calculations. They
reveal the importance of measured quadrupole moments to test the current no-

clear modals.,
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Chapter 1

Physics motivation

1.1 Deformed nuclei near the closed shells

Rutherford’s scattering experiments [Rutll] revealed that the atom consists of
a small positively charged muclens and electrons which move around the nueleus
in an almost empty space. The nudeons in the nuclens are kept toputher by
the strong interaction. However, until today the exact potential of the nudeon-
nucleon interaction within the nucleus is not fully understood. Thearsfors, the
hest cne can do at this point is describing the nuclear potential by a well chosen

approximation.

1.1.1 The nuclear shell model

The nuclear shdl modeal [May4§] is probably the most famous approach for the
nuclear many body problem. One of the strongest motivations for the formula-
tion of a muclear shell model comes from the occurrence of the so-called magic
numbers 2, 8, 20, 28, 50, 82 and 126. Nuclai with a magic proton and/or neu-
tron number are exceptionally strongly bound. This is proven experimentally by,
e.g., the single-particle separation energy or the binding enargy as derived from
the nudear masses. Therefore, because of the analopy with the atomic situa-
tion where inert noble pases exist, a model has besn dewloped with the basic

assumption that the nucleons mowe independently from each other in an averape

7
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8 Physics motivation

potential created by themselws. As a potential V' {r) a square well, harmonic os-
cillator, & Woods-5axon [Woohd], or & modified oscillator potential [Nil5h, Gus67]
is often chosen!. Important is the introduction of an extra interaction, the spin-
orhit eoupling oc I. £, in order to reproducs the experimental magic oumbers. It
arises from the coupling of the orbital angular momentum, f: and the intriosic
anpular momentum, &, such that 7= I+2 A negative proportionality constant
assures the experimentally obsarved fact that the § =1 + 1/2 lovels are lowered
in energy while the § = { — 1/2 levels are pushed up. Each spergy lewsl in the
shell model is labaled by the quantum oumbers (N, {, 7}, with N the princpal
oscillator quantum oumber, and «ach j-shell is {27 + 1) depenerate [Rin0).
Quantitatively the Hamiltonian can be written as [Nil35]
7.2

h= _Eﬂ + V{r). (1.1}
Most commonly the Woods-Saxon potential is used, because it reproduces well the
experimentally observed density distribution of the nuclaons within the oucleus
[Rin&0)]. Induding the spin-orbit term, the potential tales the form [Woobd|

Vo

T+ cop o

Vir) = Vig+ Vs = ((r)i- §—

where {{r} = }Lé%, r is the radial distance from the centre of the potential and
a 15 & paramseter that determines how sharply the potential decresses to zero at
the nuclear radius Ry, In practical applications the Woods-Saxon potential has
the disadvantapge that it cannot be solved analytically, except for the { = () wave.
This is contrary to the modified oscillator potential, which can be expressed as
[Gus67, NilG5]
1
2
in which p = @r and

g e 41A7LA[L+ %{N; £

1,N-2Z
g R 41A—lf-‘[1—§{ =

!Tn her original paper Mayer consilered the square well and the harmonic oscillator, noting
that a well with roamded corners will have a behaviour in between these two potentials [May45].

Vigo = = hugd® — nhiag 208 + o — (B a)] (1.3)

)] MeV for neutrons

)] MeV for protons. {1.4)
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1.1 Deformed nnclel near the closed shells B

{1%} is the expectation value of I averaged over one major shell with oscillator
gquantum number N. The {F — {I*} ) contribution ensures that within one ma-
jor shell the levels with higher {-values are shifted downward. It has the ofect
of interpolating betwaen the pure harmenie csecillator and the square well and
is hence approximating the Woods-5axon shape. The parameters & and p are
adjusted such that the observed energy lewels in the vicinity of the closed shells
are reproduced. To get a pood fit, different wlues for & and p for different shells
are used. Widely accepted values for & and p exist for each region of the nuclear
chart [Gus67).

The shell structure of the nucleus allows a description of the mucleus as a
spherical core plus a few valence nucleons (particles or holes) around the core.
This concept turns out to work well in the neighbourheod of doubly magic nu-
clei. When more valence nucdeons outside the closed shdl are present, also the
interactions amongst the valence nucleons themselws, the residual intaractions,
and in a further step the polanising effect of the valence nucleons on the core need
to be considered. As a result the nudeus might become deformed. Sometimes
even near the dosed shell regions deformed nuclear states occur at low excitation
ENETEies.

Appendix A gives an owerview of several possible definitions of deformation. In
the literaturs mostly the symbaol % is used to denote the quadrpols deformation.
It is defined by

R(6,6) = Rall+ 3 Y20, 0) (L5)
A=0

where iy, is the radius of a sphere with the same volume usually talen squal
to reAl™ with rq = 1.2 fin. In this text often an approximation for J; is used,
dencted by f3; and defined as

2

R{E! qﬂ'} = Rnl{]- + ﬁ + Jﬁi?-YEFI{E! qﬂ'} {16}

The next sections illustrate the influence of the deformation on the energy lovels.
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1.1.2 The deformed shell model

Nilsson was the first to calculate the single particle enagies for protons and
neutrons in a deformed potential, a theory which is nowadays well known as the

Nilsson model [Nilbh]. He made use of an anisctropic modified oscillator

ho = hg— shug[2D 8+ (P — B3] (L.7)
ha = A+ T + uf + i) (1.8)

™
in which wter, wy and o,y denote the anisotropic csdllator frequencies in the body-
fixed system®. In the case of axial symnmetry they can be written as a function

of one single parameter of deformation 4.

why = ulty = wol8)*{1 + ga‘) (1.9)
o — w821 — ga}. (1.10)

The Hamiltonian can be rewritten as
a —
H =pq +h; — ﬁﬁwu[2£.5"+p{£2 - {F}N ¥]- (1.11)

in which ,Tum is the isotropic harmonic oscillator Hamiltonian., For § = () the
Hamiltonian reduces to the isotropic modified oscillator Hamiltonian with quan-
tum numbers (N,{, 7). In a deformed nucleus the spherical quantum numbers
(N, 1, §) are no longer valid. The only conserved quantum numbers are the parity
{7} and the projection of the total angular momentum on the symmetry axis (£2).
For sufficiently large deformations the situation again simplifies. For this ease the
Hamiltonian can be approximated by a pure anisotropic harmonic oscillator with
the 1.8 and I terms as & perturbation. In this limit the single particle levels
can be labeled with a set of asymptotic quantum numbers (¥ [Nn A), where N
is the principal oscillator quantum mumber, 7, is the number of nodes along the
symmetry axis and A the projection of the anpular momentum { on the sym-
metry axis. Usually the quantum numbers (7 [Nn, A] are also used to label the

2Tn his ariginal paper Nil=an did not consider the {F}N contributicn. He nsed as a Hamil-
tonian = ko + O7T7+ DB [Nil53].
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Mg

Figure 1.1: Nilsson diegrom for protons Z 2> B2 feg = 0.954, }Fir26]. The orrmws
point fo the orbifels whick ore of impordence in this thesis, The solid ermws refer Io
the involved profon orbitels in the Pb region (section 1.1.3), the deshed eryow fo the
arbifels oeeupied by the guesi-protons in the 1™ W(K™ = 35/27) isomer {seetion 1.2.5).
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Figure 1.2: Nilsson dicgrem for neutrons B2 € N < 126 {eg = 0.954, }Fir96]. The
dashed arrows point fo the orbitels oorupied by the guesi-neufrons in 1™ WK™ = 35/27)

isomer (section 1.2.5).
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1.1 Deformed nnclel near the closed shells 13

energy levels at intermediate deformations, in which §2 is the projection of f on
the symnmetry axis of the nucleus and w the parity.

As a consequence of the deformation the {27 + 1) degeneracy is lifted and only
a two-fold depeneracy £} remains, which is due to the reflection symmetry of
an axially symmetric nucleus. For example the 4,3/ orbital can have |{3] equal to
1372, 11/2, 8/2, 7/2, §/2, 3/2 and 1/2. The ordering of these levels depends on
the particular shape of the nucleus. In prolate nuclei {3, > 0) the low-{2 orbits
have maximal spatial overlap with the core nucleus and are therefore lowered
in energy. Likewise, the high-{* orbits overlap with the oblate core {3 < ()
and are consequently lowered in energy with an increasing oblate deformation
(Figures 1.1 and 1.2).

If the energy of an orbital is lowered such that the orbital appears in a shall
with difforent principal quantum oumber, /Y, it is called an ‘intruder orhital’.
Usually these orbitals are quite pure since mixing of lewls with different parity

cannot occur.

1.1.3 Intruder states in the Pb region

The g Pb nuclei have a magic proton number, Proton-excitations across the £ =
82 gap are thardfore expected to occur at very high excitation snergiss only (few
MeV). In reality several low-lying excited {7 states, which have been interpreted
as proton 2p — 2k excitations across the shell gap, havwe besm observed in the Pb
isotopes via alpha decay studies [VD84, Woo82]. They are displayed in Figure 1.3
together with the §/27 intruder states in T1. In the pure shell modal the excitation
of the nucleus into a spherical proton 2p — 2h configuration costs almost twice
the energy gap at Z = 82, i.e, E; = 2{e, — £,) = 7 MeV. However, if the nucleus
takes an oblate quadrupole-deformed shape, the excitation enerpy is lowered if the
particles are put in the strongly down-sloping 9/2~[505] and 13/27[606] orbitals
and the two holes in the up-sloping 1/2+[400] orbitals (Figure 1.1). Thus, at a
piven deformation the intruder confipuration can become competitive with the

regular spherical confipuration.

www.manaraa.com
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The appearance of different shapes at similar excitation energies within one
nucleus is called 'shape coexistance’. Recently, the first nucleus, *8Ph, has besn
discovered where the ground-state and the two first excited states are three §F
states. It has been interpreted as a shape coexistence of a spherieal pround-state,
an oblate 2p — 2k excitation and a prolate 4p — 4k excitation [And({]. Also in
odd nuclei intruder states appear, e.g., in the 5 Tl isotopes as proton 1p — 2A
states among proton 1k states [Hey83).

Heyde ef al. developed a formalism to describe both the low exditation energy
of the intruder states and the particular A-dependence of the intruder states
{|Hey87] and Figure 1.3). In this approach the energy of an intruder state is
caloulated as

Eintrader = N ja — €5a) — AET o0+ AEL + AESE {1.12}

nairing

€5z and €7, denote the proton single-particle energies in the two major shells.
AEZL, is the puin in energy due to the proton pairing correlations. The monopole

term AETY contains a correction on the €;; and €, energies due to the interac-

18400
1600 - &
14400 .
1200 1 .

[LL I
B0 a %
600 - #
400 A W ]

200 -
1] T T T T T T T T
102 104 106 108 110 112 114 116 118 120

Neuiron nnmber

Energy [ke¥]

2
=

Figure 1.3: Systematics of the oblute (O intruder stofe in Ph (triengles) end the 972~
infruder sfofe in TU (sguores) os o functon of the neutron number. The dofe ere foken
from [Hey83, Bij98, Andfo].
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1.1 Deformed nnclel near the closed shells 15

tion with the valence neutrons. This shift depends on the overlap of the proton
and neutron wawve functions. Since only the monopols part of the residual proton-
neutron interaction determines this varation in single-partice energy, this shift
is called the 'monopole correction’ . Tha quadrupols part of the proton-neutron
interaction is taken inoto account by tha ﬂ.E&” term. This component induces
a I = (F = I = 2% pair breaking for hoth protons and neutrons. It is the
deformation driving part of the Hamiltonian, It can be caleulated by using &
schamnatic proton-neutron quadrupole-quadrupels intaraction l[xw{f} . {f}} Fig-
ure 1.4 illustrates the contribution of the sewveral terms of the Hamiltonian.
Summarising, the surprisingly low energy of the intruder states can be ex-
plained by the creation of an extra hole pair, resulting in a pain of pairing en-
ergy, in combination with the strongly attractive interaction betwesn the excited

protons and the valence neutrons (Figure 1.5). Therefore, intruder states are

characterisad by the following features [Huy91]:

]
'1 ———————— _ﬂajl_i‘]_ .
3 ]
’ A
T T -~
.%;{'““ﬁ:'ﬁ |
g \ {
LN i
N L .
] Nt

L

2 A W Gk I8 T2 KM M W™ Mmoo
—— HHUTHIIK HUMBHE =——

Figure 1.4: The totel energy corvection {full line} for the lowest OF infruder stofe.
The different mniributions due fo the poiring energy (sireight doshed line) AR,
the monapole correction (deshed ne} AEy end the guedrupole correction (doi-deshed
line} AEg ore indicofed for the £ = B2 region. The upper stredght doshed line is the
unperturbed energy [Heyd 7]
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t. The strenpth of the proton-neutron interaction depends on the mumber of va-
lence neutrons. Therefors, the excitation energy of the intruder states in an isc-
tope (isotone) chain is ranging from maximal at the closed neutron {proton) shell
to minimal for mid-shell neutron {proton) numbers to becoms maximal again at
the next shell closure (Figure 1.3).

i2. The intruder states are deformed. Therefore, collectivwe rotational bands are
built on them (ses also section 1.2.1).

132, As deformation is an important feature of intruder states, direct evidence for
the intruder character comes from the messuramnent of the charge radius of the
state or from a messured quadrupole moment.

t1. Due to the different structure of the intruder states compared to the ground-
state structure, the intruder states are often isomeric (shape isomers).

2. Mapnetic moments are directly related to the single particle structure of a state

and, therefore, provide a direct experimental evidence for the intruder character.

The intruder states have mainly besn identified on the basis of the features 2,

2t and zu.

Figure 1.5: Sehemetie representetion of e pmton infruder 2p — 2h configuretion where
j5 denotes the reguior orbifel jo the infruder orbifel end . the neutron orbifels. The
sofid line through the neutron orbifels shows the probubility v for the oooupation of the
orbits (see section 1.4.1). The figure {2 edopied from [Heyd 7).
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1.1 Deformed nnclel near the closed shells 17

1.1.4 Measured deformations of intruder states in the Pb

region

Although the deformation is one of the main features of an intruder state, only a
few direct measurements of the deformation have been perforned. An important
reason for this striking lack of experimental information is the {7 spin of the
intruder states in the even-even nuclel. The spactroscopic quadrupols moment
of a O state is ), regardless the deformation. The only ways to learn some-
thing about the deformation of isomeric {1 states are, therefore, by measuring
the charge radii, applying the laser spectroscopy technique [Bil3h, Neuf8) or by
messuring the cross-section of the Coulomb-excitation from the §* to the 27 state

[Ald58].

In the odd-Z nuclai the laser spectroscopy technique [Bilgh, Neu88] has besn
used to messurs the charge radii of the gAu and 5T isotopes. In the ¥7-185Ay
chain the experiments revealed a sudden increase of the nuclear pround-state
radius for ¥8Au and % Au ([Wal#7] and Figure 1.6). This is due to the intrud-
ing wlhgs orbital which becomes lower in energy than the spherical 2dyq level
oncs the neutron number is far enough from a closed shall (Figure 1.7). In the
186-19T] chain a systematic increase of the deformation of the wlhgy iscmeric
state has been observed by taking more neutrons away from the closed N = 126
shall {[Bou#h] and Figure 1.8). Apguin the proton-neutron interaction is respon-
sible for this behaviour. Note that in these experiments the deformations hase:
been derived, both from the charpe radii and the spectroscopic quadrupole mo-
ment (sex appendix B). The tendency of the deformation as a function of the
neutron number is the same in the two cases, but the absclute values of the de-
formation differ (Figure 1.9). In order to extract the deformation, 3,, from the
spuctroscopic quadrupole moment £), the standard formulae £}, = Qu%ﬁ—;}
and Qo = A=ZA¥ R G,(1 + 0.36/3,) hawe been used with Ag = rgAY? in which
rg = 1.2 fin (see appendix A and Ref. [Lob7)). However, the relation betwesn
{2, and £Jg holds only if K is a good quantum number (sex also appendix A).
This is the case in the strong coupling limit and for axial symmetry (ses also
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Figure 1.7: The systemaetics of the wlhgy infruder stefe in the odd-Au fsoinpes. The

strongest r-decey brenches ere shown, Helf-lives ore given fo the iniruder stefes, where

known. The wlhgy stafes in 571 Au are not locetad fo seole [Hey83) Also in Hghter

Au isotopes, down fo 1™ Au, the level sehemes hove been estoblished [MMS4, Mue99,

Ken(d]. However, the 32+ level, which is the level of reference in Figure 1.7, has not

beest observed ond, therefore, these Au isofopes ore nof edded in the plefure.
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section 1.2.1). It is belisved that the disagresment of the absolute wvalues of the
deformations is becanse these conditions are not fulfilled [Bou#lh]. Note further
that also fluctuations in the nuclear shape can contribute to {ﬁf}u ? while 3, is
the purdy static deformation.

The probably most striking example is the ggHg chain, where a pronounced
odd-even stagpering has ben obsarwed (Figure 1.6) in the lighter isotopes. It
has been understood as a prolate-oblate shapecoexistence, where the highly de-
formed prolate intruder confipuration becomes the pround-state in the light odd
Hg isotopes [Bon72, Fra7d).

1.1.85 The (I* = 117) intruder states in Pb

Information about the deformation of the intruder states in the even-even nu-
clei can be obtained by measuring the spectroscopic quadrupole meoment of
isomeric intruder states with 7™ £ 0F. The {?rﬁsl_fﬂlhgfg 18139 }11- isomers in
the 19219L188Ph puelsi are good candidates to measure. The systematics of
the ™ = 117 levels in the even-even Pb nucld is shown in Figure 1.10. The
configuration of the I = 11~ isomer in "®Pb has been confirmed by a g-
factor massurement [Penf7). However, this is the only messured g-factor of
an I™ = 117 isomer in Ph. MNewrthelsss, the systematics and the isomeric
character of the "% Ph{J™ = 117) levels favour the {?rﬁsl_fﬁlhgﬂ 1413/9)11- con-
figuration for these isomers as well [Fan8l, Lag9l]. This configuration is also
predicted by configuration-constrained shell model calculations [Ben88h|. The
halflife of the 11~ state in '**Pb has not besn measured. Also in the "%Ph
nucleus the {?rﬂsl_;lhg jaltiaga); - configuration has besn assigned to the 11°
level, based on the systeamatics ([Cla83, Gor] and Figure 1.10). The cbserved
11~ states in 202201208 PL A5 pot haws the {T'l'asl_fﬂlhgfgli]_;] J,-'g}]_]_— confipuration
[Fen87, Lin78, Ori73]. The non-yrast character of the {?rﬁsifglhgfglilg j2)11- €on-
figuration is bdieved to be the reason for not chsarving the {?rﬂsl_;lhg s2liy _-..1;2}11_

levels (an yrast state is the lowest energy state for a given spin).

A reasonable estimation of the mergy of the {TTSSl_fﬂﬂlhgfg].'im j2hi- state can
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Figure 1.10: Systemeties of the 117 levels in the even-even Pb nuclei The exeffed
[evels indicefed in black ore ihe (ﬂﬂ.al_fﬂlhg jaliiage)iy - intruder stefes. The mecsured
holf-lives ere given s well The ercifed levels in grey ore 117 levels with ofher config-
uretinns. The defe ore feken from [Ori78, Lin78, Fon87Y, PenfY, FenQl, Leg91] Far

romperizon the excifed 0;" infruder sfofes ere cdded in the figure by friengles

be made as follows. The excitation energy of the {?rﬂsl_filhg 12 :]'n;{ configuration is
1.14 MeaV¥. The 117 state has a broken pair of particles and will therefore haw
an energy equal to the excitation energy of the (§ state + the loss in pairing
energy due to the bresking of the particle pair. The change in proton-pairing
energy AETE can be estimated from the 1 proton separation energies 5 and the
2 proton separation energies Sge as [Wool2]

AET (p} = 25,(Z +1, N} — 55(Z + 2, N} (1.13)

and is shout 2 MeV. Hence, the astimated enerpy for the {TTES]:;].IIQ /2 11'1_1;2}11_
state is 3.14 MeV, which is in pood agreement with the experimentally observed
3.18 MeV. The same reasoning can be made for the energy of the 117 isomer
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Figure 1.11: Lower energy pert of the level seheme of 5P [Pen8 7]

in " Pb. In this nucleus the first excited 0 state is situated at an energy of
(.53 MaV, while the 11~ isomer has an snergy of 2.3 MaV. The difference is
again the pairing energy of 2 MeV. Note that the assumption is made that the
deformations of the (f states and the 11~ states are the same.

From the discussion sbowe it is clear that the deformation is & parameter of
uttermost importance for 2 good understanding of the relatively low excitation
energy of the 117 enerpy. Therefors, determining the spectroscopic quadrupols
moment of the 117 iscmer in '*¥Pb has besn one of the three major nuclear
physics goals in this work. It is interesting to compare the deformation of the
{11'351_; 1hg ald ase);, - intruder state in L9¢PhL with the deformation of the corre-
sponding normal {mlhg e 14132} 1- state in %8 Pg to inwestigate the influence of the

two 3512 holes on the deformation of the nucleus (Figure 1.12). The same com-
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1.2 Deformed nuclei in between the closed shells 23

parison can be made for the quadrupole momeants of the 'TI{I" =§/2-, 7 = 5.6
s} isomer, which has a ?rﬁsl_;lhgﬁ configuration, and the "'Bi{(J" = §/27)
ground-state, which has a 7{lhg;) configuration. This allows an experimen-
tal verification of the influsnce of the 14, particle on the polarisation of the
nuclear core. This will be further discussed in chapter 3.

— e ——
L3 LTET:

fm fm
Tty Ty
Z7=82 Z=82
*—e 1 by,
18po{I"=11"} 96 PbI"=11")
Lz PED
——— ﬁ?@i —— i
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— &% — 3

I97R{(I"=9/2") 195 TI™=9/27)

Figure 1.12: The profon configuretions of en (mlhggliiqm)i - fsemer in Po,
o {ﬂa.ﬂl}ﬂﬂlhg’f‘glilﬂfgju— isomer in Pb, ¢ (wlhgm) ground-stefe in Bi end o
{ﬂ-ﬂ-ﬂl_fi lhgplaso- tsomer in TL The apen circles indicole ihe holes, while the filled
rireles correspond with the porticles.

1.2 Deformed nuclei in between the closed shells

1.2.1 Rotation of a deformed nucleus

Far away from the closed shells the many wilence mucleons outside the core make
shell mode caleulations wry complicated. A much more simple picturs has besn
proposed by Bohr and Mottdson [Bohb3a). They consider the nuclens as a de-
formed collective rotating core with the unpaired partides {or more generally a
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subgroup of particles near the Fermi lewel) as valence nucleons around it. The
Hamiltonian decomposes in two parts:

H = Hinpr + Hoot (1.14)

H 4 contains the contribution of the walence nucleons. Often the Nilsson or the
Woods-Saxon Hamiltonian is chosen. H .y describes the rotation of the inert core
(see, e.g., in [Rin&(]):

R, R, R
Ho = 1.1
= 9%y 2%, 23y (1.15)

where the R; are the body-fixed compeonents of the collactive anpgular mementum
of the cors and 3; the corresponding moments of inertia. In the case of an axially
symmetric deformed nucleus the 2’-axis can be chosen as the axis of symmetry,
that is, 3y = Jy = ¥ with I representing the sfatic moment of inertia. (Juantum
mechanically & system cannot rotate around an axis of symmetry, becanse this
would result in a systan which is indistinpuishable from the original. Theardfors,
%, = ) and the Z-component of ﬁ has to wvanish and the deformed nucleus
rotates around an axis perpendicular to its symmetry axis, i.e., the '-axis. This
also means that spherical nudei cannot rotate unless some symmetry bresking
mechanism other than an asymmetric charge distribution is present in the nucleus
{sen section 1.3).

Taking into account that the total anpular momentum of the nuclens I equals
the sum of the angular momentum of the valence partides E,: and the collective
angular momeantum ﬁ, La., I'=HR+ ; {(Figure 1.13), the collective part of the
Hamiltonian becomes

Hﬂdl = Hrﬂt + H‘F‘ﬂ' + Hmr {116}
with
P_p
H 2 1.1
ot 2":3‘ 1 { T}
1 2 .5
Heee = E{Jm’ + iy ) (1.18)
1 , , 1 . .
Hor = —qUeie +iply) = -5 (Led- + 131 ). (1.19)
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The reccil term H,. acts only on the intrinsic coordinates. It is often neglected
because in practice the single-particle energies €}, i.e., the sigenvalues of H,,,

{the subscript 7 refers to the #th particle), are adjusted to the experimental data.

The z’-component & of the total angular momentum I does not commute
with the Coriolis term H,,r of the total Hamiltonian. This means that A is only
a good quantum number if B is negligible compared to the other terms of the
total Hamiltonian H = Hipey + Haae (1.14). More precisely, the contribution of
H_,r should be small compared to the level splitting of the single-particle enerpies
in the Nilsson model for the different valuas of {2. This is the case [Rin8(]

t. for larpe deformations (35, becanse the level splitting in the Nilsson Hamiltonian
is oc [33, wheresas one can show empirically that £ /2% o Ba 2.

12. for small Coriolis matrix elements. From {1.18) it can be sesn that the Coriolis
matrix elements are o [(F{7 +1)— K2)({j + 1) — ?)]/2. That is, they are small
gither for low spin [ or for nucleons in orhitals with small particle anpular mo-
menta 7. For large j-values, e.g., for 413/2 nucleons, they can only be neglected for
high £ values. The limit where H ., is neglected is called the 'strong coupling’ or
'deformation alipned’ limit, becanse in this case the particle anpular momentum
; is strongly coupled to the core of the nucleus and precessss around the 2’-axis
as illustrated in Fipure 1.13. It follows from the above Hamiltonian that the

Fipure 1.13: The strang coupling scheme.
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energies in the strong coupling limit are given by
. . R

E .= |€}3=K—k|+ﬁ[f{f+ 1} — K* {1.20}
where the single-particle particle energy &%, is counted relative to the Fermi level
A. This pives rise to nuclear level schemes characterised by rotational bands with
a J{I+1) lewl spacing built on single particle states, such as, e.g., in Figure 1.16.
The moment of inertia ¥ comes in as a scaling parameter. Note that if pairing is
considered, the ’sinple-particle’ energies are replaced by 'quasiparticls’ enerpies
as will be explained io section 1.4.1.

1.2.2 K-isomers

Nuclei in the 4 =2 18( region have both nentron and proton orbitals with large
spin projections on the symmetry axis, £2, occuring near the Fermi surface. This
results in intrinsic states with high A values, competing with collective rotational
states to penerate anpular momentum. Nuclel in this mass region are strongly
prolate deformed (33 =~ 0.2 — (.3), which means that K is an approximately
conservixd gquantum numhber.

It is difficult for a nuclens to change drastically the orientation of its spin with
respact to the symmetry axis. This is quantified by the selaction rule

AK <X (1.21)

where AK is the changp in A between the initial and the final state and A is the
multipolarity of the transition?. Mathematically, this is understood from the fact
that the collactive B{E or MA) reduced traosition probability, defined as B{E
or MG K., = Kplp) = g | {KGE|| T || Kpdy} |? in which T} is an electric or
magnetic tensor operator of order A, is zero when the selection rule is not fulfilled
[de574).

The depres: of A forbiddenness for a transition, v, is defined as

v=AK - A (1.22)

*More precizely the K-selection rile is AK < A a K; + K; < A [deS74].
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1.2 Deformed nuclei in between the closed shells 27

If a tranmsition is K -forhidden, the halflife of the state is incressed compared
to the normal single-particle values. Lobner found that, empirically, for each
extra unit of A -forbiddenness, the half-life increases with a factor of about 100
[Lob6&]. This is expressed as f, = 100, where f,, the hindranee par degres of

K forhiddenness {or the reduced hindrance), is defined as
Lfer

T]l::"ﬂ 1fer

12

fu=

Hera TE}E is the partial y-ray half-life and Tl"}; is the Weaisskopf single-particle
estimate (see appendix B.2). This allows transitions of different energies and
K forbiddenness to ba compared.

Textbook examples of high-K isomers are the K¥ = 16" isomer in '™Hf
[Hel68] and the K™ = 9~ isomer in *Ta [Burfi(]. The '"HfJ, K™ = 16, 16%) de-
cays via a 4 times forbidden M4 transition to the '™Hf(f, K¥ = 8 87) band with
& half-life of 31{1) years [Hel73]. Note that in principle the 16+ isomer can decay
by a A -allowed transition with A = 8. However, the higher the multipolarity the
slower the transition and, hence, this decay branch is not competitive. Another
&Ven more extrane case, where spin and A-trapping reinforce each other, is the
9~ isomer in %0Tu [Burf)l. A A = 8 transition to the 1 ground-state is in
principle K-allowed. However, the combination of the high multipolarity and the
low trapsition energy (E, = 75 keV)} males this decay branch improbsble. This
makes the " Tu(F™ = §7) spin trap the only nuclear isomer existing naturally on
Earth [Bur8()] with a half-life > 1.2 10" years [Cum85], which is longer than the
existence of the Earth. (s appendix B.2 for the dependence of the transition
rate on the multipolarity and the energy of the transition).

Although the existence of these extremely long lived isomeas confirms the K-
selaction rule, also notable exceptions with very small reduced hindrances (2 <
Fu < 10} exdst. The most striking case is the 3.3 MeV isomer in '™W with a half-
life of 750 ns, decaying predominantly via a AK = 14 decay branch with f, =5 2
[Bar78a, Waldl]). Compared to the rule of thumb of f,, = 100, the transition goes
at a rate which is a factor of 10% too fast [Wal§9). The quadrupole moment of

exactly this isomer has hesn derived in this work., The feutures of this iscmer
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are «xplained in more detail in section 1.2.5. The experimental results will be

presented in chapter 4.

Howesver, the '™ W{K™ = 35/27) isomer is not the only exception with a very
small reduced hindrance as shown in Figure 1.14. There, the systematics of the
fr values is plotted as a function of the excitation energy of the nucleus, or, more
specifically, the excitation enerpgy relative to the rotor energy that approximates
the yrast line . For simplicity in Figure 1.14, the energies are given relative to
a rigid rotor with the same mass and deformation as the corresponding nucleus
[Walg7]. Substantial reduction in f, is seen to accompany increasing relative
energy. The correlation can be explained in terms of the statistical density of

10" N

! 16 15 2D 25

Ep-Ep [McV]

Figure 1.14: Reduced hindronee es ¢ finetion of the exeifotion energy relofive fn o rigid
rotar for 4- end S-quesiperticle somers {eireles ond squeres respectively), deceying vie
B2 end EJ fronsifions. For the S-guesipoerticle isomers, 0.9 Mel hes been edded fo
the energy to eceount for the poiring energy difference (= 12/AY2 MeV). In the figure
the merimuwn velue of fi. corresponds fo the decay of the K™ = 161, 3f yeur fsomer
in '@ HF ond the minimum welue fo he K7 = 16T, 6 ns isomer in %205, The curve
corresponds o o density-af-sfoles model esttmete. The errow poinds fo the f-velue of
the WK™ = 35/27) {somer, essuming ¢ AK =6 fronsition. The esterisk refers fo
the f. velue of the some fsomer, cssuning ¢ AK = 14 fronsition. The figure 5 edepted

From [Wel97].
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1.2 Deformed nuclei in between the closed shells 28

states. If an isomer has a high excitation energy compared to the yrast energy, it
will be anbedded in a high density of states with different A-values. Statistical
A -mixing will hence reduce the f,-values. The solid line in Figure 1.14 represents
a statisticsl model estimate for v = 4 [Wald7], arbitrarily rencrmalised to the
high f,-values. In other words, such a model can predict the trend, but not the
absolute values.

However, even taking into account a reduction of f, due to statistical K-
mixing, it is evident from Figure 1.14 that several of the higher-energy data
points still hasw too low f.-walues. This is undarstood as dus to an additional
Coriclis K -mixing effect {see abow) [Wal88]). This will be worked out for the
YW({K™ = 35/2") isomer in section 1.2.5, where detailed -y spectroscopy studies
have revealed that the bands to which the isomer decays are highly A -mixed.

A shape change forms an alternative explanation to K-mixing for the excep-
tional low f,-values [Chofi8, Ben89c]. It is understood as a change from an axially
symmetric prolate shape with the anpular momentum along the symmetry axis
{(high-A" state) through triaxial and oblate shapes to an axjally symimetric prolate
nucleus with the anpular momentum criented perpendicular to the symmetry axis
of the nucleus {low K-state). This decay mode is only possible for y-soft nuclei,
1., for muclai that can easily change to triaxial shapes (ses appendix A for the
definition of -y deformation).

1.2.3 Rotational band crossings

In the region between 10 and 2{) units of angular momentum, the regular B oc
I{I+1) structure of the yrast rotational bands is disturbed in many nucld [Joh¥1].
Such an effect can be easily reproduced as the crossing of two rotational hands
with different moments of inertia (Figure 1.15). The second band arises from
breaking up a pair of nucleons [5te72] and has a higher moment of inertia than
the pround-state band. Due to the higher moment of inertia the rotational en-
ergy is reduced. The effect is called 'backbending’, because often for increasing

anpular momentum, f, the rotational frequency, wyn, demreases, producing a plot
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of I{w,,,} that bends back. The breaking of a pair of nucleons results in a loss of
pairing enerpy. Therefors, the backbend occurs at a rotational frequency where
the Coriolis force compensates for the effect of pairing corrdations [Lie78).

El

Figure 1.15: Schemetic picture of fwa crosstng bends with different moments of inerfic
8, end 8 end the corresponding beckbending plof. w is the rofefinnel fraguenecy. The
picture is teken from [Rind{f.

In the rare earth region the 1132 neutrons play an essential role in many
band crossings. In the mass-180 region the 17,5, neutrons are competing with
the 1hgss protons to cause the backbend. Other high-7 orbits may play similar
roles in different repions of the periodic table [Rin&0).

The unpaired particles can couple to a state with K =2 |{3; — ()|, usually
reforred to ss a s-band, or to a state with K = |3, + {%|. Usually the low-
K coupling is energetically favoured, becavse this results in the larpest Coriclis
contribution H,,, (1.19) and, hence, the lowest total energy. However, '™ W
provides the first studied case where the high-A coupling bacomes yrast and
causes 2 backbending [Wal81, Wald4]. This phenomenon of two competing 142, P
couplings is well described with the tilted axis cranking {TAC) modd ([Fra93] and
suction 1.4.6). The high-A band has a large component of sngular momentum
in the direction of the symnmetry axis of the mucleus. As a result, the total
anpular momentum is 'tilted’ betwesn the symmetry axis and the rotation axis
and, therefore, this high- A backbend has been ealled s 4-band as distinet from the
usual low-K s-hand. More recently discovered 4-bands appear in %W [Wald3],
L2008 [Kutdh) and ¥ Re [Peady).
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1.2.4 A qualitative approach to pairing

Since Mottalson and Valatin [Motf()] predicted a phuse transition from the su-
perfluid phase in nucld (all nucleons pair off to spin ) to a normal-fluid phase
{pairing correlations fully blocked), nuclesr physicists have been fascinated by
the superconductivity and its quenching in nucld. From the discussion abowe
about backbending it is clear that individual pairs can bresk up, blocking the
overall pairing correlations and destroying the superfluidity. The rotation plays
in nuclai the role of the mapgnatic ficld in metals. However, wheress the rotation
acts to uncouple pairs of partices and destroys the correlations pair by pair, the
application of mapnetic fislds in metals causes s sudden quenching of the super-
conductivity. In nucla it is due to the Onoite particls oumber that the reduction of
the pairing correlations in nuclei occurs step-by-step. Hence, contrary to the su-
perfluid to normal phase transition in metals, a sharp first order-phase trapsition
has not been observed in nuclei.

The orbitals of unpaired particles (also called ’quasiparticles’) are not available
anymors for pairs of nueleons. They are 'hlocked’ for the pairing correlations.
As a result the pairing gap A is reduced (ses also section 1.4.1). For uniform
level densities, the pairing gap was initially estimated to depend on the number
of unpaired particles, i.e., the seniority, v, and the lewl spacing, 4, as A =
\/ Ag(Ag — v x d) [Dra98]. Since both proton and neutron pairing values {Ag)

are shout 1 MeV and the average spacing is about 300 keV, on that basis, pairing
should have collapsed for a critical seniority of 3 or 4 in each nucleon type.

Experimentally, pairing is studied by extracting the moments of inartia from
a rotational hand. They can be compared to the moment of inertia of the fully
paired pround-state band and to the rigid-body value. Due to the pairing corre-
lations the moment of inartia of the ground-state band is reduced with a factor
2-3 compared to the rigid-body value [BohB3b]. Studies like in Ref. [Pas75] show
that, if pairing is fully quenched, the moment of inertia approximates closdy the
rigid-body valus, although shdl structure effects might cause some modulations
[Walgg).
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Especially the rotational hands built on the yrast multi-quasiparticle K-
1somers provide valuablea information. Due to the yrast character of thase states
the effects of internal energy on the pairing {comparable to the affect of heat on
a superconducting metal) can be isolated. In addition, the metastability of the
A -traps 1impliss that the nucleon orbitals are rather pure. This can be under-
stood from the fact that often rather pure intruder orhitals are involved in the
structurs of thase isomers. A -trap obsermblas, such as tha spin quantum num-
ber I (resulting from the brolen nucleon pairs) can, tharefors, be used to spacify
which pairs are broken and thus reducing the pairing correlations [Wal9g).

