DEPARTMENT OF PHYSICS
UNIVERSITY OF JYVASKYLA
RESEARCH REPORT No. 11/2003

DECAY SPECTROSCOPY OF HEAVY NUCLEI BEYOND
THE PROTON DRIP LINE

BY
HEIKKI KETTUNEN

Academic Dissertation
for the Degree of
Doctor of Philosophy

To be presented, by permission of the
Faculty of Mathematics and Natural Sciences
of the University of Jyvaskyla,
for public examination in Auditorium FYS-1 of the
University of Jyvaskyla on December 20, 2003
at 12 o’clock noon

)
H

Jyvaskyla, Finland
December 2003

ISBN 978-951-39-3149-0
URN:ISBN:978-951-39-3149-0






Preface

The work reported in this thesis has been carried out during the years 1998-
2003 at the Department of the Physic of the University of Jyvaskyla. I want
to express my thanks to the whole staff of the Department for the pleasant
and friendly working atmosphere. Especially I would like to thank the staff
of the mechanical and electronics workshops providing help for my construc-
tion works whenever it was needed.

I wish to thank the leader of the RITU group Prof. Matti Leino for his
support and the opportunity to carry out this work in his group. I am also
very grateful to the leader of the gamma group Prof. Rauno Julin for his
guidance and the interest he has been showing to my work. I also would like
to thank Dr. Sakari Juutinen for valuable discussions and Dr. Pete Jones
for his help with electronics and computers. Thanks go also to the past and
present members of the combined gamma — RITU group. It has been a great
pleasure to work in such an inspiring group. This successful combination of
two groups has provided a unique possibility to extend the field of studies. It
has also been a great pleasure to meet a number of colleagues from different
countries visiting our group during this work.

The financial support from the University of Jyviaskyla and the Graduate
School of the Particle and Nuclear Physics are gratefully acknowledged.

Finally, I would like to express my warmest thanks to my parents, broth-
ers and sister for all their support and encouragement.

Jyvaskyla, December 2003

Heikki Kettunen



Abstract

The gas-filled recoil separator RITU has been used in decay studies of neutron-
deficient nuclei in the vicinity of the Z =82 proton shell closure and beyond
the proton drip line. New information on the proton emitting isotopes of
Au and TI was obtained including the identification of a new proton emitter
17671 and the first observation of the ground state proton and alpha emission
in Au. In addition, the alpha-decay properties of a number of neutron
deficient Pt and Hg isotopes have been measured. The behaviour of low-
lying states in 91193195 At isotopes were studied utilising alpha decay. The
level systematics of these nuclei were observed to differ from those observed
in the heavier odd-mass astatine isotopes due to the change of ground state
deformation from nearly spherical to oblate shape. A new low-lying state
associated with an oblate configuration was identified in the corresponding
daughter nuclei 8718%191Bi applying the alpha-gamma coincidence method.
In order to realise these studies at the extreme limit of experimental devices,
several technical developments at the recoil separator RITU were required.
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1 Introduction

The limits of nuclear binding are of fundamental interest in nuclear physics.
It was expected that the proton unbound nuclei, at the proton drip line, will
determine this limit for the neutron deficient nuclei. However, especially in
higher-Z nuclei, the potential energy barrier caused by the electrostatic in-
teraction and angular momentum between the unbound proton and the core
delay the immediate proton emission. This allows the direct observation of
the decay and thus, spectroscopic studies of the nuclei beyond the proton
drip line that, in a sense, should not even exist.

The first observation of proton radioactivity was made in 1970 from an iso-
meric state in **Co [Jac70, Cer70, Cer72], which is proton bound in the
ground state. As long as a decade later, the next proton radioactive nucleus
ILu [Hof82] was discovered. This was the first time proton emission was
observed from the ground state. Soon after this discovery two more proton
emitters were observed in the same region: proton emission from the ground
and the isomeric state of *"Tm [Kle82] and from the ground state of *°Lu
[Hof84]. In addition, two proton emitting nuclei, 1'3Cs and %1 [Fae84, Gil87],
were discovered in a new region of the nuclear chart close to ®Sn. After
these discoveries it took again a decade before the next proton emitting nu-
clei (M%Tm [Liv93a], 1*Ta and *Re [Pag92, Liv93b]) were observed. Up
to date over thirty proton-radioactive nuclei have been identified, with ap-
proximately forty proton-emitting ground and isomeric states. In addition
to one-proton radioactivity, the first discoveries of two-proton radioactivity,
observed in *Fe, were recently reported [Pfii03, Gio03].

In the present work several Au, Tl, Bi and At isotopes beyond the pro-
ton drip line have been studied. In addition, the alpha-decay properties of
a number of neutron deficient Pt and Hg isotopes have been measured. The
nuclei are marked in figure 1.1 which shows the part of the nuclear chart
relevant to the present work (see also figure 2.1). This region lies more than
20 neutrons away from stability, around the Z=82 proton shell closure and
the N=104 neutron mid-shell, which is the famous of shape coexistence in
atomic nuclei. Presently available experimental facilities and recoil-decay
tagging techniques [Sim86, Pau95] have made in-beam gamma-ray spectro-
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scopic measurements possible in the vicinity and even in this region of the
nuclear chart [Julo1] ("'Au [Béc03], 87189Bi [Hiir], '"'Bi [Nie03]). How-
ever, the decreasing production rates of more neutron-deficient isotopes in
heavy-ion induced fusion reactions hinder in-beam gamma-ray spectroscopic
measurements. Thus, proton emission and alpha decay provide often the only
viable tools to obtain spectroscopic information about these most neutron-
deficient heavy nuclei.

Proton emitter Nuc]eus studied in the present work | Rn 15 1% |k 86
Alpha decay = Proton drip line At 19111921193 19411951196 | g5
Beta decay Po 188 1189|190 [191 (192 (193 (194 {195 84

Bi 184 1185|186 |187 |188 | 189|190 (191 (192 193 {194 8 g
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Figure 1.1: A part of the nuclear chart relevant to the present work. The nuclei studied
in the present work are underlined. The proton drip line is marked with the thick line.
Data for odd-Z nuclei are take from [Aud97, Nov02] and the present work and for even-Z
nuclei from [Lir76].

Although the odd-Z nuclei studied in the present work lie beyond the proton
drip line, alpha decay is the dominating decay mode for most of them. In
this region of the nuclear chart the ()-value of proton emission has to be
at least 1 MeV before proton emission is able to compete with alpha decay.
This means, that for a particular element there exist several proton unbound
isotopes which can be studied via alpha decay, since proton emission is too
slow to be detected. For example, in Au isotopes proton radioactivity is
not observed until in the seventh isotope beyond the proton drip line and
in At isotopes no proton radioactivity was observed even in the fifth proton
unbound isotope. Due to the variety of spectroscopic information, that can
be obtained via proton emission, the search for the proton-radioactive nuclei
is an attractive challenge. The theories of this fairly simple decay process
have been developed remarkably during the last years so that in addition to
the probing of the mass surface, proton emission can be used to deduce the
single-particle structures and shapes of the nuclei beyond the proton drip line.
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One motivation for the present studies of the neutron-deficient odd-mass
astatine isotopes was to solve the confusion related to the alpha decay of
195 At. Due to the summing of the alpha particle energy with the subsequent
conversion electron energy in a silicon detector, the decay energy spectrum
of 195 At is rather complicated. In the present work the alpha-decay scheme
of 1% At is clarified utilising the alpha-gamma coincidence method. In addi-
tion, a new low-lying excited state was found in the corresponding daughter
nucleus '"'Bi. The decay studies were continued in "*At and At to inves-
tigate whether the decay schemes of these nuclei are similar to that obtained
for 195At. In addition, the possibility for the observation of proton emission
in 1At was seriously considered. New information on the low-lying levels in
the corresponding daughter nuclei **"Bi and '®"Bi was also obtained in these
experiments.

All the experiments discussed in the present work were performed at the
Accelerator Laboratory of the University of Jyvaskyla. The ion beams pro-
duced in the ECR ion source [Arj90, Koi01] were accelerated and delivered to
the target by the K=130 MeV cyclotron [Liu92, Hei95]. The spectroscopic
measurements of the heavy-ion induced fusion evaporation products were
performed using the gas-filled recoil separator RITU [Lei95a]. Before these
studies near the limit of nuclear binding were possible, several improvements
of the recoil separator RITU were undertaken.

The author of this thesis has developed, designed, constructed and operated
the focal plane detector system described in this thesis. The modifications
to the RITU dipole chamber and beam stop were designed and constructed
by the author. The author has written the enclosed papers. The analysis,
interpretations and conclusions were performed by the author. The author
proposed and was responsible for the experiments described in the enclosed
articles.

I. Investigations into the alpha decay of At

H. Kettunen, T. Enqvist, M. Leino, K. Eskola, P.T. Greenlees, K. Helariutta,
P. Jones, R. Julin, S. Juutinen, H. Kankaanpaé, H. Koivisto, P. Kuusiniemi,
M. Muikku, P. Nieminen, P. Rahkila and J. Uusitalo,

Eur. Phys. J. A 16, 457-467 (2003).

I1. Alpha-decay studies of the new isotopes '"'At and *3At

H. Kettunen, T. Enqvist, T. Grahn, P.T. Greenlees, P. Jones, R. Julin,
S. Juutinen, A. Keenan, P. Kuusiniemi, M. Leino, A.-P. Leppéanen, P. Niem-
inen, J. Pakarinen, P. Rahkila and J. Uusitalo,

Eur. Phys. J. A 17, 537-558 (2003).
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III. Decay studies of '"1"' Au, 117213 Hg and "0T1

H. Kettunen, T. Enqvist, T. Grahn, P.T. Greenlees, P. Jones, R. Julin,
S. Juutinen, A. Keenan, P. Kuusiniemi, M. Leino, A.-P. Leppéanen, P. Niem-
inen, J. Pakarinen, P. Rahkila and J. Uusitalo,

submitted for publication.



2 Physics background

In the present work the spectroscopic properties of heavy nuclei beyond the
proton drip line were studied mainly via alpha decay and proton emission.
In order to compare the similarities and differences of these charged particle
emissions some of the basic formalisms are presented. An important appli-
cation in the probing of the nuclear structures was also the alpha-gamma
coincidence method which is briefly presented later in section 3.3.4. In the
last part of the present section the general properties of neutron-deficient
nuclei around the lead region are discussed. But first the basic features of
nuclei at the proton drip line are introduced.

2.1 Proton and neutron drip lines

Early nuclear mass models already predicted that certain compositions of
protons and neutrons will be energetically unbound with respect to emission
of a single nucleon. It was deduced that for each element there would be a
maximum and minimum number of neutrons the element could contain with-
out decaying by nucleonic emission. A sufficient surplus of neutrons would
lead to the last neutron having a positive binding energy which will thus
result in spontaneous neutron emission. This limit defines the neutron drip
line. Correspondingly, a lack of neutrons leads to proton unbound nuclei
which define the proton drip line.

The conditions that cause the proton and neutron drip lines can be briefly
examined based on the semi-empirical mass formula developed by C. F. von
Weizsicker [Wei35] and presented in the following equations

1
M = ZMy + NM, — 5 B(Z,A) (2.1)
C

72 (N = 2)?

B<Z7 A) = avolA - asurfA% - CLC’oul? — Qsym A - 5(2, N) (22)

Here My and M, are the atomic masses of the 'H atom and the neutron,
respectively, and §(Z, N) is the pairing term, which is defined as
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—apm-rA*g if Z and N are even
0(Z,A) = 0 if A is odd
apm'TA_% if Z and N are odd

The values of the empirical constants used in the present examination are
taken from reference [Kra88].

ayoyr =15.5MeV  volume term

Qsurf = 16.8MeV  surface term

acow =0.72MeV  Coulomb repulsion
Agym = 23.0MeV  symmetric term
Apair = 34.0MeV  pairing effect

On the neutron-rich side of the nuclear chart far from beta stability the
largest effect which leads to the break up of the nuclei arises from the asym-
metry between the proton and the neutron numbers. This asymmetry is
clearly visible in the chart of nuclides shown in figure 2.1. Thus a neutron-rich
nucleus becomes neutron unbound when the loss in binding energy B(Z, A),
caused by the symmetry term, overcomes the gain due to the volume term
when moving to the next heavier isotope of a particular element. Correspond-
ingly, the effect of the symmetry term is not so significant in neutron-deficient
nuclei, since the proton drip line lies quite close to the Z = N symmetry line.
In fact, the proton drip line crosses the symmetry line around Z =50 nu-
clei. Therefore the symmetry term contributes to the proton emission in the
nuclei below Z =50 and tends to hinder the proton emission in the nuclei
above Z =50. It is the Coulomb repulsion between the positively charged
protons which mainly causes the proton emission in neutron-deficient nuclei.
In addition, the Coulomb effect pushes the proton drip line much closer to
the stable nuclei in comparison to the corresponding neutron drip line on the
neutron-rich side. The proton and neutron drip lines calculated for odd-A
nuclei using equation 2.2 are shown in figure 2.1. It should be noted that
the semi-empirical mass formula does not take into account nuclear shell
structural effects which may affect the positions of the calculated drip lines.
Much more sophisticated and accurate mass formulae, which include also
the nuclear shell effects and further details, can be found in the collections
of publications listed in references [Mar76, Hau88] and in reference [Mo195].

A striking feature at the proton drip line is the variation on its position
between the odd-Z and even-Z nuclei. This is illustrated in figure 1.1 where
a part of the proton drip line is drawn in more detail. In the even-Z nuclei
the proton drip line is shifted approximately ten neutrons further from the
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Figure 2.1: The chart of nuclei. The line of black squares represents the stable nuclei.
The black squares inside the ellipse represent the nuclei studied in the present work. The
shaded area shows experimentally observed nuclei. The proton and neutron drip lines for
odd-A nuclei are calculated using equation 2.2.

stability due to the stabilising effect of proton pairing.

In general, the Coulomb repulsion causes the charged particle emission. On
the other hand, the Coulomb force also slows down the process so that the
direct observation of charged particle emission is possible. This is because
the particle has to penetrate through the potential energy barrier before it
can escape from the nucleus. Thus, the proton emission half-life of proton
unbound nuclei may reach up to infinity, as compared with typical life time
for proton unbound resonances which are on the order of 107!® seconds. In
light nuclei (below Z = 20) the Coulomb barrier is not high enough to delay
the proton emission and only very short-lived proton unbound resonances
can be expected to occur in these nuclei. In heavier nuclei (especially above
Z = 50) the Coulomb barrier is higher and its effect on the proton emis-
sion half-life is significant. Thus, the Coulomb effect smears out the proton
drip line so that more than one proton emitting isotope can be observed for
a particular element. For example, four proton emitting isotopes i.e. '®4Ir
[KetOla, Mah02] and '65~17Ir [Dav97] have been identified for iridium.
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2.2 Alpha decay

Many of the heavy nuclei decay via alpha particle emission. This sub-barrier
process can be illustrated by the formula

2Xn =75 Xy o ta (2.3)

where X and X represent the mother and daughter nuclei and « is the nucleus
of a *He-atom. The other decay modes where a nucleon or cluster of nucleons
is emitted are very rare. The main reason why alpha decay is so common
in the region of heavy nuclei is that the alpha particle is very tightly bound
due to its doubly magic character. Thus the sum mass of the final products
is smaller than the mass of the initial nucleus, which makes the alpha decay
energetically favourable.

2.2.1 Alpha-decay ()-value

A necessary condition for spontaneous alpha decay or any decay is, that the
mass of the initial nucleus is greater than the sum mass of the final products.
In other words, the @-value of the decay has to be greater than zero. Using
atomic masses, the alpha decay @),-value can be calculated using the equation

Qa = (Mm — Md — MH€>C2 (24)

where M,,, My and My, are the atomic masses of the mother and daughter
nuclei and the *He atom, respectively.

The @Q,-value represents the total kinetic energy of the decay fragments
which is the sum of the kinetic energies of the alpha particle E, and the
daughter nucleus Fy. According to the conservation of linear momentum
the total kinetic energy of the system is divided between the alpha particle
and the daughter nucleus in inverse proportion to their masses. Thus the
experimental alpha-decay @),-value, corresponding to the value in equation
2.4, is obtained from the measured alpha-particle energy E, as

My 4
oa=FEs+ E;=E,(1 ~E,(1+ — 2.
Qo= But Ba= Ea(l +51%) ~ Bul1+ ) (25)

where A, is the mass number of the daughter nucleus. Combining this equa-
tion with equation 2.4, alpha decay can be used to measure atomic masses. If
the absolute mass of any atom occurring in the alpha-decay chain is known,
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the masses of the other atoms can be calculated by applying the above equa-
tions.

The @Q,-value presented above is, however, somewhat different than what
would be obtained if dealing with electron bare nuclei. This is because the
alpha particle loses some energy when it moves through the electron cloud
surrounding the daughter nucleus. This screening correction FE,. for alpha
decay is discussed in references [Per57, Ras66] and given as

E,.=653-Z7°—-80-2%° [eV] (2.6)

where Z is the proton number of the daughter nucleus. Thus the Q% *-value
of an electron bare nucleus is obtained from the measured alpha-particle en-
ergy according to the equation

4
QM ~ B, (1 + A—d) + E,. (2.7)

2.2.2 Simple theory for alpha decay

One striking feature of alpha decay is the predictable dependence between the
decay energy and the half-life. The higher is the decay energy, the shorter is
the half-life. This feature was noticed by Geiger and Nuttall (Geiger-Nuttall
rule) soon after Rutherford discovered the existence of the atomic nucleus
in 1911. The dependence is so smooth, especially in even-even nuclei, that
it can be described by a fairly simple semi-empirical formula developed by
Taagepera and Nurmia [Taa61]

logi0Th 2 = 1.61(Z - E;Y* — Z%/3) — 289 (2.8)

In the equation, T/, is given in years, Z is the atomic number of the daugh-
ter nucleus and FE,, is the kinetic energy of the alpha particle in MeV. The
very sensitive relation between the alpha-decay energy and the half-life can
be easily noticed by examining the equation. A factor of two change in the
alpha-decay energy corresponds to a change of 15 to 20 magnitudes in half-
life, depending on the atomic number and decay energy.

For a better understanding and to obtain accurate half-life predictions, quan-
tum mechanics is applied to examine the alpha-decay process. The first the-
ory was developed as long ago as 1928 almost simultaneously by Gamow and
by Gurney and Condon. In the theory a preformed alpha particle is assumed
to move inside the daughter nucleus and to knock, with frequency f, against
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the walls of the spherical potential barrier V(7). The potential barrier, shown
in figure 2.2, is caused by the Coulomb interaction between the daughter nu-
cleus and the alpha particle. Classically, the alpha particle cannot penetrate
the potential barrier, to the classically forbidden region between the inner
and the outer classical turning points R; and R,, respectively. But according
to quantum mechanics the alpha particle can tunnel through the potential
barrier with the penetration probability P, which can be approximated by
applying the WKB-integral over the classically forbidden region of the po-
tential as follows

P= ea:p{ —2 /R R (277;)1/2 V() — Q) dr} (2.9)

In the equation m is the reduced mass which is defined as

MHeMd 4 M Ad
m = =~
Mye+ My (44 Ay)

My (2.10)

where m,, is the atomic mass unit.

The calculated decay constant A.,. for the alpha decay is obtained as the
product of the knocking frequency fand the penetration probability P

In2

calc
Ty /2

Nate = e = P (18] (2.11)

In the original theory the potential barrier V(r) was approximated by taking
into account only the Coulomb potential outside of the daughter nucleus as
shown in figure 2.2. The sharp edge of the potential at the inner classical
turning point R; is a little unrealistic. Also difficulties in the estimation of
the knocking frequency f cause some inaccuracies in the prediction. How-
ever, the calculation is able to reproduce the measured half-lives within 1 — 2
orders of magnitude, which is a good result.

In the present work, the experimental alpha-decay half-lives are compared
to theoretical values which were calculated according to the method of Ras-
mussen [Rash9]. In this calculation the edge of the potential barrier at the
surface of the daughter nucleus is smoothed by the superposition of a nuclear
potential [Igo58] and the Coulomb potential. Also the centrifugal potential
caused by the orbital angular momentum ¢ of the emitted alpha particle is
taken into account. The potential used by Rasmussen is then
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Figure 2.2: Representation of the potential used in calculations of the alpha-decay half-
life. The inset table shows the calculated partial half-lives and the corresponding hindrance
factor for the alpha decay of "™ Au assuming various angular momentum values of the
emitted alpha particle. According to the definition of the hindrance factor HF the alpha
decay corresponds to an unhindered ¢ =0 transition.
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where A and Z represent the mass and atomic numbers of the daughter
nucleus and m is the reduced mass given in equation 2.10. The shape of
the potential and the effect of the additional angular momentum barrier
is illustrated in figure 2.2 for the alpha decay of 1™®™Au. The penetration
probability P is obtained by substituting the potential V(r) to equation 2.9
and by numerical calculation of the integral between the inner and outer
classical turning points. In addition, the knocking frequency f, needed for the
half-life calculation in equation 2.11, is estimated by normalising to a known
unhindered alpha decay. Sometimes the frequency is normalised using the
alpha-decay properties of even-even nuclei closest to the nucleus of interest.
In the present work, the frequency f is normalised to the ground-state to
ground-state alpha decay of 2'2Po to the doubly magic 2°®Pb nucleus.
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2.2.3 Hindrance factor and reduced alpha emission width

The compatibility of the theoretically calculated and the measured alpha-
decay half-lives can be used to probe the structural differences of the initial
and the final states in mother and daughter nuclei, respectively. The tradi-
tional quantity to illustrate the properties of the alpha decay is the so called
hindrance factor HF, which is defined simply as

erp
HF — T1/2

" cale
b /2

(2.13)

For an unhindered alpha decay the hindrance factor HF is less than four.
This indicates that the angular momentum ¢ carried away by the emitted
alpha particle is zero and the configurations of the initial and the final state
are similar. In other words, for an alpha decay with ¢ >0 the hindrance
factor cannot be less than four (for exceptions see for example doubly magic
nuclei in reference [Ako98]). Thus, the alpha decay of '™™Au illustrated in
figure 2.2 is concluded to correspond to the ¢ =0 transition. For a hindered
alpha decay the hindrance factor is usually at least a few tens of units. In
these alpha decays, the spins and parities of the initial and the final state (I7
and IF) are usually different and the ¢ value of the alpha particle is greater
than zero. The allowed angular momentum ¢ carried by the alpha particle is
limited to the range |I; — 17| < ¢ <(I; 4+ 1) and the parity 7 has to follow the
selection rule 7; = m;(—1)%. Since the experimental half-life of a hindered
alpha decay is significantly longer than the theoretically predicted value, the
decay process is not as fast or as probable as in an unhindered alpha decay.
It can be thought that the process is slow and hindered, because it requires
several steps, such as the rearrangement of proton and neutron configura-
tions before the alpha particle can be emitted.