The rotating A -traps with the most unpaired nucleons observed experimen-
tally to date are the two '™W ten-quasiparticle states with K™ = 2§+ and
K™ = 347, respectively, both of them having six unpaired neutrons and 4 un-
paired protons [Cul({)]. However, the rotational bands built on these states are
not established well enough to be able to extract the moments of inertia. The
deduced moments of inertia of the cipht-quasiparticle rotational bands built on
the ""W{K™ = 25%, 28~ and 307) states [Purl5, Cul({] seem to saturate at 60%
of the rigid-body value, despite the sizeable number of unpaired particles (four
unpaired protons and four unpaired neutrons). This compares with 4% for the
178 ground-state band.

A straightforward conclusion would be that pairing correlations parsist aven if
there are four unpaired oucleons of each type, although substantially less strongly
than in the ground-state [Wal39]. Indesd, neutron pairing gaps calculated with
the Lipkin-Nogami method (see for example [Sat84, Pra73] and section 1.4.1)

show discrete successive reductions of the pairing gap
A, =075 x A, g, {1.24)

s0 that even with six orbitals blocked pear the Fermi surface the pairing remains
at ~ 40% of the unblocked (fully paired) value. Similar results were obtained for
the protons [Drag8].

However, a new viewpoint comes from the tilted axis cranking caleulations
{see [Fra()a] and section 1.4.6). These calenlations allow to extract the kinanatic
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moment of inertia as ¥ = Jfur and the dynamic moment of inertia as %) =
df fdw. They show that the nuclear moment of inertia will only adhere to the
classical rigid-body value on the average. The experimental moments of inertia
of the multi-quasiparticle states in *™*W [Cul({] are reproduced without invoking
pairing correlations. In other words, the conclusion from these caleulations is
that even if the pairing is fully quenched the moments of inertia in the mass
sz 180 region are lower than the rigid-body value [Fradid).

An important point in all the discussions above is that the moments of inertia
depend on both the pairing and the deformation and, therefors, the deformation
mixxds to be measured independently to be able to isclate the information about
the pairing. Prior to our experiments on the five-quasiparticle "W({I™ = K™ =
35/27) isomer only the quadrupole moments of the high-K isomers in "#Qs{K™ =
257} [Brofl], '"™H K™ = 16"} [Boof4, Lub8§] and " Lu{K™ = 23/27) [Geod§]
ware known. Most often it is assumed that the ddformation of the high-A multi-
quasiparticle states is similar to the deformation of the ground-state. The validity
of this assumption will he further discussed in chapter 4.

1.2.5 The (I" = K™ = 35/27) isomer in '"W
The anomalons decay of the (J7 = K7 = 35/27) isomer in '®"W

As mentioned above, the decay of the 5-quasiparticle ""W(I™ = K7 = 35/2°, T} 2=
TH0(80) ns, E; = 3349 keV) isomer is one of the most striking examples of an
apparent violation of the A -selection rule [Ber78h]. Figure 1.18 shows a partial
level scheme of the W nucleus with K¥ = 7/2~ 1-quasi-neutron pround-state
band and the rotational bands built on the -quasi-neutron A™ = 23/27 state
and the K7 = 35/2 isomeric state [Wal@l]. The ""W({I™ = K7 = 35/27, T, 5 =
760(80) ns, E; = 3349 keV) isomer has a 3v(5/27[612] & 7/2"[614] & 7/27[633])
2o (5/2+[402] & §/27[514]) configuration. The strongly populated K™ = 3572~
isomer decays directly via the 610 and b7 ke:V E2 transitions to a rotational state
based on a K7 = 7/27, 7/27[614] ground-state, with apparently less than 5% go-
ing through the A™ = 23/2~ J-quasiparticle structures. This highly forbidden
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AK = 14 transition has a reduced hindrance f, of only 2.

Waller et al. removed this anomaly by showing that the J-quasiparticle band
is & #band and pot a low-K s-band [Wal81l, Wald4]. The #band arises from
the high-A" coupling of two Coriolis-mixed 17,53, quasi-neutrons, corresponding
with the 7/2%[633] and 9/27[624] Nilsson quantum numbers, respectivdy, to
K = (It +{ =~ 8). Together with the 7/27[614] quasi-neutron this results
in the 3u(7/27[614), 7/27[633], 9/ 27 [624]}g5/2-, K™ = 23/2™ configuration for the
J quasiparticle bandhead. This was the first case where an yrast high-A
band was established. As a consequence, the change in K due to the 610 keV
transition is only & and, hence, much smaller than assumed before. In addition,
Walker et al. have shown that the near depeneracy of the (I, K™ = 31/2,7/27)
and (I, ™ = 51/2,253/27) lavels is responsible for the decay path via the 597
keV transition directly to the A" = 7/2~ pround-state band. Band arossing
calculations have revealed that the two 31/27 levels are highly A-mixed, each
of them being shout 50 % K™ = 23/2” and 50% K™ = 7/2~. Furthermore, the
calculations could show that destructive interfersnce prohihits the decay path to
the (I, A" = 23/2,23/27) level. This can be understood as follows [Wal84]. The
highly mixed levels, with & = a2 and K = b respectively, can be expressed in

terms of the pure states, o, and oy

¥ {1} = ad, + Hos, (1.25)
Wi (I} = —figa + axghy, (1.26)

with &, 3 > () and the normalisation & + 3 = 1. The subscripts -,a and +,b
refer to the lower and upper states, respactively. The rotational-modsl expression
for the intra-band reduced transition probability from spin I; to J; {[deS574] and
equation B.6):

2
o2
B(E%L,KIL - KIj) = lﬁiﬂeﬂfﬁu}“{ﬂfﬁli(_;{ 0 K)
5
= 16 Q) | LEW | IK) | (127)

with {,KX) | It K} the Clebsch-Gordan cosfficient, becomes for transitions from
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vy (" =31T) w_(I*=31/2)
4772
Yy (T =27T)

Ki=23/T
w_ (=271}

Kr=T/2"

Figure 1.17: Sehemetic picture of the positive end negefive inferference in the decoy
of the 311~ level in "W fsee fext).

P (L) to th_(Is):
B(EY) = -2 Qila{L)ally)Crica + AT ol (1.28)

where Chx = (LK20 | I;K}, and it is assumed that the intrinsic quadrupols
moment , {Jq, is the same for each of the confipurations. For atf_ to 1y transition,

the B{E2) reduced tranosition probability becomes
]
B(E2) = EEEQE[_”{L‘ W ¥y wea + ﬂ'[f-a'}ﬁ'[ff}gmb]g- {1.29}

Nota the combination of the negative and the pesitive sign in the term betwesn
brackets, cavsing a destructive interference between the two decay paths. This
makes that a 19_ to tb_ ({1.28) transition is favored over a 1f_ to 10, transition
(1.28). The 597 ke'V (31/27 — 27/27) trapsition is a 1f_ to 1p_ decay branch,
while the 477 keV (31/27 — 27/27) transition is a tf_ to 19y transition {Figure
1.17). This explains why the 597 keV transition, directly to the pround-state
band, i= highly favoured over the 477 keV decay branch. In a similar way, a
three-level-mixing scenario explains that it is due to destructive interference as
well that the 576 keV trapsition from the K7 = 35/2~ isomer is dramatically
reduced, being only (1.20.3}% of the main 6§10 keV branch. Here the destructive
interference arises from the near degeneracy of the (I, K7 = 35/2,7/27), (I, K7 =
35/2,253/27) and (I, K7 = 35/2,35/27) lewls.

These arguments indicate that the decay from the K™ = 35/2~ isomer is only
4 times forbidden (AR = 6 and the multipolarity A = 2} instead of 12 times.
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As a consequence, the reduced hindrance f, is not 2, but f, = 22/ = &, which

removes the decay-rate anomaly as shown in Figure 1.14.

Blocking of the pairing correlations

The "™W{K"™ = 35/27) isomer is a {3-quasi-neutron + 2-quasi-proton) state.
Henee it is an interesting case to study the reduction of the pairing gap A.
Blocked BCS calculations [Zen83], as outlined in sectionl.d.l, have besn per-
formed by Walker et al. for the different multi-quasiparticle states [Wal84]. For
the 1-quasi-neutron ground-state they result in a pairing gap A, of about 80%
of the odd-even mass difference, as expected and often assumed. Already for
the lowsst S-gquasi-neutron states, A, is fully collapsed to below 1 keV. The pro-
ton pairing gap, A, is significantly reduced for the 2-quasi-proton excitations
{(1-quasi-neutron + 2-quasi-proton states). It has essentially vanished in the 4-
quasi-proton excitations. The '™W nucleus contains also two (3-quasi-natron
+ 4-quasi-proton} states with K™ = 43/2~ and K™ = 45/2(7) respactively. The
blocked BCS caleulations lead to the conelusion that both neutron and proton
pairing correlations collapse in these high-R states.

Howeswver, in the calculations it is assumed that for all multi-quasiparticls
states the deformation is the average value of the pround-state deformation for
U3W and W [Waldd], i.e., €5 = (.236 and €, = (0.044 [Benf6]. This approxima-
tion is somaewhat crude as the eonfipurations of multi-quasiparticla states sre not
at all the same as the configurations of the pround-state. In cur experiments the
spectroscopic quadrupols moment of the "™ W{K™ = 35/27) isomer has been de-
terminad. It allows to verify whether the assumption, that the multi-quasiparticle
states have the same deformation as the pround-state, is valid. The experiments,
in combination with a reinterpretation of the old ™ 0s data [Brogl], show that
that this is not the case. The results are discussed in chapter 4.
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1.3 Rotational bands in spherical nuclei: mag-

netic rotation

1.3.1 The shears mechanism

The unusual features of long regular cascades of magnetic dipols {M1) transitions
in the light Pb and Bi isotopes [Bal9l, Ami{){], and also in nuclei around mass
numbers A4 = &) [5ch89], A = 110 [Gad87) and 140 [Braf6, Juudd], led to an
extension of the concept of rotation in quantal systems. The M1 sequences follow
the rotational 7{7 + 1} behaviour which is typical for wel-deformed nuclei, while
lifetime measurements and the weak B2 cressover transitions supgest that the
nuclear states in these bands are only weakly deformed (|| < 0.1) [Cla87]. The
ratio B{M1)/B({E?2) is, therefore, quite large, with values ~ 10—100{uyfeb)?. In
normal rotational bands this ratio is less than 1 {uy feb)? [Ami({]. Furthermore,
the ratio of the moment of inertia to the B{E?2) value, @ /B(E2), is > 100
MeV~'{eb)~!, which is & huge value as compared to normal and super deformed
nuclei for which the ratio is typically 15 and 5 MeV~'{eb}™!, respectiwely. This
shows that only a fraction of the inertia is created by the rotation of the deformed
density distribution [Bald4, Fra37]. Hence the question rises whather and how
nearly spherical nucls can rotate and where the substantial dynamic moment of
inertia is coming from. A consistent explanation for this enigma came from the
tilted axis cranking (TAC) theory ([Frag3, Frag7, Fra(0a] and section 1.4.6). This
theory highlighted that the bands were criginating from a new kind of symmetry-
breaking in the nucleus, other than the brealking of the spherical synmetry of the
nuclear charpe distribution.

A common feature of the dipole bands is that they are built on a high-j
proton-particle excitation coupled to a high-] neutron-hole state {or vice versa).
In the Pb region proton-particle excitations across the £ = 82 shell gap are
coupled to neutron holes in the 12137 subshell. Typical configurations are the
{7{35] 5 1hasalivaszhi~ Bvlinyg}ags- state in Ph [Chmd7] and the
{m (3573 1hepalitasahi- © v{1i55 )1+ }16- state in **Pb [Hug93]. The configura-
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tion of the I = 29/2 iscmer in Pb has been confirmed unambiguously by a
g-factor measurement [Chm7]. Note that no magnetic dipole bands have besn
chserved on pure proton-excitations nor on pure neutron-hole states, but only on

the coupling of them.

Figure 1.18: Coupling scheme of the sheors mechoentism for o smell ablete deformotion
neer the bendheod (up} end higher up in the bend {down} fAmiGH].

The combination of proton particles and neutron holes favours energetically
an almost perpendicular eoupling of the proton anpular momentum §r and the
neutron angular momentumn §,, with respect to each other. This can be under-

stood from the fact that the toroidal proton 1fg;z and 14;3/5 density distributions
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will drive the nucleus to an oblate shape with the proton anpular momentum
parallel to the symmetry axis of the nucleus to maximize the overlap of the or-
bits with the core of the nucleus. The nentron 1759 holes are dumbbell {sphare
minus a torus) shapad. They will maximize their overlap with the oblate den-
sity distribution if the neutron angular momentum is criented perpandicular with
respect to the symmetry axis of the oblate density distribution. Dus to the per-
pendicular coupling of j; and jf., with j; criented parallel to the symmetry axis
of the mucleus, the total anpular momentum [ is pointing in betwesn these two
directions, i.e., in betwesn the ™~ and #-direction and hence making an angle #
with the symmetry axis of the nucleus (Figure 1.18).

TAC caleulations, assuming s deformation of € = —{.1, show that the angla
# kewps o value of shout 45° along the bands [Fra93). This means that the total
anpular momentum and the corresponding excitation energy are predominantly
penerated by alipning the proton-partice and the neutron-hole spins step by step
in the direction of the total angular momentum. As this resembles the closing of
a pair of shears, the hands are called ‘shesrs hands’. Only a small fraction of the
angular momentum is dus to collective rotation [Bal34, Cla) and only 1/3 of the
total moment of inertia %) due to the deformation [Frad7]. The almost constant
angle # in the dipcle bands is in striking contrast to the chanping angle § in the
bands built on high-& states in strongly deformed nuclei, whare cos® = K/I
In the latter hands # is close to zero for the bandbhead, where the total spin is
dominated by the quasiparticle anpular momenta near the bandhead (7 =~ A)
{deformation alipnment). With incressing frequency, the collactive rotational
anpular momentum, which is oriented perpendicular to the symmetry-axis, pains
more and more influence (7 »>> K), causing the anple § to tilt in the direction
of the collective rotational angular momentum (rotational alignment) [Bald4).
Consequently, # changus from {° to 90° in the normal high-K bands.

Due to the large angle between the proton spin and the neutron spin a large
component of the mapnetic dipole moment perpendicular to the total anpular mo-
mentumn { is present. This spacifies an crientation in space and hence is causing

a symmetry breaking of the nudeus (Figure 1.18). The magnetic dipole vector
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rotates around f, generating the strong M1 radiation, just like the rotation of
an asymmetric charpe distribution generates strong B2 radiation. Because of
the mapgnetic character of the rotation the name 'magnetic rotation’ has been
introduced as a distinct from ‘slectric rotation’ [Fra87]. The closing of the shears
pives rise to a gradually reduced transwarse component of the magnetic dipole.
As a consequence, the B{M1) trapsition probabilitiss decresse by poing up in
the band. This decrasss has besn confirmed experimentally by lifetime measurs-
ments in the Pb isotopes [Cla87, Cla88]. These measurements together with the
experimental g-factor confirm that a component of the magnetic moment per-
pendicular to the total anpular momentum is present, which reduces pradually
along the band and hence that an orientation in space is defined by a transverse
magnetic dipole moment.

Howewver, this still does not exclude that normal slectric rotation of & moder-
ately deformed oblate nucleus might be the engine behind the chserved rotational
bands. Therefore, experimental evidence that the bandhead is nearly spherical is
necessary. An indication for the small deformation is given by the weak B{E?2)
transition probabilitiss, resulting in 3| ~ 0.1 [Cla87, Nef35]. Howewr, a procise
experimental determination of the B{E2) values is difficult bacause of the poor
statistics in the E2 transitions compared to the stropg M1 lines. Furthermeore,
systarmnatic errors introduced through the treatment of the stopping powers might
be: present [Clag7]. Therdfore, the experiment sl determination of the quadrupols
moement of a shears bandhead is the final missing link in the picture of magnatic

rotation.

1.3.2 Shears bands in ®¢Ph

An overview of all shears bands measured to date is given in [Ami({]. Our
messurements aimed to determine experimentally the spectroscopic quadrupole
moment of the (77 = 16(7)) shears bandhead in ¥Ph. Figure 1.19 shows the level
scheme of *® Ph, including the higher energy part. Thres shears bands hawe besn
observed, from which only for band 2 the linking transitions with the lower energy
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Figure 1.19: Zevel scheme of Y% Ph, ineluding the sheers bends of high exciefion en-

eryies [Belld].
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part of the level scheme has: besn established. This allows to determine the spin
and probable parity of this bandhead as I™ = 1607). The spin assignments and
excitation energies of bands 1 and J are unsure because of the lacking linking
transitions [Hug83].

The I™ = 16(-) shears bandhead mainly decays through the 11— isomeric level.
Basaed on the measured g-factor this state has been assipned the ?r{ﬁsilehg PALEYY
configuration {[Penfi?] and section 1.1.5). Meanwhile it is well known that the
strong M1 bands in the Pb-region are built on proton excitations across the
Z = 82 shell gap coupled to nautron-hole states [Hib97]. The g-factor messure-
ment of the 23/2~ state in " Ph provided the experimental proof that the proton
anpular momentum and the neutron anpular momentum are oriented perpendic-
ular with respect to sach other [Chm87]. This leads to the conclusion that band
2 is built on the w{lhgplinah - & F{l‘l:l_ﬂﬂfg}]_y configuration. This assignment
is consistent with the configuration assignment in Ref [Hug83]. There total
Routhian surface (TRS) calculations have besn performed to decide which neo-
tron confipuration should be coupled to the proton w{1hg s2li1a ;2}11— configuration
to create the I* = 16() handhaad.

Band 2 remains repular up to a transition energy Aw 52 0.4 MeV, ie, up to
I =25, Above spin I = 25 the band splits up in two pathways [Bal36]). The laft
branch could arise from a band crossing due to the breaking of a second 11
pair [Hug83]. This could mesn that the band built on the w{lAgp14 30001, - &
P‘{].'I:E:,-E}]_g+ configuration terminates at J = 2b. Such an interpretation fits in
the ides of the shears mechanism. The maximal spin that can be obtained hy
aligning the proton spin I = 11 and the neutron spin I = 12 is J = 2§, Tuking
into account a typical collective core contribution of 10% [Cla), the spins in the
band can raach at most & value of 25.

In practice, the messurement of a spectroscopic quadrupols moment of a
shears bandhead is not straightforward due to the short lifstimes (the longest
known half life of a shears bandhead is Tiy3 = 9 ns for the T = 29/2 state in
199Ph). Therefore, we hawe measured the spectroscopic quadrupok: moment of
the (" = 117, Ty;z = 72 ns, p = 10.56(88)px) isomer in **Pb which has the
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S2ITE W{Ssl_;lhgfg 1413;2)11- proton configuration as the {?r{ﬂsifﬂlhgfg 1)3201- &
v{li;.ﬁfg}]_ﬁ}m_ shoars bandhasd. Prior to this work the quadrupole moment
of the v{li;ﬁ,ﬂ}m+ isomer in " Pb has already been measured by applying the
TDFAD method [Zyw81]). By coupling the guadrupole moments for the 127
isomer and the 117 iscmer, both built on a rather pure intruder configuration,
information about the quadrupols moment of the 16~ shears handhead can be
obtained.

1.4 The tilted axis cranking (TAC) theory

In beth the rotational bands built on the high-K iscmers and the magnetic rota-
tional bands the total angular momentum is tilted away from the principal axes of
the nucleus. In the case of the high-A rotational bands this is due to the high-K
coupling of the angular momentum of the unpaired particles, which gives rise to
a larpe component of the anpular momentum in the direction of the symmetry
axis, in combination with a contribution to the spin due to the collective rotation
of the nucleus arcund the axis perpendicular to the symmetry axis. In the case
of & mapnetic roteor, it is due to the parpendicular ecupling of the proton and
neutron spin, with the proton spin in the direction of the symmetry axis of the
nucleus. Therefore, the tilted axis cranking theory (TACY), which allows rotation
of tha nucleus around an axis which is tilted away from the principal axes, is the
suitahle theory to dascribe theorstically thase isomeric states and the rotational
hands cn top of than.

In the nuclear shell model (spherical or deformed, see sections 1.1.1 and 1.1.2)
the nuclesr many-hody problemn has besn approached under the assumption that
all the nucleons move independently from each other in an average potential
created by themselves. A natural expansion of this is to consider the two-nucleon

intaractions a5 wall. The Hamiltonian becomes

A ﬁ.ﬂ A
H = Y ——A+Y 01, j) {1.30)
= 2m iy
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A 2 A

= Z—Eﬂ.i + 3 VE) + Ve {1.31)
=1 i=1

= Hup + Vs {132}

Viar 18 the residual interaction and in this thesis usually H,y is chosen as the
deformed modified cscllator Hamiltonian {1.7). In the spherical shell modal in
its purest form (ses section 1.1.1), the residual interactions are neglected. How-
ever, throughout history ouclear physicists have developed different approaches
for Vres, from which the Strutinsky renormalisation procedurs is one example
{[Str67] and section 1.4.4). In the TAC theory V., is approached by the long
rangs quadrupole-quadrupols + the short range pairing interaction. TAC caleula-
tions allow a self-consistent deduction (sex below) of the spectroscopic quadrupole
moment and the pairing gap A. An alternative approach is to use the experi-
mentally deduced spectroscopic quadrupole moments or B{E2) trapsition proba-
bilities to fix the quadrupels coupling constant, y. This pins down ong unknown
parameter in the TAC Hamiltonian, which illustrates the importance of measured

quadrupole moments.

1.4.1 A quantitative approach to pairing correlations

The BCS approach

Bardeen, Cooper and Schrieffer determined the ground-state of a superconductor
as [Bari¥, Rin80]

| BCS)Y = H{uj, +1.l;,u;"a;—"} | =}, {1.33)

k=0

whare 4, and v, represent variational parameters. a;:" craates g particle in the

state | &}, ax is the corresponding anmihilation operator. In a superconducting
metal & characterizes the momentum of an elect ronic state, wheress in the noclear
systermn it denotes the quantum numbers of a single particle state, ie., (7 [Nng]
for a deformed state or (N, 1, 7, m;)} for a spherical state. | %} is the time-reversed
state of | k). u2 and »2 are the probabilities that a cartain pair {&, k} is free or
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ocoupied, respectivedy, in the hare vacuum such that
uw+ui=1 {1.34)
and also
2% 1w =N {1.35)
k=0

with N the particle number.
As in suparconductors the BOS state takes the pairing interaction in an ap-
proximate way into account. The pairing part of the Hamiltonian can be written

15

Hpm-.,.iﬂg = = E ﬂ-:ﬂ%—ﬂyﬂ-? {136}
k=0
= —GPtP where Pt = Eﬂ:ﬂ%, {1.37)
k=0

in which £ is the monopole pairing strength. It is the strength for the scattering
of a pair of nucleons from a paired state (k, —&) into (&, —&’). The parameters
12 and 7y of the trisl waw: function are determined by minimising the enerpy.

The use of 2 BOS wave functicon in nudear physics has the disadvantsge that
| BC'S} is a superposition of different oumbers of pairs and hence no longer has
a sharp particle numher N. Wheress in sclid state physics, where N =2 1079, tha
violation of N has essentially no influence on any physical quantity, it is dear
that in nuclear physics it is important to maintain the correct oumber of protons
and neutrons within the nuclens, when defining the theory. Therefore, the extra
condition that the expactation value of the particle number operator, N , has to
ba the dasired value V naads to be fulfilled:

(BCS |N|BCS)=23 w=N. (1.38)
L3
This can be achisved by adding the term —AN to the Hamiltonian. Tha Lagrange

multiplier A is called the 'chemical potential’ or the 'Fermi enerpy’, becausea it
represents the incresse of the energy E = (BCS | H | BCS) for a chanpe
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in the particle number, A = % Hence the Hamiltonian incluoding the pairing

interaction and accounting for the correct particdle number becomes
Hyes = Hyp + Hprmg — AN and  H = Hygy + AN, {1.39)
H,,, written in the second quantisation formalism, equals

Hy = ZE_J,{&LFE-_J; -+ ﬂ%ﬂi} {1.4{]}
L]

with € the single partide energy.
The pairing gap A is given by [Nil§5]

A= z T {1.41)

k=0

and one can caleulate that the probahility for an cecupied pair state is given by

1 '-Ej: =X
YL {1 _ - }] (1.42)
in which
By = (5 AP + A7 with = e -Gl (1.43)

Ey is the exdtation energy of the quasiparticle (see bdow) relative to the Fermi
surface. Usually the —G? term is neglected, because its only effect is a renor-
malisation of the single particle enerpies, and €x= €x. Note that when the pairing
gap A is equal to zero the probabilitiss +2 = 1 and 42 = ( for occupied orbits.

In the Lipkin-Nopgami approach, as mentioned in section 1.2.4, also the second
order term in N is taken into account in the formalism [Sat9d, Pra73]:

Hyw=H— AN - N2 {1.44)

This generally results in bigger pairing gaps A.

1.4.2 Quasi-particle states

There is an equivalent formulation of the BCS state {1.33) using the 'quasiparticle’
operators [Rin&0, Nilg5):

| BOS) ox [] e | = {1.45)
k
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The guasiparticle operators are related to the operators o, and u;;" hy the so-called
Bogolivbov transformation:

ﬂt = Tjkﬂ-_t — Tply
+ — et
af = upy + Updy. (1.46)

They bhawe some features of a bare particle and of a bare hole. Above the
Formi-surface (v, small) it is nearly a particle, bdow the Fermi surface (1, large
and hence u, small) it is nearly a hole. The transformation to gquasiparticles
achieves a representation of pairwise interacting particles by means of a gas of
non-interacting quasiparticles. As creation and annihilation operators are mixed,
it is clear that apain the particle number is not conserved.

The BCS state is the pair correlated pround-state of an even-even mass sys-
tem. The pround-state of an odd-mass systan is obtained as a one-quasipartide

excitation, i.e.,

af, | BOS) = a5, [ (ux+reaiay [ =)

et ey
of | BCOS) = af Ei (1 + veay o | =} {1.47)
1

Breaking up additional pairs results in multi-quasiparticle states. These states
can be easily described by extending equations (1.47). It follows that, eg., a
'B-quasiparticle state’ means that the state consists of b unpaired particles. An

even-mass (odd-mass) nucleus always has an even (odd) number of quasiparticles.

The blocking effect

If an unpaired particle occupiss level %, the probahility *uﬁi for a pair to ccoupy
the timereversed states {k;, % } is zero, ss seen from equations (1.47). This
means that the levels {&,, %k, } cannot contribute to the pairing correlations. The
formalism derived above remains valid, but the corresponding level is 'blocked’
and nesds to be excluded. The pairing gap A for an odd-4 nucleus, &.g., bacomas:

A=G Y ugy. {1.48)
k)
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It is immediately dear that the pairing gap A is reduced if unpaired particles
are present and, sccordingly, other physical quantities become influenced by the
blocking.

1.4.3 The § - § interaction

The two-body interaction can be written as a multipole expansion [Rin8{)]
V{IFL — #al} = 32 Vilry, ra) 3 Y81, 010 (2, 02, (1.49)
I "

if it only depends on the relative distance betwesn the oucleons. The low !
components of this expansion correspond to the long range part of the residual
interaction, contrary to the pairing interaction, which correspends to the short
rang part. If only the { = 2 component is considered, Vi(r,,r3) is in a good
approximation o rirs. ¥y reduces to

2
Vo=-5 3 @}-Q, (1.50)
p=—2
with [Fraia]
o 4 " +
Qu=3" ?{k | Y2 | KVay agr. {1.51)
L1

This part of the interaction can induce a quadrupole deformation of the mean

fiald.

1.4.4 The Strutinsky shell carrection procedure

In the (deformed) shell model the nuclaus is considered as consisting of different
nueleons which move independently from each other in an awrage potential. In
the preceding sections this picture is refined by considering the residual inter-
actions as well. This approach reproduces very wel those nuclesr propertiss in
which only nucleons near the Fermi surface are involwed. Howeswer, thase modals
fail to reproduce correctly the propertiss of the oudeus in which all oudeons
contribute (the so-called "bulk’ properties), like, a.g., the total binding energy.

www.manaraa.com



50 Physics motivation

A theory that describes well the bulk propertiss of the nucleus is the liquid
drop model (LDM)}. This model allows to calculate the binding energy B(N, Z)
of the nucleus as a function of the mass number, by taking into account the
volume of the nucleus, the Coulomb repulsion of the protons, the surface energy,
the symmetry {(neutron to proton ratio) and the pairing [vW3h, Bet36].

72 (N-2ZV
4174 + ay ) -

B(N,Z) = av A + ag A% + a¢ 6(4) {(1.52)

in which &, ag, @, @; and §{A4) can be obtained be fitting the theoretical curws
through the experimental masses. §(A4) is a term, which takes into account the
pairing. It is positive for even-even nudei, () for odd-even nueld and nagative for
odd-odd nuclai. This is one more experimental indication that the nucleons prefir
to occupy the orbitals pairwise. However, although the LDM can reproduce the
average properties of most nuclai, there are sipnificant deviations near the closed
shells where the LDM underestimates the binding energy {or owrestimates the
nuclear mass).

Strutinsky invented an elegant method to reconcile the (deformed) shell model
and the liquid drop modd, eliminating ther defects, but keeping their qualities
[5tr67, Rinf]]. The cscillationsin the binding enerpy are refleeting the oseillations

(a) (b)

Figure 1.20: Comperison of en eguclly speced {evel density fo ¢ schemetie shell model
level density. For the Fermd level (1} the binding in (b} is sironger then in (v}, wherees
For (2} the apposite iz frue. The picture i3 foken from [Rind{f.
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of the lewel density near the Fermi surfuce. If the Fermi level is situated just abow
a closed shell, the hinding energy turns cut to be more than on the average Vice
versd, the binding energy is less than on the average if the Fami level is situated
just below a elosed shal (Figure 1.20). Henee the binding energies eorresponding
to the shell distribution oscillate arcund the ones given by the averape level
density. It is the awerage lewel density which is calculated wrongly in the shell
model. Therdors, Strutinsky has approached the mudesr binding enerpy E by

E = EL.UM + Eﬂm {1-53}

with Ej ;) the liquid drop energy, representing the smooth part of the energy,
and E,,. representing the oscillatory part of the enarpy.  Strutinsky’s methed
allows to calculate the Huctuating part within the shell model by dividing the
shell model energy E,, into an oscillating part E,,. and a smooth part E,h, such
that Ko = Eap— E‘m- As a result the total energy is given by

E=FEpuy+Ep— Fa - {1.54)

1.4.5 The Cranking Hamiltonian

In section 1.2.1 the rotation of the nueleus has been treated by considering the
nuclsus a5 & whole, The treatment of the rotation of the oucleus on & microscopic
level is usually done by considering the Hamiltonian in the rotating frame [Rin&0).
This way the collective anpular momentum is deseribed as a sum of single-particle
momenta. Therdfore, collectivwe rotation and single-particle rotation are handled
on the same footing. A disadvantage of this approach is that the resulting wawe
functions are not eigenstates of the anpular momentum operators.

The Hamiltonian in the rotating frame is
H,=H-a-T (1.55)

with F the rotational frequency and I the anpular momentum. The specific
Hamiltonian H,; is often called a 'Routhian’. The rotational frequency can be
considered as a Laprange multiplier.
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In this approach the kinetic moment of inertia is derived as ) = I /o, while
the dynamic moment of inertia is derived as @ = 47 fdwr.

1.4.6 The tilted axis cranking (TAC) Hamiltonian

The tilted axis cranking Routhian has the form [Fra((a]
2
H=Ha-% 3G - Qu-GPP-2AN-a.7 (1.56)

2 =,

where the diffarent contributions have besn discussed in the preceding sections.
Bacauss of the two-body interactions involved, the direct disgonalisation of the
abow TAC Routhian ({1.56) is not possible. The TAC model means to apply
instead the self-consistent mean field approximation by replacing one of the op-
grator factors in tha products @; . {f}# and P+ P by its expectation valus. This
leads to the mean field Routhian &%

2
K=Hu-x 3 Q0 -GPYP +P)=aN-a.J {(L57)
p=-2

in which it is used that {P} = {P*} [Nil95]. Equation (1.57) is usually written as
2

W=Hu- Y g -AP +P) - AN-d.J (1.58)

p=—2

with as self-consistent conditions

g = x{Qu (159)
A = G{P) {1.60)

and implicitly the chemical potential A by
N = {N}. {1.61)

In the body-fixed axis system (§_1} = ({1} = 0 and {§_3) = {{2). Then

g0 = Fugfcosy (1.62)
gda=48a = ﬁwﬂﬁﬂ% {1-63}
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in which fiug & 41471/ MeV (se: equations {1.4}).

The dgenfunctions of the Routhian &' are products of the quasiparticla opar-

ators

a; = Eﬂ-ﬁﬂ-}: -+ i O {1.64)
*

which obey the equations of motion

[#,a] = €af. {1.65)

2 2

Thase equations detezmineg the quasiparticls amplitudses 4y, and 1. Thay are
solved for protons and neutrons saparately from which the proton wasw: function
1y and the neutron wave function 1y are deduced. The final energy is calculated
from the expectation value of the Routhian (1.56) {tfn1be | H' | thntbed.

The TAC code includes the option to perform a Strutinsky shell correction
procedure. This approach is preferred for well deformed nuclei. In the Pb region
the Strutinsky-TAC version results in a typical deformation of € =2 —().15, while
the TAC calculations without Strutinsky normalisation procedure yield a value of
€ =z =(].11. The latter deformation is in better apreanent with the experimental
data [FraQ0b]. If no Strutinsky normalisation procedurs is performed a proper
choice of the guadrupole coupling constant, x, is important. Usually it is chosen
such that the quadrupole deformations € and <y come as close as possible to the
ones obtained by meuns of the shell correction method. Howewr, one may also
adjust it to the static quadrupole momeants of high spin states and the B{E?2)
values of tha transitions betwesn them. It seems promising to usa this experimen-
tal information for a fine tuning of y [Fral(b, Chm{1], provided of course that
the experimeantal information exists. Therefors, messured quadrupols moments
of isomers with thdar angular momentum tilted away from the prindpal axes are
important as they allow to fix one parameter in the calculations. Note that the

coupling constant, y, is assumed to be equal for protons and neutrons.
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1.4.7 Physical quantities extracted from the TAC code

The TAC Hamiltonian contains seven parameters {+ the Nilsson parameters &
and p): the Fermi lewel A, the quadrupole and hexadecupole deformations &
and &4, the triaxdality 7y, the pairing gap A, the rotational frequency w and the
tilted angle #. Besides these parameters also the configuration of the state is
of vttermeoest importanes. It is defined by indicating which lawls relative to the
Formi-surface are occupiad. If the hexadecupols deformation €, is not known, it
is optionally determined by Strutinsky’s method {minimum energy ) or put squal
to zaro. If the nucleus is axially symimetric, contrary to the comwntion chossn
in this work, its symmetry axis is chosen parallel to the z#'-axis. This implies
that for an axially symmetric prolate nucleus, e.g., 7y is taken —1X)°. Feor a
particular set of parameters, the Routhian &' (1.58) is solved for the protons and
neutrons separately, from which the wave functions 1. and 14, sre determined in
an iterative way, fulfilling the self consistent conditions (1.58) and (1.60). Once
these wave functions are known, all relevant physical quantities, such as the
energy of the state, the corresponding spin, the guadrupole moment and the
B(E?2) and B{M1) trapsition prohabilitiss can be determined, by taking the
corresponding operator € and calculating the expectation value {1hethy | O |
Wb )

In order to optimise the set of sewen parameters (which reduces to five pa-
rameters if € and -y are kept fixed), first the Formi-level A is determined, so
that

N = {N}, (1.66)
Cnoce the Fermi-level is fixed, one can determing the deformation e and the
pairing gap A self-consistently at the bandhead. This is done by calculating the
corresponding energy for several values of £ andfor A. The optimal values for
£g and A correspond with the lowsst energy. An alt@native approach is to make
use of experimental valuss for £ andfor A. Once the parameters A, e, &, ¥
and A are fixed, one can go up in the band by changing the frequency w. For
each w value the tilted angle & can be varied and the angle corresponding with
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the lowest energy can be found. If, while going up in band A, it crossss a band
B, one can aither choose to contimue to follow band A4 (diabatic approach), or
one can choose to follow the levels with the lowest energy, i.e, band B, which is
called the adisbatic approach.

In this thesis we are especially interested in the quadrupoel: moment. Ino the
TAC program it is calculated in the axis systemn with its z-axis parallel to the
angular momentum J, further ealled the angular momentum {AM) axis system |

45
Quag = (TMups = T | Q| TMyyy = J. (1.67)
It can be caleulated that [Fra((c]

rae = Vﬁ‘{ﬂqhﬂﬂéﬁ||J} {1.68)
Note that this approach is only valid for high spins, J > 1. Hence, the spectro-
scopic quadrupole moment €2, for high spin states can be extracted from £ 4
by applying the Wigner-Eckart theorem?. The relationship betwesn the spectro-

scopic quadrupole moment £}, and O aer becomes:

Q = (IM=J|Q|IM=1) (1.69)
{ \
J 2 J ,H
= {J||€2a||-T} {1.70)
=T 0 T
(7 2 7))
= v 2f + 18 ae {1.71)
\ =S 0 T
= {J2JO | J Qs {1.72)

For high spins the Clehsch-Gordon codfficient {J2J0 | J.J} is in a good approxd-

mation equal to - +“_:| =" Notice that this ratio approaches one for J >> 1.

4The definition for the rednuced matrix element nsed here is that of Racah [Rac42] and
Edmonds [Fdmi7]. It & the convention which is used in most muclear physics textbooks, such
as in Refs. [deS574], [BohTS], [Rink(] and [Hey54]. Wigner [Wigh5] and Rose [Rosi7] define
reduced matrix elements which are TEII-I—_I times those used in this thesi. The latter convention
iz nsed in textbooks like Ref. [BriGg].
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The angular momentum J is determined as
I ={%}, (1.73)

in the axis system with J parallel to the z-axis. Due to 2 quantal correction

the calculated anpular momentum J and the experimental anpular momentum
differ by 1/2:

J=TI+1/2 (1.74)

TAC caleulations have besn parformed for the I = A" = 35/2 isomer in
LW and the ™ = 16~ isomerin '*®Ph. Theresults will be discussed in chapters 3
and 4.