Another commonly used quantity to illustrate the properties of alpha de-
cay is the reduced alpha emission width 62 expressed in the form

Aexp -

2 _
0" = P

[eV] (2.14)
Here Mgy is the experimental alpha-decay constant, h is Planck’s constant
and P the penetration probability calculated according to the method of
Rasmussen [Rasb9]. For an unhindered alpha decay the reduced width is
typically larger than 40keV and around 1keV for a hindered alpha decay.
Both the hindrance factor and the reduced width express the speed of the
alpha decay compared to the expected value. Since they are both defined
based on the same calculation of penetration probability P they are inversely
proportional to each other.
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2.3 Proton emission

According to the familiar notation the emission of a proton p can be illus-
trated by the following formula

AXy =2 X +p (2.15)
The necessary requirement for spontaneous proton emission is naturally a

positive (),-value. This requirement defines the line of proton unbound nu-
clei, known as the proton drip line (see section 2.1).

The equations for the proton emission @,-value are analogous to the equa-
tions presented for alpha decay in section 2.2.1. Hereby, the proton emission
@,-value can be calculated using the atomic masses of the mother and the
daughter nuclei and the hydrogen atom, M,,, My and My, respectively, as

Qp = (M, — My — Mp)c? (2.16)

The experimental (), and Qg‘”e values are obtained from the measured proton
energy I, according to the equations

M 1
Qb = Qp+ Eoe = Ey(1 + — ) + Ego m By(14+ ——) + Bye  (2.17)
P My Ay

The screening correction F,. for proton emission can be calculated from
tabulated neutral-atom electron binding energies given by Huang and Mark
[Hua76]. The electron screening corrections needed for the present work are
16.32keV for Au, 17.01keV for Tl and 18.45keV for At isotopes.

Compared to alpha particles, protons experience an approximately factor
of two lower Coulomb barrier. Conversely, the angular momentum barrier is
approximately four times higher for protons than for alpha particles. This
follows from the linear dependence of the Coulomb barrier on the charge of
the emitted particle and from the inverse dependence of the angular mo-
mentum barrier on its reduced mass. Thus the contribution of the angular
momentum barrier to the total potential barrier is much larger for protons
than for alpha particles. This makes the half-life of the proton emission ex-
tremely sensitive to the angular momentum ¢ of the emitted proton, which
has to follow the selection rules of |I; = Iy| £ 1< ¢ <(I;+1y) & 1 for the
spins and 7; = m;(—1)* for the parities of the initial and the final states, I7
and I7, respectively. This sensitivity gives an opportunity to obtain direct
spectroscopic information on the ordering and structure of the proton or-
bitals involved in the proton emission by comparing the experimental decay
rate to the theoretically predicted values.
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2.3.1 Simple theory for proton emission in spherical
nuclei

On a simple level, the theoretical examination of the proton emission can
be done using a similar treatment as is done for alpha decay. Actually, the
theoretical description of the emission of a single nucleon (proton) should be
somewhat easier than the description of alpha emission, in which a cluster of
four nucleons is emitted. The first simplification arises from the estimation of
the knocking frequency fas the proton strikes the potential wall and tries to
penetrate it. Instead of normalising the frequency to a measured decay rate
(as is done for alpha decay) it can reliably be estimated using the equation

B V2m2h?
- m32R3(2Ze? /4T R, — Qbare)

f [1/s] (2.18)

as given in reference [Hof93]. The equation is based on an analogous ex-
pression given for the alpha decay of spherical nuclei by Bethe [Bet37] and
Rasmussen [Ras66]. In the present examination the theoretical decay con-
stant Ay for proton emission is obtained by multiplying the knocking fre-
quency f with the potential barrier penetration probability P in a similar
manner as was done for alpha decay in equation 2.11. The potential barrier
between the proton and the daughter nucleus is taken as a superposition of
the nuclear Vj,(r), the Coulomb Vi(r) and the centrifugal potential Vi(r).
As suggested in reference [Hof93] the real part of the optical model potential
given by Becchetti and Greenlees [Bec69] was used for the nuclear poten-
tial Vje(r). The parameterisations of the nuclear potential along with the
formulae used for the Coulomb and centrifugal potentials are presented in
equations 2.19 — 2.26 taken from reference [Bec69]. The shape of the poten-
tial barrier for proton emission in '™’Au is shown in figure 2.3. The effect of
the angular momentum ¢ of the emitted proton is also illustrated. Compared
to the corresponding potential experienced by an alpha particle and shown
in figure 2.2 the significance of the centrifugal potential in proton emission
is obvious.
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7 - { = scalar product of the intrinsic and orbital an-
gular momentum operators

j,¢ =total and orbital angular momentum quantum
numbers of the emitted particle

z,Z =charge of proton and daughter nucleus

A, N =mass and neutron numbers of daughter nucleus

Rr =117 -A'Y3 [fm], ag =0.75 [fm]

Rso=1.01- AY3 [fm], aso = 0.75 [fm], Vo = 6.2 [MeV]

R, =1.21-A'3 [fm]

m =reduced mass =~ #:4“‘

m, =931.501 [MeV/c?]

m, =938.211 [MeV/c?]

A2 = pion Compton wavelength squared ~ 2.0 [fm?]
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Figure 2.3: Representation of the potential used in calculations of the proton emission
half-life. The inset table shows the calculated proton half-lives and the corresponding
experimental spectroscopic factors for proton emission from 7™ Au assuming various an-
gular momentum values of the emitted proton.

In analogy with alpha decay the penetration probability P is obtained by
integrating over the classically forbidden region of the potential barrier be-
tween the classical turning points R; and R,,

Fo (om 1/2 1/2
P=conf =2 [ BRI ) 4 Vo) +vit) - @) a2

During the last few years the theory of proton radioactivity has progressed re-
markably leading to a detailed description of the proton emission in spherical
as well as in deformed nuclei. An introduction to much more sophisticated
theories and to the developments in the theory of proton radioactivity is
given in reference [Mag02].
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2.3.2 Spectroscopic factor

The calculation of the proton emission half-life based on the WKB approx-
imation presented above is valid only for spherical nuclei. In addition, the
calculation does not take into account any nuclear structure effects which
may affect the half-life, except the orbital angular momentum of the emitted
proton. These nuclear structure effects are taken into account by a spectro-
scopic factor S;, which describes the probability to end up to a particular
final state in the daughter nucleus by removing an uninteracting proton from
orbital (nlj) in the mother nucleus. The theoretical definition of the spec-
troscopic factor is given as [Boh69]

el ) P (229)
2f; + 1"t ’

th _
St =

Theoretical spectroscopic factors for proton emitting nuclei in the region of
64 < Z <82 have been calculated by applying a low-seniority shell-model
calculation of the wave function for the mother and daughter state [Dav97].
The calculation was performed for the 35/, 2d3/2 and 1h4; /5 proton orbitals
whose single-particle energies were assumed to be degenerate. The spectro-
scopic factors S(p) for the proton emission from odd-Z nuclei to the ground
state of the daughter nuclei was observed to be dependent only on the num-
ber of proton hole pairs p of the daughter nucleus below the Z =82 proton
shell closure as

Seale(p) = g with 1<p<9 (2.29)

Using this formalism, the calculated spectroscopic factors for the proton
emission in T1 and Au isotopes, studied in the present work, are 0.11 and
0.22, respectively (compare to the tabulated values in figure 2.3). Another
calculation for theoretical spectroscopic factors based on the independent-
quasiparticle BCS approach is presented in reference [AbeQ?]. The effect of
the spectroscopic factor on the proton emission half-life is clarified by the
definition of the experimental spectroscopic factor S°P, which is the ratio of
the experimental and theoretical half-lives

calc

ex 1 27
Seap — T%p” (2.30)
1/2,p

Since the theoretical and experimental spectroscopic factors should corre-
spond to each other very closely, it can be expected that the experimental
proton emission half-lives are somewhat longer than the values of the WKB
approximation calculation for the nuclei in the region of 64 < Z <82.
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2.4 Neutron-deficient nuclei around lead

The region of neutron-deficient nuclei far from stability around the closed
Z =82 proton shell and the N =104 neutron mid-shell offers an interesting
challenge for various theoretical models as well as experimental instruments.
A variety of nuclear phenomena can be observed in this limited region of the
nuclear chart and understood by the coupling of the particles and particle
holes to the proton-magic Pb core. In addition, the vicinity of the proton
drip line in odd-Z nuclei offers an opportunity to observe proton emission in
this region.

Currently, the coexistence of different shapes in the atomic nucleus is an
enthusiastically studied topic in nuclear physics. The neutron-deficient lead
region offers an excellent opportunity to study this phenomenon in the vicin-
ity of the closed proton shell, see [Jul01] and references therein. The de-
velopment of different nuclear shapes can be followed from spherical at the
N =126 neutron closure to the deformed region around the N =104 neutron
mid-shell. One of the theoretical tools to understand the deformed nuclear
structures is the deformed shell model or Nilsson model [Mot55, Nil55]. The
Nilsson model describes the single-particle motion of a proton or a neutron in
an axially symmetric nuclear potential. Originally calculations were based on
the modified harmonic oscillator potential but later on more realistic nuclear
potentials, such as the deformed Woods-Saxon potential, have been applied.
Figure 2.4 shows the development of the single-particle level energies for pro-
tons as a function of quadrupole axial deformation in the region around lead
(Z =82).

The experimental level systematics of even-mass Pb isotopes, shown in figure
2.5, illustrate the typical features in the mid-shell region, where the deformed
structures come down in excitation energy. The closed proton shell in lead
nuclei favours a spherical ground state, coexisting with an excited oblate-
deformed configuration, associated with the excitation of a proton pair across
the closed Z =82 shell gap. Multiparticle and multihole excitations, which
are associated with strong prolate deformations, were predicted to occur at
an excitation energy comparable to that of the oblate deformed structure
near the neutron mid-shell at N =104 [May77, Ben89]. The specific condi-
tions in this particular region of the nuclear chart lead to the existence of a
possible unique triple coexistence of different nuclear shapes [Al198, And00],
at comparable level energies. The even-even platinum and mercury isotopes
present even more dramatic examples of down sloping level energies of the de-
formed structures just below the Z =82 proton shell closure [Wo0092, Jul01].
In the platinum isotopes, which are only four protons below the shell closure,
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Figure 2.4: Nilsson diagram for protons. The diagram has been taken from reference
[Fir96]

the strongly deformed structure becomes the ground state in the mid-shell
region.

The competition between different nuclear shapes can also be seen in the
level systematics of the neutron-deficient polonium isotopes (Z = 84), shown
in figure 2.6. Experimental results indicate that the spherical ground state of
heavier polonium isotopes transforms to a slightly oblate shape around %*Po
and that the oblate shape dominates in the ground state of 1%2Po and "°Po
[Hel99, Vel02]. An alternative approach to the level systematics in **Po and
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Figure 2.5: Level systematics for even-mass Pb isotopes taken from [Jul01].

192Pg base on an anharmonic vibrator interpretation is presented in references
[You95, Fot97]. In a recent experiment the prolate deformed intruder con-
figuration was observed to become yrast above I>4A in Po [Vel02]. This
can be seen as an unexpected drop in the 4%, 67 and 8" level energies of
199Pg in figure 2.6. Preliminary evidence for the prolate-deformed structure
dropping further down in energy and possibly dominating the ground state
in %8P0 is suggested on the basis of alpha-decay studies [And99]. Properties
of neutron-deficient polonium isotopes are predicted quite well by theoretical
calculations in reference [May77] and more recently in [Oro99, Smi03].
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Figure 2.6: Level systematics for even-mass Po and Rn isotopes. For Po data are taken
from [Vel02, Jul01]. For Rn data are taken from [Tay99, Tay96, Fre94, Hor81].