1.4.8 TAC and symmetry breaking in nuclei

One can show that for a self-consistent solution of the Routhian, &', the corre-
sponding energy is the lowest if the anpular veocity o is oriented parallal to the

angular momentum T [Ker81), i.e.,
|7, (1.75)

This allows a classification of the cranked sclutions according to the orientation
of the anpular meomentum r [Fra(0a]. If the oudeus is axial-symmetrically da-
formed, the symmetry with respact to a rotation around an axis perpendicular to
the symmetry axis of the nucleus, the z’-axis, is broken. This is the prerequisite
for the appearance of rotational bands. Two cases can be distinpuished.
i The angular momentem is in the direction of & principal asis.

In this case the two-body Routhian (1.56) is invariant with respect to a Rg(m) =
exp(int;) rotation about the z-axis by an angle of o, whare the axis system
(z,¥,2) is chosen such that [ || z-axis (Figure 1.21). The quantum number,
sxpressing this symmetry, is called ’sipnature’ [Ben73]. Each sigenvalus, rg, of
the operator By corresponds with a different signat ure quantum number @, where

& can take the values 1/2, -1/2, § and 1, corresponding to v equal to 42, —%, +1
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and -1 respectively. This can be understood as follows. If the anpular momentum

is oriented paralld to the rotational axis z, the eigenvalue r; of the operator B,

yialds
e = exp{in). {(1.76)
Therefore
signature @ = +1/2 : 1=+ for T=1/205/28/2, ..
signature o = —=1/2 : rp;=—¢ for T=3/2,7/2,11/2, ..
sipnaturea =10 : r,=<+1 for I =1(,2,4,..
sipnatureax =1 : r,=-=1 for I =1,5,5,..

Hence, rotationsal bands with a good signature quantum number & have an an-
gular momentun J that changes in steps of 2. Total Routhian surface (TRS5)
calculations are principal axis cranking {(PAC) calculations.
#. The angular momentum 45 in g principal plane.

If the anpular mementum T'is tilted awdy from the principal axes, but still Lias
in one of the thres prindpal planes (the latter is always the case for an axial
shape), the Routhian is no longer invariant with respect to R (7) and sipnature
is no longer a good quantum mumber. There is Do extra selection rule and the
rotational band has a A7 = 1 spacing. The membas of the A7 = 1 bands are
linked by 2 trapsitions batwesn tha states F and I —2 as wall as by M1 and £2
transitions between the states f and f — 1. Hencs, the ocourrence of the strong
B{M1) transition probabilities in a magnetic rotational band arises in a natural
way from tilting away the anpular momentum from the prinapal axes.

A third case occurs when the nuclsus is triaxial.

#5. The angular momentum &5 out of the principal planes.
If the mucleus is triaxial, also rotation ahout an axis outside the principal planss
is possible. This results in the bresking of the sc-called 'chiral symmetry’. The
chiral operator is ‘Ry{m)T, in which R {7} denotes a rotation about the y-axis
with an angle of w and T is the time reversal operator [Fra00a, Dim(0]. The Ry {m)
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Figure 1.21: The diserete symmetries of the meen field of o micting frieviel reflen-
Hon symmeirie nucleus. The lobels 5, § end I denole the shord, infermedicie ond long
principle eris of the nucleus respectively. For on exielly symmefric prolefe nueleus, s
eguels i. The exis of miction, x, i moerked by the cireuler ermw. Hs direction coinedides
with the direction of fhe enguler momenium I. The structure of the miciionel bends
essoriefed with eerh symmetry {5 dlusirofed on the vight side The picfure 45 cdepied
From [Dim00f.

changes the spin [ = {I;,0,0) to —=I = {=I, 0,0} and the nuclear coordinates
{(z,¥,2) to {(—z,¥,—2). The time reversal operator changes — T back to f: but
doss not influence the nuclear coordinatas. Henee the orientation of tha spin Iis

chanpged with respect to the orientation of the nucleus and the chiral symmetry is
broken. This is illustrated by the lower panel of Figure 1.21. In the planar case,
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12, the symmetry with respect to the (z, 2z} plane makes that for each point with
coordinates (, 4, 2) also a point with coordinates {—z, %, —2) exists on the nuclear
surface. This is not the case for the aplanar solutions. Therefors, contrary to the
aplanar solutions, the chiral symmetry is maintained for the planar solutions.

A triaxial nucleus is called right-handed if the short, intermediate and long
principal axis are oriented counterclockwise, and left-handed if they are ordered
clockwise. The bresking of the Ry{7)T symmetry canses a doubling of the ro-
tational levels. There are two identical AF = 1 sequences with the same parity,
which represent the laft-handed and right-handed mesn field solutions [Fra((s].

In all three cases the nuclesr mean feld is invariant for replacing the coordi-
nates (z, ¥, 2) by (—z, —y, —2). The "space inversion’ operator is denoted by P.
The corresponding quantum number is the parity, o, which is hence conserved in
all rotational bands.

Both the rotational bands built on the 7* = 16~ isomer in %Pb and on the
35/2” isomer in "W, are AT = 1 sequences (Figures 1.19 and 1.16), which is
an experimental finperprint that in these bands the angular momentum is tilted

awny from the principal axes of the nuclous.

1.5 Conclusion

This chapter has shown how the nuclear deformation provides valuahle informa-
tion about the structure of the nucleus, both near the closed shells and in betwesn
the closed shells. In concreto, the quadrupole moments of the Ph{/™ = 117}
and the § quasiparticle " W{I™ = K7 = 36/27) isomer have been messured. The
aim of the measurement of the 11~ isomer in '™ Ph is two-fold. First, it provides
information ahout the deformation of an intruder state. Second, it allows to test
experimentally whether the bandbead of a magnetic rotor is nearly spherical in-
deed. The measurement on the ""W{I* = K™ = 35/27) isomer is important in

the frame of the pairing correlations in nucled. The tilted axis eranking theory is
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the modern approach to describe the magnetic rotational bands and the hands
built on high-K isomers, becausa in both cases it is believed that the total anpular

momentum is tilted away from the priocipal axes.
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Chapter 2

Level mixing spectroscopy

The family of level mixing techniques has prowen to be a very powarful tool for

measuring quadrupole moments of a wide variety of nucld. While recently the

level mixing resonance { LMR) technique [Sch83] has been extended for quadrupols
moment studies of F-decaying nudei away from the F-stability line [Ney34, NeyQ7a,
Neyd8, Couldl), its variant level mixing spectroscopy (LEMS) is suitable for mea-

suring quadrupole moments of y-decaying nuclei with high spin [Har81a, Harg1b,

Ney83b, Bal(l]. The principles of the LEMS technique have been extensively

troated in Refs. [Har8la, Har01b, Ney83a, Ter08a). Here the main features, nec-

essary for a pood understanding of the extensions and variants deweloped in this

thesis (sections 2.2, 2.4 and 4.4.2), will be briefly repeated.

2.1 Basic principles of LEMS

2.1.1 The LEMS Hamiltonian

Similar to all level mixing techniques the electric quadrupole interaction in a
LEMS measurement is studied by submitting the isomers of interest to a combined
electric quadrupole and magnetic dipole interaction which are misalipned with
an angle #. The chanpe of the anisotropy of the emitted radiation as a funetion
of the magnetic field strength is measured. The electric field gradient (EFG)
is provided hy the internal crystalline fidds after in-baam implantation of the

61
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reaction residues in a non-cubic host lattice. The magnetic field is provided by a
superconducting magnet (Figure 2.1).

(507,07

S

A
X1ap detectors

beam /B / Z1aB,

o o

(©,07)

Figure 2.1: Schemetic LEMS sefup.

In the axis system with the Z-axis parallel to the magnetic fisld direction (LAB

system), the Hamiltonian of the magnetic interaction can be written as
Ha = —wﬁfzu_g '[2-1:]'

where wy = guyBg/h is the magnetic interaction frequency. For an axially
symmetric EF(G the Hamiltonian of the quadrupale interaction can be written in
the principal axis system (PAS) of the EFQ as

Ho = L(3E,,, - ) (2.2)

where wg = %{zﬁ is the electric quadrupole frequency and £)y is the spactro-
scopic quadrupole moment. For a nonaxially symmetric EFG the Hamiltonian
‘Heg indudes an extra parameter, the ssymmetry parameter  [Ste?5]. In the
LEMS5 experiments described in this thesis only crystals having an axially sym-
metric EF (3, namealy hep Re and hep T1 have besn used. In addition, LEMS is
insensitive for deviations from the axial symmetry [Harf§la]. Thardors, only the

axially symmetric terms are considserad here.
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2.1 Basic principles of LEMS 63

It is possible to orient the crystal such that the c-axis {Ze4¢ axis) is in the
(Xpam Z545) plane. In this configuration the transformation from the PAS to
the LAB system is characterized by only one angle, the misalignment angle 3,
due to the axial symmetry of both the mapnetic dipele and electrie quadrupols
interaction. Transforming ‘Hy from the PAS to the LAB system and combining
hoth interactions results in the following nonvanishing dements for the LEMS
Hamiltonian M puasg [Mat82]:

1
{my | Hewms | my) = —Fwsmy + fiug 5{3 cos® 3 — 1)[3m: — I{7 + 1}]

{my | Hepmus |my =1} = —gﬁmﬁ; cos (3 sin {1 — ﬂmj}\,/{f— my + LT + my)
{mj | Hegnsg | Ty — 2} =

j—ﬁquinﬂﬁ\/{f +my — 1T +m (I —my + 1T —my +2).

{(2.3)

The nondiagonal elements involve a mixing of the populations of the different
iy states and are thus responsible for the change of the orientation of the nu-
clear ensemble. They are only present if the misalipnment angle 7 differs from
gero. When polycrystals are used the perturbation factors G':ﬁ{f y Hesnsg, T) (see
below, expression (2.14)) need to be integrated over all possible angles 3.

2.1.2 Study of the electromagnetic perturbation via the
angular distribution of the 4 radiation

The angnlar distribution function

The influence of the perturbation, governed by Hy 145, oD a0 isomeric state, can
be studied by cbserving the subsequent radiation of this state. The perturbed
angular distribution of the radiation is given by [Ste7h]

W{f,0,t) = vir E AU BRI, Y78, 0), (2.4)

W

with A, bang the radiation parameaters of the obserwd transitions (k even for
< radiation), Uy describing the loss of orientation due to nondetected preceding
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¥ rays, BP(I,#) being the orientation tensors at time ¢ and ¥,™#, ¢) being the
spherical harmonics in which # and ¢ define the detection directions with re-
spect to the magnetic feld direction. Tsually only the ¥ = 2,4 components are
considared.

The A, UV, and ¥™(#, @) tensors are only important in the sense that they
influence the amplitude of the LEMS curwe (Figure 2.3). The U, factors are
often close to 1 and have only a small influence. The A, values increass if the
multipolarity A of the - rays, depopulating the isomer of interest, incressas.
Therefore, 7y rays with high multipolarty are more advantageous to study, because
they result in a larger LEMS amplitude. Furthermore, the Ag value of a transition
with A = 1 has an opposite sign compared to the Ag value of +y transitions with
A = 23,.... This means that, if o transition with A = 2 in a certain detector
results in an increasing LEMS curve, a trapsition with A = 1 in the same detector
will result in & decressing LEMS curve. A more important consequence is that
mixed M1/E2 trapsitions can result in 4 valuss close to zero, making a LEMS
measurement impossible. A similar argumentation can be made for the ¥, (8, ¢)
tensors. A detector in the direction of the magnetic field has ¥2(0°,0°) = 1. In
this diraction the LEMS curwe with the largest amplitude is ohserved.

The BY tensors describe the orientation of the nuclesr ensemble. This ori-
entation is changed by the mapnetic dipole and dectric quadrupele interaction.
Dus to the change of the orientation tensors hy these interactions, the ratio vg/u
can be extracted.

Production and orientation in a fogion-evaporation reaction

It is ocbvious that, in order to detect a change of the orientation of the nuclear
ensemblea via a change in the anpular distribution of the -y rays, first the nuclear
ensemble needs to be oriented. In & standard LEMS experiment the nudei of
interest are produced in a fusion-svaporation reaction, which also provides an
axially symmetric orientation around the beam axis {[Shef6] and Figure 2.2).
The enargy of the beam needs to be above the Coulomb barrier in this case.

The projectile and target nucleus fuse topether and form a compound nucleus at
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i

pmjle
nucleus nucleus

Figure 2.2: QOrientetion obieined in o fusion-eveporetion reection. I, denoies the
intfio spin of the forgef nucleus, L denotes the contribution to the enguier maomenium
of the sompound nucleus, generated by the nuelear receion. L = 7 x § with 7 the
rendomly ariented fmpect perometer end § the momentum of the projectile. The final

spin f} = I + L is oriented preferenticelly perpendiculer fo the bewn eais.

high excitation energy. The compound nucleus subsequently evaporates particles
{mostly neutrons, sometimes also protons and ¢ particles) bafore further decaying
by ~y-ray emission. The fusion-evaporation reaction imparts a transfer of a large
quantity of angular momentum from the projectile to the compound nucleus.
This angular mementum is criented preferentislly perpendicular to the beam
axis, i.e., the initial orientation axis, which is illustrated by Figure 2.2. Usually
the mapnetic fidd is oriented parallel to the beam axis. This allows an easy
description of the orientation of the nuclear ensemble in the LAB system (Figure
2.1). A Gaussian distribution of the spins with respect to m, = (), with m; the
projection of I on the Z, 4, axis, is assumed [News7):
o
Plmy = — 22l (2.5)

—_— mﬂ b

> exp{ )

P{my) is the probahility of occupation of a state m,. The amount of initial
crientation is hence fully determined by the (Gaussian width o. Normalised with
respect to the total spin J, o/ is typically in the range of 0.3 to 0.4 for heavy
ion reactions [Mor76]. Expression (2.5} allows to calculate the density matrix

elements at the moment of production + = ( in an easy way:

{my | p(t =0} | my} = 5-"”“{1'}]1“;“{1' (t=0)= amjij{m.! ). (2.6)
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The perturbation factors

The: crientation tensor B as used in expression {2.4) is related to the density
matrix p(t) via [Fanhd]

BYIL#y =V +1y/2k+1 ¥ (-1)*™ g {my | p(t} | m ).

mJ-’mJ_ _m_[ m_l T

(2.7)
It can be written as a function of the initial orientation BHI[ ) as [Sta?h]
B:{I: t} = E .[’_;":::{I! H e s, t}B::{t = {]} {28}
o

The functions Gm’{f y Hegnas, 1) are the parturbation factors that describe the
influence of the Hamiltonian on the orisntation of the ouclear ensembls, as de-
scribed by the density matrix p or, equivalently, by the orientation tensors BHY
[5te7h]. The perturbation factors can be calculated explictly by solving the von
Neumsann equation zﬁéﬂ [H, p] from which the time evolution of the density
matrix [Fanh9] is deduced, using the sigenstates of Hywasg. For static interactions
the solution of this equation is [5te7h]

ot = Oy exp (). (2.9)

p(#) = exp(

Via the direct relationship between the orientation tensors BJ{7, 1) and the den-
sity matrix elements {m, | p(#} | m}} (2.7) the perturbation factors can be caleo-
lated explicitly as

G Hesms,t) = Y2+ 1V +1

5 (eayen I I & I I ¥
Ty b1 NV -y M, n —py oy 7

X exp{—dwir ) me | NHN | ped{my | N'Y{NT | i)

4

(2.10)

with whHS = 25w By and | N} are the dgenvaluss and corresponding

sigenvectors of Hiuug, derived by a numerical disgonalisation of the matrix (2.3).
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The G (n’ # () terms are not necessary to be calculated because of the axial
syminetry of the enseanble of compound oucls produced in a fusion-svaporation
resction. This makes that these perturbation factors are multiplied with the
By .—,;él]{ {J} = ( tensor eomponents in the angular distribution funetion. If the
EF( is provided by a polyerystal and the mapnetic fidd is oriented parallel to
the beam axis, only the G, terms need to be taken into account, because of the
axial symmetry of the system with respact to the symmetry axis of the initial
orientation.

Further the LEMS perturbation factor will be denoted as
Gow (I, Hesars, 8) = Y (Frr™nm exp(—iury e 1), (2.11)
NN
As LEMS messurements are time-awraged measurements, a time integration,

including a exp({—#/7) weight to incorporate the nuclear lifetime of the isomer,
has to be made

, GO Hpwnas, b —t/T)dt
GHT Hussyr) — BT Heonn Dopit/ndt —q )
u , ]

ﬂ-ﬂ 1
= YA 15 atEWs, {2.13)

iy

For n = n' = () tha raal part equals

1
GR (L Hewus, 7) = Y (FaV )0

: , 9.14
Z T 14

while the imaginary part drops, because it is odd in a.rﬁjﬁﬁ“i o

A gunalitative approach to LEMS

The result for the anisotropy of the 7y radiation as a function of the magnetic fidd
is a decoupling curw: (Figure 2.3), which can be explained in a hand waving way
as follows. After production and orientation the isomers of interest are caught in
a suitahle host where they are submitted to & combined electric quadrupoels and
magnetic dipole interaction. The mapgnetic fisld is oriented parallel to the beam
axis, Le., the symmetry axis of the initial orientation. At zero mapgnetic fisld only

the quadrupole interaction is present and the initial orientation and anisotropy
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Anisotramy

15 4

124

0 1 2 3 + B
Figure 2.3: Simulefion of ¢ LEMS curve for en {somer with I = 1), which deceys
vie ¢ 10+ — Bt E2 prensifion. The other peremefers ave vg = 10 MHz, p = 1 jy,

off =035 end N =1. The {somer {s implontad in o polyerystolline moferiol

is decreased to the hardcore value. At high magnetic fislds (several Tesla), the
electric quadrupole interaction is negligible compared to the Larmor precession
of the isomeric spins around B. As the precession axis coincides with the initial
orientation axis, the initial anisctropy is measured. At intermediate fields there is
a competition between the quadrupels and the magnetic interaction and a smooth
chanpe from the hard-core anisctropy to the initial full anisotropy takes place.
This part of the LEMS curve is sensitive to the ratio of the quadrupols interaction
frequency vy = % to the magnetic moment g of the isomer. 5o, if the
magnetic moment is known, the quadrupels interaction frequency can be dedueed.
Besides the ratio vy /g, 2 LEMS curw: depends on two meore fit parameters: the
initial orientation, & /1, and a normalisation factor, N, depending on the detector
efficiencies. The normalisation factor N shifts the LEMS curve as a whole up or
down. The amount of initial orientation, quantified by /1, influences the LEMS
curve in the high magnetic fidd regime, because at high magnetic ficlds the
imitial amsotropy is measured. At {) Tesla, where the anisotropy is reduced due
to the electric quadrupole moment, the LEMS curw: is rather insensitive to o /1.
Hence the fit parameter o /7 is rdated to the amplitude of the LEMS curw:. The
more initial orientation has been produced by the nuclear reaction, the bigger

the LEMS amplitude will be.
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The LEMS condition

MNotice that a detectable perturbation of the orentation of the nuclear ensemble
due to the dectric quadrupale interaction is only possible if the lifetime of the
isomeric state is long encugh. This is the case if the lifetime, 7, the quadrupole

interaction frequency, vy, and the nuclear spin, , fulfill the LEMS condition
vor /I > (.5 {2.15)

This condition is derived empirically in Ref. [S5ch#8]). When the LEMS condition
is fulfilled all wE¥S(N # N*) are large and have a negligible contribution in
the time-integrated perturbation factor (2.14). Tha time-integrated perturbation
factor is fully determined by the N = N’ terms and reduces to

WL, Hasnes, T) = 3 (FLEMS (2.16)
'S

The coefficients { fL5Y5Y have been defined in equation (2.11).

2.2 Double perturbations

In a fusion-evaperation reaction highly excited states are populated. They de-
cay to the pround-state by passing through a lot of intermediate states, During
the y-decay of the residual nudeus cascades of 20-30 -y-rays are anitted. Sev-
eral of thaese intermediate states can be isomeric. All isomeric states fulfilling
the LEMS5 condition {2.15) interact in a detectable way with the surrounding
electromapnetic fidds. Therefore, the anisotropy of the 7y rays criginating from
an isomeric state will be influenced by all preceding perturbations, each of than
with a corresponding ratio v/ (Figure 2.4). In this section the time-differential
and time-inteprated axpression for the anpular distribution function for the ease
of two subsequent parturbations will be deduced. In principle a further expan-
sion towards more parturbations is possible. Howeswver, in practice the analysis
for more than two subssquent perturbations is very complicated due to the many
parameters involved [Ney33a). Therefors, it usually loosas its reliability and will

not be treated here,
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Figure 2.4: Decey scheme of o nueleus in which two somers ere present. The lebels
L1, D2, 2P end 5 denote the divee! feading vie dzomer I, the divest feeding vie izso-
mer 3, the double perturbed frection end the side feeding, respectively (see fext for the
definitions of D1 end D2}, The « roys of inferest ore lobeled R, R, R end R.

2.2.1 Time-differential expression for the double pertur-
bation factar

Assume two isomers 1 and 2, having the nuclear properties (I1, 71,21, p1) and
(12,12, €22, o) respectively. Isomer 1 is populated by prompt y-decay and decays
after a time ¢ = 4, again via a cascade of prompt -y rays toisomer 2. 4, can be any
time in the time interval [0, o], however with a probability which is quantified
by the exponential exp{—#, /7 ), in which 7, is the nudear life time of isomer 1.
The initial orientation of the isomeric state 1 is given by BJ{(f,# = (). This
orientation is perturbed due to the interaction of the nuclear moments 4, and
€2, with the surrounding alectromagnetic fields. At the moment of decay, 1, the
orientation can be written as [Har§la, Ney83a, Ter08s)

B::{Il!t = tl} = E hii:{-rl! ?!tl}-ﬂ:{fl!t = ﬂ} {21"?}
L X, L

The initial orientation of isomer 2 squals the final orientation of isomer 1 cor-
rected by the desorientation coeflicients [y, (f1) which take into account the less

of crientation due to the intermediate prompt 7y rays. Therefore, the initial ori-
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entation of isomer 2 is given hy
Byt =1) = Up(R)Bo (0,1t =1%)
= Un ()Y GRpdL, ;;’1 t)BpILt=0).  (2.18)

Een L
Isomer 2 interacts with the slectromagnetic fislds during the time intarval [£, $5).
At the time ¢ = 45, also isomer 2 decays. #; can be any time in the tims interval
[#., ], howewver weighted by the probability function exp[—(# —4,) /73], in which

7y 18 the nuclear lifetime of isomer 2. Its orientation at the moment of decay, #g,

is
Biilnt=t) = 3 GRIi( -2t = 0B (It =)
klml P'
= > Gukl fm ty — 00k, (Ry)
L8

EG::I:{IL, %, #)BM T, ¢ = 0)
1

= Y G, L, =2, 2 BRIt =0).  (2.19)
ko 1 Mg

After the decay of isomer 2 no further change of the orientation takes place.
Hencos, the perturbation factor for two subsequent parturbations at a time & > 45
is

Grr (I, 5, 28 Y g
b TR

= E il 077 %! tg — W (R )G, %! 1) (2.20}
2 1

kimy
2.2.2 Time-integrated expression for the double pertur-
bation factar

LEMS measurements are time-integrated messurements. Therefore, a proper

time-integration of expression {2.2() needs to be made:

[ [
ook (113 T2, E, i“ T1,Ta) = > Umnd Vet U (RN Veir

NI,JV;,M,-N; s-hiaﬂ'i
Joexp(—t, fm }exp(— Nfﬁqltl} F exp[=(t = 4.} /73] P-IP{—I&ILBMWT}dtdtl

Jo exp{—t, /7)) ft?nﬂxl"[_'[t—tl}f'rz]dfdtl

(2.21)
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in which the coefficients (FE4# 5010 are defined by the equation (2.11). The
ides behind this expression is that isomer 2 starts its interaction with the elec-
tromagnetic fields at the moment of the decay of isomer 1 (which is #;) and
interacts with the fislds during a time span (# — #,), with ¢+ € [#,,20]. An ex-
ponential weight exp|—(# — #,}/75] accounts for the nuclear lifetime of isomer 2.
The initial crientation of isomer 2 is the final orentation of isomer 1, corrected
by the desorientation coefficients Uy, (H,). The final orientation of isomer 1 is
x P.::q'n[—wﬂi N;qlf }, where the moment of decay of isomer 1, 4, is weighted by
the exponential exp{—#./7).
The integrals can be calculated sasily in an analytical way:

o. Vg 8 8
GE:{Il:Iﬂ: rli: _ﬂ: 'T']_,'Tg} = Zﬂi,ﬂfﬂgﬂéﬁimdfmng E}E::Uki{ﬂl} L-:S'J‘J}f l}:::

g
1 L
(rrgmgme rogmg N rozege ) (2.22)

The time-inteprated double perturhation factor is NOT equal to the product of
the 2 time-inteprated single perturbation factors times the descrientation coeffi-
cient hih{fl: y Tk {RL}G"”;{IQ, Tz), because an extra dril 527 term
is present in the dencminator. HGWE‘FEI', if the LEMS condition (2.15) for isomer
2 is fulfilled, then similar to {2.16) only the whfH s, (M=) () and thus also

Mg=1V}
only the i 824, W= § terms contribute and the formula reduces to

Gor(h, Ia, Y B o) = mffls Tl}Um{Rl}Gmki{Im;: 3 ).

fL pa #1

(2.23)

2.2.3 Influence of the direct feeding

In the most general case a -y ray in the eascade below isomer 2 contains 4 con-
tributions {Figure 2.4): A first fraction D1 originates directly from isomer 1,
by passing isomer 2 in its decay. Further, a certain fraction D22 of the isomers 2 is
not fed via isomer 1, but directly by a caseade of prompt 7y rays, which are cither
discrete or statistical. We will refer to this as the 'direct feading’. Obwviously,
also a double perturbed fraction 2P is present. Finally, side feeding ensures a
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prompt component as well. In practice reliable fit results are obtained by neglect-
ing the prompt component and rescaling the fractions 41, 232 and 2F such that
D1+ D2 + 2P = 100%. Hence the time-integrated angular distribution function

for A contains three contributions:
W8 0)= W@ o, D1)D1+W(8,0, D2)D2 + W(#, ¢, 2P)2P. (2.24)
Here

W 6 D1) = VAt Sy, . 7oA (YYE (0, 6}Us ()
Gn-‘:::{fl: %L: Tl}B;:{Il: t= ﬂ} {225}

is the contribution dus to the perturbation of isomer 1. The contribution dus to

the single perturbation of iscmer 2 is:

W{,6,D2) = Vir Ty, 7o A (VYEH8, 6)Uk(Ra)
Gn!::k {Iﬂ:l e T2} BE {1, 1 = 0) (2.26)

and the contnibution dus to the doubls perturbation of isomer 2 is:

W{,6,2P) = ir Ty, . i An(NYE 6 )0 (R)
GTJ::JB{II!IE! l":fi 1 %!Tl! TE}B:{Ilit = ﬂ} {22"?}

The analysis of & double perturbed decay implies seven parameters: the direct
fendings, 21 and D)2, the initial orientations for both isomears, (o /1), and (o /1),
the ratios of the nuclear moments for each isomer, (g /) and (vg/u)s, and a
normalisation factor, N, depending on the detector efficiencies. The fractions of
the direct feedings, 21 and £22, can be determined from the relative intensities
of the -y rays R, R{, Az and R (ses Figure 2.4 and appendix D) so that only &

parameters remain.
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2.3 The experimental setup and analysis

2.3.1 The LEMS setup

For a detailed description of the experimental setup the reader is referred to
[TerQB8a, Schf8, Harfla, Neyd3a). Here only the relevant aspects for the experi-
ments paformed for this work are summarised. All experiments have baen car-
ried out at the CYCLONE cyclotron in Louvain-la-Neuve. The dedicated LEMS
setup was utilised, which consists of the split-ceil 4.4 T superconducting magnet,
a target holder, allowing precise temperature control at the target pesition in
the interval 4 - 600 K, and 4 Ge detectors, which monitor the target through the
holes of the mapnet and are manufactured to work in eonsiderable mapnetie ficlds
{Figure 2.1}. They are positioned at ° and 90° with respect to the beam-axis.
The magnetic fidd is oriented parallel to the beam axis. As the nudear ensemble
is produced in the measuremeant chamber itsddf the detoctors are exposed to wry
high counting rates (typically 20000 counts/s). Therefors, the resclution of the
1332 keV ®Co line is usually not better than 2.5 keV. Note that single 7 ray

spectra are recorded during the experiments.

2.3.2 The LEMS analysis

In the analysis the numbear of counts of the peak of intersst in the dstector at
{)° and the detectors at 80° is determined with the aid of the FITEK program
[Sto]. Although in principle: it is sufficient to detect the radiation in one direction
(Figure 2.5), in practice the ratio m—f%]]— is determined for aach mapnetic fiald.
This way of data handling ensures a normalisation for the fuctuations in the
beam intensity and results in a eurve with a bigger amplitude. If clean intense
prompt 7y rays are present in the spectra, a second normalisation is made as wdl.
Prompt -y rays originate from lewels with a lifetime which is too short to allow
a detectable interaction with the surrounding dectromapnetic fislds. The LEMS
condition “&* > (1.5 (2.15) is not fulfilled. Therefors, the anisotropy of the prompt

-+ radiation does not chanpe as a function of the magnetic field. Deviations are
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Figure 2.5: Anisofropy of the v rediefion es ¢ function of the moegnetic field meesured
by fa} e (P degrees defertor end (b} o W degrees detector. A polyerystelline moteriol
provides the EFG. An {somer with spin I = 8, deceying vie ¢ 8+ — 6T E2 frensifinn,

15 essturned

fully due: to irregularities, such as, .., the movements of the baam spot, which

i hy the ratic
LT

are common for all detected -y rays. By dividing the ratio N_{(“E’L]-

N (ae]
NI

remaining effect is the LEMS effuct.

Finally, a theoretical LEMS curwe N % is fitted through the experimen-
tally deduced ratios. Note that, if 5 polyerystal is used, the anpular distribution

of the -y radiation is the same for all detectors positioned at & = 90° with respect

ot for each mapnatic field, thess irrepularities are ruled out and the only

to the beam axis and thus ¢ independent, because in such a confipuration both
the quadrupdle interaction and the magnetic interaction are axially symmetric

around the beam axas.

2.3.3 Pulsing of the beam

Becuause a time-integrated curve is measured in a LEMS messurement, a pulsed
production of the isomers of interest is not necessary. Newwrtheless, beam puls-
ing with a period of the order of the life time of the inwestipated iscmer and
collecting data during the beam-off period only is often desirable to reduce the
prompt background radiation and enhance the peak to background ratio. At the
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CYCLONE facility three types of beam pulsing are available, each of them ap-
plicable in a different lifetime region. One can either use the natural frequency of
the cyclotron {or HF timing), typically providing a baam burst every &) ns, or one
can apply a changing voltage (block pulses) on a deflaction plate betwesn the ion
sourcet and the cyclotron [Ney93a, Brof8, Ter8a]. The latter works for pulsing
pericds larger than 4 ps. Recently, a third method has been developed where a
deflection plate (or beam fipper) is added to the baam line immediately after the
cyclotron [Sch96, Terf8a, Wycl8]. On this deflection plate an altarnating voltage
is applied with a constant frequency of 1 MHz. A cyclotron pulse can pass every
time it is in coincidence with a zero signal on the deflection plate, i.e, evey 500
ns (Figure 2.6). All other cyclotron pulses are deflected by the beam flipper. A
disadvantapge of the system is that the frequency of the alternating voltage on
the deflection plates is fixed. Therefors, the baamn Hipper can only be used for
cyclotron frequendies corresponding with an integer number of beam bursts in a
period of 50 ns (with a possible deviation of 2%). Since the cyclotron frequency
determines the beam energy, only certain beam energies can be pulsed with this

system.

Sk ﬁﬁﬁﬁﬁﬁfﬂnﬁﬂnﬁhﬂﬂﬁﬂnn;
VYT VTV UV T

i sout T 1540 E{ns} 20

Figure 2.6: Schemotic view of the pulses coming from the eycotron end how their
phese should mefeh the sinusoidel olferneting volfege epplied fo fthe beom fipper. The
perind of the fipper AC signol is fived on [ us ond only beawns with an infeger number
of beemn pulses in ¢ period of 500 ns con be pulsed by using the Ripper.
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2.4 LEMS in a recoil-shadow geometry

2.4.1 Improvement of the peak to background ratio in a

recoil-shadow geometry

Datection limitations are the main restriction for the applicability of the LEMS
method: The number of holes in the mapnet and, hence, the mumber of detector
positions is limited so that the usual means to reduce the background radiation in
the spectra, «.p., measuring coincidence spectra, cannot be applied due to the low
counting rates. Alsotheuse of anti-Compton shislds is not straightforward for the
simple reason that the phototubes do not work in the stray mapnetic field, which
can o as high as 1 T. Substantial technical devel opment would be needed for this
case. At this point, the only way to reduce the background radiation is by pulsing

the bearmn and measuring during the beam-off period only, as dascribed above.

target host B 150001 .
E= =1
~ - 100001 . =X
rrofapt deiatiun i)
radiation . ™
5000
2 Wyl
3 LY
% ||DET Y A ——
= 200 250 300 350 400 450

E[ke¥]

Figure 2.7: Lefi: Reeoilshodow econfipuretion.  Right: Improvement of the peok
to beckgmund relin i o spenirum foken in ¢ remil-shedow configuretion for the
nat P8 0, 2pm P Ge reection.  The peok origineting from the 9 Ge(I™ = 9/2F) is0-
mer {5 morked with o plus, the Coulex peeks on Pt with on esferisk. For spectrum (b}
no meens to reduce e bochground redietion hove been used. Fpectrum (e} is foken in
the reeoil-shodow eonfipurefion. The number of counts of spectrum (b} is divided by o
Fector of § in order fo moke the bockground levels of spectrum (o} end spectrum (b}

eninteide,
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However, the beam flipper can only be used for certain energies. Furthermeore,
the typical time between the beam bursts in the case of HF timing is 5] to 8 ns,
while: the time resolution of a Ge detector is typically 10 to 20 ns, which means
that the technique loses much of its efficiency. Therefors, the improvwment of the
pesk to background ratic using the reccil-shadow configuration, i.e., separating
target and host and shielding the detectors from the tarpet (Figure 2.7, left), has
been inwestigated. An experiment, using the "*Fe('® 0, 2pn}® (e reaction with a
beam energy of 65 Me'V has been performed. The target tickness of 1.57 mg/fcm?
allowed all ®™Ge[J™ = 9/2%, 7 = 4.05(7) us) recoils to reach the host. The
right panel of Figure 2.7 shows that the improvanent of the peak to backpround
ratio of the 308 keV M2 transition can go as high as a factor of § by using the
recoil-shadow geometry [Vyvd7].

2.4.2 Experimental results on the influence of the [-.J

interaction on the LEMS technique

A complicating factor for the application of the reccil-shadow technique is that
in most of the cases (usually for the enerpiss of the fusion-wvaporation reactions
of interest) the recoiling nuclei are not fully stripped. In free atoms the nuclesr
spin [ and the stomic spin J interact with each cther, coupling to a total anpular
momsnt urm f, around which both T and J precess. This means that during
the flight through the vacuum (when the recciling atoms are free), non-fully
stripped nuclai will be submitted to this I f—mupling mtaraction. As the atomic
spin is randomly oriented, the net result of the precession is a lowering of the
crientation of the nuelear ensemble. The crientation ean be restored by applying a
sufficiently high magnetic fisld parallel to the nuclear orientation axis so that both
the atomic and nuclear spins perform a Larmer precession around this mapgnetic
field [Ste?h, Gol82, Bro73, Lit8)]). This means that the influence of the Iy
interaction on the anisotropy of the radiation, as a function of the magnetic fidd

strenpth, should be investigated in order to ensure a correct quadrupole moment
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determination. The Hamiltonian of the interaction is given by [Ste75):
Hyy=aof - F+3,-B-i-B (2.28)

with a = %M—) baing the coupling constant, f, the nuclssar magneatic momeant,
A, the slectronic magnetic moment and By the hyperfine fidd induced by the
atomic electrons. As the Bohr magneton is about 2000 times larger than the
nuclear magneaton, the decoupling occurs when {3 - E} is larger than {af . f) In
appendix it is discussed how the influence of the combined magnetic dipole +
I J + electric quadrupole interaction on the anisctropy of the -y radiation ean
b calculated. Here some experimental results are discussed.

The combined magnetic dipole + I f interaction

Several experiments using the " Fe(80 2pn}* Ge reaction with a beam enargy of
65 MaV hawe besn performed at the CYCLONE cyclotron in Louvain-la-Neuws,
Belgium. The tarpet thickness of 1.57 mg/cm?® was thin enough to relesse all
recoils. The recoil energy is 15 MeV, but because of the enerpy loss in the tarpet,
the awrage energy with which the nuclei left the target was Eg=89 MeV and
the energy spread has been talen as o,=0 MeV (TRIM [Ziefif] calculations).
In a first experiment, the Qe isomers were stopped in a 1.78 mg/cm? thick Ni
host at a distance of § cm from the ™*Fa target. A 50 pm thick Ta foil served
a8 g beam stopper. The combination of a thin Ni feil + high-Z beam stopper
was chosen in order to dearease the reactions with the Ni. The Ni foil has basn
heated up to 45(°C to reach its paramagnetic phase. Since Ni is cubic, no EFG
and thus no quadrupols interaction is present unless defects are trapped by the
probe nuclsi. An experiment applying the direct production in a thick Ni foil,
using the ™*Ni{*?C,2pn)}® Ge reaction, proves that indeed no defects are created.
This is shown hy the analysis of the §98 ke M2 transition which does not show
& change in the anisotropy #s a function of the magnetic fidd {Figure 2.8, up).
50, if a chanps in the anisotropy is cbserved in the reccil-distanes expeariment,
it is entirely due to the I..J intaraction during the recoil time of the ¥ Ge ions.