In the radon isotopes, 2*?Rn is predicted to be the lightest nearly spheri-
cal isotope with quadrupole deformation of B, = —0.10 before the change
in ground-state deformation takes place in *'Rn with 3= —0.20 [M6195,
Ben84|. Experimentally this change in the quadrupole deformation has been
investigated in even-even radon isotopes down to 'Rn through in-beam
gamma-ray spectroscopic measurements [Tay99, Tay96, Fre94, Hor81]. Al-
though a slight steepening in the decrease of the excitation energy of the 2%
state was observed starting from ?“Rn (see figure 2.6), no result consistent
with the theoretical predictions of a sizeable ground-state deformation was
discovered even in '®Rn [Tay99]. On the other hand, the fall of the exci-
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tation energies of higher spin states (47 and 67) with decreasing neutron
number in isotopes with A <200 may indicate that the spherical structures
are there crossed by structures similar to the oblate intruder states in Po
isotopes [Dob02].
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Figure 2.7: a) Level systematics for odd-mass T1 isotopes taken from [MuiO1]. b) Level
systematics for odd-mass Bi and At isotopes. Data taken for Bi from [Bat99, Hiir02,
Wau97, And01, Coe85, Nie01, Fir96] and for At from [Coe86, Smi99, Lac00, Dyb83, Fir96].

The studies of odd-Z nuclei provide an important possibility to gain infor-
mation on the ordering and the energy of single-proton levels. The level
systematics of odd-mass thallium isotopes, with Z =81, is shown in figure
2.7 a). For these nuclei a nearly spherical 1/2% state is observed to be the
ground state [Hey83, Coe85], which is concluded to originate from a proton-
hole in the s1/5 orbital. In the mid-shell region a low-lying 9/2~ state has
been identified via alpha-decay measurements. This intruder state is deduced
to originate from a proton excitation across the Z = 82 shell gap to the whg/,
orbital and is associated with an oblate-deformed 7(1p — 2h) configuration.
In the Nilsson diagram this state is associated with the 9/27[505] orbital.
The excitation energy systematics of the state exhibit a parabolic behaviour
as a function of neutron number, with the minimum at N =108 close to the
neutron mid-shell [Hey83, Coe85]. In addition, the systematics of the 43/
proton-particle states and the ds/, and hiy/, proton-hole states are shown
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in figure 2.7 a). In the gold isotopes with Z =79, only three protons be-
low the lead core, the down sloping behaviour of the states is even steeper.
The nearly spherical structures are crossed by the deformed structures in the
mid-shell region causing a change in the ground state assignment [Hey83].

The bismuth isotopes, with Z =83, have one extra proton compared to the
proton-magic lead. Thus, the ordering of the 1/2" and the 9/2~ states is
inverted compared to the thallium isotopes, as shown in figure 2.7 b). In the
bismuth isotopes the 9/2 state, associated with a proton in the hg/, orbital,
is identified as the ground state. The steeply sloping 1/2% intruder state
with a 7(2p — 1h) configuration is concluded to originate from the excitation
of an s1/5 proton across the Z =82 shell gap to the whg/, orbital. The 1/2*
state exhibits a parabolic energy dependence on the neutron number in the
same way as the 9/2~ state in the thallium isotopes. However, the excitation
energy of the 1/27 state is observed to still decrease at the mid-shell nucleus
87Biy94 [Bat99]. Tt is speculated that the continuing downward trend could
arise from a crossing of two different 1/27% states. A weakly oblate-deformed
configuration would create the parabolic behaviour in the heavier odd-mass
bismuth isotopes. In the lighter isotopes, a prolate 1/2% state would cross
the oblate state and continue the downward trend of the 1/2% state. Re-
cent theoretical calculations [And03] agree with the idea of a crossing of the
oblate and prolate state and suggest the 1/2%[400] orbital for the prolate
configuration. The systematics of the bismuth isotopes can be compared to
the crossing of the different shapes in lead and polonium isotopes (figures 2.5
and 2.6).

In the astatine isotopes, with Z =85, an even more dramatic sloping of the
states can be expected, similar to that in the gold isotopes. Hints of this kind
of behaviour can be seen in the level systematics shown in figure 2.7b). The
first identification of a 1/2% intruder state in the astatine isotopes (associ-
ated with an oblate 7(4p — 1h) configuration) was reported by Coenen et al.
[Coe86] in 19T At. The low excitation energy (52(10) keV) of this state in 197At
led them to the conclusion that the 1/2% state may become the ground state
in 1%At. In addition, the ground state quadrupole deformation of astatine
isotopes is theoretically predicted to change from 35 =0.08 to G, = —0.21 be-
tween YAt and 198 At by Moller et al. [M6195]. In contradiction to the theo-
retical calculations, in-beam gamma-ray spectroscopic measurements of odd-
mass isotopes from 229At to 197At [Sjo76, Sjo81, Sjo82, Dyb83, Lac00, Smi99]
do not show clear evidence for ground-state deformation in the neutron-
deficient astatine isotopes. However, the steep decrease of the excitation
energy of the 13/27 state in 1At and ®7At could be interpreted as an indi-
cation of increasing collectivity, at least in this particular state.



24

Physics background




3 Experimental methods

The synthesis of the neutron deficient nuclei discussed in the present work
is based on heavy-ion induced fusion-evaporation reactions. Iron beams
(**Fe and %°Fe) needed for the bombardment of 'Pr target nuclei were
produced by using the volatile compounds (MIVOC) [Koi94] method in the
ECR [Arj90, Koi01] ion source. A ™Kr beam used for the bombardment of
%Ru and 192Pd targets was produced from enriched krypton gas. Low-energy
ion beams obtained from the ECR ion source were accelerated to the kinetic
energy of approximately 5MeV /nucleon and delivered to the target by the
K =130 MeV cyclotron [Liu92, Hei95] of the Accelerator Laboratory at the
Department of Physics of the University of Jyvéskyla (JYFL).

The variety of the different reaction channels in the heavy ion collisions used
in the present work is large. Only a small part of the collisions end up in the
products of interest. For the spectroscopic measurements, the desired prod-
ucts have to be separated and identified from the enormous background of the
other reaction channels. In the present work the fusion-evaporation residues
were separated in-flight from primary-beam particles and other products re-
coiling out from the target using the JYFL gas-filled recoil separator RITU
[Lei95al. After separation, the fusion products were focused and implanted
into a position sensitive silicon detector which is the main component in the
focal plane detector system. The final identification of the implanted fusion-
evaporation residues is based on the method of position and time correlation
[Sch84, Sch00] with the subsequent proton and alpha decays being identified
in the silicon detector.

3.1 Heavy-ion induced fusion-evaporation re-
actions

The use of a heavy-ion induced fusion-evaporation reaction is the basic
method when studying neutron deficient nuclei. The Coulomb repulsion
bends the line of stable nuclei off from the N = Z line to the neutron rich
side. This offers the possibility to access the side of neutron deficient nuclei
just by the fusing of two stable nuclei as illustrated in figure 3.1.
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Figure 3.1: View of the nuclear chart showing how the fusion reaction of two stable nuclei
can be used to probe the neutron deficient nuclei beyond the proton drip line.

In order to fuse the projectile and target nuclei, the kinetic energy of the pro-
jectile particle has to overcome the repulsive fusion barrier which is mainly
caused by the Coulomb force between the nuclei. If the energy of the pro-
jectile is less than the height of the barrier it has to penetrate through the
energy barrier, but this decreases dramatically the probability of the fusion
reaction. The height of the fusion barrier can be roughly estimated using the
height of the Coulomb barrier Bc,,; at the point where the projectile and
the target nucleus touch each other. Assuming spherical nuclei the height of
the barrier can be estimated by the equation

7,7,

——= |MeV 3.1

BCoul ~

where Z,, A,, Z, and A; are the proton and mass numbers of the projectile
and target nuclei, respectively. For more accurate calculations the Bass bar-
rier [Bas80] is often used in the heavy element region. This formula takes
into account also the effect of the nuclear potentials and angular momentum
between the colliding nuclei.

After the fusion process, the compound nucleus is in an excited state. The
excitation energy E* can be calculated by summing the kinetic energy of
the nuclei F.,, in the center of mass system with the reaction Q-value. In
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a more practical form, the center of mass energy FE., can be expressed by
the kinetic energy of the projectile nucleus in laboratory coordinates FEj,,
using the mass numbers of the target and projectile nuclei. Correspondingly,
the reaction ()-value can be calculated using the atomic masses. Thus the
excitation energy of the compound nucleus is

A

E*:Ecm e
TR IR,

By + (M, + M; — M,,)c? (3.2)

where M,, M, and M., are the atomic masses of the projectile, the target
and the compound nucleus, respectively.

In fusion reactions, where the kinetic energy of the projectile is greater than
the fusion barrier energy, the excitation energy and also the angular momen-
tum of the compound nucleus can be high (even more than 100 MeV and
100A). In the present work the excitation energies of the compound nu-
clei were in the range of 35 — 60 MeV. The de-excitation of a highly excited
compound nucleus is a complicated process and may go through several var-
ious decay channels like fission or a cascade of particle evaporations. In the
present work the nuclei of interest were produced via de-excitation channels
where neutrons or protons were evaporated. For example, '°Au was pro-
duced via evaporation of one proton and three neutrons (p3n-channel) from
the compound nucleus '™Hg. One evaporated neutron lowers the excitation
energy of the nucleus by approximately 8 to 15 MeV depending on the excita-
tion energy and the region of the nuclear chart in question. This information
can be used to estimate the excitation energy needed for the evaporation
of a certain number of particles. In the fusion evaporation reactions used
in the present work (4n, p2n and p3n) one evaporated particle reduces the
excitation energy of the nucleus approximately 15 MeV.

The probability that the evaporation process ends up in a particular final
product is described by the production cross section o. If the total produc-
tion rate of a certain evaporation residue is R, when a target with N target
nuclei per unit area is bombarded by the projectile beam with intensity I,
the cross section for the production of these residues is

R

TN

(3.3)

Usually, it is not possible to observe all the evaporation residues of interest
using experimental devices. Thus, the number of observed events has to be
corrected with the efficiency of the experimental set-up for the estimation
of the production cross section. In the present work the quantities used for
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this correction are 40 % for the efficiency of the separator and 55 % for the
probability that a proton or an alpha particle originating from the decay of a
nucleus in the silicon detector deposits all its kinetic energy into the detector.

Around mass region A ~ 200 and close to stability, the evaporation of neu-
trons dominates if the excitation energy and the angular momentum of the
compound nucleus are moderate. This is due to the Coulomb barrier which
hinders the evaporation of charged particles. In lighter nuclei where the
Coulomb barrier is lower, the probability for the evaporation of charged par-
ticles increases. Correspondingly, in heavier nuclei the evaporation of alpha
particles is more favoured due to the increase in the alpha emission ()-values.
In addition, fission competition becomes important in heavier nuclei due to
the lowering of the fission barrier (fissility « Z%/A).

When approaching the proton drip line those reaction channels which in-
volve the evaporation of charged particles become more dominating due to
changes in proton, neutron and alpha particle separation energies. Above
Z =82 fissility increases quickly with Z, and xn-channels are usually the
best choices even at the edge of the known nuclei. Nevertheless, the cross
sections of xn-channels decrease quite rapidly due to the fission competition
when moving to the more neutron deficient nuclei. An illustrative example is
given by the cross sections of 300 pb and 40 nb measured for ' At and 1?3At,
respectively, when utilising the 4n-channel.

Below Z =82 fissility is moderate even beyond the proton drip line. In the
proton unbound nuclei the pure xn-channels are hindered since the proton
evaporation is dominating. But due to the variation in the position of the
proton drip line between the odd-Z and the even-Z nuclei (see figure 1.1) the
pxn-channels can be used to probe nuclei far beyond the drip line, in the
region of proton emitting nuclei. In pxn-channels the evaporation process
can be thought to proceed first via neutron evaporation along the isotopes of
even-Z nuclei where protons are still bound and therefore not evaporated as
easily as in the odd-Z nuclei below. Finally, after neutron evaporation the
reaction channel ends up in the proton radioactive nucleus far beyond the
proton drip line via evaporation of one proton. The evaporation of as many
as five neutrons in the pxn-channel (p5n) was successfully used to identify
the proton radioactivities ““Ho [Ryk99], 1%*Ir [KetOla, Mah02] and '*°Eu
[Mah02].

Since fission competes with particle evaporation at each step of the evapora-
tion cascade (especially in heavy nuclei), it is better to select the projectile-
target combination in such a way that the compound nucleus is close to the
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evaporation product of interest. Thus, long evaporation chains are avoided
and the survival of the residue is more probable. However, when the bom-
barding energy of the beam particles exceeds the fusion barrier, the excitation
energy of the compound nucleus is so high that at least one to three particles
will be in any case evaporated. For example, in the present work, the cross
sections for the evaporation of only two particles in the **°¢Fe 4 "*'Pr reac-
tions are lowered since the optimum bombarding energy does not overcome
the fusion barrier. In addition, certain practical limitations like availability of
targets and ion beams have an effect on the selection of the projectile-target
combination.

3.2 Recoil separators

In order to study the spectroscopic properties of the nuclei of interest they
have to be separated from the primary heavy-ion beam particles and the
other reaction products. Nowadays recoil separators can be considered as
the primary tool in the studies of neutron deficient heavy nuclei. The work-
ing principle of separators is based on the capability of magnetic and electric
fields to separate particles having different mass to charge ratios or velocities
to different spatial trajectories.

In a magnetic field the track of a charged particle is defined by the Lorentz
force. If a particle with electric charge ¢ and mass m moves in a homoge-
neous magnetic field B with velocity v perpendicular to the field the magnetic
rigidity Bp of the particle is defined by the equation

mu

Bp = v [Tm)] (3.4)

where p describes the radius of the particle track in the magnetic field.

When the fusion products recoil out from the target their charge and velocity
distributions are broad. In vacuum mode mass separators where the charge
states are not affected after the target or a possible reset foil, the spatial
distribution of the recoils after the dipole magnet is very wide according to
equation 3.4. Thus, it is not possible to guide the recoils of interest through
the separator and focus them to a detector system at the focal plane without
significant losses (see figure 3.2). Although only a couple of charge states can
be focused to the detector a great advantage of vacuum mode mass separa-
tors is high mass resolving power, which can be the most significant property
for some experiments.
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Figure 3.2: The main principal difference between vacuum mode and gas-filled magnetic
recoil separators. In vacuum the ions follow discrete trajectories defined by the charge
states. In gas the charge states of the ions vary around the average charge state and the
ions follow an average trajectory.

To avoid the effect of a broad charge state distribution the volume of the
separator can be filled by gas. When heavy ions penetrate the gas they un-
dergo atomic charge-changing collisions. This makes the charge state of the
ions change around the mean charge state g. According to Bohr theory an
ion which is moving in a gas loses those electrons whose speed is less than
its own speed [Ghi88]. According to the Thomas-Fermi atomic model the
number of such electrons is

Gg=—23 (3.5)

if the velocity v of the ion is in the range

1< L < 723 (3.6)

Vo

In these equations v, is the Bohr velocity (2.19-10°m/s) and Z is the atomic
number of the ion. Replacing the nuclear mass m, velocity v and charge
state ¢ in equation 3.4 by nuclear mass number A, the ratio of the velocity
and Bohr velocity v/v, and average charge state § and using equation 3.5,
one obtains the following equation for the magnetic rigidity of the ion in gas

v 1 A
Bp ~ 0.022711—0514 ~0.0227 g [Tm]. (3.7)
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This first order approximation for the Bp of the ion in gas is dependent
only on the mass number A and the atomic number Z of the ion and it is in-
dependent of the velocity and the original charge state of the ion. Due to this
the spatial distribution of the recoils after separation is narrower and thus
the recoil collection efficiency higher than in vacuum mode. The trajectories
of the ions in vacuum and in a gas filled magnetic field region are outlined in
figure 3.2. A disadvantage which follows from the use of the filling gas is the
decrease in the mass resolving power. Typical mass resolution of gas-filled
recoil separators is 10 % which is not enough to separate the products of
different fusion evaporation channels. In the present work the final identifi-
cation of the reaction products is based on the properties of the subsequent
decay chains observed in a silicon strip detector after the implantation.

3.2.1 Gas-filled recoil separator RITU

The gas-filled recoil separator RITU (Recoil Ion Transport Unit) shown in
figure 3.3 is designed for the studies of exotic super heavy elements using
asymmetric fusion reactions. During the past years it has been noticed that
the separator works nicely also for the studies of the neutron deficient nu-
clei around the lead region utilising rather symmetric fusion reactions. After
the redesign of the dipole chamber and the beam stop the separator performs
even better. The most important technical parameters of RITU are collected
in table 3.1.

Table 3.1: Technical parameters of RITU.

Magnetic configuration  Q;DQ2Qs Q; effective length 350 mm
Maximum beam rigidity 2.2 Tm Q) maximum gradient  13.57T/m
Bending radius 1.85m Q; aperture diameter 105 mm
Acceptance (horizontal) +30mrad Qg3 effective length 600 mm
Acceptance (vertical) +80mrad Q23 maximum gradient 6.0 T/m
Dispersion 10mm/% Qo3 aperture diameter 200 mm
Dipole bending angle 25° Total weight 17500 kg
Dipole pole gap 100 mm Total length 4.8m

Transmission of recoils for the xn- and pxn-channels of the reactions
used in the present work ~ 40 %

Traditionally, gas-filled recoil separators consist of a dipole magnet for pri-
mary separation and two quadrupole magnets. This ion-optical configuration
is usually expressed with letters DQQ, where D corresponds to a magnetic
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Figure 3.3: A schematic drawing of the gas-filled recoil separator RITU. A Compton-
suppressed Nordball-type germanium detector is placed adjacent to the silicon detector
for gamma- and X-ray detection.

dipole field and Q to a quadrupole field. In the RITU separator an ex-
tra focusing quadrupole magnet is added in front of the dipole magnet and
the ion-optics represents a QDQQ configuration. The idea of an additional
quadrupole magnet is to focus the reaction products in the vertical direction
inside the dipole magnet and thus increase the transmission of the separator.
At the same time, however, the scattering of the reaction products from the
helium-filling gas increases due to the longer flight path of the fusion products
in the filling gas, decreasing the transmission of the separator. The advan-
tage of the additional quadrupole magnet has been observed in asymmetric
reactions where the velocities of the fusion products are low and the angular
distribution large. In symmetric reactions where the angular distribution is
sharp the use of the first quadrupole magnet does not affect the transmission.
In fact, it tends to increase the amount of background events at the focal
plane by attempting to squeeze all the other reaction products and scattered
beam particles inside the dipole magnet in the vertical direction causing the
widening of the distribution in the horizontal direction. Since the reactions
used in the present work were quite symmetric only a low magnetic field was
used in the first quadrupole magnet to avoid collecting too many background
events to the focal plane detector system.
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Figure 3.4: Top view showing the arrangement of the separator.

In figure 3.4 the heavy-ion beam enters the gas-filled recoil separator RITU
from the left along the high vacuum beam line of the cyclotron. In mea-
surements discussed in publications I and III the gas volume of RITU, filled
with 0.5 — 1.5 mbar of helium, was separated from the cyclotron high vacuum
beam line by a thin carbon foil approximately 50 ug/cm? of thickness. For
the measurements discussed in publication II very high beam intensities were
needed and instead of using a carbon window a differential pumping system
for helium filling gas was used in front of the separator. Figure 3.5 shows
the schematic drawing of the differential pumping system which was based
on two collimators, one Roots pump station and turbo pump stations. The
inlet of helium gas was controlled using a manual needle valve. After passing
the beam window or the differential pumping system the fine adjustment of
the beam energy could be made using a set of thin carbon foils in front of the
target. After the degraders the beam hit a thin, usually 500 — 1000 pg/cm?
thick target foil. In the measurements discussed in publications I and III sta-
tionary targets were used and beam intensities were limited mainly because
of the endurance of the targets. For high beam intensity measurements, dis-
cussed in publication II, a rotating target was used. The target was rotated
in the ion beam such that the rotating axis was approximately 10 mm off
from the primary beam axis. This procedure allowed the use of higher °Fe
and °Fe beam intensities up to 100 pnA.

Due to a thin target foil and the momentum of the beam particles the reac-
tion products recoil out of the target and fly to forward angles (beam direc-
tion) inside the first quadrupole magnet. The dipole magnet separates the
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Figure 3.5: Schematic drawing outlining the differential pumping of helium filling gas of
RITU.

fusion-evaporation products from the primary beam particles and the other
reaction products, which are stopped on the beam stop inside the dipole
chamber shown in figure 3.4. Then the fusion products are focused to the
detector system at the focal plane of the separator using two quadrupole
magnets. The optimum settings of the separator were established based on
the online monitoring of the particle energy spectra detected at the focal
plane detector system.

3.2.2 Modification of the dipole chamber of RITU

The dipole chamber and the beam stop of the gas-filled recoil separator RITU
were modified in order to improve the suppression of the background events
(mainly scattered beam) at the focal plane detector system. The modifi-
cations to the dipole chamber and the beam stop are illustrated in figure
3.6. In the recoil separator RITU the beam particles and fusion products
are separated in gas using a magnetic dipole field. The beam particles which
have smaller magnetic rigidities follow a trajectory with a much tighter ra-
dius than fusion products and are thus dumped in the beam stop inside the
dipole chamber.

In the original design the beam stop was placed quite close to the optical axis
of the separator and fully inside the dipole magnet. This allowed the possi-
bility that some of the beam particles which were scattered from the beam
stop were transported to the focal plane. It was also possible to improve
the design of the walls of the old dipole chamber. When using symmetric
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Figure 3.6: A drawing outlining the modifications to the dipole chamber and beam stop
of the RITU separator. The dashed line shows the optical axis of the separator.

reactions, where the differences between the magnetic rigidities of the beam
particles and fusion products are small, beam particles could pass the edge
of the old beam stop and scatter from the wall behind it to the focal plane.
In the new design the dipole chamber is much larger and care was taken to
avoid walls which could scatter particles to the focal plane. The beam stop
is placed much further away from the dipole magnet giving more time and
space for the separation. This is important especially in symmetric reactions
as mentioned above. Also the shape of the new beam stop is designed so
that the separated particles are dumped perpendicular to the beam stop to
avoid scattering of the particles back into the separator.

Figure 3.7 shows the effect of the new design on the total spectrum measured
with the silicon strip detector at the focal plane. Both spectra are measured
in the bombardment of a ®Ag target with a 8Kr beam at an energy of
357 MeV in the middle of the target. The upper panel shows the total spec-
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Figure 3.7: The effects of the modification of the dipole chamber and the beam stop to the
energy spectra of the events observed at the focal plane silicon detector in 83Kr 4 '0°Ag
reaction. The upper spectrum is measured with the original design and the lower with the
modified dipole chamber and beam stop.

trum measured with the original dipole chamber. The counting rate of the
fusion products was approximately 2% of the total counting rate and their
contribution is hardly visible in the spectrum. The lower panel in figure 3.7
shows the total spectrum from the same reaction but now measured after the
installation of the new dipole chamber and the beam stop. For this reaction
the background is reduced by a factor of 25 and the counting rate of fusion
products was approximately 50 % of the total rate. Fusion products and
even alpha-decay peaks are clearly visible in the spectrum measured after
modification.