Notice that the recoil time is only about 1{) ns, which is much shorter than the
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isomeric lifetime of 4 ps.

The - J decoupling curve for the ®Ge(1=0/2) isomers with & recoil w-
locity e = 1.¥%c is shown in the down panal of Figure 2.8. The fit results

in '—;fj = {].Zﬁiﬂﬂg% and J = 2.7(2) where pg is the Bobr magneton. An

estimate of the atomic mapnetic moment can be made using the relationship
Br = —gs fpgfﬁ. with the Landé g factor as a pood approximation for the atomic
gyromagnetic ratio g, [Sch79]). The Landé g-factor is either 1 when the atomic

intrinsic spin is § = {J, or 2 when the atomic orbital angular momentum is £ ={).

Anisotropy
&

1.37

13 ditect itnglahtution

Anisotropy
n

=
b
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i
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—
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Figure 2.8: Fp: LEMS curve for the 59 Ge(I=9/2} isomer in Ni ot J50F C using o divect
production i the Ni. No chonge of the spin orienfofion os o funciion of the erfernolly
epplicd moegretic field i3 mecsured, proving the! no defect-cssocicted EFGs in the Ni
ere present. Dowm: I-J devoupling curve for the Geff =942, 1 = 4.05(T)jus} {somers
remiling ouf o ™ Fe fofl with o veloeity of 1.7 e and stopped in o N foil heotfed up
tn 450°P C after ¢ 9 ns flight time. The refin ’—;fj = Q. +Efﬁ% with 11y = La end

s = gadpug eorrespontds for the epprozimote velue of gy = 1 with en efomic megnetic

hyperfine field of 10807577 T [Viudd].
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The large total atomic angular momentum J = 2.7{2) indicates that a consider-
able amount of orbital anpular momentum must be involved. Indeed, the total
atomic angular momentum averaged ower the Hund ground states yields only
{1.9. Therefore, excited atomic states, whers, e.p., several d-electrons couple to
high crhital momentum levels, must be present. Combining the fit results with
the value obtained for g, results in an atomic hyperfine field By ¢ of 10801270
[Vyv(()]. Note that these large atomie hyperfine fislds allow g-factor messure-
ments of (sub)nanosecond states [Vyv(1b].

The combined magnetic dipole 4+ I f 4 electric quadrupole interaction

In order to verify exparimentally the combined magnetic dipola + electric quadrupole
+ . J interaction two experiments with the ®Ge atomic nuclei recoiling into a
Pt host have besn performed. In a first experiment the ™ Fe was evaporated on
the Pt, while in & second one the Fe foil was placed at a recoil-distance of 6 cm.
Pt is cubic but other experiments [Ter38b] have shown that defects are essily
craated in this host resulting in a defect-associated EFG. At zero recoil-distance
a combined mapnetic dipole + electric quadrupole interaction takes place. From
tha amplitude of the LEMS curw: one can determine that B5{7)% of the Ge nuclas
end up in a defect-associated site. 24(5)% of the Ge isomers are interacting with a
smaller EFG (v, = 6.4(1.5) MHz), while 31(5)% with a larger one (vg, = 18(2)
MHz). Figure 2.9 shows that the curve for 2 § an recoil-distancs has a larger
amplitude which is caused by an extra lowaring in the anisotropy due to the I.J
interaction. In a first fit the §- .J interaction was not taken into account in or-
der to verify the influence of the I. J interaction on the guadrupole interaction
frequencies. The same quadrupole frequencies, within the error bar, have besn
found as for a zero recoil-distanee {(table 2.1). Only the fractions of the nuelsi
submitted to an EF( differ, since they are directly connected to the amplitude
of the LEMS curwe. In a second fit hoth the LEMS interaction and the I J
interaction were taken into account. The £ J fit parametars were fixad by tha
sxperiment with the Ni host and the quadrupols frequanciss by the experiment
with zero reccil distance. As a result also the fractions agres and the theoretical
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Table 2.1: Fit vesulis for the 5 Ge(T™ = 92" } isomer in Pt with ¢ zevo and ¢ 6§ em

remil-distence. For e zero reroil distence only the pure LEMYS inferection fokes ploce.

For o € em reeoil-distance olso the T+ J interaction is present, which hes been foken

into cerount in ) but not in © [Vl

d v, [MHz] v, [MHz] A fz vy [GHz]

{) 6.4(1.6)  18(2) (.24(6y 0.31(6)y -

Gecm® H0(0.8) 17(4) (.50(8) 0.40(5) npot in it not in fit
6cm?® 6.4 18 (0.24(b) 0.31(6) 0.68

“Ge(T™= 92", t=4.05(7} s} in Pt

0,55 V= 0.4 MH= [1=ﬂ.24(5]
vy=18MHz  £,=0.31(5)
¥ vy =0.68 OlIz
0500 % 1=27
0 2 3 4
B[T]

Figure 2.9: Up: LEMS curves for the ® GefI™ = 927} isomer in Pt wing zem ond

£ em recoil-distances. No I-J infercefion has been foken into cecount in fit the defe.

The fif resulis ren be found in foble 2.1, Down: Combined LEMS+I - fﬁf for the &

em recnil-distonee/Vyodd).
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curve is in better agresment with the experimental data. The improvement in y®

is 10%.

Conclugion

The sxpariments duseribed abowe reveal that the infuence on the quadrupols
frequency due to the I'. J interaction is negligible. Only in exceptional casas,
when the 7 - .J interaction strength is very strong compared to the quadrupele
interaction strength, the I'. J interaction should be taken into account. In this
case, i comhined LEMS + I’ J fit results in the correct guadrupals interaction
frequancies and the I Jht parametaers can be fixed in an experiment whare the

nuclel of interest recoil into a cubic host.
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Chapter 3

Quadrupole moments of the

I™ =117 intruder isomers in
194,196Pb

3.1 Introduction

This chapter shows the sxperimental results of the messuranants on the 11-
and 12% isomers in %% Ph., The aim of these experiments is to extract the
quadrupole moment of the (/7 = 11-,Ty;y = 72(4} ns, up = 10.56(88}py} in
1%8Ph. As described in chapter 1 the pudear physics interest is two-fold. The
96Ph{J* = 117) has the ?1'{351_; 1hg 514,32} configuration. On the one hand we
will investigate the influence of the breaking of the £ = 2 proton core and,
secondly, the presence of the 14,5, partide on the deformation. Also the results
of shall modal calculations will be discussed. In these calculations the quadrupole
moments of the intruder and the corresponding normal states have been deduced
by explicitly taking into account the interaction between the valenee protons and
the vibrations of the underlying core.

On the other hand the messurement of the quadrupole moment of the 11~
isomer in '*Ph will allow to extract the quadrupole moment of the ¥SPh{f™ =
16~) shears bandhead. A small quadrupole moment prowes unambiguously that

&b
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magnetic rotation is the only possible explanation for the observed rotational
band built on the SPh{I™ = 16~} state. A comparison with TAC calculations
will be made.

Howesver, the quadrupole moment of the "™ Ph(/™ = 117} is not the only
information that can he extracted from this seriss of axperiments. In order to
measure this quadrupole moment the Ph isotopes were implanted in a Re poly-
crystal. Therefore, the electric fisld pradient of Ph in Re could be determined
experimentally from the quadrupols interaction frequency of the ¥Ph{7™ = 12}
isomer.

As byproducts, also the 11~ and 12+ isomers in %*Ph were produced in the
muclear reaction. The analysis of the transitions depopulating the (11~ — 127)
cascade provides an experimental test for the doubls perturbation formalism as
deduced in section 2.2. This can be done by comparing the electric field gradient
extracted from this analysis with the alectric field pradient extracted from the
quadrupole interaction frequency of the "8 Pbh(J™ = 12%)} isomer. Furthermore,
the double perturbation fit of the transitions depopulating the {11- — 127}
cascades also includes v (/™ = 117} as a fit parameatar. Hencs, it provides a
way to extract a value for vp(J™ = 117} as well, whereas the analysis of the
-y transitions directly depopulating the " Ph{f® = 11-) isomer did not allow a

reliahle result.

3.2 Experimental details

3.2.1 Production and detection of the 3~ pPh{I™ = 11, I" =
12} isomers

The %1% Ph{[™ = 11-,127) isomeas were populated in a "Re(*N,5n) reaction

at a beam energy of 87 MeV. The ™*Re consists of 62.6% ""Re and 37.4% """Re

[Wea7l]. The 50 um thick Re erystal has sorved ss o target, s LEMS host, and a

beam stopper at the same time. §% of the y-decay of the high-spin states in " Ph,

which are excited in the heavy-ion fusion-evaporation reaction, goes through the

www.manaraa.com



3.2 Experimental details BT

11~ isomer, while 5% poss through the 12+ isomer [Ruy86]. Typically 16 spactra
of 15 minutes were collected for each mapnetic field. No beam pulsing was used,
because using it was of little help: due to the short lifetime of the 117 isomer
in ®*Pb (v = 104 ns) the HF timing gives the best peak to background ratio.
However, although the pask to background improves with a factor of 2 to 3 by
using HF timing, the fit aror on the number of counts in the 498 leV peask

remains the same (Figure 3.2). This is bacause the neighbouring +y rays with an

- 10000

COUNTS
S

2000+ ‘MM
|

150 200 250 300 350 400 450 500
E(KEV)

Figure 3.1: A fypirel specirum obteined in the "® RefX Noam} reection of ¢ beem en-
ergy of 87 MeV ofter 1§ minwdes of measwement fHme, The peeks coming from fhe
W8 pp(I™ = 12F) fsomer, the %8 PH(I™ = 117) isomer, the W1PH(I™ = 12F) isomer and
the 1PH(IT = 117) {somer ave indicefed in ¢ normel bold, ifolic end bold-ifelie foni,
respectively fsee Figures 1,11 end 3. 11 for the level schemes). The energies of the peeks
due fn Coulomb exeifotion on ™ Be ore underlined. Confomineting rediction, which is
etfher prompt or from ofther isomers or § demey, {5 merked with o sguore, ¢ eross end
en osferisk, respectively. The ower port of the figure shows the deloyed v reys. The
6 nz fime gofe sferis 30 ns affer the beomn burst. The upper port of the figure shows o

spectrum without ¢ Hme gole
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energy of 493.9 ke and 502.1 keV, respectively, originate from 5T, which is
populated itself via the 3 decay of the '"*Ph ground-state. Hence, also these -y
rays are delayed and not cut by beam pulsing and measuring during the baam-off
period only. Furthermors, it is useful to have clean intense prompt peaks as wall
in the spectra to perform a second normalisation as described in section 2.5.1. A

typical spectrum is shown in Figure J.1.
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Figure 3.2: Seme os Figure 3.1, but in the energy window {50-530 keV.

3.2.2 The choice of Re as a target and a LEMS host

A crucdial point in performing LEMS massurements is the choice of the host which
provides the EFQ3. Possible candidates are Re and Bi. The bast axperimental
possibility is to use a target which also serves as a host, because this will enhance
the production and also improve the peak to backpround ratio in the messured
¥ ray spectra [TerG8b). If the target cannot serve as a host, the isomers of

interest need to be recoil-implanted in the host. This has the disadvantages that
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contaminating reactions cn thehost material occur and that the compound nuclei
can only recoil cut of thin tarpets. Obvicusly the use of thin targets decresses
the production.

Tuking Bi as 8 LEMS host has the advantage that the EFQG of Pb in Bi is
known, Vyz(T = 283 K)= 1.66(5) - 10*! V/m® [Haa73], and in the proper range.
The EF@G should be hig encugh to ensure that the electric quadrupole interaction
is sufficiently strong to disturb the alipnment of the nuclear ansemble within its
lifetime. On the other hand the quadrupols interaction should be small enough
to allow saturation of the LEMS curve within the range of the external magnetic
field (4.4 T for cur magnet). A disadvantage is that g, Bi cannot serve as a targdt
to produce gPb in a fusion-evaporation reaction (it has more protons than g,Ph
and in most of the fusion-swvaporation reactions only peutrons are svmporated
because the Coulomb barrier hinders the emission of charged particles).

To owrcome this problan, not g;Bi, but 7sRe has besn chosen as s tarpat
and a host. As Re has a hep lattice structure [Wea71] it is a pood candidate for
a LEMS host. A disadvantage is that the EFG of Pb in Re was not measured
bafore. Howmwer, the systematics of the EF(3 as a function of the number of
valence electrons for several probe nuclei in Re reweals that the EFG of Phin Re
is expected to bein the proper range of —3-10%' V/m? (Figure 3.4). In addition,
the ¥€Ph{J™ = 12+) isomer is produced as well by the nuclear reaction. The
gquadrupole moment of this isomer has besn determined prior to our expariments
by applying the TDPAD technique [Zyw81] and, hence, allows an experimental
calibration of the EFG of Pb in Re.

3.3 Experimental results on Pb

3.3.1 The EFG of Pb in Re

Experimentally the electric fisld pradient can be calibrated by using the known
quadrupole moment of the (F* = 12+, Ty;s = 269(5) ns, B, = 2605 keV, u =
—1.920{18)pn, @ = 0.65(5)eb) isomer in "®Pb [Zyw81]. Figure 3.3 shows the
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Table 3.1: Fif sesulls for the 9SPHI™ = 127} isomer. The 337 keV fronsition hos
beent enelysed (Figure 3.3). In the upper port of the toble # iz cssumed thof the full
infensity of the 337 ke V is due fo the depopulefion of the 127F fsomer. In fhe lower peri
the feeding vie the 117 fsomer iz foken info cooount vic ¢ double perfurbefion fif. The
double perturbed frection i 12 %, the frectinn due fo depopuletion of the 127 isomer
83 % ond the frontion divectly eoming from the 11~ isomer 5%.

Detector fixed parameters o1ty w117} o/I{12) N
ratio P [ME]
1 - 384024) - 043(3)  034(2)
2 . THRE - 04308 123(4)
1 G/I{117) = 035,174 < pf117) < 224 385{40) 174  039(3) 034(2)
2 ofI{11) = 0.35,17a <wo{ll™) <224 37.5(40) 174 038(3) 1.23(4)
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Figure 3.3: Upr experimentol reting N{0°) /N(90°) for the 337 ke V trunsition depop-
ulefing the CPH(I™ = 127} isomer, withoud exfre normelisotion with the prompt 158
ke V fronsition. Down: Semple LEMS curve for the 337 kel frensifion effer normoli-
sefion with the prosmpt 158 kel frensitinn. The fif results ore Hsfed in Teble 3.1
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3.3 Experimental results on '%Pb n1

LEMS curve obtained for the 337 keV (£1, 10+ — §7) transition, mainly fed via
the 12% isomer {82%) [Ruy86]. An extra normalisation of the data points with the
prompt 158 ke?V transition, present due to Coulomb excitation on " Re [Fir36],
has besn performed. For comparison the experimental ratios N{(°)/N{(80°) for
the 337 keV without the sxtra normalisation with the 158 keV trapsition are
added to the picture. The level scheme (Figure 1.11) shows that different decay
paths contribute to the intensity of the 337 keV peak. The different fractions
have besn calculated from the relative intensities of the 337 keV, the 498 leV,
the 548 keV and the 959 keV transitions as explained in appendix D.

Besides the fractions of each contribution also the amount of initial orien-
tation, & /I, is fixed at (.35 for the 11~ isomer and its quadrupole interaction
frequency is only allowed to vary within its experimental error bars 174 MHz
< vy < 224 MHz, as deduced from the analysis of the 488 eV transition (se
section 3.3.2). The remaining fit parameters in the double parturbation fit are
the quadrupole interaction frequency, g, and the initial orientation, & /1, of the
12+ isomer and a normalisation parameter, N.

The fit, using the messured magoetic moments p(f™ = 127) [5te83] and
#{I™ =117} [Penfi7], results in a quadrupole interaction frequency of vy = 38(3)
MHz. This result indudes the correction for the 10% feeding of the 10 state via
the 11~ — 12% cascade and the 5% feeding of the 10" state directly from the
11~ isomer hy a double perturbation fit (see appendix D). Also the fit, assuming
that no contribution via the 117 isomer is present in the 337 keV -y ray intensity,
results in a quadrupole interaction frequency of vy = 38(3) MHz. This can be
undarstood from the fact that by accident the ratios of nudesr moments % for
the 117 isomer and the 12+ isomer are almost identical {% = 19{3}% for the
11~ isomer and 18(2) % for the 12+ isomer).

The different detector combinations gawe: a consistent result for the quadrupele
interaction frequency g and the average value of vy = 38(3) MHz has been
adopted. The spread in the quadrupols frequenciss obtainad by the diffrent fits
lies within the limits of the quoted experimental uncertainty. Using the known

quadrupole moment an electric fidd pradient of |Vxz(PbRe)| = 2.42(27)10%
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82 Quadrupole moments of the I™ = 11~ intrunder isomers in 949Phb

V/m? is deduced. This value is in agresment with what is expected from sys-
tematics (Figure 3.4). LEMS messurements are not sensitive to the sign of the

quadrupole interaction frequency. The systematics show that the minus sign
should ba adopted.

Ta W Re Os Ir Pt AuHg Tl Pk Bi
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Figure 3.4: The EF(; in Re for different probe nuelei os ¢ function of the number
of their velence electrons. The defe ere foeken from [Vied7. For eech probe nucleus
the weighled meon of oll velues cveiloble in liferefure are feken. The squore indicoles
tho! the EFG wes meocsured of mom femperefure while the diomonds correspond with
EF(Gs foken of low femperetures (T = {§, 2 or 4.2 K}. The Debye fempereiure of Re
(0 = 43 K fLupB3f} is very high 20 thet the temperviure dependence of the EFG in Re
is expected to be negligible, contrery to, e.g., the BFG in T {serction 4.4 end [SehS82]).
The errw poinis fo the welue for the EFG of Pb in Re, abfeined in fhis work,

3.3.2 The quadrupole moment of the "*Pb(/™ = 117) iso-
mer

Figure 3.5 shows the LEMS curve obtained for the 498 leV E1 transition, de-

populating the 117 isomer. Similar to the analysis of the 337 keV transition, the

data for the 488 leV transition are renormalised with respect to the prompt 158

keV transition. In order to reproduce the amplitude of the LEMS curve some

www.manaraa.com



3.3 Experimental results on '%Pb D3

M2 admixture for the 498 keV tranpsition is talen into account, such that the

radiation paramed s increases.

Table 3.2 Fit resulis for the 98Pb{T™ = 11~} isomer. The {98 E1 keV ifrensition
hos been enelysed (Figure 8.5). The emplifude of the erperimentel LEMS ewrve could
ot be reproduced by esswmning ¢ pure El frenstion. Therefore, some M2 edmiviure is

token into eecount in the fif,

Deatector  fixed parameters  vg{117) &/1{117) Mixing N
ratio [MHz] ratio §
1 03<o/I{117) < (0.4 183(33) 0.3 (0.08(6) 0.30(2)
2 0.3 <ofI{117) <= 0.4 219{46) 0.3 (0.06(3) 1.33(3)

N(0)/N(90)

0.20- Jr \J

B[T]

Figure 3.0: Semple LEMS curve for the 498 Bl irensifon depopulefing the 11~ fsomer.
An erire normelisefion by meens of the prompt 158 keV hes been performed. The fif
results eve Hsfed in foble §.2.

The fit is made using the experimental magnetic moment u(f™ = 117) =
10.56{88)uy [Pen87]. The different detector combinations gave a consistent re-
sult for the quadrupols interaction fraquency v (table 3.2) and the average value
of v = 199(32) MHz has besn adopted. The spread in the quadrupole frequean-
cies obtained by the different fits liss within the limits of the quoted experimental
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B4 Quadrupole moments of the I™ = 11~ intrunder isomers in 949Phb

uncertzinty. The quoted uncertainty also includes the uncertainty on the mag-

netic moment.

Using the experimentally deduesd alectric fisld gradient a value of Q{17 =
117} = {—}3.41(66) b is extracted. Assuming that the 11— isomer is axially
deformed with its spin along the deformation axis (K = I = 11), we deduce a
deformation of 3, = (—)0.156(28) by using the formulas (A.5) and {A.22).

Note that LEM S maasurements are not sensitive to the sipn of the quadrupele
interaction frequency. The negative sipn is talen from the shell model caleula-
tions, taking into account the interaction betwesn the wvalence protons and the
quadrupole vibrations of the underlying Hg-core (ses balow). The oblate shape
can sasily be understood in an intuitive way from Figure 3.6. The 11~ isomer
has a lhgy and a 14132 particle outside the proton core. The lAge and 14134
particles can only couple to a spin J = 11 if their spins are maximally aligned, i.e.,
nearly parallel. Such a confipuration is called 'stretched coupling’. Hence, the
lhge and 1759 particles are moving in nearly parallel orbits. In order to reduce
its enerpy the nucleus will try to maximize the overlap betwesn the core and the

particles around it. As a result the mucleus will take an oblate deformation.

Figure 3.6: Schemotic represenietion of the sivefched coupling.
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3.4 Discussion of the quadrupole moment of the

19613[;.(1?? =117) intruder isomer

By comparing the quadrupole moment of the " Phlx {ﬂsl_;lhg 2181372} -] isomer
with the quadrupole moment of the l“EPﬂ[ﬂr{lhgfgliLq /2 )11-] isomer it can be ver-
ified whether the two 35,9 holes induce a big increase of the deformation of the
mucleus (see also section 1.1.5). The quadrupole moment of the "™ Po(f™ = 117)
isomer has not been messured yet. Howewr, a ressonable sstimate can be made

within the shdl model.

3.4.1 Quadrupole moments within the spherical shell model

In the spherical shell modd the valence particles are moving around a spherically
syminetric core. Hance the core doss not contributs to the quadrupols moment
2.(I). The latter is fully determined by the quadrupols moments 2,5 (7) of the

valenee nuclecns only and can be written ss a linear combination of then:
QS{I} = Zﬂ'ﬁQmp.{ji}' {31}

The: expansion coefficients a;; take, by angular momentum algebra, into account
how the spins of the valence nucleons 7; couple to the total spin J [Hey84]. In
the case of stretched coupling they are equal to 1 and (3.1) reduces to

QS{I} = Z'Qa.p.{ji}- {32}
(2sp.(7) can be calculated as
Quali) = =eny 35 13 (33)

in which &; = 1 for protons and &, = {) for neutrons, respectively. {'r?} is the
mesn square radius for an orbital j. Notice the negative sipn in equation {3.3)
which is consistant with an oblate deformation for a particls outside tha core. In
the case of hole states, e; tales anepative value resulting in a positivw: quadrupole

moment and a prolate deformation.
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86 Quadrupole moments of the I™ = 11~ intrunder isomers in 949Phb

This theoretical description of the quadrupols moments doss not tale into
account the residual interaction betwesn the valence nudeons themselves nor the
polarising affect of the wulence particles on the core for maximising {minimising}
the overlap of the particlss (holas) with the core. Thase interactions induce an
extra effective deformation of the oucleus. Therefore, the spherical shell modal
underestimates the nuclear quadrupols: moments. This problem is solved by re-

placing the charge ey, by the socalled *effective charge’ &2/ (j):
e (§) = exy +be(3). (3.4)

The orbit-dependent effective: charge is either calculated, resulting in the so-called
‘effective quadrupole moment’ %/ [Sag88] or determined from experimental
ioformation, such as messured quadrupols moments. This results in the so-called

'empirical quadrupole moment’ Q7.

3.4.2 A comparison of the quadrupole moments of the
198Po(I™ = 117) isomer and the "*Pb(I™ = 117) isomer

Cnly in 2WPg, which has a closed neutron shell N = 128, the quadrupole moment
of the w{1hga1%13/2)11 - isomer has besn measured to date [Bec8l]. Therefore, the
relationship between Qe(*'Poy_12e{7™ = 117}} and Qu{** Poyoia{I™ = 117})
mewxds to be extracted in order to deduce the quadrupols moment of the 11°

isomer in " Po:

Q. (" Poy—114{I™ = 117)) = ™ (N = 114)Q,(*"Poy—12e{I™ = 117}), (3.5

in which

(N N

E:_"“P{N}: ;;I;‘f{ } — Q{ }
g7’ (126)  (.(126)

The problem reduces hance to deducing the ’empirical effective charge’ €27P(N).

In this thesis the 'empirical effective charge’ refers to an dffective charpe defined

{3.6)

relative to the messured quadrupole moment of the same confipuration in the

{N = 126} isotope. This is to distinguish from the dfective charge ddfined relative
to QJep..
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3.4 Discussion of the quadrupole moment of the “SPh{J™ = 11-)
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Figure 3.7 shows the systematics of the quadrupele moments as a function of
the neutren number for different proton configurations in the Pb region. For each
confipuration the quadrupole moments are normalised to the quadrupole moment
2,(N = 126) for that particular proton configuration. This picture gives several
pisces of information:

1. The more neutrons are taken away from the closed N = 126 neutron shell, the
bigger the quadrupole moment is. 5o, contrary to expression (3.3), the neutron
confipuration influences the quadrupeole moment. This shows the necassity of the
introduction of the effective charpus.
12 All proton configurations lh"?‘fﬂlif.l /2 show thea same behaviour for the quadrupols
moment #s & function of the neutron number [Har§lc).
i#i. The extrapolated empirical sffective charge for the "*Poy_114[m (1A3,5)s+ ] iso-
mer is €PN = 114) = 2.4(2).
Assuming, based on #, that the empirical effective charge € for the lhgyaliiage
configuration is the same as for the 1k, configuration, £7"F(114) is the same for
the "*Po(J™ = 117} isomer as for the ¥ Po{f™ = 87} isomer: £™P(N = 114} =
2.4(2). Taking the experimental value ,{*'"Po(J™ = 117}} = (=)}).86(11) bam
[Becdl], the final estimate for the quadrupole moment of the 8Po(f™ = 117} is

P Po(I" = 117)) = 24(2) x {=)0.86{11}b

= (=)2.06(31)b.

An alternative approach is to deduce §,(#"Po{J™ = 117} by using the calcu-
lated quadrupol: moments for the N = 126 isotones. Sapawa and Arima derived
the quadrupols moments of the (Ph-core + 1 valencs particls) by caleulating the
mean square radius of the particle (ses equation (3.3)) and talking into account
the polarising dffect of the particle on the core (Le., calculating the effective
charge). They found QF# (1hgy) = —0.404 and Q7 (1i)5,5) = —0.568 barn
[S2g88]. These values are in fairly good agresment with the experimental valuss

of Q,{1hg/2} = —0.379(11) b [Bue78] (see also below for Q,{EugEingﬁ{lhgﬂ}}}
and ,(14,32) = —0.45(11) b [Becgl]. Hence:

QH (P01 (I™ = 117)) = —0.568 — 0.404 = —0.972 b
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88 Quadrupole moments of the ™ = 11~ intrunder isomers in 949Phb

Table 3.3: The measured guedrupole moments for the A Po[n({1h2 },.2] g+ | fsomers end
the deduced &P(N) of the lhgﬁ profos configureiion.

N “Po (explb] ex P(N) = Q.(N)/Q.(126)
126 210 -0.568(3) 1
124 208  -0.90(4) 1.58(7)
122 206 -1.02(4) 1.79(7)
120 204 -1.14(5) 2.00(7)
118 202 -1.21(16) 2.12(30)
116 200 -1.38(7) 2.42(12)
e 3
—
& 251 ® Bi
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Figure 3.7: Sysfemoetics of the guedrupole moments es o funetion of the neutron nimn-

ber for severel profon mnfiguretions. The guedrupnle smoments ere normelised o the

guedrupale moment QIN=126} for the seme profon configuretion. The pmton config-
urations are Bfr(Lhass)], Pa[r(1hZ,o)], Affm(1hdq)], Afr(1h,;1iy/3), Rafm(1Ad,q)]
asd F!r[ﬂ{lhg },211'1_1 j2)]- A systemetic trend is found independent of the cecupied profon
orbitels. The defe ere foken from [BFSS, LinS9, Moh87, Hor9lfe, Ter98bl See olsn

texf end fooinote for Q.(" Bi{IT =9/27)).
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and, taldng again the empirical effective charge e P(N = 114) equal to 2.4(2),
QI (9% Poy 11, (I7 = 117)) = 2.4(2) x —0.972 = —2.33 .

The value of Q,(*"Po{I™ = 117)) = —=2.33 b {calculated) or {-)2.06{31) b
{(empirical) compares with £),(%Pb{f™ = 11~}}=(-}3.41{66) b. The ratio equals
Q. Ph{I™ = 117 )/ (98 Po(I™ = 117 })}=1.66{41), from which can be con-
cluded that the presence of the two sy, holes in the magic £ = 82 proton core
driwves the nucleus towards a more deformed shape.

3.4.3 A comparison of the quadrupole moments of the
YTBi{I™ = 9/27) ground-state and the ¥ TI{I* = §/2")

isomer

In analogy with the comparison of the quadrupols moments of the 8 Po(f™ =
117} and "™Ph{F* = 117) isomers, the quadrupole moments of the ¥'Bi(J" =
§/27) and the "STI{J" = §/27) isomers can be compared. The " Bi(I™ = §/27)
ground-state has the w{1hgs) configuration, whereas the "*TI{I™ = 9/27) isomer
has the ?rl[ﬁsl_fﬂ 1hgs9) configuration. Their quadrupol: moments have not besn
messured yet, but can be derived in a similar way as the quadrupols moment of
the "¥Po(J™ = 117) isomaer.

The spectroscopic quadrupole moment of the *®Biy_1(f™ = §/27) ground-
state has besn measured as §, = —(.379(11) b. This value is the average of
the messured quadrupols moments in Refs. [Dic67, Pow88, Eis68, Lan7(), Guo70,
Lee72)t. Figure 3.7 shows that the quadrupole moments of the Bi isotopes follow

'The vahies fr ,2™Bi{I* = 5/27)) as mentioned in Refs. [Dicf7, Pow6f, Ex6E, Lan T,
Gen(, LeeTd] are the same within the experimental nncertainty. They have been measured
by applyving several methods: atomic beam mapnetic resonance, optical spectroecopy and the
hyperfine structure of muonic X-rays. The experimental vales for Q. (®"Bi(I™ = 9/27})
[BF25] and 2" Bi{I* =5/27)) [Lini5] are determined relative to £, (®"Bi{I* =5/27)). In
the hterature alsc experimental vahes, chtained from the hyperfine stmictire of pionic X-rays,
are available for ), (*Bi{I* = §/27)). These are systematically larger and typically about
Q.(*Bi(I* =9/27))=0.5 b [Bee7g, Bat3l].
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100 Quadrupole moments of the I™ = 11~ intrunder isomers in 949Phb

the same trend as a function of the neutron number as the other proton confipu-
rations in the Pb region. Therdfore, we adopt also for ¥"Biy_;,,(J* = 9/27) the
effective charpe €7P(N = 114) = 2.4(2). This results in

QTP Biyoa(I™ = 9/27)) = 24(2) x =0.379(11) = =091{8) b. (3.7

Using the calculated value of Sagawa and Arima [Sag88], Qi (1hg,) = —0.404
b, we find

(U Bip 1 (I7 = 9/27)) = 2.4(2) x —0.404 = —0.97 b. (3.8)

The spectroscopic quadrupole moment of the 27T, ..(f™ = 9/27) iso-
mer has not besn messured yet sither. Howewer, experimental walues for the
quadrupols moments of the lighta 9LIRT 77 = §/2-) isomers are awmilable
[Boufih]. Figure 3.8 shows that £, = —2.1{1) bis a reasonable extrapdlated value
for the "*TII" = §/2") isomer.

Theratio @, (M T1{I™ = §/27 )} /QT (¥ Bi(J™ = §/27))=2.3(2) is larger than
the ratio Q,{**Pb(J™ = 117 }}/F™*{!®¥Po(I™ = 117)}=1.66(41), showing that
the brealdng of the proton core is influencing &ven more the quadrupeole moment
and, hence, the deformation of the ¥*T1{J* = 9/27) isomer than the quadrupole
moment of the " Ph{J™ = 117} isomer. This might be because the polarisation

106 108 114 112 114 116

205 I 1 I I
Q, It -

-2.1 7

-2.15 1
22

-2.25
-23

-2.35

Figure 3.8: Systemoeties of the spectrosenpie guedrupole moment os o funciion of the
neutron number for the ATHI™ = 9/27) isomers. The defe ere foken from [BoulS].
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of the core of the corresponding normal state in " Bi (3, = 0.053(4)) is less
than the polarisation of the core of the "™ Po(J™ = 117} state (3, = 0.084(12}).
Indeed, it will be shown in the next section that the presence of the valence 17,35
proton in addition to the valence lhg, proton, induces an extra polarisation of

the muclear core.

3.4.4 The influence of the 14,3/, proton on the quadrupole

moments of the (I™ = 117) isomers in ¥Po and %Pb

The: influence of the 143 proton on the polarisation of the core can be easily
verified by comparing Q.( " Bi{I™ = §/27))+Q.(1813;2) and Q.(**Po(I™ = 117).
We gat

Q(Bi(IT = 9/27)) + Qu{1ld1a2) = —0.91(8)—0.45(11) b = —-1.36(14)} b
< FTPMPo(IT =117)) = —2.06(31) b,

in which {2,{1413/¢) is talen from Ref. [BecS1).

The same comparison can be made for @, (" TI{I™ = §/27))+Q.(11a/2) and
Q.("Pb{I* = 117). Taking into account the polarisation of the Pb core due to
the presence of the two 35,2 holes in the proton core, quantified by €,('**Pb{I™ =
117} /Q P (¥ Po(I™ = 117))=1.66(41), we find

Q.S TI(I™ = 9/27)) + 1.66(41) Q¥ (1130} = —2.1{(1) b — 1.66{(41) x 0.45(11) b
= —2.85(28) b
< Q" Ph(I" = 117)) = —3.41(66) b.

Thase rasults yisld the ratios

Qre(“Po(I" = 11)  _
Q. (" Bi(I* = 9/2-}) +Q;{1£1:-|;2} = 15(3)
€, (¥Pb{I* = 11-))
(5 THI" = §/2-}} + Q,(Li1a 0 )

This allows to conclude that the presence of the 1432 valence proton, in addition

= 1.2(2).

to the 1lhg valence proton, induces an extra polarisation of the nuclear core.
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102 Quadrupole moments of the ™ = 11~ intrunder isomers in 949Phb

Intuitively, it seams lopical that 2 valence mucleons outside the nuclear core in
nearly parallsl orbitals will polarise the core more than 1 vwalence nudeson. Quanti-
tatively, this means that the effective charge for a m{1hgp 1959}, configuration
will be larger than the dfective charge for a 7w{1hgo)gs- configuration and, more
penerally, that the effective charpe as a function of the mumber of neutron heoles
will increase if more valence protons in nearly parallel orbitals are present. A
more detailed look to Figure 3.7 shows, indead, that the effective charge for the
Ro[m{1k] sa)e+] confipuration, with 4 valence protons, is larger than the general
trend for the Pofrr{14§ ;)s+] configuration, with 2 valence protons. Similarly, the
affoctive charge for the Bi[w(1hge)] configuration, with 1 valence proton, seems to
be smaller than the general trend for the Polr{1Ag,5)s+ | configuration. This has
as a consequence that the sstimation (N = 114) = 2.4(2), based on the trend
for the Po[r{14g,;)e+ )] isomers, is a good approximation for the 117 isomers in
Pb and Po, which have 2 valence protons as well. &P(N = 114) for the §/2
pround-state in Bi is, however, most probably somewhat lower than the effective
charge for the Po 142 42 isomers. Measured quadrupole moments for nuclear states
with different oumbers of valence protons and a nautron number NV <2 122 are
lacking to male: beatter estimates for 7. Notice also that, if the core is already
deformed due to the presence of two 3s1e holes, the extra polarisation induced
by the 14)34 proton is luss than for a core with the magic proton number Z = 82.

3.4.5 Theoretical approach to the quadrupole moments of
the 11~ isomers in Pb and Pao, the 9/2~ isomers in

Tl and the 9/2~ ground-states in Bi

According to the purs spherical shell modal, the prasence of two & 42 boles in the
proton core has no influence on the spectroscopic quadrupols moment, as can be
seen from expression (3.3). This is not in agresment with the experimental data,
which yield a ratio Q,{"*Ph{I™ = 117)}/0,{(**Po(I" = 117))}=1.66(41), showing
that the breaking of the proton core induces an extra deformation of the nucleus.
This implies that a theorstical approach, where only the contributions of the
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valence nucleons are considered, cannot account for the experimeantally ohserved
quadrupole moments. In [Hey32], Heyde has shown that, by taking into account
the coupling of the valence protons with quadrupele vibrational excitations of
the underlying core, soms interesting features related to the mapnatic dipols and
glectric quadrupols moments can be explained. This approach turned out to work
well to reproduce the increasing quadrupole moments of the 8 isomers in the
aven Po-isotopes ss a function of the neutron number [Ney87h]. Wheraas the
collective core admixture in the waw function introduces rather small, second-
order modifications in the mapnetic dipole moments, it induces an increase of
the spactroscopic quadrupole moment A&} which can be as large as the single
particle moment €2, 5. itself (Figure 5.9).