3.3 Focal plane set-up

Separated fusion-evaporation residues were focused and implanted into a
boron implanted position-sensitive (PIPS Passivated Implanted Planar Sili-
con) silicon strip detector at the focal-plane detector system shown in figure
3.8. The final identification of the implanted products was based on the
method of position and time correlation [Sch84, Sch00] with the subsequent
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decays in the silicon strip detector. Two gas counters were installed upstream
from the silicon detector for the detection of passing-through particles. Be-
hind the silicon strip detector two quadrant silicon detectors were installed
for the detection of light and energetic punch-through particles and beta par-
ticles. Just in front of the silicon strip detector a set of degrader foils, made
of Mylar, were installed affording a possibility to select (decrease) the im-
plantation energy of recoils and to stop low energy scattered beam particles.
For gamma- and X-ray detection at the focal plane a Compton-suppressed
Nordball-type germanium detector [Mos89] with a relative efficiency of 40 %
was placed adjacent to the silicon detector.

Gas counters

Silicon detectors

Degrader foil

Figure 3.8: The focal-plane detector system used in the experiments of the present work.
The arrangement of the germanium detector used for gamma- and X-ray detection is
shown in figure 3.3 and discussed later in section 3.3.4.

The signals from the detectors were processed with standard NIM electronics.
The amplified signals were digitised in NIM and CAMAC based analogue-
to-digital converters (ADC) and fed into the data acquisition system. The
data acquisition system was based on a set of VME crates with integrated
electronics and a control workstation [Jon95]. The read-out controller read
out the ADC cards information only when a master trigger signal (event in
the silicon strip detector) was present. The events were stored in a high-
speed memory and when the memory was filled the data blocks were read
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out and converted into Eurogam format [Cre91]. The data blocks were sent
to a tape server and written onto magnetic Exabyte tape. The data acqui-
sition system was controlled by the MIDAS data acquisition control running
on a SUN workstation. The workstation allowed the on-line sorting of the
data written onto tape. Thus a number of various spectra were created for
on-line monitoring of the experiment. The progress of the experiment was
also confirmed by searching for correlated decay chains on-line.

3.3.1 Silicon strip detector for spectroscopic measure-
ments

A position sensitive silicon strip detector was used for the spectroscopic mea-
surements. The detector of thickness 305 um and of area 80x35mm? was
horizontally divided into 16, 5 mm wide position-sensitive strips. Figure 3.9
shows a block diagram of the electronics components used for one individual
strip. Both ends (top and bottom) of each strip were connected to a charge
sensitive preamplifiers which were also used to feed an individual bias voltage
to the strip typically set to —60 V. The total energy signal of the event in the
strip was obtained by summing the top and bottom signals. The amplitudes
of the top and bottom signals were proportional to the vertical position of the
event in the strip. For the elimination of their energy dependence the raw po-
sition signals were divided by the total energy information. The normalised
top and bottom positions were used for the vertical position information of
the event in the strip. The vertical position resolution (full width of the
position window) was typically better than 500 um for the implantations of
fusion evaporation residues and alpha decays and approximately 1000 pym for
proton emission. Assuming a position resolution of 500 gm the nominal num-
ber of the detector elements in the silicon detector is on the order of 1000.
However, due to the inhomogeneous distribution of recoils over the silicon
detector shown in figure 3.10 the effective number of detector elements was
typically reduced and was on the order of 200.

Since the energy range of the events in the silicon detector can vary from
approximately one MeV for the proton emission up to more than a hundred
MeV for the implantation of the fusion products, two sets of amplification
channels with different gains were used. The channels with a low amplifica-
tion were dedicated to the implantation events covering the energy range from
approximately 5 MeV up to 150 MeV. Correspondingly, the channels with a
high amplification were used for decay events covering the energy range from
600 keV up to 12 MeV. The energy resolution of the silicon strip detector in
the spectrum sum of all 16 strips was typically 25keV for 7000keV alpha
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Figure 3.9: A block diagram of electronics used for one individual strip of the sili-
con strip detector. (PA =PreAmplifier, LA =Linear Amplifier, PT =Pattern Trigger,
MP = MultiPlexer, GDG = Gate and Delay Generator, TFA = Timing Filter Amplifier,
CFD = Constant Fraction Discriminator).

decay and 20keV for 1700 keV proton emission. To minimize the effects of
the radiation damages and to improve the energy and the position resolution
the silicon detectors (strip and punch through detectors) were cooled down
to —20°C using circulating coolant.

Almost one hundred (6x16) amplifier channels were needed for the energy
and top and bottom position information of the event in the silicon strip de-
tector because two different amplifications were used. In addition, two more
sets of sixteen channels (high and low) were needed to create the strip num-
ber (horizontal position) of the event using pattern trigger units. To avoid a
large number of expensive ADC channels multiplexer units were used after
the linear amplifier to select the pulses to be sent to the ADCs. The am-
plified signals of the same type were put into a multiplexer unit and were
gated by the strip number information from pattern trigger units. The in-
put signals corresponding to the strip number gate were sent to the ADCs
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Figure 3.10: Typical recoil distribution in the silicon strip detector.

and the possible signals in the other channels were inhibited. The pattern
trigger channels were also used to set the energy threshold for the signals to
be collected. In all, eight linear amplification channels were needed for one
individual detector strip.

3.3.2 Gas counters

Before implantation the particles pass through two multiwire proportional
avalanche counters in front of the silicon strip detector. The gas counters
were situated in a common gas volume filled with 3 mbar of isobutane and
separated from the separator gas volume and the silicon detectors’ high vac-
uum by 120 pug/cm? thick Mylar foils. The handling of the circulating gas
of the counters was performed using two manual needle valves for isobu-
tane inlet and pumping and a capacitive pressure meter to monitor the gas
pressure. The first gas counter with an active area of 145mm height and
108 mm width was placed 330 mm upstream from the silicon strip detector.
The second counter with an active area of 64 mm by 108 mm was placed only
15 mm upstream from the silicon detector. Both counters consist of three
planes (cathode, anode and cathode) made of gold plated tungsten wires
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20 pm in diameter. In the planes, the wires were separated by 1 mm from
each other and the planes were separated by 5mm and 4 mm in the larger
and the smaller gas counter, respectively. The anode voltage was typically
set to +450V so that the avalanche amplification of the electrons around the
wires stayed in the proportional region. Since the counters were situated in
a common gas volume, electrons were liberated to the isobutane filling gas
along the whole flight path of the ions also in between the gas counters. To
avoid too long drifting times of electrons and to keep the timing character-
istics of the gas counters fast enough, the collection of the electrons should
happen only from the narrow volume between the cathodes of the counters.
To obstruct the collection of the electrons from the area behind the cathodes,
voltages of typically —40V were supplied to the cathode electrodes. Figure
3.11 shows a block diagram of the electronic components used for the gas
counters. Typically an efficiency higher than 99.5 % was reached in both gas
counters for the detection of passing-through particles with A > 4.

i - AE signal
Bias wsov 4@ for escape alphas
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]

Bias 4ov

Gas Counter 2

Gas Counter 1
rﬂ ] Il I

Bias +as0v

A LA 0w AE signal

Bias 40v

Figure 3.11: A block diagram of the electronics used for the gas counters. For the second
gas counter (close to the silicon strip detector) two different amplification channels were
used. One was used for the detection of heavy particles and another for the detection of
escape alpha particles.

The gas counters were used to provide the energy-loss and the time-of-flight
signals of the implanted particles. By combining the time-of-flight signal
with the implantation energy of the particle in the silicon strip detector it
was possible to easily distinguished the fusion products from scattered beam
particles and transfer products, as shown in figure 3.12. This possibility to
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Figure 3.12: A two-dimensional time-of-flight versus energy plot for the particles implanted
into the silicon strip detector. Fusion products can be easily distinguished from scattered
beam particles and transfer products.

select the candidate fusion evaporation products cleans the recoil spectrum
and reduces the number of accidental correlations between recoils and sub-
sequent decay events.

The decay events in the silicon strip detector were distinguished from im-
plantation events by demanding that the signals in the silicon strip detector
were in anti-coincidence with the signals in the gas counters. This allows
the collection of clean decay events (see figure 3.13). In particular, for the
studies of proton emitting nuclei the second gas counter was placed only
15mm upstream from the silicon strip detector such that it could be used
to detect and veto so-called escape alpha particles. Due to the low energy
loss of the light particles in the gas counter compared to heavy ions two dif-
ferent amplification channels were used in the second gas counter (see figure
3.11). The arrangement of the detectors is shown in figure 3.14. The typical
implantation depth of the recoils in the silicon detector is only 2 — 7 yum, de-
pending on the recoil velocity. Correspondingly, the range of a 6 MeV alpha
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particle in silicon is of the order of 30 um. Thus, alpha particles emitted to
backward angles can easily escape from the silicon detector such that only
part of their kinetic energy is deposited into the detector. A typical energy
spectrum of escape alpha particles in the strip detector and observed in the
gas counter is shown as the filled spectrum in figure 3.13b). In the proton
spectroscopic measurements discussed in publication IIT approximately 70 %
of the escape alpha particle energies in the silicon strip detector were in the
region of 1 —2MeV (compare to figure 3.13b)). Unfortunately, this energy
region corresponds to the typical proton emission energy. Thus the suppres-
sion of the escape alpha particles significantly increases the sensitivity of the
detector systems for the observation of proton-emitting nuclei. Figure 3.13
shows a typical decay spectrum observed in the silicon strip detector after
various suppression combinations.

3.3.3 Detectors for punch through particles

Behind the silicon strip detector two quadrant silicon detectors of thickness
450 ym and of area 60 x 60 mm? were installed (see figure 3.14). These detec-
tors were mainly used to detect and veto the energetic light particles which
were able to punch through the silicon strip detector. Due to the low stopping
power of these particles, the gas counters were not very sensitive to them (es-
pecially to protons) and therefore the punch through particle detectors were
needed. By combining the energy loss signals in the silicon detectors, the
punch through particles were identified to be protons and alpha particles.
The identification was based on the simulations performed using the known
stopping powers of protons and alpha particles in silicon [Zie99]. A two-
dimensional energy loss plot of the particles with simulated curves is shown
in the upper panel in figure 3.15. The points of the minimum energy losses
in the silicon detectors were used in the estimations of the maximum kinetic
energies of the punch through particles. The maximum energies of approx-
imately 20 MeV and 80 MeV were obtained for protons and alpha particles,
respectively. This indicates the particles were originated from elastic head-
to-head collisions with full-energy beam particles, most likely from foils at
target area . The lower panel in figure 3.15 shows the energy loss spectrum of
these particles in the silicon strip detector which was used for spectroscopic
measurements. As can be seen the energy losses correspond to the energy
regions where the proton and alpha decay peaks are expected to appear.
Therefore the suppression of these events is important for proton emission
as well as for alpha-decay spectroscopic measurements.
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Figure 3.13: The decay energy spectra observed in the silicon strip detector after vari-
ous suppression combinations in the 4Zn + '°6Cd reaction. (a) Total and beam particle
suppressed decay energy spectrum vetoed using the low gain signals of the gas coun-
ters. (b) After adding the punch through particle suppression. The filled area shows
the energy spectrum of the escape-alpha particles (E <6MeV) and scattered low energy
particles (E 2 6MeV) detected in coincidence with the high gain signal from the second
gas counter. (c) The cleaned decay spectrum observed in anti-coincidence with the gas
counters and the punch through particle detector.
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Figure 3.14: Arrangement of the detectors at the focal plane. A separated nucleus from
RITU flies through the gas counter and is implanted into the silicon strip detector. After
some time the nucleus alpha decays. In the case the alpha particle is emitted to the
backward angles it is registered by the gas counter. In the case of alpha-gamma coincidence
measurements the coincidence gamma-ray can be detected by the Ge-detector installed
behind the detector chamber.
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Figure 3.15: Upper panel shows the identification of the punch through particles using
energy loss signals in the silicon detectors. Lower panel shows the energy loss spectrum
of the particles in the silicon strip detector.

3.3.4 Detection of gamma- and X-rays at the focal
plane

A Compton-suppressed Nordball-type germanium detector [Mos89] with rel-
ative efficiency of 40 % was installed behind the silicon detector (see figure
3.14). An absolute efficiency of 4.5 —5.5% was reached for the detection
of gamma- and X-rays in the energy region of 80 —200keV. The relative
efficiency curve was measured according to the standard method using well-
known gamma-ray intensities from a **Ba+ %?Eu source. The absolute ef-
ficiency was measured using a calibrated %Co source and well-known alpha-
gamma coincidences observed in the measurements. The germanium detector
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was mainly used for the detection of the prompt and delayed (up to 8 us)
gamma- and X-rays arising after the alpha decay in the silicon strip detector.
These coincidence measurements are illustrated in figure 3.16.
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Figure 3.16: Schematic drawing illustrating coincidences of events in the silicon strip de-
tector and the Ge detector. On the left hand side is shown the alpha-decay scheme of
the 7/27 state in 19°At. On the right hand side: a) alpha decay in the silicon detector
coincident with a gamma-ray observed in the Ge detector. b) the M1 transition in the
daughter nucleus is converted and the preceding alpha decay is in coincidence with the
conversion electron in the silicon detector and the X-ray in the Ge detector. Due to the
prompt de-excitation of the level in the daughter nucleus the energies of the alpha particle
and the conversion electron are summed in the silicon detector.

When the state in the daughter nucleus de-excites via internal conversion the
alpha-decay spectrum may look rather complicated as noticed in the alpha-
decay studies of the 7/2~ state in ' At, 193At and At (see publications I
and IT). This is due to the summing of the alpha-particle energy with the
various possible conversion electron and X-ray energies in the silicon detec-
tor. In addition, the possibility that the conversion electrons may escape
from the silicon detector and deposit only part of their kinetic energy into
the detector complicates the decay energy spectrum. The summing of the
alpha particle and the conversion electron energies in the heaviest elements
is studied in reference [Hef389].
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Figure 3.17: The energy spectrum of the correlated alpha decays of the 7/27 state in
195 At illustrating the summing of the alpha particle and conversion electron energies. The
arrows show the alpha-decay energies to the excited 7/2~ state and to the 9/2~ ground
state in the daughter nucleus *'Bi (see figure 3.16). The series of drawings visualises
the de-excitation processes of the 7/27 state in 1Bi causing the structure to the energy
spectrum. The filled area shows the energy spectrum of the alpha particles which were
observed in coincidence with 148.7(5) keV gamma-ray events. (See text and publication I
for more details.)

The summing of the alpha particle and conversion electron energies can be
illustrated by the alpha decay of the 7/2~ state in 1% At. The energy spec-
trum of the decay events correlated with the recoil and the subsequent alpha
decay of the 9/27 ground state of '°!Bi is shown in figure 3.17. The energies
of alpha decays to the isomeric state and directly to the ground state in 1*'Bi
are marked by arrows (see the decay scheme in figure 3.16). The filled area
represents the energy spectrum of alpha particles detected in coincidence
with 148.7(5) keV gamma-ray events in the Ge detector. These coincidences
are shown in a two-dimensional plot in figure 3.18. The coincidences with the
full-energy gamma-ray events ensure that no additional energy from conver-
sion electron or X-ray cascades was summed up to the alpha-particle energy.
Thus these events were used in the determination of the alpha-particle en-
ergy to the excited state at 148.7(5) keV in 'Bi. Correspondingly, the peak
around 7085 keV in figure 3.17 represents the alpha decay to the same ex-
cited state in 'Bi. The energy shift of approximately 10keV compared to
the value determined from the alpha-gamma coincidences is caused by sum-
ming of the alpha-particle energy with the energy deposited by the escaped
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conversion-electron and the subsequent low-energy (< 15keV) X-ray cascade
(300 um of silicon is the half-thickness for a 15keV gamma-ray). The al-
pha peak at 7140keV can be explained by summing of the alpha-particle
energy with the K conversion-electron energy and the following low-energy
X-ray cascade. The alpha peak at 7220keV can be explained by summing
of the alpha energy of the decay to the 7/2~ excited state with the L or M
conversion-electron energy and with the energy of the subsequent low-energy
X-ray cascade or by alpha decay directly to the 9/2 ground state in '"'Bi.
As discussed in more detailed in publication I both of these possibilities con-
tribute to the 7220 keV alpha peak in figure 3.17.
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Figure 3.18: A two-dimensional plot of alpha-gamma coincidence events at the focal plane
for the alpha decay of 1?5 At. The origin of the various coincidences is noted. In the events
where the X-ray is observed in coincidence with an alpha particle the alpha energy is clearly
shifted due to the summing of the alpha and the conversion-electron energies. The energy
spectrum of the gamma- and X-ray events is shown in the inset panel. The intensity ratio
of the gamma-rays and K X-rays after correction for the germanium detector efficiency
can be used to determine the K conversion coefficient.

The alpha-decay studies of the odd-mass astatine isotopes presented in pub-
lications I and II are illustrative examples about the use of alpha-gamma
coincidence measurements. Utilising this technique the complicated alpha-
decay structures of 1At and At isotopes were clarified. Simultaneously,
low-lying excited states in the corresponding daughter nuclei ***Bi and "' Bi
were discovered.
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In addition, the fairly flexible focal plane detector system allowed the use of a
small detector chamber for the experiments where higher gamma-ray detec-
tion efficiency was required. In this construction five Compton-suppressed Ge
detectors were arranged closely around the silicon detector as shown in figure
3.19. A high gamma-ray detection efficiency at the focal plane was needed
especially in the experiments where alpha-gamma coincidences or isomeric
states in recoils were searched for (for example recoil-isomer tagging). In
addition, the use of five Ge-detectors around the silicon detector allowed the
search for yy-coincidences at the focal plane.

i

[

Figure 3.19: On the left the arrangement of the Ge detectors around the small focal plane
detector chamber is shown. One Ge detector is retracted for easier viewing. On the right a
closer view. The wall of the chamber is removed so that the position of the silicon detector
can also be seen.



4 Summary of results

Here are presented some highlights of the experimental results obtained in
the present work. More detailed discussions about the analysis and the re-
sults are presented in the enclosed articles. Overviews of the results and
technical developments are also published in references [KetOla, Ket03]. A
summary of fusion-evaporation reactions used in the present work along with
the measured production cross sections of the primary products is presented
in table 4.1.

Table 4.1: Measured production cross-sections of the reactions used in the present work.
Beam energies in the middle of the target are given. The 19 At experiment was dedicated
to the production of a new radon isotope ®Rn [Ket01b] and the astatine isotope was
obtained as a side-product. As a comparison the cross section for a better reaction for
195 At production is shown [Enq96] (marked by *). A transmission of 40 % for evaporation
residues was assumed.

Nucleus Reaction Cross-section Beam energy
MAn ®Kr+%Ru— 1" Au+p2n 1.1 ub 359 MeV
10Ay  BKr+%Ru— " Au+p3n 90 nb 386 MeV
16y Ky 4+ 192pd — 1T 4 p3n 3nb 384 MeV
195 At 6Fe + 141Py — 19At 4+ 2n 900 nb 230 MeV
95At 5Fe 4 2Nd — ¥5At 4 p2n 200 nb 262 MeV
193 At Fe + 1 Pr — 93 At + 4n 40nb 266 MeV
LAt Fe + M Pr — YAt 4+ 4n 300 pb 260 MeV

4.1 Odd-mass At isotopes beyond the proton
drip line

Alpha-decay properties of the new isotope ' At were investigated for the first
time and the decay properties of 1At and % At were studied with improved
accuracy. New information concerning the low-lying states in the correspond-
ing daughter nuclei "*"Bi, ¥ Bi and 'Bi was also gained. The previous



52 Summary of results

191At 193At
21704 ms s 273 ms 132"
. T 40(7) keV | 1= 24(10) %
50(30) keV 21(5) ms 72y E ke L= 76((10)) o
175 ms 12" 283 ms 12" 7(10)keV ~32 Wa. »
0keV 0keV
E,=7106(5) keV
E,=7653(15) keV E,=7325(5) keV “ ©
Ly =98(2) % Ty =98(2) %
E,=7552(11) keV E,=7715(15) keV E, = 7235(5) keV
LA E, = 7423(5) keV
Ly =2(2)% “
- Ly=20)% +
1871 « 1899~ « 880(50) ns 4 13/2
Bi1 . Bi T 357.605) keV
46%¢ms y 127 B3 ;
31050 us 1 1879 keV  [1,=83(5) %"~1.4 W, i v
11220) kev i I3=17(5) % L A 4 712
VvV 2 99.6(5) keV': ;
63(10) keV : <10 ns M1 :
M1 (o, =8.7(20) Do
35%ms | v 580(25) ms vy 92
OkeV 0keV
E,=7714(11) keV E, =7295(5) keV
E,=6994(8) keV E, = 6667(4) keV
L =87(8) % L = 94(3) %
E, = 7605(16) keV
L =13(8)% E, = 7114(6) keV
Ly =6(3) %
9/2° .
9/2
625(17) keV
(7 ke » 3Tkev o
v 250G9keV I V2KV 1
0keV
OkeV 1871 € 1857

Figure 4.1: Proposed alpha-decay schemes of *'At and '?3At. The decay properties of
the 13/2% state shown for '89Bi were taken from refs. [And01, Hiir02]. (¢): this is the
corrected value, the measured value without correction is (31.8%13) ms. See publication
IT for more details.

alpha-decay studies of ®At were presented in references [Enq96, Lei95b]. A
summary of the previous studies of At is presented in the introduction
part of publication I.

The decay schemes suggested for 1At, 193 At and 19 At based on the present
results are shown in figures 4.1 and 4.2. As a comparison the decay scheme
of 197At [Coe86] is also shown in figure 4.2. Three alpha-decaying states were
identified for '%3At, and two for both '"!At and At nuclei. For each of
these isotopes the 1/2% intruder state was observed to be the ground state,
though in %At also the 7/27 state could be the ground state within the
accuracy of the measurement. The alpha decays of the 7/2~ states in %At
and 193 At were observed to feed the excited 7/27 states at 148.7(5) keV and
99.6(5) keV in the corresponding daughter nuclei ' Bi and '®9Bi, respectively.
The spin, parity and excitation energy of these final states, observed for the
first time, were determined using the properties of gamma-ray transitions
observed in coincidence with the alpha decay of the At and "3 At isotopes.
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Figure 4.2: The decay properties and low-lying levels in At and °7At and in the corre-
sponding daughter nuclei "' Bi and '*3Bi. The data shown for 7 At, 3Bi and the proper-
ties of ground state to ground state decay in 1?1 Bi are taken from references [Coe85, Coe86].
See publication I for more details.

The identification of the 13/27 state in 1**At was also based on alpha-gamma
coincidences. In 7Bi the existence of the excited 7/27 state at 63(10) keV
was deduced based on the shape of the alpha-decay energy spectrum of 191 At
and the systematics of the heavier odd-mass bismuth isotopes. The spin and
parity assignments of the initial states in the astatine isotopes were based on
the unhindered alpha decays.