The spectroscopic quadrupole moments of the "Ph(J® = 117} and the
Y8Po{I™ = 117} isomers have been calculated by taking into account the cou-
pling of the 1%,3,51%g valence protons and the 2" vibrational state of the un-
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Figure 3.8: Lefir The collective, second order megnetic dipole smoment correction Aj
eg o funefinn af the periiele-core coupling sirengfh £ Right: The eollective, firet-order
guadrupole corrertion AL, as ¢ functinn of the porticle-core strength £, The colewdotions
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[Hey92].
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104 Quadrupole moments of the ™ = 11~ intrunder isomers in 949Phb

derlying Hg-core and the underlying Pb—core, respectively. In a similar way
the spectroscopic quadrupole moment of the W TII™ = §/27) isomer and the
Y7Bi{I™ = §/27) ground-state has been calculated by considering the coupling
of the 1hgs; valence proton with the 21 vibrational state of the underlying Hg-
core and Pbcore, respectivly. A comparison of the expenmeantally deduced
quadrupole moment €,{*®Pb{J* = 117)) = —3.41(66) b and the empirical
quadrupole moment TP Po(I" = 117)} = —2.06(31) b with the single parti-
cle quadrupole moment derived as QF /(1™ = 117) = Q& (14,5 19) +QF (1hg,0) =
—0.568 — 0.401 = —0.969 b, with Q¥/{14,5,5) and @/ (1hg) taken from the
work of Sagawa and Arima [Sag88], indicates that the parturbation induced by
the collective admixture in the wave function is at least of the order of the single
particle quadrupole moment. Therefore, the collectivwe admixtures to the single
particle wawe functions cannot be considered as a small perturbation and the first
order perturbation theory, as used in Refs. [Ney37h, Terffa), cannot be applied.
The: same ressoning can be made for the ealeulation of the guadrupele moment
of the "™ TII™ = §/27) isomer. There, the experimentally extrapolated valus,
based on the data of Ref. [Bou85], yialds €2, = —2.1(1) b, while the quadrupole
moment for the 1hgs state in Ref. [Sagh8] is £, = Q{1hgz) = —0.414 b,

In this work the wave functions have besn caloulated by disgonalising the
Hamiltonian H = H, 5 + Ho.ut + Hipe in the 2-dimensional Hilbert space spanmned
by the wave functions | 11,, } and | 11, ©2%;117}. Here | 117} is a shorthand
notation for | 1hggliiae; 117}, which is an eigenfunction of H, p, and | 2%} is the
first exdted vibrational state of the underlying proton core and sigenfunction of
H, 4. The single partide Hamiltonian H, , is the spherical shell model Hamilto-
nian, &.g., the Woods-3axon or modified oscillator Hamiltonian (sex expressions
(1.1}, (1.2} and (1.3})). H_y is the collective vibrational Hamiltonisn., In the
second quantisation formalism, and considering quadrupols vibrations only, it

yvields
g
H o= E ﬁmﬂ{bﬁbgp +1/2), (3.9)
p=—2

in which b% {bg.} is a creation (annihilation) operator for a boson with spin 2
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and fiur; the enerpy of the 2 vibrational state. The interaction Hamiltonian,
H;,;, sccounting for the coupling of the valence nucleons with the underlying
vibrational core, equals

Hons = fﬁmzf S Y o + (— 1)LV F). (3.10)

=1 p
The sum ower ¢ runs over all considared valence nucleons. £ is the coupling
strangth parameter. It is related to the experimental B{Eg;07 — 27} reduced
transition probability and the excitation energy of the o vibrational state ss
[Heyo4]

dv \,/B (E2;0+ = %)
= L ZerE s

The following matrix needs to be diagonalised:

a1, | H|11,,) (15, | H | 115, & 2*;117) (3.12)
(1, @ 2511 | H | 117} {117, @ 24117 | H |11, @ 25117y |

{3.11)

By solving the sigenvalue problam, the wave function | 113 = a | 11, 4+b |11, @ 27117}
can be determined. The quadrupols moment is defined and calculated as

Q. = 1"“"’T{n M=11]88 |10, M = 11), (3.13)
in which
A — 0 3 ficty -+
el = erfY(Fi) + —Z&}ﬁ 2{;’ (B + Boa) {3.14)
with
4 ity e _ .+ n
M&:ﬁﬁ 3G V5 = \/B(E; 0+ - 2}). (3.15)

As an example the full calculation is carried out for the (77 = 117} isomer in
200Pb in appendix E. Assuming that {rdV/dr} = 50 MaV [Boh75], it results in
the following expression for the 11~ isomers in Po and Phe

(1 8¢5 |11} = oPeQ.(11;,) + ¥ 0.932 eQ.{11,,)
— ¥ 0.856 eQ. (2], core) + 2aby/B(E2 0+ — 21)L.,
(3.16)
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106 Quadrupole moments of the I™ = 11~ intrunder isomers in 949Phb

in which the coefficients ¢ and » depend on the excitation enagy of the 2
vibrational state. A similar expression can be obtained for the 9/27 states in Bi
and TI:

(I1]eQf |11} = oeQu(9/2,,) + ¥ 0.652 eQ.{9/2,,)
— 57 0.636 eQu(2], core) + 2aby B{E% 0+ — % )1.05.
(3.17)

The: results of the calculated quadrupols moments are listed in table 3.4, Unfor-
tunatey neither B{E2;07 = 27} nor Q,(27)} values are known for the lighter Ph
and Hp nucld, so that only for afew Ph, Po, Tl and Bi isctopes the quadrupole
moments of the isomer of interast can he calculated. This mesans that only for
a fow cases s comparison betwesn the caleulated and experimental quadrupole
moments is possible.

The calculated value for ), in the N = 12§ isotones is larger than the experi-
mental value for both the 2®Bi{f™ = §/2~) pround-state and the 20Po(J™ = 11-)
isomer. The only other case where a comparison batwesn the caleulated and the
theoretical value is possible, 27Biy_194(J* = §/27), seems to indicate that for
a decraasing nentron mumber the ealenlated and the experimental values for the
quadrupele moments are in agresment. The question arises whether for N < 124
the calculated and the experimental quadrupeole moment will be in agresmnent as
wall, or whathar the caleulated quadrupols moment will take lowsr wuluss than
the experimentally determined quadrupcols moment. This shows immediately the
necessity of measuring more quadrupels moments in this repion.

Also a comparison of the calculated ratios ), (sntruder) /(). (normal) with the
experimental ratios is difficult dus to the missing experimental data. §,(*Ph{I* =
117} /Q(*?Po(J™ = 117} seems to saturate around 2 for a decreasing neutron
number {N < 124). The calculated ratio Q(*~'TI{I™ = §/27)/Q, (M Bi(I* =
§9/27) sesms to stabilise around 2.6 for N < 124, These results compare with the
experimental values of 1.66(41) and 2.3(2), respactivaly. So, we might conclude
that the calculations slightly oversstimate the polarisation of the core induced
by the two 3s 4z proton holes. Notice that also the calculations show that for

www.manaraa.com



3.4 Discussion of the quadrupole moment of the “SPh{J™ = 11-)

ntronder somer

107

Table 3.4: Resulis for the celeuleted guodrupole moments of the APHIT = 117),
APo{I™ =117} and ATHI™ = 9/27) dsomers and the “ B{I™ = 9/27) ground-states.

S I Aictope PO Ace  Qup. B(ED EQT) Q0D Qute Qe
tope core b PPV MeVE b B [
b 11- 26 Hg N4 00608 0.427 Q4366 Q40 =200
4 02 (.612 0434 Q1 27T
n2 Nq 0.253 (368 a7 =300
200 155 (.5490 Q412 (.32 =284
Po 11~ AR Pb Mg 49656 0.290 4035 .7 =127  {-0.86(11)
203 NG 0.100 0.203 Q.05 -129
oI 04 0.162 (.2949 Q.23 -139%
Tl 9;’2_ N5 Hg N4 Ja0l4 Q42T (0.4366 (.40 =127
203 N2 (.612 0.439 101 -1.749
ml 20 0.353 0368 17 =158
1549 158 0.550 Q412 (.32 -1481
Bi §/2- L b MNE  0.9606  0.280 4085 £.7  -0487  -0.37m010
07 206 0.100 0803 005 -062 -0.58(11)
25 N4 0.162 (0.2459 023 -(.70

¢ Taken fram Ref [Soy88J.
b Teken from Ref. fRemB9).
¢ Tuken from Ref. [Rom89f.

4 Taken from Refs. [Ese81, Spefl, Ese7?, JoyT8, RoglY).

® Token from Befs. [Bee9f, Dic87, Powé8, Fis68, Len?l, Gen?0, LeeT?, BFAS].

Table 3.5: Refios of the coleulofed spectroscopie guedrupole moments Q (APHIT =
117))/Qe{*+2Pa{I™ = 117))) end Q{7 TUI™ =9/27))/Q,(* ' B{I" =9/27))).

AP'h A+2Pl'.|'

QLAPB{117Y)Y
Q. (42 Po{117))

A—lTl A+lBi Q'{A—I-I-]{glllrg—}hr
(A Bi(9/27))

206 2043
24 M4

162
1.99

204
203

07
205

2.05
2.56
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108 Quadrupole moments of the I™ = 11~ intrunder isomers in 949Phb

the m{14) 551595} configuration the extra polarisation of the core, induced by the
two 385 s proton-holes, is less than for the x{1hg,;) configuration.

The formalism accounts hemce rather wall for the increase of the guadrupols
moment due to the brasking of the proton core. An increase with a factor of
2 is predicted. Recent calculations, including octupele vibrations as well, result
in Q,(**Po{J™ = 117)}) = =14 b and Q,{(**™Ph{J™ = 117)) = —3.54 b [Orol1].
The theoretical value for the guadrupole moment of the 117 isomer in '*Pb is in
perfect agreement with the experimental value of €, = (—)3.41(66) b, while the
theoretical value for the 11- isomer in %P0 is somewhat too small compared to
the experimental value of §, = (—)2.068(31) b. A systematic theoratical study of
the quadrupole moments in this region is currently being made [Oro01].

3.5 The quadrupole moment of the ¥Pb(/™ =
167) magnetic rotational bandhead

The shears band 2 in "®Pb is built on the [?1'{351_; 1hgsaliiaze) & v{liﬁﬂfﬂ}]m—
configuration. As we are interested in the quadrupole moment of this shears
bandhead, we will express it as a hnasr combination of the quadrupole moments
of the ?rl[ﬁsl_fglhgfglil_qu}n- and the v{lif.ﬁfg}ly isomers by means of angular

moementum alpebra.

3.8.1 The coupling of Q,(I" = 117) and Q,{(I™ = 12%) to
Q. (I =167)

The wawe function of the shears handhead can be decomposed as [HeyS4]

| {Jﬂ' = 11: Jy = 12}: 16: M} = E {11,']'?1]_; 12: g | 16: M} | llaml} | lzamﬂ}

ml m2
11 12 16
= 3 V2x 16+ 1{=1) | 11,1} | 12, mg).
T g T Tng =—

(3.18)
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This decomposition is used to caleulate the expectation walue of the quadrupole
operator -@g from Q,(I" = 117} and Q,(I" = 12%). Making use of the additivity
of the quadrupole operator we get

Q.(18) = (16,16 | {5 | 16,18} {3.19)
= {16,16 | §%(m) + O%w) | 16, 16) (3.20)

- ¥ 33(: ” _lﬁﬁ) [t | G5} | 11,
+{12, mg | Q5(v) | 12,m5)]. (3.21)

The Wigner-Eclart theorem says that (ses, e.g., in [Hey34])

—Tr T

Gom | 00 Gm) = {—1}1‘"‘( 7oz )ﬁll@zllj} (3.22)

Quiy = |0 4d) = {—nf-f( 72 ){jn@znj} (3.23)

—-j 0 3
and hence
- . - Q
Gym |88 gy = (1=~ T g ), (3.24)

i 27
-5 0

Making use of (3.24) in (3.21), the final expression of the quadrupole moment

buacomes {(with mg = 16 — my ):

11 2 11
2
11 12 16 =1y -my 0 my
1 2 11
-1 0 11

12 )
™ L o.a9) (3.25)

12
12

Q.(18) = 233(

m]_ mg _].ﬁ

Lo B ]

( 12
+{_1}12+m1—lﬁ ik

12
-12

o B
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110 Quadrupole moments of the ™ = 11~ intrunder isomers in 949Phb

The experimental values for the spactroscopic quadrupole moments are £2,.(11) =
{(—13.41(66) b (this work) and ), = 0.66(b) b [Zyw81]. The final value for
Q.(I"=167) is

Q. (I" = 167) = —(.316(97) b.

The exprassion {A.5) to caloulate the intrinsic quadrupole moment from the spec-
troscopic quadrupole moment is only valid if K is a wall-defined guantum oumber.
In the shears bands the usual assumption that K = § for the handhesd is not
valid, so that it is not clear what A-value should be talen. In order to deriwe the
deformation the intrinsic quadrupol: moment nesds to be known. Therefors, an
wasy caleulation of 3, is not possible and only TAC caleulations allow to extract
the deformation.

3.5.2 Discussion

TAC calculations have been performed to calculate the spectroscopic quadrupole
moment of the ¥ = 16~ shears bandhead in '%¥Ph [Chm, Vyv(la). The ap-
proach has heen as follows. The quadrupole moments of the neutron contri-
hution, v{li;fﬂ}mh and the proton contribution, 7 (35, 5 1hg 518150}, -, to the
magnetic rotational band have besn messured separately as ,(J7 = 12+) = .65
b and Q{7 = 117) = {=)}3.41{66) b, respectively. In a first TAC calculation
the quadrupole coupling constant, y, has besn chosen such the that quadrupole
moment of the " Ph(f”™ = 127) isomer was reproduced (see section 1.4.6), in a
second caloulation y was chosen such that €,{***Pb(J™ = 117}) was reproduced.
The coupling constants will be noted x{12+} and {117}, respectively. The pre-
liminary results of the calculations using these two coupling constants are listed
in table 3.6. Taking into account a quantal correction of 1/2, the nuclear spin,
I, as derived from the TAQ calculations is about 1 to 2 units too high. A larger
value for the nuclear spin is obtained because the angle between the proton and
the neutron blade of the shaurs is too small in the caleulation (f = 68.5° in
the calculations using x{12%) and # = 70.7° in the calculations using x{117),
while & ~ §0° would give the experimental spin). Closing the shears is the way

www.manaraa.com



3.5 The quadrupole moment of the **Pb(/” = 16§~} magnetic
rotational bandhead 111

Table 3.6: Results of the TAC eoleulotions for the bendhead of Bend 2 in " Pb [see
Pigure 1.19).

x(127)  x(117)
eg | 0082 -(.148
£ 0 {)

+ | -127.4° -121.1°
I | 1882 1808
Q. |0.72b -15b

to generate angular momentum in & magnetic rotational bandhead (see Figure
1.18).

The formalism to coupls: the quadrupols moments of the proton blade and
the neutron hlade, as derived above, allows to coupls the quadrupols moments
of the blades for different total spins [, i.e., for different anples . We find
Qe{I™ = 177) = —0.61(16) b and Q.(I" = 187) = —0.92(23) b. If we tale
the spins that correspond to the ones from the TAC calculations and compare
the guadrupole moments, we ses that the quadrupole moment, calculated by
using x{12%), is lower than the value obtained from coupling the experimental
QI = 12%) and @,(I = 117), while the quadrupole moment, calculated by
using x{117), is higher. This shows that, if the coupling constant, ¥, could be
adjusted somewhers batwesn x(12+) and {117}, the caleulations would result
in the correct value for the quadrupele moment. This supgasts that the coupling
constant, ¥, is different for the proton and the neutron confipuration. This can
also he understood from the fact that the quadrupols moment of the 11— isomer,
obtained from the TACQ calculations by using 3(12%), takes a too low walue, i.e.,
¢}, = —2.5 b, compared to the experimental walue of £}, = —5.41(66) b [Chin].
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112 Quadrupole moments of the I™ = 11~ intronder isomers in 949Phb

3.6 Experimental results on ¥Pb

Also in ¥'Pb the Tl'{gﬁ'l_fﬂ].hgfgli]_;] s2)11- isomer has been observed. An extraction
of this quadrupols moment would be interesting as weill. The mapnetic moment of
the (7 =117, Tiy2 = 122{10} ns) isomer has not been measured yet. Therdfore,
the same magnetic moment as for the " Ph{J™ = 117} isomer has been taken,
# = 10.56{88)uy. This assumption is supported by the fact that the messured
magnetic moments of the 117 isomers in the Po isotopes are nearly constant as

a function of the neutron number {(Figure 3.10). The most intense peak depop-

13

win,]

[ Fo

T

11 1 1 T 1 1 1 1

% 198 200 202 24 26 208 Z21¢ 212
A

Figure 3.10): Systemetics of the mognetic moments of the 117 isomers in the even Po
isatopes [Rogl9yf.

ulating the ¥'Ph(J” = 117) isomer is the 352 keV E1 transition {Figure 3.11
and [Fan@1]). However the analysis of this peak resulted in a quadrupole inter-
action frequency vy with a huge experimental uncertainty, vy = 2807 %0 MHz
{Figure 3.12}.

In a second attempt the pesks in the cascade underneath the 12+ iscmer hawe
besn analysed by a double perturbation fit. The 865 eV E2, b7h keV E2, 280
keV E1 and 166 keV E2 transitions are very intensdy and purely present in the
spactra (Figure 3.1), resulting in LEMS curves with good statistics (Figure 3.13).
These LEMS curves are determined by the electromagnetic intaractions of both
the 11~ isomer and the 12+ isomer. 5o, in principle the quadrupele interaction

frequency of the 117 can be derived from a double perturbation fit. Prior to our
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Figure 3.11: Pertiel level seheme of ' Pb fFan91].

experiments the quadrupole moment and the magnetic moment of the 'Ph{I™ =
12%, Ty = 392(10) ns) isomer have been messured as §, = 0.49(3) b and p =
—2.004{24)uy by applying the TDPAD technique [Stef8b]. Hence, the EFQ of
Ph in Re can be deduced from the frequency wg(™'Pb(J®™ = 12+)). Of coursa
this value should be in agresment with the EFQG from of the LEMS curve for
the "SPh{f™ = 12%) isomer. This provides a direct experimental test for the
double perturbation formalism. Summarising, the double perturbation fit allows

www.manaraa.com



114 Quadrupole moments of the I™ = 11~ intrunder isomers in 949Phb

3.5

N[0YN{50)
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4 BIT]

Figure 3.12: LEMS curve for the 352 keV frensifion depopuleting the %1 PB(117)
isomer. The fif results in v = 2807500 MHz

to extract .{"*'Pb(I™ = 117})} from vg{**'Ph{J™ = 117}} and the EFG of Pb in
Re from v ("M Pb{J" = 127)).

In the double perturbation fit, apart from the two quadrupols interaction
frequencies, also the inital orientation o /T of the 12+ isomer and a normalisation
factor hawe been taken as fres Ot parametes. The initial orientation of the
11~ iscmer has been fixed as o/J = (.35 to eliminate one more free parameter.
The direct feedings 21 and 122 and the double perturbed fraction have besn
determined from the relative - ray intensities of the 173 leV, the 352 keV, the
305 ke¥ and the 932 keV as explained in appendix D. It is derived that 25%
of the 10+ state is fod directly from the 117 isomer and 80% directly from the
12+ state. The double perturbed fraction is 15%. The half-lives of the 107 laval
{Ty2 = 17(1} ms), the 97 levd (71,2 = 15(5) ps) and the 5~ lavel (T2 = 1.1
ns} are too short for detectable electromagnetic interactions. Therefore, in the
fit thase lewds are considared to he prompt.

The fit results are listed in table 3.7, The awrage quadrupele interaction
frequency for the 127 isomer is vy = 26.3727 MHz. By using the measured
quadrupole moment Q. (It = 12%) = 0.49(3) b an EFG of Pb [Ste85] in Re
of |Vuz| = 2.217528 - 10% V/m? is dexrived. This value is in perfact apresment
with the value of |Viz| = 2.42(27) - 10®' V/m? which was derived from the

gquadrupole interaction frequency of the 12+ isomer in ¥Ph. For comparison
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Table 3.7: FBrpevimeniol sesults obfeined for the frensifions depopuleting the
1pp(11- — 12%) caseade. The double perturbed frection is 155, the frection due
to depopuletion of the 127 isomer 60% end the froction directly eoming from the 11-
isomer 25%. The inttiel orentetion of the 117 {somer s fired, o fT{117) =0.35. The
right eolumn eonfeins the velues for vo(127) obfeined from e single perfurbetion fif.

E, Detectar w{127) pp(117) o127 N py(121)
ke¥] ratic [MHAz] [MHe] [MHz]
166 1 28.5780 om0y’ Q48(8)  1.00{3) | 3T.5(6.0)
166 2 33.5°00 gt 043(2)  1.31(2) 48(5)
280 1 25(10)  175(45) 0Q.5(2) 0.372(4) 29(3)
280 2 19.555% 20078 049() 1072 30(4)
575 1 25755 gagtE0 gartl  Qame12) | 39(6)
565 1 vty 2R0E Q4T 0.223(3) 41{6)
§ B.3E
%‘n.as-
3,34
1,32+
o 134
z
F 12
1.1
L.

f I 2 3 4]3['1"]

Figure 3.13: Semple LEMS curves for the frensitions depopuleting the ' PH11- =
12"’] coseede. The curves are norvmelised on the prompt 158 ke V frensifion. Lo LEMS
curte for the 280 ke V E1 tronsifion. Dowsn: LEMS surve for the 166 ke V E2 frensifinn.
The fif resulfs ore Hsted in feble 5.7
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also the quadrupele interaction frequencies, assuming that the depopulation of
the 127 isomer contributes for 100% to the 166, 280, 575 and 965 keV -y ray
intensities, arelisted. They result in vy = 36.0(2.5) MHz and Vi, = 3.04(28)-10%
V/m®. This value for the EF( is too high compared to the value obtained from
v (P*Pb{f™ = 12%)). Hence these results provide an experimental prowe that

the: double perturbation formalism a8 derived in section 2.2 is correct.

3.6.1 Systematics of the measured spectroscopic quadrupole

moments in the even Pb isotopes

The nice: consequence of the double perturbation fit is that also the quadrupole
interaction frequency of the "™ Ph(J™ = 117) isomer can be extracted from the
double perturbation fit ss vy = 241(38) MHz. The experimental uncertainty
includes the uneartainty on the mapnatic moment. This results in a spactro-
scopic quadrupeole moment of [G),] = 4.12(79) b and an intrinsic quadrupols
moment |[Qq| = 5.4(1.0) b by using (K = I = 11) and equation {A.5). The
deduced deformation is |3, = 0.192(34) by using squation (A.22). The coupling
of QL(**Ph{I™ = 117}} and .{"*'Ph{F™ = 12+}} in the same way as has besn
done for ' Ph (equation (3.25)) results in Q,('*'Ph(I™ = 167)) = —0.46(12) b
for the I™ = 16~ shears bandhead in ¥ Ph.

Fipure 3.14 shows the systematics of all deduced guadrupole moments of the
11-, 12* and 16~ states in the Ph isotopes. Qur messured values for the 11~
isomers seem to follow the trend of gradually incressing quadrupole moments
with decressing neutron number (see also Figure 3.7), although the experimental
uncertzinties are too big to be conclusive.

The trend of the quadrupole moments of the v{li;ffg}m+ isomers is predicted
by the following relationship of the reduced matrix elements within the seniority
model [Tald3):

n n . ” 23+1_2ﬂ_ . I N .
{7 !V!IfHE:’i}ﬂ'[Ti}”.? yin Iy} = oE {J :VaffHE:T?YE'[Ti}”J oy I}
= :’l+1_2p —

- (3.26)
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Figure 3.14: Systesnofics of the experimentelly deduced spectmsmpie guedrupole wmo-
ments of the 117 (this work}, 12+ [9ie83, Stef5, Mah79] end 16~ isomers (ihis work).

or

n - 14
{]'T'L'Ifﬂl 2! 12” ZT?YE{T'!'”J 1 21 12} =

ﬂ;gﬂ“ﬂ’ 2,12]| " r2%(#) |72 2 12),
(3.27)

in which # is the seniority {number of unpaired particles}) and # the number of
17,39 particles. Taking into account that the reduced matrix element

{7%,2,12|| =, r2¥2 ()| 7% 2,12} is negative (this can be calculated in a similar
way as (E.20}} this formula predicts a quadrupole moment ranging from negative
{n < 7) over zero (for a half-filled shdl) to a positive quadrupole moment (7 > 7).
Altarnatiwly, caleulations within the Tamm-Dancoff approximation predict a
change of the quadrupole moment proportional to u® —4?, with #2 the probability
for occupation and 4? the probability for non-occupation [Alb78]. Apain the
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quadrupole moment is expected to become zero for a half occupied 13,5/ subshell.
Note that the quadrupole moment of the 127 isomer in 206Ph is deviating from

the trend. The reason for this is not clear.

3.7 Conclusion

The spectroscopic quadrupole moments of the YPh{F* = 117} and ¥'Ph{I™ =
117} isomers have besn messured as §, = (—)}3.41(66) b and @, = {—}4.12(78)
b, respectively. It has been shown that both the presence of two 3s) g holes and
the presence of the 12)3,2 particle induce an extra polarisation of the core. More
generally, it can be concluded that the proton effectivwe charpe as a function of
the neutron number dapends on the numbear of valmes protons. Theaoretically,
the polanisation of the core can be reproduced by explicitly taking into account
the coupling of the valence protons to the vibrations of the underlying core.

The coupling of (%% Ph{f* = 117)) and Q,{*“%Pbh{J* = 12%}) to
the quadrupele moments of the magnetic rotational bandheads (I* = 167) in
191198 Ph, results in Q,{"*Pb{I" = 167)) = —0.316(97) b and Q.{**Ph{J™ =
167})) = —0.46(12) b respectively. These small values confirm the concept of
magnetic rotation. TAC calculations show that the coupling constant, yx, is dif-
ferent for protons and neutrons, contrary to what is often assurmed.

In addition, the electric fisld gradient of Ph in Re has besn determined as
Viz = (—)2.42(27) - 10?* V/m? for 1¥Pb, and (—)2.217022 . 102" V /m? for ' Ph.
These valuas are in perfect apreement with each other and fit in the systematics
of the electric ficld pradient in Re as a function of the number of the atomic va-
lence electrons. These results also proof experimentally the formalism for double
perturbation fits as dewlopad in section 2.2.
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Chapter 4

Quadrupole moment of the
b-quasiparticle I™ = K™ = 35/2~

isomer in [ PW

4.1 Introduction

In this chapter the experimental results derived from the messurement of the
speactroscopic quadrupole moment of the 5 quasiparticle &7 = 35/27 isomer in
"W are discussed. It addresses the question whether the deformation of the
high-A multi-quasiparticle st ate is the same as the pround-state deformation. In
order to extract the quadrupole moment of the ""W{I™ = 35/27) b-gquasipartide
state, the '™ W isomers were implanted in a Tl host lattice at a temperature of
473 K. The quadrupaole interaction frequency, v, has been deduced by applying
the LEMS technique. The electric fidd gradient (EFQ) of W in Tl was not
known before. Therefore, linear augmented plane wave (LAPW) calculations
[Bla, Blafih] have baen performed to calculate the EFG of W in Tl at 0 K. In
order to derive the temperature dependence of the EFG a new technique, the
inverted LEMS technique, has besn applied.

119
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4.2 Experimental details

4.2.1 Production and detection of the WK™ = I™ =
35/27) isomer

The " W(K = L) isomer was populated by the "Er(Y C,4n)'™W reaction at a
beam energy of 63 MeV. A thin self supporting, 98% enriched "™ Er 500ug fan®
target was used in the experiment. The tarpet thicdkness was chosen to allow
90% of the ™W nuclsi to recoil out of the target. They were in-beam implanted
into a thick T1 polyerystalline foil, which served as & LEMS host and as a beam
stopper. The proton number £ of the hest material needs to be higher than that
of the target, in order to avoid background radiation originating from reactions
in tha host.

The ™ W{K* = 35/2-) isomer is & suitable case to study, becanse about
50% of the -y decay of the high-spin states, which are excited in heavy-ion fusion-
evaporation reactions, goes through the iscmer, which appears to decay predomi-

nantly to the ¢[514]I" ground-state band ([Wal84] and Figure 1.16). The prompt

7]
=
§4uuu -
L
20400 P )
m\___

300 350 400 450 500 550 600 650
E(KEV)}
Figure 4.1: Specirum of deleyed +v reys es obfeinad in the U EBeC, m} recction of
83 MeV. The {00 ns Hme gete beginsg 108 ns offer the beemn burst. The energies of
the H = % isomeric decay v reys ere indicefed on fhe figure. Confomineting v reys,
arigineting either from G-decey or from ofher isomers, ore indicefed by csterisks or

erosses respecifvely,
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background radiation was reduced with the help of the beam fipper (sae section
2.3.3). It was tuned to provide a beam pulse every 500 ns. Several energy spactra
of 15 s were recorded for each wvalue of the magnetic field. Dead-time correc-
tions were made for the individual detectors. By accumulating ten spectra per
magnetic feld, the statistical uncertainties of the intensities of the gamma-rays
of interest could be reduced below 3%. A sample spectrum which displays the
delayed ¥ rays in '™W is shown in Fig. 4.1.

4.2.2 Choice of Tl as a LEMS host

For the LEMS experiments on "™ W{J™ = A" = 35/27) a 5,T] host was chosen.
T1 has a hexagonal structure (hep) for temperaturss below 503 K, and a cubic
{boc) lattice for temperatures shove it [Wea71l]. The use of Tl as a host has
several advantapes.

The quadrupole moment of the ""W{I™ = 35/27) isomer is expected to be
large (order of § b [Wal84]) and, therefore, only a small EFQ allows the saturation
of the LEMS curve within the range of the existing magnet (4.4 Tesla). The
lattice parameters ratio, cfe, of 5, Tl {¢/e = 1.589 at room tanperature) is close
to the value ,/8/3 = 1.633 at which the first 12 neighbours of a lattice atom
are positioned #s in a foc lattice. Therefore, a small EFQG is expected. This is
confirmed experimentally for several probe nuclai (see section 4.5.2). In addition,
it is well known that, in the hep phase, the EF(G of Tl is strongly temperature
dependent and decresses with temperature [Sch82]. By heating the host to T' =
473(1) K an ewen smalla EF(3 is snsured.

The heating of the host sims at two goals. Apart from redudng the EFG, it
also allows to anneal the defects in the T1 host, possibly created during the in-
beam implantation. The presence of defects would complicats the interpretation
of the results. In this case not all the '™ W nuclei are interacting with the substi-
tutional EF(, but also a fraction with a defect associated EFG [Harlc]. Each
fraction corresponds with a different quadrupols interaction frequency. Tl has as

an additional advantage that its melting tanperature (T, = 576.7 K [Wea7l)) is
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low. Therdfors, the experimnent could be performed at a temperature relatively
close to the melting tanperature, highly reducdng the chance for defects (but
incressing the chances for melting the T1).

The phase transition from a hep lattice structures to a bee lattics structure at
a tanperature of b3 K is a useful feature of the T1 host as well. By heating up
the T1 host to the cubic phase ne reduction of the anisotropy of the -+ radiation
due to the quadrupole interaction occurs. The initial anisotropy 1s mesasured.

This allows to test experimentally whether the LEMS curwe is fully saturated.

4.3 Experimental results of the LEMS measure-

ment on the (I" = 35/27) isomer in %W

In order to extract the quadrupele interaction frequency of the ™W{I™ = 35/2-)
isomer in T1 at a temperature of 473 K, the 358, 565 and 600 keV E2 transitions
have been analysed (see Figure 1.16). In the previous chapter it has been illus-
trated how the instabilities of the beam influence the LEMS curve (Figure 3.3).
There the problem could easily be solved by performing an extra normalisation by
means of the prompt 158 ke -y ray trapsition. Due to the use of the beam fipper
to clean the spectra from the prompt 7y rays, the problem of an unstable beam is
aven a lot more pronounced in the "W expaiments. This is illustrated by the
middle panel in Figure 4.2. In this figure the ratio N{0°)/N{90°) for the 204 keV
transition, with N{{*} the number of counts in the back detector and N{90°) the
number of counts in the side detector, i1s put as a function of the spectnun num-
ber (every 1500 s the spectra were saved and pot a spectrum number), ie., a5 &
function of time. The 204 eV transition is criginating from Coulomb-sxcitation
on #™TI and hence prompt. The not gated spectra (also thess spectra are taken
with a pulsed beam, but no time gate was put and the data were recorded con-
tinuously in time) have besn analysed. In the case of a stable beam, the ratio
N{(°}/N{90°) remains constant as a function of tims, but, obviously, this is not
the case here. Because the "W transitions have been analysed in the gated
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(I* = 35/2") isomer in PW 123
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Figure 4.2: Erperimentel results for the 204 keV peck, aripinefing from Coulomb
excifafion in 5TL  [Fp: Number of counts in fhe specfre with ¢ fime gofe divided
by the number of munis in the sperfre withouf o fne gefe for the side defector os o
JuncHion of the spectrum monber. Middie: Number of munts in the beck defector divided
by fthe nmumber of counts in the side defecfor s ¢ funciion of the specfrum mwnber,
The specire without o fme gete hove been onelysed. Down: Number of sounis in the
back detector divided by the number of counis in the side dedecior o3 ¢ function of the
spectrum mumber. The spectre with ¢ fime gefe hove beenr enclysed. The fiuve subgroups
are indiceted {see fext). The defe points in the shoded port hove been disregerded.

spectra, where the data have besn recorded during the beam-off pericd only, an
extra normalisation by means of a prompt -y ray transition is not straightforward.
This is simply becausa the prompt -y rays are not present snymeore in the spectra
taken with a time gate, at the condition, of course, that the dectronics providing

the time gate is well tuned. Figure j.1 illustrates this for the spectra that bawe
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been talen in the experiments on 49€Ph in Re. However, if the beam fipper is
not tuned perfectly, not only every B0 ns, but also in between, beam pulses can
get partly through. As a result still some prompt 7y radiation is present in the
spectra. At the beginning of an expariment, typically 10 to 20% of the prompt
¥ ray intensity is present in the spectra. During the experiment this can further
incresse up to 30 to 40%, as shown in the uppa panel of Figure 4.2. This has,
however, the advantape that the peaks originating from Coulomb excitation in
TI1 (the 204 keV transition in 2**T1 and the 279 keV transition in *¥T1} are also

E: -
1
2 *
8 = o5 ¥ ﬁ %
n R | | 1
g | |
i &
g ‘ % * # T* $
0.7 I I I I
a 1 2 2 4 5
B[T]

Figure 4.3: N{0°)/N(XP) for the 609 keV irensition, depopuleting the "™ WHT =
35/27) isomer, divided by N((P)/N{F) for the 204 keV frensifion, ariginefing from
Coulomb exettotion on 2O TL Up: The five subprups ore nof renormelised with respect
to eerh other. Douwn: The ffve subproups ere normelized with respect fo ecch ofher,
Dofe merked with the seme symbol are port of the some subgroup. The defe indiceted
by sgueres hoeve been fcken before ¢ beom inferruplion.
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analysable in the spectra talen with a time pate. The analysis of the Coulex
pesks provides a perfect means to monitor the behavicur of the beamn during
the experiment. The correction of the data for the beam fluctuations has besn
performed by the following procedure. First the ratios N{0°)/N(80°) for the 358,
H6b and 609 leV transitions have bem divided by the ratios N(0°)/N{90°) for
the Coulex peaks. This diminates the irrepularities due to the movements of the
bheam spot, but not the irregularities due to the fact that at certain moments more
prompt 7y radiation comes in than at other moments. To correct for the latter
unstahilities the data points have been subdivided in six proups. The subdivision
is hased cn the down pand of Figure 4.2 and the notes in the loghbock. One of the
six groups has besn disregarded, becanse it did not contain data points at both
the low mapnetic fislds and the high mapnetie fidds. The five ranaining proups
have been renormalised with respect to each other (Figure 4.3). S5ix LEMS curwes
have been obtained this way and the results are listed in table 4.1, Sample LEMS
curves are shown in Figure 4.4. By using the measured wvalue u = 8.31{8) uy
for the mapnetic moment [Byr98, Dra{], the quadrupels interaction frequancy
of W in Tl has been derived as vy = 53(8) MHz this way. In an earlier analysis,
where no normalisation procedure was performed, the fit resulted in vy = 66(8)
MHz [Vyvi9).

Table 4.1: Esperimentel resulfs of the LEMS meesurement of the 1™ WK™ = 35/27)
isomer in T Avereging the § values for vy resulis in vy = 53(8) MHz

B, (V] nommaliser keV] v MHz] off W

09 204 54015y  Q4B8{2) 0.73(2)
279 60(13)  0452(2) Q.75(1)
565 204 48(18)  054(3) 0.75(3)
279 47014} 05B(3) 0.76(2Z)
358 204 4308 050(6) 0.7
279 283730 05402) 0.75(2)
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Figure 4.4: Up: Semple LEMS ecurve for the 609 keV frensition normelised on the
2Y keV fronsition. The extrocfed frequency is vg = DA(15) MHz Down: LEMS curve
anbfeined cffer cvereging the different LEMI curtes oz menfioned in feble {1, The
extrected fregueney is vo = 53(B) MHz The doshed lines correspond with the upper
end lhwer velues for the uncerfeinties of the quedrupole inferectinn frequency, vg.

4.4 The electric field gradient of W in TI

In ordexr to extract the quadrupols moment from the messured quadrupols in-
teraction frequency, vy, knowledge about the EFQ is necessary. Also solid state
physicists show particular interest in the study of the EFG, hecause of the sensi-
tivity of that quantity to the exact charpe state distribution in the metal [5ch82).
For a long time, electric fisld pradients in solids were estimated by a sum over two

contributions: (i} a contribution due to the non-cubic arrangement of ions in the
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lattice corrected by the Sternheimer antishidding factor for the influence of the
quadrupole polarisation of the probe core electrons by charges which are further
away and (i) a contribution from the conduction electrons corrected for the in-
teraction of the conduction electrons with the distorted ion cores [Wat65]. About
15 years ago, Blaha at al. [Bla8b] developed a method to calculate EFGs in solids
from first principles utilising the full-potential linearised-aupmented-plane-wave
LAPW bandstructure method. This method allows calculations of EF(3s in sim-
ple solids without any assumptions of icnic charges or Sternhdmer antishiclding
factors. Further devdopment of the method and the increasing computer power
nowadays allows calculated EFGs with remarkable predsion [Bla]. The typi-
cal uncertainty is 10% [Dufds, Blag6, Tro93, Lan({]. However, all calculations
are performed at § K, whils the EFQG is lmown to ba temparaturs dependant.
Therefore, experimental information at higher temperatures remains of great im-
portance.,

The EFQ in a TI1 lattice is of particular intersst, because lattice-vibration
models predict a strong temperature dependence due to the low Debye temper-
ature (fp = 89 K) [Sch#2]. In addition, the EFG in Tl is expacted to be very
sensitive to variations in the lattice constants, bacause of its ¢/e value being very
close to the value Jﬁﬁ = 1.633 at which the first 12 neighbours of a lattice atom
are coordinated as in a foo lattice. This results in a small EFG. Therefors, the
EFG in Tlis a vexry good tool to test the model predictions for the EFQ.

4.4.1 Ab initio ealeulation of the EFG of W in Tl at 0 K

In order to calculate the EFG of W in Tl at a temperaturs of § K, sb initio the-
oretical band-structure calculations based on density functional theory using the
full-potential linsarised augmented plane wawe LAPW method as implemented
in the WIENS? package have been performed [Bla). For a detailed description of
these caleulations the reader is referred to Refs. [Blafih, 5ch92, PetG8).

In order to test the accuracy of the caleulations, the EFG of TIT] was calcu-
lated first. Experimental values for the EF(3 of Tl in T1 are available at temper-
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atures of 81 K, 200 K, 293 K and 410 K [5ch82]. Assuming that the T2 law
Viz T} = Viu{0 K1 — T%2) [Chr76] for the tempearature dependence of the
EFQG is valid, the factor & = 7.0(11} - 10~® K2 was extracted. This yields an
extrapolated value [V (TITY)| = 2.53(4)- 10" ¥/m® at § K. This value was nicely
reproduced by the LAPW calculations, resulting in V,,(TITL) = —2.3- 107! ¥V/m?
as well

Next, the » W impurity in hep Tl was simulated by a 54 atom (3 x 3 x §)
supercell approach. This means that one supercdl consists of 3 unit cells in the z-
direction, 3 unit cells in the y-direction and J unit cells in the z-direction. In the
case of 4 hep lattice each unit cell contains 2 lattice atoms, so that ong supercell
consists of Hd lattics atoms in total. In the ealeulations 1 out of b4 lattics atoms
is taken as & W impurity. Furthermore, full structural relaxation of thres shedls

Table 4.2: Resulis for the LAPW coleuletions for Woin TI (Bleddf.

Size supercell Clond itions Vez [107! V/m?)
{1} 1g nct relaxed 5.8
ne spin-orbit
(2 16 relaxed -12.1
no spin-orbit
{3} 3f not fully relaxed +2.7
ne spin-orbit
not fnlly converged
{4 36 fully relaxed +4.1
no spin-orbit
{3 3a atoms in same lattice positions as in (4) +3.16
spin-orbit
{6) 64 Fully relaxed +2.7
ne spin-orbit
{7 54 atoms I same lattice poritions as in (6] +2.7
spin-orbit
) 54 fully relaxed +2.54
spin-orbit
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of neighbouring atoms was allowed. This is necessary because of the difference in
the atomic radii of W and Tl {the atomic radius is 1.41 A for W and 1.71 A for
T1). Due to this mismatch in atomic radii the T1 atoms in the neighbourhood of
a W atom are not at exactly the same positions in the lattice ss they would be
without the presance of an impurity. The spin-orbit interaction was included in
the calculation hecause of the heavy ouclal involved. The EFG was derived from
the self-consistent charpe density without further approximations, and a valua of
Voe(WT1} = 2.54 - 102 V /m? at 0 K was cbtained with a typical uncertainty of
10% [DufS5, Blag8, Trog3, Lan0l].

Tabla 4.2 shows the different results for the different steps in the calculations
[Bla00]. Note that a 16-atom supercell (2 x 2 x 2) approach gives an EFG of
—5.8-10%! V /m? if no relaxation is taken into account, while it results in an EFG
of —12.1-1{*" ¥ /m? if relaxation is taken into account. This shows the importance
of the supercell size and the resulting relaxations immediately. Obviously in
smaller supercells the relaxation is more restricted [BlaQq)].

4.4.2 The inverted LEMS technique
Most commonly the 7% law:
Viz = sz'[ﬂ K}'[l - BTH‘FE} {4-1}

isused to simulate the temperature dependence of the EF(3 in s—p metals [Chr¥é).
Following this rule the temperature dependence of the EF(3 is determined by only
one parameter b b can be measured by applying the inverted LEMS technique.
The most straightforward way to measure the temperature dependence of
an EF(G is by measuring the quadrupols interaction frequency of the system at
several temperaturss. Howswer, whaen the probe nuclais is 2 wealdy produced
1someric state, the messurement of one such a quadrupols interaction frequency
can take sevural days. The measurement of the quadrupols interaction frequency
of the ™W(I = K = 35/2) isomer in Tl at 473 K, e.g., tock about 10 days of
beam time. Therefors, in order to save us a fisv months of beamtime, a new

technique, the inverted level mixing spectroscopy technique, has been developed.
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This technique allows the determination of the temperature dependence of the
quadrupole interaction frequency in one additional expeariment, in & measurement
time comparable to the messurement time necessary to extract one quadrupole
interaction frequency at ons particular temperaturs.

The technique can be understood as follows. In a normal LEMS mesasurement
the quadrupole interaction frequency is fixed because both the EFG and the
quadrupole moment are fixed. The change of the anisotropy of the -+ radiation
as a function of an external mapnetic field is messured (ses section 2.1). By
applying the inverted LEMS technique to measure the temperature dependence

g: 1.2%

gEm- (a) E ()
2 E? 1.24
Z .
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11 1.124
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g w103 K57
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Figure 4.5: Hlustrefion of the inverted LEMS technigue assuming ¢ TYY? fempere-
ture dependence (4.1} (v} Somple LEMS curves for different guedrupele inferoction
Preguencies vg. The lowest curve corresponds with the lewgest frequency. (b} Semple
curve for the enisofropy es o funetion of guedrupnie miereciion freguency of o fived
maegnetie feld o} Anisofrpy os ¢ funcHon of fempereiure of o fired eviernel meg-
netic field. Low femperciures correspond with high quedrupole inferecfion frequencies
vg. The temperature dependence constonts b ere renging from 6 fa 9- 1075 K42,
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of the EF(3, the mapnetic field is fixed and the quadrupole interaction frequency is
varied by varying the temperature. The anisotropy of the -y radiation is measured
as a function of temperature. For low temperaturss the EFG and hence the
quadrupole interaction frequency is high, such that it eannot be decoupled hy
the external magnetic fisld with as a consequence a lowening of the anisotropy of
the 7y radiation. For high temperatures the quadrupole interaction frequency is
smaller and thus {mors)} decoupled by the external magnetic fisld. The anisotropy
of the initial orientation is measured. In betwesn thare is a smoocth transition
from one regime to the other. As a result the anisotropy of the -y radiation as a
function of the temperature is a raising curve as shown in Figure 4.5. Accepting
the T%? law, the slope depends only on the temperature dependence constant,
b. The other fit parameters are the amount of initial orientation, &/, and a

normalisation factor, N.

4.4.3 Experimental results of the inverted LEMS mea-

surement on WTI

The experimeantal setup for an inverted LEMS experiment is the same as for a
normal LEMS experiment (see section 4.2.1). Also the analysis is performed in a

Tahle 4.3: Erperimentol results for the fempereiure dependence consfont, b, of WIL

E, normalizer b= afl N bt N

kev] ke¥] [10° K—%/7] [L0° K~/

609 204 79H0% Q5S(R)  0.38(2) 76102 03743
279 81105 Q.55(R)  0.38() BOH0E Q.aTe(d)

565 204 7.352%  0.55(5)  0.38(1) 73123 0.38(1)
279 7R 095(R)  0.39(2) TEITE 0383

358 04 7.1499  Q.4B{E) 0.371{15) T2HY% QATE(S)
275 74507 0.50(5)  0.37(2) TATNE  0ATT(R)

SafI has been voried.
bo {1 hus been kept fived of o /T = 0.53.
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Figure 4.6: Up: Semple inverted LEMS curve for the 565 keV frensition normelised
on the 204 keV frensition. The extrocted volue is b = 7.3799 . 107° K2, Down:
inverted LEMS eurve for the 1™ W(I™ = 35/27) isomer implented in o TT polyerystel
nbivined offer cvereging fthe siv inverfed LEMY eurves os mentioned in feble 4.5, The
solid fine corvesponds with b = 76703 - 107" K2, The dushed lines corvespond with
the upper end wer velues for the uncerteinties of b.

simnilar way as for the normal LEMS experiment (see section 4.3). The results are
listed in table 4.5. The analysis has besn perforined in two different ways. Once
the initial orientation, &/, was kept fixed at the same value as in the normal
LEMS messurement. In the second analysis o /7 was a free fit parameter. In
hoth analyses the temperature dependence constant, b, and the normalisation,
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N, wore taken as free fit parametas. The two ways of analysis resulted in the
same value for b and a value of b = 7.6702 . 107" K~2 has besn extracted
from the analysis in which & /7 has besn kept fixed. This results in an EFGQ of
Viz(WTL) = 0.557002.10% V /m® at a temperature of 473 K. The large statistical
uncertainty on this value is dus to the parabolic bebaviour of the EFQG, caused
by the T%? functional dependence. In addition, a theoretical uncertainty of 10%
for the LAPW caleulation is taken into consideration (sex section 4.4.1). As a
result, the spectroscopic quadrupole moment of the K = 35/2 isomer in '™ W is
found to be @, = 4.00108 h,

4.5 Discussion of the experimental results

4.5.1 The quadrupole moment of the K™ = 35/2~ isomer

in 17%W

Accopting that K is a good quantum number, the massured spectroscopic quadrupole
moment , {, = 4.00F78 b, yidds values of g = 4. 73705 band 3 = 0.185(7158),
by using the expressions (A.5) and Qg = i};ZRﬂﬁ (sex: (A.22)).

In the upper portion of Figure 4.7 [Bal{l], the intrinsic quadrupole moment
of the K = 35/2 isomeric state is compared to the ground-state quadrupole
moments of the -, W nuclai, which have basmn extracted from the reduced transition
probahilities B{&2)} 1, betwesn the (" ground-state and the first 27+ state [Ram87]
as described in appendix B.2. Also the € values, derived from the measured
moments of the K™ = 257 isomer in %20s and the K = 16 isomer in '7Hf, are
added to the fipure, as well as the pround-state moments for the Hf and 70s
nuclei. Note that the experimental data on the quadrupole moment of the & = 25
isomer in '"2(Js have been mdnterpreted. In Ref. [Bro§1] the nuclear radius was
taken equal to rg = 1.1 fm? in order to deduce the nuclear deformation. The
authors concluded that their result for the iscmeric state is in agreanent with
the ground-state deformation. To make a systematic comparison of the different
available data possible, the nuclear radius has been taken equal to rg = 1.2 fin®
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throuphout this work. The new interpretation leads to the conclusion that the
measured value for the quadrupole moment of the K = 25 isomer in ®¥20s, as
well as the messured waulue for the quadrupole moment of the K = 35/2 isomer
in "W, are significantly lower than the ground-state value. In the case of '"Hf
{as well as for '""Lu with £ = 7.26(6) for the ground-state and £y = 7.33(6) for
the isomeric state [(Geo98]) the messured walues for the guadrupole moments of
the pround-state and the isomeric state are similar.

In addition, an independent value can be obtained for '™ W hy using the
existing spectroscopic data for the rotational band which is built on the top of the
K = 35/2 isomer. From the messured branching ratio of the cascade-to-crossover
transitions in this band, Ay = 0.26(8), a walue for | (g — g=)/G0 |= 0.045(11)
b~! was derived [Wal34] by using the relationship (B.24)

By

X . - P -
s/ - 1)

&

where the branching ratio A, is related to the mixing ratio § by equation (B.22).
Assuming that g; = 0.30(5), consistent with the systematics of the region [Studh),
and taking into consideration the messured magnetic moment of p = 8.31(8) py
for this state [Byr98, Dral(], a walue €y = 3.(1.5) b was found. Thesa results
demonstrate that the measured values for the quadrupele moments of the high-
K isomers in '""W and ®0s, do not fit with the systematic trends, which were
obsarved for the ground-state moments in the region [Ram&7).

In the lower part of Figure 4.7 the systematic theoretical predictions for the
ground-state deformations of the -, W nuclei [Ram88] are compared with the val-
ues obtained from B{E2) 1 measurements, and with the deduced deformation of
the K = 35/2 isomer in *"*W. Three approaches for the trend of the deformation
a8 a function of the neutron number are indicated:

7. The solid line [Naz8{)] represents caleulations where the shell correction ap-
proach as devdoped by Strutinsky is used {[5tr67] and section 1.4.4). The av-
erage field is assumed to be of a deformed Woods-5axon form. The monopale
pairing force is talen as a short range residual interaction and the Lipkin-Nogami
approach has besn used to project out the correct particle number (ses equation
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Figured.7: {uo} Systematies of the grmund-stafe guedrupole moments for the o HF (filled
diomonds), = W (filled sguores), end 7 0s (filled iriongles} nucled (Rem87), eompored
to the infrinsic guedrupole momenis of the high-K isomers in '™ W fopen squere for
this work end apen civele for Ref. [Wal94[), 1™ HF fopen diemond} [Boo94f and ¥20s
(apen teivngle} [Bro91). (b} The dedured gucdrupnle deformaetion of the K = 2 isamer
in '™ W {open squere} is compered fo the systemoetics of the ground-stete deformations
For the 74 W nueled [Rom87), os well s with the hydrmdynomie model of Bohr-Motielson
{dotted line} [Boh§dc], the relotion of Grdzins (deshed line} [Grm62], end the mleuleted
gmund-state deformotions (solid Ene} Nez9(f (see fext). The figure {s foken from Ref
[Bulfif].
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(1.44)). Both quadrupole and hexadecupole deformations were considered. The
calculated wvalues for the quadrupole deformation are mass deformations. The
deformation, as derived from a mesasured quadrupeole moment, is a charge defor-
mation. It has besn showm that for the Woods-Saxen potential [Dud84]

fcharge _ 1 1 gass {4.2)

Therefors, 1o order to compare the calculated values with the experimentally de-
duced charge deformations, the values as calculated by Nazarewicz et al. [Naz®(]
have been multiplied with 1.1 in Figure 4.7.
2. Using the functional form derived by Bohr and Mottelson within the frame-
work of the hydrodynamic model, all available life times 7 (omitting those for
closed-shell nuclei) can be fitted by [Bohbc]

7= (5.04 + 2.43) - 1M E; 12247, {4.3)

where Fyy is the energy of the first excited 2+ state. As explained in appendix
B.2, the muclear life time is directly connected with the intriosic quadrupole
moment and, hence, with the nuclear deformation, which is represented by the
dotted line in Figure 4.7.

22f. An alternative approach to reproduce the trend of the ground-state defor-
mation as a function of the neutron number has besn worked out by Grodzins
[Gro62]. He found, empirically, that there is a strong corrdation betwesn the
B(E?2) value of the first 27 state and its energy Ez+ [Gro62, Rin&():

EnB(E2,2% = (07 ~ (254 8}% MaV & fm®. {4.4)

The: relationship betwesn the B{E?2) reduced transition probabilities and the
intrinsic quadrupols moment ean apain beused to extract the nuclear deformation
(see appendix B.2). These results are represented by the dashed line in Figure
4.7.

In addition, the spactroscopic quadrupoks moment of the K™ = 35/2~ isomer
has besn calculated by using the TAC code. It yislds a value for the quadrupols
moment of {, = .73 b if pairing is treated with the particle number projection
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(PNP) technique [Alm] {which mesans that the waw function, as obtained from
the TAC Hamiltonian, is not used as such to calculate the quadrupole moment,
but only its component obtained after applying an extra projection on the correct
particle number (ses, «.g., in Ref. [Rin&(]}). The calculations without applying
the PNP technique result in €}, = 5.84 b (the nsutron pairing is zero in this
case). These values of the quadrupole moment correspond to an axially symmetric
nucleus with deformations € = (0.228 and £ = ().038, which coincide with the
caloulated pround-state deformations for ' W: g = (0.226 and ¢, = 0.039 and
contradict the messured guadrupole moment for the isomer. The calculations
show that Coriclis-mixing (st section 1.2.1) is not responsible for the low value
of the quadrupol: moment.

Independent Total Routhian Surfuce ealeulations [Xu98] give also very similar
deformations for the ground state and high-K bands in '™@W,

Summarising, the experimental values for the K7 = 35/2~ isomer in "W are
about 2o off all theorstical sstimatas. This is also the case for thea six quasiparticle
isomer in *20s. However, the low value of the spectroscopic quadrupole moment
of the ' (0s(K™ = 257) isomer could be understood as due to triaxiality of the
nuclear mean field [Xo88], while in the case of the 35/2 five quasiparticle isomer
in "W a consistent explanation is still missing. A possible explanation might
be related to the fact that in order to ereate a multi-quasiparticle high-A state a
fow particles need to be excited to high-§2 orbits, which are localised close to the
equatorial plane of the nucleus. This changes the nuclear mass distribution and
influences the symmetriss of the mean-fisld. A configuration dependence in this
case cannot be excluded. Similar effects have been discussed for the nuclea in the
Mg-region [REp(Q]. In any case, we can conclude that the deformation of a high-
K isomeric state can deviate substantially from the pround-state deformation,

contrary to what is usually assumed.
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4.5.2 The electric field gradient of W in Tl

Table 4.4 shows the EF(G at 0 K and the temperature dependence constant, b,

for several probes in T1. For all impurities, except from W, the values V{0

K} and & have ben derived by messuring the quadrupels interaction frequean-

cies at different temperatures and fitting the experimental data by means of the

Table 4.4: Vix (@ K} end the fempereture dependence constont, b, for severel probes
in Ti asswning the TY? femperoiuwre dependence for the FFG.

probe  Z I™{isomer) 2 il K) Vez{0K) b Beference
[b] MHz] [0 V/m?®] [107° K~/

fide 32 gfat 1.0{23 BEL(D 0.35(7" 4 85({5) [Sem81), [Schig]
med 48 5fat+ Q.77(12)  10.9(1) .58(5) 5.5{(2) [Hen75]
W T4 3572 400705 254" 7.6702 thiz wark
127 g1 3 Q44T 240015 2.3(4) 7O{11) [5chaz)
MphL 2 4+ Q453  16.6{1) 151} 4.74(4) [Tvad2]
2R 83 10 012038  3.2(8) 1.1{2) 6.2(8) [Schg1]

& Celeulofed volue

Table 4.5: Viz (@ K} end the fempereture dependence eonstent, ¢, for severel probes

in T1 assuming o lner fempereiure dependence for the EFG. The voelues for vo(0 K}
end ¢ ere defermined fom o fif thmugh the defe foken from fthe eifed reference.

probe Z I*{isomer) 2 wpilK) Vez{0 K) - Beference
[b] PHz] 0% V/m® [107° K]

Ge 22 gfat 1062) 10125} 0.42(8) 1.21{1)  [Sem&1], [Sch2g]
Mod 43 5/t 0.77(12) 1165{15  0Q.63(10) 1.16(6) [Hen74]
W T4 35/2- Gatld 2547 LT7TRE han thiz work
1271 8 L 0.447)  27.4{15) 2.6(4) 1.51{23) [Schaz]
Wph ) 4t 0.45(3)  185{1) 1.7{1} 1.13{1) [Lvag2]
Rz T 10 0.12(2)  3.2(8) 1.1(2) 1.4(2) [Schol]

& Celeulofed volue
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SXPression
v(T) = va(0 K){1 - bT*), (45)

in which {0 K} and b were talen as free fit parameters. In order to extract
the EF( from the quadrupels interaction frequencies, vy, measured quadrupole
moments were used. As expected from the /e ratio, bdng closs to the value
8/3=1.633, at which the EFQG is close to zero, the EFQ is small for all probes
in T1. Furthermeore, the temperature dependence of the EFQ in T1 is strong for
all probe nuclai, as predicted by the low Debye temperature (#; = 88 K). The &
value for W is somewhat large compared to the other b values. Note, however,
that becauss of possibla systamatic srrors dus to besn fluctuations, the value
b = 7.6702.10~% K~2 should rather be considersd as an upper limit for b (s
section 4.4.3). Lower walues for b correspond with larger values for Vi, and,

hencs, lowsr valuss for the spectroscopic quadrupols moment £2,.
It is worthwhile to mention that in Ref. [Iva82] a linear temperature depen-

dence
Viz (T = Vix (0 K)1 — 1) (4.6)

for the EFQ of 2*Ph in Tl is claimed. Figurs 4.8 shows a systematic study of the
existing data for the EFQ as a function of temperature for several probe nudei in
TL Thedata are fitted twice, onee assuming a linesr temperature dependence and
OICE ASSUININE & T2 temperature dependence. It shows that a linear temperature
dependence cannot be excluded. Table 4.5 lists the values for € and Vi, (0 K) if
a lingar temperature dependence for the EFQ is assumed. The difference in 3®
betwesn 8 T%? fit and a linear temperature dependence fit of the data, obtained
from the inverted LEMS experiment, is typically sbout (.5% for the different
transitions, indicating that cur data do not allow to distinguish betwesn the
exponents 3/2 and 1. In the case a linear fit of the data, we get the valuss
e=LTI0ER 1071 K1, Vyx(473 K)= 04047005 - 102 V /m?, (P WK™ =
35/27)) = 54113 b, Qu{*™W(K™ = 35/27)) = 647 1% b and 3 = 0.25070F0. In
other words, the values for the quadrupols moment and the deformation derived
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this way are in agreement with the theoretical predictions (Figure 4.7). This,
however, would mean that T is the first 5—p metal where the commonly accepted
T2 law is not followed. Furthermore, the value for €} as deduced from the
existing spectroscopic data for the A" = 35/2~ rotational band yidds &y =
3.9(1.5) b (see section 4.5.1). The latter value is in better agresment with the
value for the quadrupols moment, §y = 4.737%8 b, as found by assuming the

T2 law for the tanperature dependence of W in TI.

4.6 Conclusions and outlook

In this chapter we have derived the spectroscopic quadrupols moment of the
high-K §-quasiparticle isomer (K7 = 35/27, T, p = 750(80) ns) in '™W. A value
Q, = 400178 b is found, which corresponds to an intrinsic quadrupole moment
Qo = 4.737%8 b and to a quadrupole deformation 3 = 0.18570 08, These values
differ sipnificantly from the deduced ground-state quadrupole moments and are
in disspresment with the current theoraticsl predictions in this mass region.

MNote that in practice not the spectroscopic quadrupols moment itself, but
the quadrupole interaction frequancy of the "™ W{XK™ = 35/27) isomer in Tl at
T = 473 K has besn messured as vg = 53{8) MHz. The EFQG has been calculated
at 0 K as 2.54 - 102" V/m? [Bla00]. Accepting the 7% law, the temperature
dependence constant, b, has besn detarmined as b = 7.6702 - 107° K2 hy
applying the inwrted LEMS technique for the first time.

The conclusion for the quadrupole moment is hased on the assumption that
the T2 law for the temperature dependeance of the EFG is valid. Howewer, exper-
imental data on the EFG of 22*Pb in Tl indicate that a linear temperature depen-
dence for the EFG in T] might be possible [Iva92]. If, unexpactedly, the temper-
ature dependence of the EFG of W in Tl shows a linsar behaviour the extracted
value for the spectroscopic quadrupole moment is L{'"W(K™ = 35/27)) =
5.4714 b. This results in an intrinsic quadrupole moment Qg (WK™ = 35/27))

64718 b and a deformation 3 = 0.2507 e, These valuss are in agresment with

the theoretical predictions, but somewhat high compared to an independent ex-
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perimental value, £ = 3.9(1.5) b, derived from the spectroscopic data for the
K7 =35/2 rotational band [Wal84] in combination with the messured g factor
[Byr88, Dradq).

The obtained results show that a direct massurament of the EFG of W in Tl
and its temperature dependence is of uttermost importance from both ouclear

physics and solid state physics point of view. Therefore, we hope to perform such

an experiment in tha naar future.
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Chapter 5
Conclusions and outlook

In this work, the experimental results of the quadrupols moment messurements
performed on the (7" = 117} isomers in *%Ph and the (™ = 35/27) isomer
in "W hawe been extensively discussed. Whersas the & Pb nucld have a magic
proton number, the "W nucleus has a proton and neutron number that are far
away from the cosed shells. Throughout the nuclear map the deformation plays a
crucial role for the understanding of the muclear properties. Therefors, messured
quadrupole moments, which are related to the deformation of the nucleus, provide

a strinpent test for the nuclesr models, as has been shown in this thesis.

The "*Ph{J® = 117} isomer has the {?rﬂsl_fglhgﬁlim j2} intruder configura-
tion. Its quadrupole moment has betn measured as §, = (—)3.41(66) b. A com-
parison with the quadrupole moment of the corresponding normal {Trlhgfgl'il_']fﬂ}
state in **Po, Q7™ = (=}2.06(31) b, shows that the presence of the two s,
holes drives the isomeric states towards larger deformations. Furthermeore, a
comparison with the quadrupole moments of the {Trlhgfg} ground-state in ¥"Bi
and the {?rﬁsl_fglhgﬂ} isomeric state in " T rewsals that the presence of the
113/2 valence particle, in addition to the 14g, valence particle, induces an extra
polarisation of the underlying nuclear core. Intuitively, this can be understood
from the fact that 117 isomers in Pb and Po contain 2 valanee nuclaons in nearly

parallel orbitals, compared to 1 valence nucleon for the §/2- states in % Bi and

19571, This conclusion can be extended towards more valence oucleons: if more

143
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valence nucleons are present in more or less parallel orhitals the nuclear core is

meore polarised, resulting in larger proton effective charges.

Note that the quadrupole moments of the %¥Po(J™ = 117) isomer, the ' TI{f* =
§9/2-) isomer and the YBi(J™ = §/2-) ground-state have not besn measured yet.
The value for the quadrupole moment of the **T1{™ = §/27) isomer has been ex-
trapolated from the trend of the quadrupole moments of the W9-18AT](F7 = g/2-)
chain. The values for the quadrupole momeants of the ¥ Po(f™ = 11~} and the
TBi( 7 = §/27) states hawe besn extracted from the messured quadrupols mo-
ments of the corresponding W = 126 isotopes, taldng into account a proton
effective charge. The latter has been taken equal to the proton effectivwe charge of
the 8% isomers in the #Po chain. To chack the validity of this assumption mea-
sured quadrupole moments are necessary. Recently, a project has been started to
sxtract the quadrupole moment of the 11- isomers in *Po chain. Also the § f2-
isomer in '"TI seems to be a good candidate for a future experiment. Unfor-
tunatdy, the §/2~ state in Bi is the pround-state and LEMS is not suitable to

mesasure quadrupele moments of ground-states.

The ratios of the quadrupolé moments of the 11~ and the §/2- states can be
reproduced by shal model ealeulations, taling into account the coupling of the va-
lence protons to the vibrations of the underlying core (a Hg-core for the M9 TI{I7 =
§/27) and the " Ph{J™ = 117) isomers and a Pb-core for the " Bi{(J™ = §/27)
ground-state and the %¥Po(I™ = 117) isomeric state). Only quadrupole vibra-
tions were considered. This means that, despite the fact that the caleulations do
not reproduce the absclute wlues of the quadmpols: moments, they do predict the
correct trend and, henes, take into account correctly the polansation of the core.
Unfortunately, experimentally deduced quadrupole moments are ladkdng for a sys-
ternatic comparison batwesn tha thaoretically and experimentally deduesd waluass.
Ounly for a fow AHg and “Ph isctopes the quadrupole moments of the first excited
2% states hawve been extracted, restricting the ranpe of the calculated quadrupole
moments to 20-HEPh{ T = 117), WIERT(IT = g/27), 2E-E0ps(17 = 117)
and *B-20Bi( 1" = §/27). Qnly for #"Po{J” = 117) and *"™Bi{I™ = §/27) the

quadrupole moments have been messured. A comparison shows that for both the
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20Pp(f™ = 117} isomer and 2Bi(J™ = §/2~) pround-state (N = 126} the calcu-
lated value for the guadrupole moment is too high, while for the 27 Bi(J¥ = §/27)
ground-state (N = 124) the calculated and the experimental value agres. The
quastion arises whether for lowsr nautron oumbers N < 124 the measured and
the calenlated guadrupole moments will continue to apgres, or whether the cal-
culated moments will be lower than the experimental values. Therefore, more
quadrupole moment messurements are necessary.  Also a systematic theoreti-
cal study of the repion, taking into account octupole vibrations as wdl is cur-
rently bang made. The first results with &,{**®*Pb{J™ = 117)) = —3.54 b and
Q:("Po(I™ = 117}) = —1.4 b zre promising [Cro{1].

The messurement of the quadrupols moments of the 11~ isomer in !*¥Ph is
also particularly interesting, because it has the same (s nghg jat1a72) configuration
as a shears bandhead. Coupling the quadrupole moment of the 117 isomer with
the measured quadrupole moment of the 127 isomer in !%Ph, which has the
samne proton configuration as the shears bandhead, the guadrupeole moment of
the shears bandhead could be extracted as €,{*%Pb{J™ = 167)) = —0.316(97)
b. This small value shows that magnetic rotation is the only way to explain the
rotational band built on the 16~ state. TAC calculations for the shears bandhead
revesl that the quadrupele coupling constant, ¥, is not the same for protons and
neutrons, contrary to what is usually sssumed [Chm).

In the expariments on the 117 isomer in *¥Pb also the '*'Ph{J* = 117} isomer
has been produced. Besides the (7* = 117) shape isomer, the %% Ph isomers
contain the (J¥ = 12%) spin trap as well. By analysing the transitions below the
11~ = 127 cascade the quadrupole moment of the 11~ isomer in *Pb could be
extracted as €, = (—)4.12(79) b. This was the first experimental application of
the LEMS technique, including perturbations of a sequenee of 2 isomaers. It is
experimentally proven that this is a valuable extension of the LEMS technique.
This has besn done by comparing the EF(3 of Pb in Re, as extracted from the
double perturbaticn fit of the 11~ — 12F cascade in ' Pb by the EFG of Pb in
Re, as extracted from the LEMS analysis of the 127 isomer in '*Ph. Values of
Ve = (=)2.21702 - 102 V/m? and Vyz = (=)2.42(27) - 0% V/m? have been
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derived for '*'Pb and '%€Ph, respectively, being in perfoct agresment with sach
other and fitting well in the systematics of the EF(3s in Re.

In ancther series of experiments the quadrupole moment of the high-K §-
quasiparticle isomer (A7 = 35/27) isomer in '"'W has besn measured as ), =
4.00708 1. This corresponds to an intrinsic quadrupole moment G = 4. 75708 b
and to a quadrupole deformation # = (1.18570 015 These values differ considerably
from the deduced pround-state quadrupels moments and are in disagresment with
the current thecratical predictions in this mass-region. TAC calculations yield
a value of , = 5.73 b, if puairing is treated with particle oumber projection
and £, = 5.84 b if pairing is treated without it. Only one other case is known
where the gquadrupele moment of the high-K isomerie state is deviating from the
quadrupole moment of the ground-state, namaly, the quadrupcle moment of the
K7™ = 25% isomer in *20s [Bro9l]. There, the disarepancy has been explained as
due to -y deformation of the nudeus [Xu98] whereas for the K7 = 35/2" isomer
in "W & consistent explanation is still missing.

It is important to note, howeswwr, that not the spectroscopic quadrupols mo-
ment itself, but the quadrupole interaction frequency, vy, is measured. In order
to extract the spectroscopic quadrupol: moment, the EFG nesds to be known.
The W nucei were implanted in a T1 host lattice at temperature of 475 K.
In order to extract the EFG of W in Tl linear augmented plane wave caleula-
tions have besn performed. They resulted in Vi, (0 K)=2.54-10* V/m? [Blad(].
In order to extract the EFG at 473 K an iowerted LEMS experiment has besn
performed. It was the first time that the technique has been applied. Assuming
that the 792 law for the tanperature dependence of the EFQ is valid a temper-
ature dependence constant b = 7.67592 - 10~ K~/2 has been extracted. However,
experimental data on the EFG of 'Pb in T1 reveal that a linear temperaturs
dependence for the EFG in Tl cannot be excluded [Ivwa$2]. This would mean
that Tl is the first 5 — p metal where the 7% law is not valid. Assuming a
linear temparature dependence of the EF(S, the fits result in a temperature de-
pendincs constant ¢ = 17787008 - 1071 K~ and V(473 K)= Q4047057 - 102
¥ fmﬂ. The extracted walue for the spectroscopic quadrupols moment is then,
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Q. ("W({I* = 35/27)) = 5412 b, corresponding with an intrinsic quadrupole
moment of g = 6.471% b and a guadrupole deformation of 3 = 0.2501005%
These values are in agreement with the theoretical predictions. They are, how-
ever, somewhat higher than an independent experimental value for the intrinsie
quadrupole moment, derived from the spectroscopic data for the rotational band
which is built on the K™ = 35/2" isomer [Wal84]. This data in combination
with the messured g factor [Byr88, Dra()] result in ¢y = 3.9(1.5) b. The ob-
tained results show that a direct messurement of the EF(G of W in T1 and its
temperature dependence is extremely important from hoth oodear physics and
solid state physics points of visw. Therefors, such an expariment is planned in
the near future.

The peneral conclusion of this thesis might be that the nudear models which
have besn highlighted, i.e., the shall model and the TAC medsl, account well for
the nuclear festures from the qualitative point of view. Shell model calculations,
taking into account the particlecore coupling with the underlying core, are able
to reproduce the ratios of the quadrupole moments of interest. The quadrupole
moment of the 16~ state in %¥Pb is indesd small, proving the concept of magnetic
rotation, which is one of the major achievements of the TAC model. From the
quantitative point of view some improvaments are still possible. As mentioned
befors, the influmes of octupols vibrations on the quadrupolsa moments of the
states of interest in the Pb region is currently bang inwestigated. The coupling
constant, ¥, is not always the same for protons and neutrons in the TAC modal.

MNone of the currently available models sesms to be able to explain the low value

for the quadrupole moment of the 35/2- isomer in '™W at this point.
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Appendix A

Deformation parameters and

quadrupole moments - definitions

The nuclear deformation plays a crucial role throughout this whole thesis. How-
ever, in the literature different deformation parameters are used and sometimes
different quantities are representad by the same symbol. Therdfore, it seumns to be
necessary to summearise the relations and definitions of the most frequently used
deformation parameters. Also the definitions of the alectric quadrupeols momeant
are reviewsd. The formulae are taken from [Lob70),[de574] and [Nilb5], although
sometimes notations are changed to be consistent with the notations of the rest

of this text.

A.1 Intrinsic versus spectroscopic quadrupole

moment
Classically the elactric quadrupole moment is defined as

Q= [ PERRIa. (A1)

(Juantum mechanically a distinetion batween the intrinsic and the spactroscopic
quadrupole moment nseds to be made. The intrinsic quadrupols moment, £2q, of &

nuclear state is piven by the expectation value of the electric quadrupele moment

149
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150 Deformation parameters and quadrupole moments - definitions

Ll

Figure A.1: Definition of the infrinsic and fhe loboretory exis system. The z'-avis of
the inirinsie cris sysiem is oriented porellel fo the symmetry exis of the nucleus, the

z-opris of the leboretory system hes e erbifrery orientefinn.

tensor component {f,}g defined relative to the intrinsic coordinate system. For an
axially symmetric nucleus, the intrinsic coordinate system is the axis system with

the 2’-axis parallal to the symmetry axis of the nucleus (Figure A.1). We got:

Qo = (1K | 33| 1K) (A2
in which
8= T8 (A3

K denotes the z'-component of the anpular momentum in the intrinsic system.
£2g 15 the quadrupole moment that would be measured in the intrinsic coordinate
system if such & messurement were possible. The spectroscopic quadrupole mo-
ment, {2, is piven by the expoctation value of the quadrupole moment oparater
£ in the labhoratory system (ses Figure A.1). For a nudesar state with spin J
and M as the z-component of the spin in the laboratory system, it is defined as

eQs = e{IM | G5 | TM) ;. {A.4)

www.manaraa.com



A.2 The deformation of atomic nmclel 151

M = I indicates that the expectation walue is caleulated for the nuclear states
whose magnetic quantum oumber M = J. This corresponds to the maximum
chsermbls spactroscopic quadrupole moment.

The relation betwesn the intrinsic and the speactroscopic quadrupols moment
is obtained by transforming the guadrupele moment operater @E relative to the
labhoratory systemn into the quadrupole moment operator relative to the intrinsic
cocrdinate systemn of the nucleus. For A being a good quantum number and
A > 1 this results in

SKZ=HI+1)
(I +1}{27 + 3}

Q.r = QEI {.t"'.'l- 5}

If & constant charge distribution within the nucleus is assumed then the in-
trinsic quadrupols momeant detarmines the basic fastures of the nuclaar shape:
o =1) spherical nucle;

o >0 prolate nuclsi (shaped like a cigar);
Lo = 1) oblate nuclei (shaped like a disk).

A.2 The deformation of atomic nuclei

In general the nuclear radius of a deformed nucleus is describad by [Rin#()]

oo A
R, 0) = Rall + 3 3 oY, )] (A.6)

A=0p=—2
whare K, is the radius of a sphare with the same volume, usually taken sgqual
to rg A with rq = 1.2 fin and A the mass number of the nudeus, The constant
af describes changes of the muclear volume. Since it is known that in a first

approximation the nueclaar matter is incompressibles, it is required that the volume

is kapt fixed for all ddormations as

_4

V = gmRl, (A7

The tertn A = 1 is normally excluded as it describes only a translation of the

nucleus as 8 whole.
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152 Deformation parameters and quadrupole moments - definitions

Axially symmetric nuclei are ¢ independent if the 2"-axis is chosen parallel to
the symmetry axis of the nucleus. Therefore, only the aof " are different from 0
for axial symmetry. Usually the deformation parameters o are called 3,. The
quadrupole deformation f3; is the most important one, although also higher order
axially symmetric effects have besn cbserved in nuclei, such as hexadecupols
deformations quantified hy [3,.

In the case of quadrupols deformations five parameters o need to be consid-
ered. Two of them describe the shape of the nuclsus and thres of than correspond
to the three Euler anpgles and determine only the orientation of the muclens in
space. By a suitable rotation to the body-fixed system the five coeflicients af) re-
duce to two real independent variables af and o2 = a2 (o) = a;' = 0). Together
with the three Euler anples, this gives a complete deseription of the system. In-
stead of a and ef it is more convenient to use the coordinates 3; and -y defined

by

-2

ald = fgcosy and at=a;% = é,ﬁgsin’}f. (A.8)

¥ is measured in degrees where v = (° and = 60° correspond to prolate and
oblate shapes, respectively. Completdy triaxial shapes have v = +/ — 30°.

In the following paragraphs only axial quadrupele deformations are consid-
ered. Higher multipoles are neglected. Two different shapes of prolate deformed
nueclsi with constant charge distributions are treated in the literature: the 'ro-
tational ellipsoid’ and the 'quadrupoloid’. A rotational ellipscid is specified by
the length of the semiaxis ¢ parallel to the 2’-axis (intrinsic coordinate system)
and the semiaxis a parpendicular to the 2’ -direction. The intrinsic quadrupole

moment {Jg of a rotational ellipscid is given by:
2 2
A guadrupeleoid is defined by

R = Ro(l+a0Yy +ag¥y) (A.10)
= FRo{l +ad¥] + 5Y7). {A.11)
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If the al¥ term is omitted the deformation parameter # is obtained:
R=R{1+73Y]). {A.12)

The difference betwesn the rotational ellipsoid and the quadrupoloid {A.10)
is seen by expanding the shape of a prolate rotational ellipscid in spherical har-

IMOonics:

R(H) = a(l —Flens0) 112
= a(al¥y +al¥y + oY +..) {A.13)

where £ is the excentricity of the rotational ellipsoid. The coefficients af, af, af

and af are all different from {. For a realistic prolate deformation £ = 2/3, which
corresponds with 3 == (.5, the cosfficients have the following values [Loh7)]:

R{f) = a(3.86021¥2 + 0.33323 Y2 + 0.03701 Y2 + 0.0046 YT).  (A.14)

The relationship between 3 and the saniaxes ¢ and o can be derived from
equation (A.12) assuming that, in spite of the inequality of a rotational ellipscid
and a quadrupoloid, equation {A.12) describes the surfuce of a rotational ellipsoid.

¢ = F«’:{H%\Eﬁ’)
o = }ﬂ{l—%\gﬁ’}. (A.15)

From equations {(4.15) follows:

4 fr AR AR

where AR = £— a. It must be anphasized that A doss not correspond to the
radius of a sphere with the same volume as that of the deformed nuclsus.

Equation {A.12) corresponds with arotational ellipsoid fulfilling the constant-
volume condition, if Ry is replaced by

Rofl =z + %\Eﬁ-‘}-w (A17)
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154 Deformation parameters and quadrupole moments - definitions

with /3 the deformation parameter as defined by (A.11). Then

3 155,58 g
ﬂz}ﬁﬁ{l"'g\/;ﬁ"'gwﬁ + ...}

3 2
ﬁzﬁﬁ{l +0.1580 + 0.1995% + ...). (A.18)

Hp denotes the radius of a sphere with the same volume as the rotational ellipscid.

o

The terms of order 4 and higher in the deformaticn parameter 3 contribute less
than (.1 % to the intrinsic quadrupcole moment .
The: deformation parameter 3, is defined by

R = Rg,(1 +ag¥y + 5,¥7) (A.19)

whare the constant-volume condition is required for the quadrupoloid. This re-

sults in
B _nE_ g
ovo _ _Ha _ q
OFY = =4k = ST =~ (A.20)
and
#2568
_ a__ Mg Z¥+ Mg
R = R, {1 + 3%, ar " 20 dnin ) {A.21)

where Fg, denotes the radius of a sphere with the same volume of a quadrupeloid.
The: relationship between {Jy and 3, is:

3 2 /b 1
= —Z 14+ —yf— — - ...
3
iy
Neglecting the terms of order 3 and higher in 3; makes a difference of less than
(.5 % for 0.

For the same intrinsic quadrupols moment one can caleulats the deformation

ZR% (1 +0.3608, + 002273 — ..) {A.22)

parameters (3 and i, with the constant-volume condition for the rotational ellip-
soid and quadrupoloid, respectively. These two valuss will differ by up to 4%.
The experimental uncertainty on £, and hence (g is typically of the order of 15
% in our experiments. Therafors, often only the first order term in 3 (or j4,) is
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A.2 The deformation of atomic nmclel 155

taken into account for extracting /3 {or 3,) from the intrinsic quadrupole moment.
In the first order ) = ﬁgl]. If higher order terms in the deformation are con-
sidered in this work, the 3, values are taken. This approach for the deformation
is often used in the literature, ¢.g., in Refs. [Bou®5] and [Brodl] and others.

Usually the radii R, Fyg, iy and Fg, are all set equal to re A with rg = 1.2
fin and A the mass number of the nucleus.

Besides the deformation parameters 3, # and 3, also the Nilsson deformation
parameters § and € are often used in the literature. The Nilsson Hamiltonian is

defined as [NilG5]
h = ko +CIL5+ D, (A.23)

where
72
hy= =54+ ""{ b2 + wyf? + o (A.24)
ty, hy #0d w,r denote the anisotropic oscillator frequencies in the body-fixed

systam. In the case of axial symnmetry they can be written as a function of one

single parameter of deformation 4.

o = o = wol8)(1 + ga} (A.25)
o = wold)(1 - 56). (A.26)

Neglecting the [.5 and # terms the condition of constant volume of the nucleus

leads to

1
R =dcx = constant. {A.27)
ULl

Kueping this condition in combination with {A.25) and (A.26), wy has to depend
on 4 in the following way:

16
27

g is the value of we(é) for §=0. The relation hetwsen & and the intrinsic

w8} =tig {1-352 i, (A.28)

quadrupole moment is obtained through the quadrupole moment of a rotational
ellipsoid (A.9) and tabulated in table A.1.

www.manaraa.com



156 Deformation parameters and quadrupole moments - definitions

Alternativdy, the anisotropic oscillator frequencies can be defined by intro-

dudng the deformation parameter €.

i = wry = (€)1 + %E} (A.29)
wy = wp(e){1 — ;F:} {A.30)

From the constant-volume condition follows:
wole) =g (1 — L2 = Ly, (A.31)
3 27

The relationship betwesn the different deformation parameters is tabulated in
table A.2. For all relationships in tables A.1 and A.2 only guadrupole deforma-
tions are talen into account. Although this approximation is somewhat cruds, it
provides a good idea of the general scaling between the different deformations.
In principle the Nilsson potential can be expanded to higher multipole defor-

mations and triaxial shapes ss well [Naz86]. There is no unique way to relate the

ﬂ“ 0.4

A | ] A | ] " | ] A | ] i 1
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Figure A.2: The frensformetion dicgrem bedfween (€ = eg,eq) end (2, 81). Deforme-
fHon peremeters @y with A < 12 were constdered in fthe fif, where the Q) moments with
A=245810 end 12 were required fo be the some Naote thet (i) the frensfurmetion
between € ond fa is rether insensitive fo heredecupnle deformotions, (#) the shepes
along the e = 0 end #y = 0 lines ore very different, end (1ii} €4 ond ) hove opposite
signs. The figure i{s foken from [Nez96).
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A.2 The deformation of atomic nmclel 157

set of deformation parameters (3, to the set €,. A standard method of comparing

shapes is to require equality betwesn multipole moments as is done in Figure A.2
[BenfiSa].
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Table A.1: Belotion of the different deformotion poremeters fo Qo [LEb70].

Deformation  Definition Relation to Oy
parameter {constant volhume
comdition )
Ba B = Fog{1 + Yy + ¥} Qo= 2By A0+ it — )
ffor quadmpoloid) = Q.7OTZRG 2,1 +0.3603; + 0.0227/2 — .}
B R=Ro(l +of¥0 +P¥) Qo= AZRML+15/20+13 - )
ffor ratational dlipsoid) =Q.757TZR23(1 +0.15873 +0.1993% — .}
o R =Ry{1+ YD) Qo = ZRZF(L+ 12
{no) = 0.757ZR2F(1 +0.1583)
d Wl =wd =1+ %) Qu=2ZRI1+23+3P+82F +.)
w? = wo(H{1 — &) = 0.3ZF2H1 +0.667F + 0.885F + 09885 + ...)
ffor ratational dlipsoid)
€ o =ty =wpie){l + £} Qo =2ZR2e(l4 Je+ 562 - 2+
e = wolel{1l — &) =08Z el +0.5 +0.667% — 0.302" + ..}

{for retational dlipsoid)

Table A.2: Relafions between the different deformetion pevemeters [Lab70].
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Appendix B

Measurable quantities allowing to
extract the intrinsic quadrupole
moment and the deformation of

atomic nuclel

The intrinsic quadrupole moment and the nuclesr deformation cannot be mes-
sured directly. This appendix shows some directly messurable quantitiss from
which the intrinsic quadrupole moment and deformation can be extracted and
their relationship to the intrinsic quadrupcle moment or deformation. For a

complete overview the reader is reforred to [Nuz86) and the references therein,

B.1 The spectroscopic quadrupole moment

The hyparfine interaction techniquas allow a direct maassurement of the quadrupole
interaction frequency vy {or wg) from which the spectroscopic quadrupoels mo-
ment can be extracted if the electric field gradient (EFQ) is knowm. All these
techniques messure in a direct or indirect way the bypafine splitting of the nu-
clear lewds due to the interaction of the spectroscopic gquadrupole moment and

the EFQ at the nuclear site Viy = #V/82Z% The intrinsic quadrupole moment

159
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160 moment and the deformation of atomic nuclei

can be extracted from the spectroscopic gquadrupole moment a8 explained in ap-
pendix A. In the principal axis systan of the EFQ the enarpies of the quadrupols

splitting can be written as
Er = Fug[3m® — HI + 1)), {(B.1)

whera

_ eldeVuz _ hig
e = eI =1 A2l = 1) (B-2)

The level mixing spectroscopy and lewel mixing resonance techniques baelong to
this proup of techniques, as wedl as the Mosshaver spectroscopy [Mosh9, Werf4),
the nuclear quadrupols resonance method (NQR)[Has75), the collinear laser spec-
troscopy [Neuff] and the time differential perturbed angular distribution tech-
nique (TDPAD) [5te75].

B.2 The B(E2) reduced transition probabilities

The transition probability per unit time for the emission of a photon of energy
E, and of multipolarity A, if the nucleus undergoss a transition from the initial
state ¢ to the final state f, is given by [de574, Ald75]

T A4l
A = ﬁk?{ﬂ{j : 11)];!]2 (%) B{A L = Iy) (B-3)
whars
BT = 1) = 1 KT (B.4)

is the reduced transition probability. For elactric quadrupols radiations the tran-
sition tensor ’f';f is rddated to the dectric quadrupols operator by

iy

5 -
B
T = e lﬁﬂg;. (B.5)

From (B.4) and (B.h) can be calculated that for electric quadrupoele transitions
{A = 2) within a rotational band

2
Ir 2 I
B(E2,KI, » KIj) = lg—weﬂ{«@u}ﬂ{ﬂf +1) ( "K - ) (B.6)
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B.2 The B(E?2) reduced transition probabilities 161

for A # 1/2,1. An experimental determination of the reduced transition proba-

bility, therefore, allows to deduce the intrinsic quadrupols moment ).

This can be done by measuring the nuclear life time 7 as the transition prob-
ability 7{A} in equation (B.3) is nothing els¢ than the reversed life time. A nice
owerview of all possible techniques to measure life times is given in Ref. [Nol7§).

Also the cross-section for Coulomb excitation is directly proportional to the
upward reduced trapsition probability B{E2) 1 (ses [Ald56] for the formulas).
Note that equation (B.6) is valid for both the upward reduced transition proba-
bility B{£2)} 1 and the downward reduced transition probability B{E2) |, pro-
vided that [, and I; are correctly assipned. For B{(&2) 1, I; is the total angular
momentum of the excited state, whils for B{E2) |, I ¢ corresponds to the angular
momentum of the pround-state. For Coulomb excitation from a §* ground-state
to & 27 excited state K equals § and (B.§) reduces to

3

B(E2) t= o-e*(Ga)’. (B.7)

The Weisskopf single-particle estimate

Weisskopf caleulated the reduced matrix elaments |{{¢||T3||f;}| in 2 spherical basis
with quantum oumbers |[Nsijm}. For the electrical multipolarity he found [Rin0,
Weibl]

B{EX) rs E (}%3)2&? (B.8)

with By = 1oAY and ry = 1.2 fin. The value for T(A} (B.3), obtained hy
putting the Weisskopf B{EX;I; — I} reduced transition probability, is called
the Waisskopf single-particle estimate and gives a rough estimate for the life
times of the state f;. It is proportional to E,';H ! {thus higher transition rates
and shorter life times for incressing E,.). Furthermors, it predicts that higher
transition multipolaritiss A hawe lower transition rates. An analog expression

can be calculated for magnetic transitions as well [Rin&().
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B.3 Nuclear radii - 0 moments

The charge density of an axially deformed nuclens can be written as [Boh7h]
2

- 3 _
plr) = p(r'[L = T+ f¥5] ™) (B.S)
in the intrinsic coordinate systan and restricting to guadrupols deformations

only. The mesn square radius of the charge distribution is

[ otyray’ = {1+ ﬁ{ﬂf}}{rm}u (B.10)
where {r*)g represents the mean square radius of the charpge distribution for a
spherical mucleus {3,=0). Since the change in {r?} is proportional to /2, not
only the static deformation (as revealed in the quadrupole moments or the £2
transition probabilitiss hatwesn rotational states), but also the Auctuations in the
nuclear shape (as revesled in £2 transition rates to vibrational states) contribute
to the effective charpe radius. Tb indicate that the shape fluctuations are taken
into account the notation {77} is used.
Collinesar laser spectroscopy is one of the techniques which allows to extract
the charge radius {r'?} provided that the atomic electron density |1p{0)[* at the

nuclear site is known [Neu88).

B.4 The mixing ratio

The mixing ratio & of the -y rays in an electric rotational band is directly related
to the ratio of the moments | #5528 | with g and gy the rotational and the in-
trinsic gyromagnetic ratio, respectively [Ale64]. This relationship can be derived
from the branching ratio Ay of the intra-band transitions [Alefd, WheGS]. The
branching ratio is defined as the ratio of the <y ray transition rate with AT = 2
T3, to the + ray transition rate with A7 = 1, T1. The AF = 2 transitions are
assumned to have a pure E2 character as any admixture of M3 (or higher multi-
poles) will be wery small. For the A = 1 transition a mixed M1/E2 transition

should be considared. Hence Ay is
To(E2)
(E2)+ Tl{Ml}'

M = 7 (B.11)
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The mixing ratio § is defined by

MLy 1
= —. B.12
T(E2) & ( )
The transition rates are rdated to the reduced transition probahilities by [Lob75]
1

B{EZRl, = Kl;) = ———T(EZ}RKI, = Kf B.1
{ 1 2 - __f} 1-225 . lﬂgE:? { 1 2 - f} { 3}
BMLKL —KI) = — - ___T(MLKI - KI). (Bl4)

1.758 - 104 B3
E,, is the yray transition eergy in MeV. The B{£2} and B{M1} reduced tran-
sition probabilities have units of £2fin? adn u2 | respectively. Hence

Ey s Bg(Fg) - 1.225 . 107
E\’ B (E2)-1.225-1F + Bi{M1)E?. 1.758 - 10V

The reduced in-band transition probabilities are given by [de574]

A = { (B.15)

K#1/2,1  (B16)

BE%R KL » K{l;=1-1)) = wiwﬁz@”}g{ﬂf " ( j‘f ; ;" )2
K#1/2,1  (B17)

B(MLKL - K{I;=1,-1)} = %f-‘iﬂ ~ 9a) KL + 1) ( _I;.; ; i{ )2
K #1/2 {B.18}

The rdevant 37 symbols are [Con63]
1. for an B2 transition with [; =F and [y =7 - 2:

(B.19)

I 2 I 2_S{I—K}{I—K—1}{I+K}{I+K—1}
K 0 K| (27 — 22T — 1} (2T + 1)

(21 +1) (

t2. for an B2 transition with f; = fand f; =7 - 1:

(B.20)

If 2 L E_ g 3{I—K}{I+K}
K 0 K| & ({I-LI2I+1{I+1)

(20 +1) (
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1¢t. for an M1 transition with 7, = and I, =7 - 1:

2

@I + 1) b L) (=K +K) (B.21)
-5 0 K I2r+1)
By combining all expressions above one can caleulate that
[ — L [14K -1 [1+])
Ey -5[ (2l —1)2K? ]
={—=F B.22
and
[t — —1) {145 —1){1+1)
X — {Eﬂ [ {2t—1)2x7 ] (B.23)

AL
B 14 A%l (17 — 1)(1.435 - 10)]

where the factor 10! in the dencminator drops if {Jg is expressed in units of barn
instend of fin?. By combining (B.22) and (B.23), the following relationship ean
be extracted:

- E
|.‘;‘K §R| — (.95 1

o STE T (B.24)

Note that experimentally only 82 is deduced via {B.12). So only the absclute
value | L’%fﬂl | can be extracted expaimentally.

The experimental g-factor is related to the rotational g-factor, gy, and the
intrinsic g-factor, g, by [deS574]

K

g=ga+ (gx — Hﬁ}m K #1/2. {B.25)

Hence maasuring the g-factor and fixing either gg or gx allows to deduce {ga—gx )
and thus €. Note that for & K = 1/2 rotational band, also the decoupling
constant by should be taken into account [de574].

www.manaraa.com



Appendix C

The influence of the T - f
interaction on the LEMS

technique

This appendix shows how the influence of the combined magnetic dipole + Iq
interaction on the anisotropy of the -y radiation can be calenlated. The first
section discusses the combined mapnetic + I. f interaction. The second section
explains how the I'. J interaction is included in the LEMS formalism. This
theoretical study + the experimental results (see section 2.4) are published in

[Vyv00].

C.1 The combined magnetic + I - J interaction

The Hamiltonian of the combined magnetic + I interaction, which tales place
during the flight of the recciling ions during their flight through the vacuum, is
given by [Ste7h]:

HJJZGE-f+ﬂJ'.§—ﬂ1-.§. {Gl}

with a = ’ﬂfﬁl&(—nﬂ— baing the coupling constant, f, the nuclessar magnetic momeant,
£ the electronic magnetic moment and Byy the hyparfine fidd induced by the

atomic dectrons.

165
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166 The influence of the I-.J interaction on the LEMS techmique

It can be shown that the muclesr density matrix elements of the 2-spin system

can be written as [OT88]:
{my | p(t) | m}) = E{mjmJ | s (2) | My} (C.2)
Ty

with p, the density matrix describing the nuclear spin system and p, ; the density
matrix describing the total ensanble of nuclear and atomic spins. Further note,
since the nuclaar spin systamn and the atomic spin system are not coupled at ¢t = 0

{the moment of the recoil out of the target), the following rdationship holds:

(mumy | pu(t = 0) | mimi} = {my | pp(t = 0) | mim, | p,(t = O [ m).
(C.3)

with p, thae density matrix deseribing the atomic spin systan. Using the rela-
tionships {C.2) and {C.3), the I'. J perturbation factor can be calculated in a
similar way as the LEMS perturbation factor:

Gﬂi’{fﬂ J:H_!J:t} =

V2 4+ 1/2F + 1 E (—1y™ ITrg Iry
LT RITNTN — iy 1y {) —pir piy 0

2J5+1
x exp{—twnwt){mmy | NHN | pepap{peps | NYN [memyy. (C4)

with wry e = %’-ﬂi and Ey and | N} the sigenvalues and sigenvectors of H,,.
Further the - . perturbation factor will be noted as:

Gow(T, J Haa 1) = 30 (Flve Yok exp{—dwiylyst). (C.5)

NN
Only the G, terms need to be taken into account, because of the axial symmetry
with raspact to the axis of the initial orisntation.

The main difference with Refs. [Bro73, Lit8()] is the way in which the time
integration of the perturbation factor is performed. In Refs. [Bro73, Lit8(] it is
assumed that all nueclsi decay in Hight. In our formalism w=: also consider the case
when the nuclai survive the fight and decay in a cubic host {cubic to exdude the

quadrupole interaction, which, if present, also influences the anisotropy of the
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C.1 The combined magnetic 4 I f interaction 167

radiation). During the time interval [, T, with T the flight time {of order 1{) ns
for a recoil-distance of § cm), the I’ J interaction will perturb the orientation.
Once the nudel reach the host the orentation is kept, since the IJis only
active when the atom is free (apart from some axceptional cases where the IJj
interaction is also active in insulators [Ste?h, ENB3]). In the time integration
of the 7. .J pearturbation factor, not only a weight exp(—1/7) to incorporate
the lifetime is taken into account, but also a (Gaussian weight over the flight
time 7 axp{— 1-2al"y, with Ty = ﬂ! the average flight time and o =
| ﬁ Jﬁd —f;:ﬁ];he standard dl../t:dtlﬂﬂ. Here d is the recoil distance on
which the flight time Tg and the standard deviation oy depend linearly. Fy is

the average energy with which the nuclei leawe the target, i.e., the recoil energy
minus thea less of enerpy due to the travel of the nuclans through the tarpet. o
is the spread in energy with which the atoms leawe the target. This spread in
energy, and as a consequence the spread in flight time, is mainly caused due to
the fact that the nuclsi are produced throughout the whole tarpet thickness and
follow different trajectories before leaving the target, resulting in different energy

losses, which can e.g. be demonstrated by TRIM [Ziaf5] calculations.
The following expression for the time inteprated I.y perturbation factor is
chtained:

g‘hg‘{I:J:HIJ:T:Tﬂ} =
I E'JCP{—LT—;;__@E}{_{“TFKP{—WT}GM: (I, Her 8 + @ (L, K Hes, T) [ expl{— f.-"’ﬂ'—"fﬂ
.rn mcp( 1_0'!_]_) Jrn exp{—1 /v )didT

(C6)
The inteprals can be caleulated in an analytical way, resulting in:
Gﬁc"{f! JyHasy 7 To) = E'[ jﬁfv’)ﬂi’
NN
L exp{~To/7 = Sl = 1]}
1 + (i) 1 + (i TP
o2t o2utd
b [—r,as{—mij;Tu + -4 2: MY — wirrsin —wi o To + %}]
o2t
+exp{—To /7 — [{wJ wr) = eos{—wyyTo + =5 FEN} (C.7)
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168 The influence of the I-.J interaction on the LEMS techmique

Usually the last 2 terms are negligible: for small o, 7 they cancel sach other,
for large w7 the exponentials go to {J. This means that in most of the cases
the expression reduces to the W term, 1.4 the term which is obhtained
by assuming all nueld decay in flight, which is the result considered in Refs.
[Gol82, Bro73, Lit®)]. However, the G(7, J,'H,,, 7, Ty) perturbation factors
should go to 1 and the GY (I, J, H,,, 7, Tu}, & # ¥ perturbation factors to
when the interaction time approaches (). The interaction time is equal to the
lifetime of the pucleus or the flight time, depending on which of them is the
shortest. It is clear from expression {C.7) that for a zero flight time (both Ty and
oy going to (J) this condition is only fulfilled when the last two terms are present.
50 they are necessary in the case when a short flight time reduces the interaction

tims too much to reach the hard core valua for the anisotropy.

Note that in reality not the flight time distribution, but the energy distribution
is a (Ganssian, resulting in & """ﬂ - exp{—oy (& J%}E}JT distribution function for
the flight tima 7. Here o is di-‘.ﬁ]:l{-ﬂ as \/_ L_d. The latter distribution function
results in a summation of inteprals which have to be caleulated in 2 numerical
wiay. We profer to mention the Gaussian approach, becanse its analytical sclution
has a direct physical interpretation. Only when the flight time is too short to
reach the hard-core value for the anisotropy, the results obtained by using the
Gaussian approximation for T' differ up to 16% from the correct ones. In all
other cases the difference is negligible. In addition it is straightforward that the
calenlation time will be a lot longer when numerical ealeulations for the inteprals

are needed.

Simulations of the anisotropy as a function of the magnetic field for the com-
bined ff interaction show that the ff interaction frequency vy = %ﬂ- mfluences
the decoupling value of the curwe. The larger v ,, and thus the interaction be-
twexn the atomic electrons and the nucleus, the larger the decoupling field. This
can also be understood from the condition {f; - B} > {aF - /). The amplitude
of the curve depends on the atomic spin J, more precisely on the ratio of the
atomic spin J to the nuclear spin I. Intuitiwly it is clear that a larps atomic

spin J compared to the nuclear spin I will disturb the nuclear orientation a lot
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more, than a smaller one [Gol82).

] ™
B 1] TEe(1T =92, 1= 4057 Ei161 J
g - g 05
. N L
A 1.5 E
1.4 15
I-25,8 -1
1.4 2 el 17— w2t © =4 05(T)pe)
{a) v = D45 Olk .
13- {hh w, = 6 Gllx 1.2 ’ v =075 GHz
- () vy— 0.75 CHz 3 g1
fdy vy = 0% GHz 13
1.2 . . . . .
1.0 0.5 1.0 1.5 2.0 0.0 4.5 1.0 1.5 2.0
B[T] BIT]

Figure C.1: Simuletinns of the chenge of the enfsoiropy es ¢ fimction of the mognetic
field due to the eombinad I-J + magnetic dipole inferection for the 59 Ge(I™ =9/ 1 =
4 ps, gy = —10011{32) un} isomer. In the leff ponel the 7. J inferaction freguency
viy = (hf2m)a hos been veried, in the right penel the ctomie spin J has been vorded.

C.2 The LEMS formalism including the [- J in-

teraction

If there is a recoil-distance between tarpet and host and an EFG is present in
the hest, consecutively the combined T- 7 + magnetie dipols interaction {(during
recoil} and the combined electric quadrupols + magnetic dipols interaction {after
implantation) take place. The change of the orientation during the time inter-
val [0, 7] is talen into account by the I'. J perturbation factor G, J s, t)
and the change in the time intaval [T, o] by the LEMS perturbation factor
G (I, Heus, ). The time integration, again including a weight &7 to incor-
porate the nuclear lifetime and a (Gaussian weight for the fight time, yields

Gl J Hys+HewusnnTo) =

;T_g lﬂ
fﬂmﬁ T flfll e tr !:?:’{I:l J:I H.!J: t}dth

Tyt

e v dT [FetTdt
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ey

ao ; ao
+ >ifo € 7 Gﬁ{I:J Hip T ]'f; '_tﬁGW{I Hiwnaz }dde
[T, 'F

e F dT[>etrdt

(C.8)
Apain an analytical solution is obtained:
Gl My + Hegws 7, To) =
1
(Fxn e — 31l +exp{—Tofr — f{fﬂ 7 — 13}
;NN kkl+{jJT}2 n M
I
- mﬁ{—mfg‘igaTn GEWNN‘} - wiwafmn{ u:lfg‘i;ai"n + %}]}
A 1 AT 2
+ EJ%; %‘ (Fire o (s Jiw T+ (WiEHS exp[—Top /7 — o {{{WNNa + R - 1)
[oos{— (i + Wiz 1 T0 + H—{mvﬁ”,; g 9}}
T
LEMS
kBN sin— (ol + YT + TN ) (05)

2T

W restrict ourselves to the GP terms, bacause in & LEMS experiment usually
a polycrystal is providing the EF( [Har81b), resulting in an axial symmetry with
respect to the initial orientation axis. If a single arystal is used, the GTL{n # )
terms need to be considered [Har31h).

If no quadrupole interaction takes place, the expression for GR.(F, J, H,, +
Hiwnsg: 7, Tp) reduces to the GFL(1, J, H, 4, 7, Tg) perturbation factor, becanse of
the properties of the { fL¥5)Y% fuctors. In this case the dgenstates of the LEMS
Hamiltonian | M} are equal to the | m, ) states. It can be seen from expression
{2.10} that the corresponding { FoLi M) factors are § for (M # M’ 1 # ¥) and
1 for (M = M, I = ¥'}. As a consequence, only the terms with wiS%E — § naad
to be considered.

Also if all nuclei decay in flight {(Ty > 7), the GYLA{T, J, His + Hesus, 7, To)
perturbation factor reduces to the G (1, J, H, ., 7, Ty) perturbation factor. When
no recoll distance is present (Ty = ey = ()} the expression reduces to the
G, Hegus, 7) perturbation factor. If no I. J interaction tales place during
the fight through the vacuum, ¢.g., becanse the recciling ions are fully stripped
or are in an atomic noble-pas-like confipuration [Jin88, Daf8h, And78], the pure
LEMS5 perturbation factor is not immediatly obtained. If part of the ouclsi do
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C.2 The LEMS formalism including the I'. T interaction 171

not reach the host (T comparable to or smaller than the nuclear lifetime 7), the
LEMS amplitude will be reduced. Only when all nuclei reach the host (7 > Tg),
the hard-core value of the anisotropy dus to the combined alectric quadrupole +
magnetic dipole interaction will be reached.
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Appendix D

Calculating the double perturbed

fraction and the direct feedings

As explainad in section 2.2.3 a transition undarneath a cascade of two isomers
contains four different contributions (Figure D.1): the direct fractions 221 and D2,
the double perturbed fraction 2P and a prompt component due to side feeding,.
The different fractions are caleulated by determining the relative intensities of
the involved -y ray transitions. Here the example of the 337 keV transition in
1%6Ph will be worked out.

The total intensity f437 equals

Tx7 = Digg + Isas + Jose + T+ 1. {D.1}

The contribution f21, directly originating from the 117 isomer and bypassing
the 127 isomer, is D1 = Iy /Inz. The double parturbed fraction yields 2P =
Tygs / Img7. The fraction D2, not bypassing the 117 isomer, equals (Ia x— Fies )/ I
However, the 12t — 10" F2 trapsition is very low in energy and, therefore,
highly converted (ses below). As a consequence the -y ray intensity of the AFE
transition is very low and not detectable. Alternativdy, D2 can be deduced
as D2 = (Igsg + T)/L3ar in which the side foeding z is not known. It can be
approached by taking the average value of Jgse/ a7 and (Fe— Figs — Iss )/ faar =
{(fome + = + ¥}/ Jaa7. The -y ray intemsities are not just the measured intensities.

173
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14t

117 (72(4) 1s)

059

48 498
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"~ | +
P} 1 AR %&(259{5] ns)
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Figure D.1: Perfiel level seheme of 98 Fb, showing the different sonfributions i the
337 ke V transition. The letfers » and 4 denofe the side feedings fowords the 127 and
107 fevel respectively [RuyS6].

They nsd to be correctad for the relative detector efficiency and the conwrsion
elactrons.

Not every -y ray which is amitted is also detected. The ratio of the detected
7 rays and the emitted +y rays is the absclute efficiency, € of a detector.

Im.j I.mvm
=€ OF Jomitted = .

(D.2)

T
The efficiency is anerpy dependent. Therefore, if ratics of intensities of -~y tran-
sitions with different energies are taken, a correction for the energy dependent
efficiemcy of the detector needs to be made. The standard procedurs is to put
at the target position a -y source, of which the relative intensities of the emit-
ted -y rays for the different energies are known. By comparing the ratio of the
messured 7y ray intensitics with the ratio of the emitted -+ ray intensities, the
correction factor can be extracted. We have performed the dficiency calibration
with a "YBa source, which has intense 276.3, 302.9, 356.0 and 383.8 ke'V transi-
tions. Figure D.2 shows the efficiency of the detector as a function of the energy,
where the efficiency has been scaled such that it corresponds with 1 for the 276.3

keV transition.
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1.1

1 k!
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Figure D.2: Relotive defector effiviency os o funcon of energy for the defector posi-
toned o 0° degrees with respect fo the mognetic field. The dofe are foken with o "M Ba
sowree. The efficiencies ere socled such thet the efficiency of the 276.5 keV ifransifion
eguels 1.

The interpolated relative efficiency for the 337 ke transition yiaslds (.85(2).
The extrapolated relative dfficiency for the 498 leV transition yields 0.65(6). In
one hour of measurement time 1.64(1}- 10° -y rays with sn energy of 337 keV were
recorded, compared to 1.08{3) - 10* events for the 498 keV transition. The ratio,
corrected for the relative detector efficiendss, is hence:

Iigs  1.08{(3}- 107 x 0.85(2)
La  L64{1)- 105 x 0.65(6)

— 9(1)%. (D.3)

This value is in excdlent agreement with the ratio s/ Tmr = 10{1)% as derived
in Ref. [Ruy86). Therefore, sll relative intensities of Ref. [Ruy86] have besn
adopted. In the experiments of Van Ruyven et al. the 'Ph nucleus has been
produced by two different nuclear reactions, the '*80s{*2C,zn) reaction at a beam
energy of 76 MeV and the *Hg{a, 6n) reaction at a beam eergy of 76 MaV,
respectively. In a similar way the relative intensities of the -y rays in ''Ph haw:
been adopted from [Ruy8] as well, where the 191Ph has besn produced in the
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176 Calculating the double perturbed fraction and the direct feedings

1880s( 2, 6n) reaction at a beam energy of 100 MeV. The only exception is the
1,{352}/1,(305) ratio (the 352 ketV transition is the 117 — 10 transition and
the 305 keV transition is the 11- — 12% tranpsition in "'Pb {(see Figure 3.11)),
which was taken from [Fan9l). The relative intensities for the -y transitions in
1%1Ph and ¥8Ph are tabulated in table D.1.

The relativwe 7y ray intensities need not only to be corrected for the relative
detector efficisncies, but alsc for the decay via conversion electrons. The amission
of - radiation can be strongly influenced by the presence of electrons near the
nucleus. The vidnity of dlectrons opens other channals of desxcitation for a
nucleus in an excited state, Le., the direct transfer of the excitation anerpy to
the alectrons in the various atomic shells and subshells and the ejection of thesa
slectrons into an unbound state [Ald7h]. The total intensity of amitted radiation
of 2 nuclear state is, therefors, the sum of the intensity of the emitted -y radiation

and the intensity of the emitted conversion electrons:

how = I, +1, (D.4)
= I, +al, (D.5)
= L{l+a) (D.6)

in which the conwrsion coefficient @ is defined as I, ,r"I.F. The values for o are
tabulated for the different atomic shells and subshells K, Ly, Ly, Ly, My,... in

The final results, obtained for the fractions 121, £22 and 2F by talking the
ratios of the corrected -y ray intensities, are listed in table D.2. Note that the side
fending towards the 10+ state, denoted by 4 in Figure D.1, is neglected and that
D1, D2 and 2P are rescaled such that thar sum 21 + D22 + 2P equals 100%.
The side feeding can be neglected becaunse it is a prompt component in the total
7y ray intensity, which does not influence the extracted frequency vy;.
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Table D.1: The relotive intensities of the relevont transitions in 98Pb end ¥ Ph.

¢ Relofive infensifies adopied from [RuyB6].

b Relutive intensities adopted from [Fan91f.

£ Conversion coefficient defermined os o = ax 4oy agg, with ey, o ond ayy foken
From [Hegt8] IF the energy of the « frensftion is nof present in the fobles of Ref
[Heg88), o lineor interpoloted velue hos been foken.

¥Ph EkeV] 7% (1+a}¢|¥Pb EkeV] 1% ({1+a)i°
337 06(2) n7.3 178 75(b) 83.7
498 57(¥)  5.76 305  12(2) 119
B48  2.7(6) 272 362 19(3) 194
959  33(2) 3.32 933 34(3) 343

Table D.2: The abfeined velues for the frecfions D1, D2 end 20, They are rescelad
such thoet their sum 01 + D2+ 2P equels 100%.

1% p, 184pt,

Dl s fIssr 54 % Pl Lse/his 24.9%
D2 average of fass/Fasr and  32.9% B2 average of fass/Divs and  53.7%
{Iss7 — Tass — Tsas)f Tasv {Ti7s — Tsns — Tasz }fTiva

P Iige/Tas 11.6% || 2P Ios/Dins 15.3%
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Appendix E

Calculation of the quadrupole
moment of the
7r(381_/221h9/21i13/2)11_ isomer in
200pp by taking into account

particle-core coupling

In this appendix the spectroscopic quadrupole moment of the {TTESl_fﬂlhgfglim /2 -
state in 299Ph will be calculated by considering the coupling of the proton 2-
particle configuration [1Ag51815/9;117} to the vibrations of the underlying Hg-
core!. This then approximates the 2p — 2k configuration in a rather realistic way.
First the wave functions need to be determined, after which the expectation value
of the quadrupole cperator can be calmlated. Only quadrupole vibrations are
considered.

The wave funetions are dedueed by the diaponalisation of the Hamiltonian
H =8, + H,+ Hy, in the 2dimensional Hilbert space spanned by the waw

!In thE appendix the quadmpole mament of the {ﬂﬂ-‘?l}zzlhn;zlim;:}n— state iz calen-
lated for the ®™Pb miclens mstead of fr the !®Pb nuclens, becanse for a calenlation of
0,0 Ph{I* = 1171} not all necessary experimental data are available.
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Calculation of the quadrupole moment of the ?r{ﬂsffilhg /2 1:'1_1];2}11_
180 isomer in *“Pb by taking into account particle-core coupling
functions | 115} and | 117, & 2+;117}. Here | 117} is a shorthand notation for
| Lhggli 55 117}, which is an dgenfunction of H,,, and | 24 is the first excited

vibrational state of the underlying proton core and eigenfunction of ;. The
thres contributions to the Hamiltonian are:

i. H,,: the spherical shell model Hamiltonian.

i2. H_y: the collective vibrational Hamiltonian., In the second quantization

formalism, it yislds
2
Hey= Y hug(bl, by, + 1/2), (E.1)
p=—2

in which b, {bg,) is a creation (annihilation) operator for a hoson with spin 2
and fuy the enerpy of the 97 vibrational state.
t8t. Hin:, accounting for the coupling of the valence nucleons with the underlying
vibrational core. It aquals
o A

Hine = =thuy[ g 3= oy + (=151 R, (®2)
The sum ower ¢ runs over all considared valence nucleons. £ is the coupling
strength parameta. It is related to the experimental B{E,; 0 — 2]} reduced
transition probability and the excitation energy of the 2 vibrational state as
[Heyo4]

_av /B(E%0+ o o) 3
E=trg) L ZeR [rhig (E.3)
Therefores, the following matrix neads to be diagonalised:
{5, | 5| 115,) (L5, | H | 115, 8 25117) 5.4
{11;% @2H 11~ | H | 117) {11;,JL ®2T;11- | H | 11, , & 2+ 117
in which
Uz, | H |11, =B = E(11,,) + Eau(0")
= E{ll;n} + Fiwrg5 /2
(1., 25117 |H |11, @25117y =E, = E(11,,) + E.u(2")
= E(11,,} + hwa(l+ 5/2).
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isomer in P°Pb by taking into account particle-core coupling 181

It is sufficient to consider the rdative energy B, — Fy for the diagonal elements.
For the off-diagonal slements, the shorthand notation {V} will be used.

(Vy = (11, @2"11° | H|11,,)
= {11;¥_®2+;11‘|H.i,,,¢|11;ﬂ}. (E.5)

The eipenvalues A_ and A, can be dedueed by solving

g—a (I}

W e A = 0. (E.6)

We gat

As = 3 [ (P + 4V (®)

The values for fier, are listed in the table of Raman et al. [Ram&3]. For '%8Hg
it yields (.412 MeV. The interaction matrix element {1} can be calculated as

V) = (U5, @ 25117 | Ha | 115,) (E.8)
= (g, @21 |-y Ehn NG | UL) (®9)

By applying the Wigner-Eclart theorem we got

11 0 11 "
¥y = - %Eﬁwg(_u . 11){11;n@-2+;11—||Ehj.}@{r.,-}||11;n}
1
E— ,"%Eﬁmgv,—g_a{ll;n ® 2 11| 30 b Yol |111,,,)- (E.10)

Using the reduction rules for tensor products (see, e.g., in Ref. [Hey94]) this

Fives:

T 1 2 11 11
VY = —=.f—fhw 1323 =1 2411411
" = - 7 M {11 0 2 }

ALz, YR Lz, )2 8 10*) (E11)
T 1 _ - -
= /e L) S HEI,) (12
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182 isomer in *“Pb by taking into account particle-core coupling

By using expression (E.3) to write the interaction coupling strength, £, explicitly,

this results in

T, 1, dV yBERZ0r -,
- EMEE{Tg} %ZﬁRﬁﬁﬁ(ﬂg {lls.p.”}ri{ri}”lls.p.}'
(E.13)

W =

The reduced matrix elanet (117, || ¥2(F;)}(|117,} can be calculated via its re-
lationship with the quadrupcle moment €,{117, )} = Q.{1hes2) + Q.{1d12) =
—(.9696 b [SaghS).

QL) = L T | 11, 1) (E.14)
S 1| TR 11,11 (E.15)

_ fiem,, f 10211 -
- 5 { a.'u} ( —11 EI 11 ) {113.;9.” iz}rﬂ{ ‘!}”113.11.} {Elﬁ}

fer . [ 11-21 , _ e
= ?{T.m} m{lla.p||;ﬁ{ﬁ}||llm}- {(E.17)

The mean square radius {r2 } is talen as:

1
{Tg'll} = 5 {{Tfi' s } + {Tfﬁ.wg }} {E 18}
= (42,20 + 36.36) = 39.28 f?, (B.19)

in which {Tf'imfﬂ} and {T‘fhwﬂ} are adopted from Ref. [Sag88]. By combining
equations (E.17) and (E.19) we get

U1 30 YalF)11,,} = —4.258. (E.20)

Using the result (E.20) in (E.13) and taking {rdV/dr} = 50 MeV [Boh75] and
VB(EZ 0+ - 27) = 9900 £*fm?, we find for {V):

1 —4.258 x 50 x /9900 x 47

r == 593 3 x (L2} x 1042780/ (E2
= 211 M&V. (E.22)
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isomer in P°Pb by taking into account particle-core coupling 183
— Ay
Egp (117}
+ Egull(27)
L
g

Figure E.1: Sehemotie represenfofion of the eigenvelues A_ ond Ay with respert fn the

single porticle energy E,p (17 =117).

By using hwy = (0.412 MeV and {V'} = 2.11 MaV, we find for the sigenvalues
A (BT

Ay = 2.330 MaV (E.23)
A- = —1918 MV, (E.24)

of which A_ is the dWgenvalue which is needed here (Figure E.1). The waw

functions are determined from the equation:

({fv i})(b)z(}; i)(b) =

J-a+{V¥= Ao {E.26)
Aa
b=y (E.27)

The wawe function becomes:
| 11-) 11150 + 2= |11, @ 2;117) (E.28)
=a e i 1 -
EE.N {V} £
in which a is scaled such that the norm of the wawe function equals 1.

|117) = a|l11,,}+5]|11,, @2%117) (E.29)
= 0.741 |11_,} —0.672 |11, ®2F;117), (E.30)
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184 isomer in *“Pb by taking into account particle-core coupling

This waw: function allows us to calculate the expectation value of the quadrupole

operator £25.

ﬁ@g = ﬁ@g;@.'Fﬁ@umu (E.31})
EWEYU{T Zﬁlﬁ e {h}" + By} (E.32)

The spectroscopic quadrupole moment of the 117 isomer hecomess

eQ 117y = {11, M =11 |08 |11, M = 11} {E.33)
fier { 11 2 11 o
= 4 — 11|}, 11 E.54
5 (-11011){ |le€2z([11} (E.34)
16r { 11-21 -
= \/5 \/23_25_ {11]|eq|| 11} (E.35)
16r | 11-21
= I S i) + L 2Ry "t 4wyl
(E.36)

= 0580 (11| e (F) + %mﬁ# %{h‘; +h)11).  (BaT)
The quadrupole moment contains the following three contributions:

0.580 a {11, ||Ew21~f2 FY11,, ) = feQu(11,,)  (E.38)

B: 058011, @-2+ 11_||Eerng{ﬁ-}

+dizpfr§ {I:-++b;}||11‘ ®2T;117)
T
(E.39)
— 3 ﬁf-r.."ﬂ 4 — -+

C: 0580 2b(11, | 2 ZeRay S22 (8 + )L, @24, (B4D)

in which

3 ﬁ‘:ﬂﬂ +
o ZeRy 5B = VB(E%0+ - ). (E.41)
Contribution B splits up in two parts. The first part equals:

Bl: 0.580 b°(11, , & 2%, 117 || 3 erfYa(F) |11, @ 2% 117}
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11 11 2 .
= VB ai,, | z;«r Y(F)[115,) (E42)
11 11 2
= 0.580 5 0.982 {11, || 3" erl¥o{F )11, } {(E.43)
= b 0.932eQ.(11,,). (E.44)

The second part becomes:

B2: 0.5805%11;, @2%;117 |leQs|11;, @ 2;117) (E.45)
N 7 11 11

= (.580 b7 23 (2 ||eDa |2 { } : (E.46)
11 2 2

By applying the Wigner-Eclaurt theorem, the quadrupole moment of the 2+ state
in the underlying Hg-core yiclds:

2 2 2 -~
QUHSE) = ( ) @ leQaull??)  (BAD
2 0 2
2-3 (16w
= e o el 2 (48)
It follows that
(2| eQoul| 2"} = 1.32 £Q,(Hg(2V)). (E.49)

The contribution B? hecomes:

B2: .580 ¥ 23 (—0.0485) 1.32 eQ,(Hg(2")) = —F 0.856 eQ.(Hg(2")).
(E.50)

Contribution £ equals:

g: ﬂﬁﬂﬂ?ab{llwn ZeR? {!:-++Eh}||1 @2ty (E51)

3 fucg g 11 11
= (.b80 2ab—Ze — 25{0] g |2 E.h2
2 Eﬁ\/m{“ || }{Hgg}{ )

= 0.580 2ab zpmr v5 \F (E.53)

= (580 2aby B(E2;0* > }\/; (E.54)

= 2ab1.24 /B(E% 0+ — 2). (E.55)
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The quadrupole moment for the 11— state hecomes

Q117 = 2%Q,(11;,) +50.932 Q,(11,,) (E.56)
— ¥ 0.856 Q,(Hg(2%)) +2ab 1.2 \/B(E2; 0+ — 2}). (E57)

By using
a = 0.741 (E.58)
b = —0.672 {E.59)
Q.(11;,) = —0.9696 b [Sag8s] (E.60)
B(E2%0T = 27} = 0890 &£b° [Ram&g] {E.61})
Q.(Hg(2/}} = 0821 [Esa77], (E.62)

we Bnd
Q(*"Ph(IF =117)} = —2.89 h. (E.63)
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Fysische achtergrond

Een lern bevat 1 tot 30 desltjes die bijeen pehouden worden door de sterle
interactie. De wle dedtjes maken sen microscopische beschrijving, waarbij elk
deeltje in relening gebracht wordt, onmogelijk. Toch zijn er te weinig deeltjes om
een statistische beschrijving toe te laten. Kernfysici behelpen zich daarom met
kernmodellen. Die modellen worden petest door bepaalde fysische groctheden,
zoils de vervorming, het magnetische moment of de excitatieénerpieén van de
aanpeslapen tosstanden van een kern te meten en de experimentels resultaten te
vergelijken met de waarden die bet model voorspelt. De experimenteles informatie
is vooral belangrijk voor kerntoestanden onder extreme omstandigheden, mess
bepaald voor kerntosstanden met een hope excitatistnerpgie P, cen hoge spin 1|
eanl hoog neutronpetal N, of esn hoog protongetal Z. Juist daar is de lans groot
dat eventuele tekortkomingen van de modellen aan het licht komen.

Dz thesis spitst zich toe op s@en studie vwn metastabiele kerntosstanden,
ook 'isomere toestanden’ pencemnd, bi] hoge excitatieénergie en hoge spin. Door
hun lange levensduur zijn iscmeren interessante studiechjecten. We kunnen ons
al onmiddellijk afvragen waarom hun verval vertraagd wrloopt. De oorzask is
altijd dat een eipenschap van de isomere toestand tewes] versehilt van de toestand
waarnaar hij vervalt, hetzi] de vorm ('vormisomeren’), hetzi] de spin (’spiniso-
meren’), hetzij de orientatie van #ijo spin t.o.v. de symmetrie-as van de ken (K-
isomeren’, waarbi] A pedefinieard is als de projectie van spin op de symmetrie-as
van de kern). Bowendien pesft de lange levensduur ons expearimentels tosgang

tot eigenschappen die anders niet meetbaar zijn. Door bun levensduur kunnen

187
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isomeren immers interageren met magnetische enfof elektrische velden, wat ons
toelaat om het mapnetische moment @ en het spektroscopische quadrupoolmo-
ment £, te meten. Het spektroscopische quadrupocdlmoment gesft ons informatie
ower de vervorming van de kern. Voor warvormde lernen kan de vervorming 7 uit
£}, berelend worden als

2 _
o = @g Taren

3
o = ﬁzfﬁﬁ

met 7 de quadrupooldeformatie, £)g het intrinsick quadrupoclmoment en Ay de

straal van esn bolvormige kern met hetzelfde volume.

Eén van de belangrijkste kernmedellen is het schillenmodd [May4§]. Dit
model steunt op het fit dat bepaalde proton- en/of neutronaantallen (ook de
magische getallen genoemnd) resulteren in een extra stabisle kern, naar analogie
met de edelgassen in de atomaire fysica. Daarom wordt in het schillenmodel
verondersteld dat de mudeonen onafhankeijk van dlaar bewepen in een pemid-
delde potentiaal, die de mucleonen zelf cregren. Die veronderstelling maakt het
mogelijk om de kern te beschrijven als een bolvormige romp met enkde valen-
tisnuceonen {desltjes of gaten) daar rond. Als er verschillende valentienucleonen
buiten de bolvormige romp aanwezig zijn, most ook hun onderlinge interactie {(de
residuele interactie) en, in een volgende stap, het polariserend effect van de no-
clecnen op de romp in rekening pebracht worden. Dit heoft als pevolp dat kernen
met een proton- en een neutrongetal tussen de magische gatallen in wervord zijn.
Merk op dat soms ook voor kernen met esn magisch proton- en fof neutrongutal
vervormde kerntoestanden bij lage excitatisénergicsn voorkomen.

De excitatie van een kern in de buurt van een gesloten schil gebeurt in de eerste
plaats door individuale nucleonen te exciteren. Vervormde axiasl-symmetrische
kernen dasrentegen kunnen daarnasst ook als een gehesl roteren rond esn as die
loodrecht op hun symmetrie-as staat. Kwantummechanisch is er gesn rotatie
rond e symmetrie-ss mopelijk, omdat dit resultesrt in cen kerntosstand die
nist te onderschaiden is van de corspronokedijle: tosstand. Dat is de reden waarom

bholvormige kernen nist kunnen roteren.
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Experimentele resultaten tonen aan dat het beeld, zoals hierboven puschetst,
te eenvoudip is. De gPb lernen h.v. hebben een gesloten Z = 82 protonschil.
Daarom neemt men aan dat deze kernen bolvormig zijn. Nochtans zijn er in deze
kernen rotatishanden wasrgenomen [Bal9l, Ami(]. Deze rotatiehanden kun-
nen nu verklaard worden binnen het kader van de 'thecrie met schuine rotatieas’
(Engels : ‘tilted axis cranking {TAC) theory’). De theorie toont aan dat dese
kerntoest anden kunnen roteren omwille van esn asymmetrische stroomverdeling
[Fra(a], daar waar vervormde kernen kunnen roteren omwille van hun asym-
metrische ladingsverdealing. Doze nisuwe vorm van rotatie heoft daarom de naam
'mapnetische rotatie’ pekrepen, als tepenhanger van de ‘elaktrische rotatie’ van
vervormde kernen. Experimentes] len men magnetische van dektrische rotors

onderschaiden door o.a. de wrvoring van deze lewrntoestanden te metean.

Nog andere interessante fenomenen doen zich voor in de buurt van de gesloten
schillen. Experimentes] beeft men desltjepatexdtatios doorheen de magische
schil waarpenomen met excitatieénapicén die lager lipgen dan wat het schillen-
model voorspelt [VD84, Hey83, Woo§2]. Nu begrijpt men dat dit zo is omdat
de valentiedeslt]es zich in de zopenaamde 'indrinporbitalen’ bevinden. Deze or-
bitalen verminderen hun energie t.o.v. de schillenmodelenergie als de kern zich
gaat wrvormen. In het loodgebied gaat het om de orbitalen van de wlhg e en de
mwliape protonen. Bovendien is het zo dat even-deeltjes-even-gatexcitaties ener-
gutisch voorddiger zijn dan onewen-deeltjes-oneven-gatexcitaties. Zo heeft men
onlangs ontdekt dat de 2-desltjes-2-pat- en de 4-desltjes-4-gatexcitatios de laagste
aangpslagen toestanden doorhesn de Z = 82-schil in de "' Pb-kern zijn [And0{).
Dit toont aan dat, nasst de vervorming van de kern, ook de paring «en balangrijke

rol speelt in de werklaring van deze kerntoestanden.

D& combinatie van vervorming (het desl van de nucleon-nucleoninteractis met
een ver bereik) en paring (het desl van de nuclson-nucleoninteractis met e kort
bereik) is eveneens belangrijk voor het werklaren van de lernstructuur ver van de
pesloten schillen. Zo is hat trasgheidsmoment van een dektrische rotor een factor
3 Kleiner dan het trasgheidsmoment van een star lichaam. Dat is e gevolg van

de paringeorrelaties tussen de nudeonen. De prondtoestand van esn lern bestaat
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uit een superpositie van I7 = (7 gepaarde configuratiss. Deze paring van twes
foermicnen is vergulijkbaar met de elektron-slektronparing in supergdaidende ma-
terislen. Supergeleiders verliszen hun eigenschappen door warmte en/of de aan-
wazigheid van mapnetische welden. In kernen brelen de interne excitatietnarpie
en de collectiewe rotatie de parinpeorrelatiess. Het belangrijkste werschil tussen
kernen en supergeladers is het aantal deeltjes. Het beperkt aantal deeltjes in
een lern hedft als pevolg dat er peen scherpe fassowerpang plasts vindt, maar
dat de paring stap voor stap verbroken wordt. Hierbij kan men zich de vraag
stellen hoevesl paren er moeten gebroken worden vooralesr alle paringeorrelatios
geblokkeord zijn [Wal39]. Experimentes] kan men dit doen door het meten wvan
het traagheidsmoment van een rotatiehand gebouwd op e toestand met wesl
ongepaards deeltjes (sen 'multi-quasidesltjestosstand’) en dat te vergelijken met
het trasgheidsmoment van een star lichaam. Als alle paringeorrdaties geblok-
keerd zijn, verwacht men dat die twes traagheidsmomenten gelijk zijn aan elkaar.
Het is evenwel belangrijk op te merken dat het traspgheidsmoment niet allesn
van de paring, maar ock van de vervorming van de lern afbangt. Tot nu toe
veronderstelt men dat de vervorming van de prondtosstand en de vervorming
van «en multi-quasidesltjestoestand pedijk zijn asn ellaar. Er zijn echter maar
weinig vervormingen van multi-quasideeltjestosstanden experimentesl bepaald en
de vraag stelt zich dan ook of we die veronderstelling mogen malen. Meak ten
slotte nog op dat de individuele spins van de guasidesltjes dikwijls koppelen tot
een totale spin met esn hoge A-wuarde, zodat er relatief veel isomere multi-

quasidesltjsstosstanden in da natuur voorkomen.

Fen eorder nicuwe benadering die toelast de KA -someren en de mapnetis-
che rotors theoretisch te beschrijven, is de TAC-theorie [Fra(0a]. Dit modal
berekent de polffunctios van de kern in e roterend assensystesin. De rotatiess
is niet evenwijdig met één van de hoofdassen van de kern. De gebruikte residu-
ele interacties {de residuele interactie V.., is het verschil tussen de Hamilto-
nizan H en de schillenmodelhamiltoniaan H,y) zijn de paringsinteractie e de
quadrupool-quadrupoclinteractis. Deze laatste is evenredig met {:? . @, waarhi]
-f,} de quadrupooloperator is. De evenredighadsconstante zal verder als y peno-
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teerd worden. Zowel de mapgnetische rotors als de K-isomeren hebben een spin
die niet evenwijdig is met een hoofdas. In het peval van de mapnetische rotors is
dat omdat de proton- en de neutronspin in goede benadering loodrecht op ellaar
staan en de protonspin onpgevesr evenwijdig is met de symmetrie-as van de lern.
In de rotatishanden met een boog A-kwantumgetal heeft de spin witerasrd een
grote component evenwijdig met de symmetrie-as, namelijk K, en esn component
locdraecht op de symmetrie-ss, namelijk de bijdrape tot de spin ten pevolge van
collectiove rotatie. Ook in deze banden valt de richting van de totale spin dus

niet samen met &n van de hoofdassen.

Hat woord 'vervorming' loopt als een rode draad doorbesn deze inleiding,.
Het experimentes] bepalen van de wervorming van kerntosstanden vormt dan
ook een crudale test voor de kermmodellen. Ondanks het belang van deze pa-
rameter, blijkt uit literatuurstudies dat voor opvallend weinig kerntoestanden
de vervorming experimentes]l bepaald is. De enige indringtoestanden in het
loodpgebied waarvan de deformatie gemeten is, zijn de prondtoestanden in de
185188 Ay lernen [Wall7) en de ooeven W-19Hg kernen [Bon72, Ulmé6] en de
(I = §/27) en (I™ = 13/2%)-isomeren in de respectievelijle oneven 89-19T]
[Boufh] en #5-1%Hg lernen [Ulm#6]. Ook in de lewrnen met massagetal 4 =2 180
zijn enkel de deformaties van de 2 Qs(J" = K7 = 25%)- [Brofl], de '™ Hf{ I" =
K™ = 16%)- [Boo%4, Lub96] en de '"Lu(J®™ = K™ = 23/27) [Geo98] iso-
meren ganden. Virder was voor de aanvang van dit werk was nog geen enkele
meting van de vervorming van esn mapnetische rotor gebeurd. Deze thesis
heeft zich dan ook als dosl gesteld om de spektroscopische quadrupoolmementen
van de "9Ph(f* = 117 }-indringisomesr en de S-quasidesltjes " W{I" = K7 =
35/27)-A-someer experimentes] te bepalan. Kennis van het quadrupoolmo-
ment van de '¥Ph{J® = 11" }Hisomex zal ook toslaten om het quadrupool-
moment van de " Ph(™ = 16 )-toestand &f te leiden. Dit is de ewste, ]
het onrechtstreekse, experimentele bepaling van het quadrupoolmoment van esn
magnetische rotor. De technick die voor de quadrupoolmomentmetingen go-
bruikt is, is tosstandsmengingss pektroscopie (Engals : "lew] mixing spactroscopy
(LEMS)’). Die techniek is tijdens de jaren "8 in Leuven door de grogp ol.v.
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Prof. Coussemnent ontwikkdd en is zeer peschikt voor het meten van spektro-
scopische quadrupoclmomenten van isomeren met hoge spin [Har§lb]. Ook an-
dere informatie, zoals elektrische veldgradiénten (EVQ), kan men uit zo'n meting
afpeleiden.

Het quadrupoolmoment van de "9 Ph{J¥ = 11~ }-isomeren

De ¥Ph iscmeer heoft de {?rﬁsl_fﬂlhgfg 1) 39 11 - } intruderconfiguratie. Deze isomeer
vermindert zijn energie t.o.v. de owreenkomstige schillenmeodelenergie door esn
oblate vervorming asn te nemen en het 14)30-proton, het 1hg.-proton en de
35, p-gaten in hat respectiovelijle: 13/24[606]-, het §/27[505]- en hat 1/2+[400]-
orbitaal te plaatsen. De experimentsle wasrde voor het quadrupoolmoment is
Q. = (—)3.41{66) h.

Eon vergdijking met het puschatte quadrupoolmoment £, = (—)2.06(31) b
van de corresponderende normals tosstand, de {mlhggld13 )1,--tosstand in " Po,
leert ons dat de aanwezigheid van de 35, 5 gaten in de (£ = 82)-protonromp een
sterkere vervorming van de isomere toestand in Pb tot gevolg hesft. Bowndien
toont een vergelijldng met de quadrupoolmomenten van de {?rﬁsl_; 1hg JIrg:ll—isw:u'ﬂﬂ-ﬂ:r
in ¥"T] en de (mlhg;,)-grondtoestand in '7Bi aan dat ook de aanwwigheid van
het 17)3;-valentieproton naast het 1hgig-valentieproton voor een sterlere po-
larisatie van de kernromp zorgt. Intuitief is het pemakkeijk te vatten dat 2
valentisnucleonen in nagenosg parallelle orbitalen (dit is het geval voor de 117
isomeren in Pb en Po) de kernromp sterker zullen polariseren dan 1 valentieno-
cleon (dit is het geval voor de §/27- toestanden in Bi en T1). Meaer algemesn
toont sen systematische studie aan dat, als mesrders valentisoucleonan in min of
meer paralldle orhitalelen aanwezig zijn, de keroromp mesr gepolarisesrd wordt.
Dit resultesrt in groters effectiove ladingen (de effectisw lading is gedefinesrd als
et =0, [€2sp., waarbi] {lyp het quadrupoclmoment is dat men bekomt door
de quadrupoclmomentsen van de individusls protonen op te tellen in het speciale
poval van gestrekte koppeling).

Merk op dat zowsl van de ¥ Po(J™ = 117}-, als van de ¥*TI{(J" = §/27)-
isomeer en de ''Bi(J” = §/2" )-prondtoestand het quadrupoclmoment nog miet
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gemeten is. Het quadrupoolmoment voor de ' TI{I* = §/2~)-isomesr is geixtra-
polesrd uit de systematiek van de quadrupoclmomenten van de S9-1¥TI(F" =
§/27)-ketting. De waarden voor de quadrupoolmomenten van de " Po(l™ =
117)-en de ' Bi(J™ = §/2")-toestanden zijn geixtraheerd uit de gemeten quadru-
poolmomenten van de corresponderende (N = 126)}-tosstanden. Hierbij is veron-
dersteld dat voor alle protonconfipuraties de wrhouding (N < 126}/0Q,({N =
126) dezdfde is als die voor de (wh 5)s+-isomaren in ds “Po-letting. Hat zou
goed zijn om de geldigheid van deze veronderstellingen experimentes] na te gaan.
Daarom is onlangs esn project gestart om de quadrupoclmomenten van de 117-
isomeren in de “Po-ketting te meten. Qok de §/2 -isomewr in ' TI lijkt een

poede kandidaat voor e tockomstig experiment.

D& wrhoudingen van de quadrupooclmomenten van de 117- en de 972 -toe-
standen kunnen pereproducesrd worden door schillenmodellenberekeningen die
de koppeling van de valentieprotonen met de quadrupoolvibratiss van de on-
derliggende romp in relening brengen {(sen Hg-romp voor de Y™ TI{IT = §/2-)-
en de Y9EPh{J™ = 11~ }-isomeren en @en Pbh-romp voor de WBi{I™ = §/2-)-
grondtoestand en de YW¥Po(f* = 11~ )-isomesr). Dit betekent dat, ondanks het fait
dat de absolute waarden niet pereproducesrd worden, de beraleningen dea correcte
trend voor de quadrupoolmoementen voorspellen. Ze brengen m.a.w. de romppo-
larisatie op een correcte manier in relening. Voor e systematische verpelijlang
van dea theorstische an experimentals wasrden cotbreken svenweal sxperimeantassl
bepaslde quadrupoolmomenten. Slachts voor een beperkt aantal AHg an “Pb-
isotopen zijn de quadrupooclmomenten van de eerste gedxcitesrde toestanden bek-
end. Dit beperkt de berekende quadrupoolmomenten tot 2M-2EPL{F™ = 117),
=208 TN(I™ = §/27), 2@-2U0Po(J™ = 117} en *-29Bi{J" = §/27). Enkel woor
de #%Po(I* = 117) en de ***Bi{I™ = §/27 )-tosstanden zijn de quadrupoolmo-
menten gemeten. Een vergelijking toont asn dat zowel voor de 20Po(J™ = 117)-
isomesr als voor de *™Bi(J” = §/27)-grondtoestand (beiden hebben als neu-
trongetal N = 126} de berekende waarde voor het quadrupoolmoment proter
is dan de experimentele wasrden. Voor de *'Bi(J" = §/27)-grondtoestand
(N = 124) daarentegen is or goede oversenkomst tussen de berckende en de
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experimentele waarde. Deze vaststelling leidt tot de vraag of er voor neutronpe-
tallen kleiner dan 124 nog altijd sen poede overesnkomst tussen de berckende
en de pemeten waarden is, dan wel of de berelende waarden kleiner zullen zijn
dan de experimentele. Ook om deze vraag te kunmnen beantwoorden, zijn mesr
gemeten quadrupoclmomenten noodzalelijk. Ondertussen is er ook een systema-
tische theoretische studie van de regio, waarbij ook octupoolvibraties in rekening
gebracht worden, bezig. De eerste resultaten, Q,('*Pb({(J = 117)}) = —=3.54 ben
Q.("*Po({I™ = 117}) = —1.4 b, zijn veelbelovend [Cro01].

D& meting van het quadrupoolmoment van de 11--isomeer in %€ Pb is ook
bijzonder interessant, omdat het dezelfde {?rsl_; 1hg/g1t1 3/9)-protonconfiguratie als
een magnetisch bandhoofd hesft. De koppeling van het quadrupeclmoment van
de 117 -iscmesr met het quadrupoclmoment van de 12 -isomesr in ' Pb laat tos
het quadrupoolmoment van het {77 = 16~ }-bandhoofd in "™ Ph af te leiden. De
12*_isomesr hedft dezelfde {vilﬁ,ﬂ}—neutmnmnﬁguratie als hat magnetisch band-

hoofd en zijn quadrupoolmoment werd resds voor de aanvang van dit werk geme-
ten [Zyw81]. De koppeling resulteert in Q,('%Pb(F* = 167)) = —0.316(87) b
voor het mapnatische bandhoofd. Deze Klane wasrde toont aan dat magnetische
rotatie de enige verklaring is voor de waarneming van de rotatieband gebouwd
op de 16 -tosstand. TAC-berckeningen tonen aan dat de quadrupoolkoppeling-
constante y verschillend is voor protonen en neutronan, in tegenstelling tot wat
meestal asngenomen wordt [Chimn].

Het quadrupoolmoment van de YPh{Ff™ = 11~ }-Hsomesr is in werkelijkheid
bepaald door de quadrup oolinteractisfrequentie, vy = €02,V /h, van deze isomesr
in Re te meten. Om hat guadrupoclmoment te bepalen, is het dus nodig dat
we de EVG (Viz) kennen. De expaimentele waarde voor de frequentie v
van de 127 -isomesr in 'Pb hesft toepelaten om de veldgradiént af te leiden:
Vez = (—)2.42{27) - 10! V/m®. Cok de "Pb(12*}-isomesr is immers bevolkt
tijdens het experiment en, zoals hoger vermeld, is het quadrupoclmoment van
deze isomesr resds voor de asnvang van dit werk gemeten [Zyw81]. De bekomen
waarde voor de dektrische veldpradiént past perfect in de systematick van de

pemeten veldpradiénten voor verschillende onzuiverheden in Re als functie van
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het aantal valentietlektronen.

Tijdens de experimenten op het 11 -somesr in "*¥Pb zijn ook de 117- en de
12+-isomeren in '**Pb geproducesrd. Uit de analyse vun de y-owrgangen onder
de (11— — 12+)-cascade kan het quadrupoclmoment van de YPh{J® = 11-)-
isomesr bepaald worden als €, = (—)4.12(79) b. Dit is de wwste exparimentele
toepassing van de LEM S5-techniek waarbij de storing van twee opesnvolgende
isomeren in rekening pebracht is. Een vergelilking van de waarde voor de EVQ
van Ph in Re die vit de analyse van de (11~ — 12+)-cascade bekomen is, Vy, =
{(=)2.211028 . 10* V/m?, met de waarde wun de EVG voor " Pb in Re levert het
experimentele bewijs voor de geldigheid van het formalisme. Beide waarden zijn

immers in goede overesnstemming,.

Het quadrupoolmoment van de ™ = K7 = 35/2 -isomeer in '™W

In @en andere recks axperimenten is het quadrupoolmoment van da (K™ = 35/27)-
5-quasidesltjesisomesr in W pemeten als @, = 4.00708 b. Deze waarde
komt oversen met een intrinsisk quadrupoolmoment Qg = 4.7370% b en cen
quadrupooldeformatie 3 = 0.18570 088, Deze waarden verschillen aanzienlijk van
de quadrupoclmomentsn van de prondtoestand en zijn niet in oversenstermiming
met de huidige theoratische voorspellingen in deze regio. Zo resultersn de TAC-
berekeninpen in een waarde €, = D.73 b of een waarde 2, = h.84 b, naarpelang
de manier waarop de paring en het problesm van het behoud wan bet correcte
aantal deeltjes in de lern dat hiermes gepaard gaat, in rekening gebracht is. Er
is slachts één ander isomesr met hoge A-waarde pelend waarvan het quadrupocl-
moment afwijkt van het quadrupoclmoment van de grondtoestand, namalijk de
(K™ = 25 )-isomeer in "*20s [Bro91]. Hier neemt men aan dat een triaxiale kern-
vorm de corzask is van de afwijking [Xu88), terwijl voor de (K™ = 35/2 7 }-isomsar
nog een consistente verklaring onthreekt.

Merk echter op dat niet het spactroscopische quadrupoclmoment zelf, maar
de quadrupoolinteractiefrequentie vy gemeten wordt. De '™ W kernen zijn in
eanl Tl-pastrocster dat opgewarmd is tot esn temperatuur van 473 K, ingeplant.
We moeten dus de EV( van W in Tl kenpen om het quadrupoolmoment te
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kunnen afleiden. Gelinesriseerde vereddde vlakle-golfberckeningen (Engels :
'linearised auvgmented plane wave (LAPW) calculations’) resulteren in V(0
K} = 2.54 - 103"V /m®. Om de temperatoursafhankelijkheid wan de veldgradiént
te bupalen ward de omgelewsrde LEM S-methode (Engels @ ’inverted LEMS tech-
nique’} voor het eerst tosgepast. Net zoals bij sen normale LEM 5-meting zijn
de kernen onderhevig aan een gecombineerde magnetische dipool- en elektrische
quadrupoolinteractie. Bij sen normale LEMS-me«ting wordt de anisctropie van
de straling pemeten als functie van het vitwendip aangelegd magnestveld, waar-
bij de quadrupoclinteractiefrequentie constant pehouden wordt. Bij de omge-
keorde LEMS-methode wordt het mapnestveld constant gehouden. De meting
gebeurt als functie van de quadrupoolinteractiefrequentis, die gevariserd wordt
door de temperatuur van het pastrooster te veranderen. De helling van de al-
dus bekomen curve hanpt af van de sterkte van de temperatuursathankelijkheid.
Als we sannemen dat de T%2-wet, Vix(T)} = Vix(0 K}1 — 57%2), voor de
temparatuursathanlelijkheaid van de EV(G geldig is, vinden we de exparimentale
waarde b = 7.670%. 107° K2 en Vix (473 K)= 0.55706:. Er bestasn schter
experimentele data voor 2MPh in Tl die aantonen dat een lineaire temperato-
ursafhankdijkheid voor de EV(Q niet uitgesloten is [Iwa§2]. Dit zou betdkenen
dat Tl het ewste (s — p)-materiaal is, waarvoor de T%?-wet niet opgaat. Als
we gon linesire temperatuursafhankeijkheid, Vez(T) = Vaz{0 K}{1 — T} voor
de EVQ@ veronderstellen, vinden we als resultaten: ¢ = 1778008 . 10~ K-!
on Viz(473 K)= 0.40475F8 . 107" V/m?. Dit resulteert in een spectroscopisch
quadrupoolmoment Q,(*™W{I™ = 85/27) = 5.4117 b, e intrinsiek quadrupocl-
moment ¢y = 64715 b en een quadrupocldeformatie 3 = 0.250700%. Deze
waarden zijn in overeenstemming met de theoretische voorspellinpen. De waarde
voor het intrinsicke quadrupoclmoement is dan echter hoper dan sen andere, on-
afhankelijke experimentele waards. Het is nameijk mogelilk om het intrinsicke
quadrupoolmoment te bepalen uit de verhouding van de intensiteiten van de
y-overgangen in de (K™ = 35/2 )rotativband in combinatie met de gemeten
g-factor [Byr88, Drad(]. Deze data resulteren in £y = 5.5(1.5) b.

Deze resultaten tonen asn dat een directe meting van de EVQE van W in Tl
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en zijn temperatuursafhankelijkhad mesr dan wenselijk is. 'We hopen dan ook

om zo'n meting te kunnen vitvoeren in de nabije toskomst.

Besluit

D& metingen hebben sanpetoond dat zowel het schillenmeodel, als het TAC-modsl,
de lernaigenschappen kwalitatief goed beschrijven. Schillenmodelbereleningen
die de koppeling van de valentisprotonen met de quadrupoclvibraties van de
cnderliggende romp in relening brengen, reproduceren de verhoudingen van de
beschouwde quadrupoolmomentsn. Het quadrupoolmoment van het (77 = 167)
magnetische bandhoofd is inderdaad klein. Dit bevestipt het princpe van de
magnetische rotatis, wat &n van de belanprijkste wrwezenlijlkingen van het TAC-
model is. Kwantitief pezien zijn er nog verbeterinpen mogelijk. Zoals hoger
vormeld, onderzoekt men momentssl de invloed van de octupoolvibraties op de
quadrupoolmomenten in hat loodgehied. De koppelingsconstante y is nist altijd
dezelfde voor protonen en neutronen in het TAC-model. (Gesn van de huidige
theoricén lijkt in staat om de lage waarde voor het quadrupoolmoment van de

{7 = 35/2" )Hsomeer in W te reproduceren.
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