The level systematics of the odd-mass bismuth and astatine isotopes are
shown in figure 4.3. For astatine isotopes the systematics are obtained by
using proton binding energies and normalising them to the ground state
of the bismuth isotopes. This is done to illustrate the behaviour of the
states in light astatine isotopes where they cannot be compared to the 9/2~
ground state as in the heavier isotopes. The mass values needed for the pro-
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Figure 4.3: The level systematics of odd-mass bismuth and astatine isotopes. The system-
atics for astatine isotopes are obtained by normalising the proton binding energies to the
ground state of the bismuth isotopes. See text and publication II for more details. The
upper panel shows the Nilsson diagram for protons in the lead region. The emphasized
Nilsson orbital 7/27[514] is associated with the existence of a low-lying 7/2~ state in light
odd-mass bismuth and astatine isotopes.
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Figure 4.4: Proton separation energies for odd-mass isotopes from Ir to Ac. The filled
circles denote energies derived from measured atomic masses in references [Rad00, Nov02],
except for Ac and Fr isotopes and for TI, Au and Ir isotopes below the dotted line for
which the masses given in reference [Aud97] were used. The open circles represent the
measured proton separation energies for the ground state to ground state proton emissions
[Dav97, Pol99]. The open triangles represent the measured proton separation energies,

but in these cases the proton emission most probably originates from an excited state
[Dav96, Pol01].

ton binding energies were taken from the recent atomic mass measurements
[Nov02, Rad00, Aud97], updated with the new results for 191 At, 193A¢, 99 At
and ¥Bi obtained in the present work. An overall accuracy of approximately
100 keV was given for the measured masses.

The level schemes suggested for 91At, %3At and %At were observed to
differ from those observed in heavier odd-mass astatine isotopes from °7At
to 2" At (see figures 4.1, 4.2 and 4.3). The intruder 1/2" state, having a
7(4p — 1h) configuration becomes the ground state in *>At. In the heavier
odd-mass astatine isotopes, the ground state is the 9/27 state with (whg/2)?
configuration. In addition, a 7/2~ state rather than a 9/2~ state was sug-
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gested to represent the first excited state in these light astatine isotopes. The
emergence of the 7/27 state over the 9/27 state can be understood by as-
suming a change in deformation of this three-particle configuration between
the TAt and %At isotopes. Since no sizeable ground state deformation was
observed in 7At [Smi99] the last proton in the mhg, orbital creates the 9/2~
ground state. According to the Nilsson diagram (see figure 4.3) a 7/2~ state,
associated with an oblate 7/27[514] Nilsson state, originating predominantly
from the mhg/, orbital at sphericity and having a mixed 7 f7/2/7hg/ charac-
ter at oblate deformation, becomes available for the 85th proton in odd-mass
astatine isotopes if sufficient oblate deformation is assumed. Based on the
results of the present work it is proposed that the deformed three-particle
configuration, driving the last proton to the 7/27[514] Nilsson state, is en-
ergetically more favoured than the nearly spherical (whg/s)? configuration in
light A <197 odd-mass astatine isotopes. A change in the ground state de-
formation from a nearly spherical shape to an oblate shape is theoretically
predicted to happen between %At and "®At by Moller et al. in reference
[M6195]. Correspondingly, the existence of a low-lying 7/27 state in bismuth
isotopes can be understood by a 7/27[514] Nilsson proton state associated
with oblate deformed structures.

The 148.7(5) keV gamma-ray transition associated with the de-excitation of
the 7/2~ state in 19'Bi was also observed in an in-beam gamma-ray mea-
surement [Nie03]. The recent potential energy calculations presented in that
paper and in reference [And03] support the 7/2~ assignment of this low-lying
state observed in ®%91Bi and deduced to exist in ¥"Bi. Based on these
calculations this state in %19'Bi was associated with the oblate 7/27[514]
configuration as deduced also in the present work. At the mid-shell nucleus
187Bi)4 the excitation energy of the 7/2 state was still observed to come
down (see systematics in figure 4.3). However, according to the calculations
[And03] the excitation energy of the oblate structure should already increase
in 18"Bi. The downward behaviour was explained by a prolate 7/2~ state,
originating from the 1/27[530] orbital, which crosses the oblate configuration
between '3Bi and ¥"Bi. In addition, similar crossing of the oblate and pro-
late structures is most likely occurring in the 1/2% and 13/27 states [And03].

The proton separation energies of astatine isotopes, shown in figure 4.4, de-
crease smoothly with decreasing mass number until the first clearly proton
unbound isotope '*PAt is reached. The graph behaves like the two curves
would cross between "TAt and % At. This is indeed true, since the change
in the ground state assignment from a 9/2~ state to a 1/2% state (see figure
4.3) causes the bend in the proton separation energy systematics. Surpris-
ingly, a similar, but weaker bend can also be seen in the proton separation
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energy systematics of bismuth isotopes. In analogy to astatine isotopes it
may indicate a change also in the structure of bismuth isotopes. However,
a possible inaccuracy in the present atomic mass data, used for the plot,
cannot be fully excluded.

Proton separation energies of —240(130) keV, —560(140) keV and —1020(140)
keV were determined for P At, %3At and 191 At, respectively. This indicates
that 195 At is the first proton unbound astatine isotope. The proton separation
energy obtained for At would correspond to a partial half-life of approxi-
mately 57s for an unhindered proton emission from the 7s; /o orbital. This is
calculated using the WKB barrier transmission approximation through the
real part of a Becchetti-Greenlees optical potential [Bec69] and using a spec-
troscopic factor of one. Although the WKB approximation is very rough and
works mainly for spherical nuclei, it shows that the branching ratio of the
proton emission compared to the alpha-decay would be too small for detec-
tion. By extrapolating the systematics obtained for the heavier At isotopes
the proton separation energy of the next odd-mass astatine isotope %?At can
be estimated to be approximately —1500 keV (see figure 4.4). Based on the
WKB calculation this value would correspond to a half-life of approximately
50 pus for proton emission from the 7s;/, orbital assuming a spectroscopic
factor of one. An energy of 7900 keV can be extrapolated for the alpha decay
of 1/2% state in At to the 1/27 state in *®*Bi. This value would correspond
to a partial half-life of 400 us for an unhindered alpha decay. Thus, the 8 At
nucleus is a good candidate for the observation of proton emission in astatine
isotopes.

4.2 Proton emission in 'YAu and "°T1 nuclei

Decay studies of the previously known proton emitting nuclei "' Au and ™ Au
[Dav97, Pol99, Bac03, Mah02] were performed with improved accuracy and
the decay of the ground state in " Au was observed for the first time. In
addition, a short test experiment for the production of a new proton emitting
nucleus °T1 was performed and the proton emission from the ground state
was identified. The decay of an isomeric state in the previously known proton
emitter "T1 [Pol99] was also observed in this experiment. In addition, the
alpha decay of the new " Hg isotope was identified and the decay properties
of previously known "1 Hg [Sew99] and 167:168:169.170p¢ [Bin96, Pag96] iso-
topes were also measured.

Two proton emitting and alpha decaying states were identified for the '™ Au
nucleus. Both proton radioactivities were observed to feed the ground state
in '9°Pt. The ordering of the states and the excitation energy of 282(10) keV
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Figure 4.5: Decay scheme obtained for '"Au in the present work. Data shown for '66Ir
are taken from reference [Dav97].

for the isomeric state was concluded based on the proton emission ()-values.
The alpha-decaying states were linked with the corresponding proton emit-
ting states using the half-life and the ()-value examination. The decay scheme
obtained for '™ Au is shown in figure 4.5.

A low-seniority shell-model calculation introduced in reference [Dav97| pre-
dicts that the spectroscopic factor S°° for proton emission in Au isotopes
is 0.22 when near degeneracy between s;/9, d3/» and hy;/o proton orbitals is
assumed. This indicates that the proton half-lives calculated using the WKB
barrier transmission approximation should be shorter than the measured val-
ues. Based on the experimental spectroscopic factors the ground state proton
emission in 1"’Au was concluded to represent an =2 transition indicating
that the proton is emitted from a 7ds/, orbital. Correspondingly, the proton
emission from the isomeric state can be explained with an £ =5 transition cor-
responding to a proton emission from a mhyy o orbital. The results indicate,
that the structures of the ground and the isomeric state in '™ Au are similar
to the corresponding states in the alpha decay daughter nucleus ®1Ir [Dav97].

The alpha-decay hindrance factors of the present work were calculated ac-
cording to the method of Rasmussen [Ras59] and normalised to the alpha
decay of 2'?Po. The hindrance factors of 1.3(12) and 1.6(3) obtained for the
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alpha decay of the ground state and the isomeric state, respectively, in "°Au
show both an unhindered character. This is in agreement with the conclusion
based on the proton emission that the structures of the ground states and
the isomeric states in '"Au and in the alpha decay daughter nucleus 6°Ir
are similar. Thus, based on the configurations given for 'Ir in reference
[Dav97], [rds/ovfy o]~ and [whiyjavf; 5]+ configurations were suggested for
the ground state and the isomeric state in ™ Au, respectively.

One decay branch was identified to originate from the new proton emitting
nucleus "*T1 as shown in figure 4.6. The low-seniority shell-model calcula-
tion [Dav97] predicts that the spectroscopic factor S“ for proton emission
in T1 isotopes is 0.11. However, it might be that the assumption of nearly
degenerate sy /9, d3/2 and hyy /2 proton orbitals does not necessarily hold in the
case of light thallium isotopes, since the energy difference between the low
and high spin states associated with s;/o and hi1/ proton orbitals is quite
large. For example in the lightest previously known thallium isotope '7"TIl
the energy difference between the states is already approximately 800 keV as
discussed in reference [Pol99]. However, based on the spectroscopic factor
examination the proton emission observed for *T1 was concluded to orig-
inate from an s/, proton orbital. Thus the proton emission represents the
decay of the low-spin state which can be associated with the ground state
configuration in light thallium isotopes.

176
Tl
+3.0

(34,4"54) 5.254 ms

E,=1258(18) keV
b,~1

$7°=0.29(20)
£=0

175Hg

Figure 4.6: Decay scheme obtained for 176T1.

(712,9/2)

The high-spin states should be fed more strongly than the low-spin states
in the heavy ion fusion reaction. However, the decay of a possible high-spin
state in '"T1 where the proton can be expected to be emitted from an hyy /o
orbital was not observed. The reason is most probably the half-life which is
too short to be detected with the data acquisition system used in the present
experiment. In addition, a possibility of gamma-ray de-excitation of the state
cannot be excluded.
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By taking into account the dead time of the data acquisition system (ap-
proximately 15 us) it is possible to estimate the lowest limit for the excitation
energy of the high-spin state. Since no proton emission was observed from an
h11/2 proton orbital it can be estimated that the half-life of the state should
be at least three times shorter than the dead time. Based on the WKB ap-
proximation the lowest limit for the excitation energy of the high-spin state
(proton emission from an Ay, orbital) is approximately 950keV, when a 5 ys
upper limit for the half-life and a spectroscopic factor of 0.11 were assumed.
The estimated lower limit for the excitation energy is in agreement with the
excitation energy observed for ""T1 [Pol01].

The observation of the ground-state proton emission from an s/, orbital
in 1771 differs from that observed for the lighter odd-odd proton emitting
nuclei %Ta [Liv93b], °Re [Wo097], °Tr [Dav97] and '™ Au (the present
work). In these nuclei the ground state proton emission has been deduced to
occur from a dg/, proton orbital which was suggested to be coupled to an f7/,
neutron. In "Tlgs there are two orbitals, vf, /2 and vhye, available for the
odd neutron. By coupling these neutrons with a proton in the ms;/, orbital
the [ms1 /207 o)3- 4- and [ms1 /29 2]4- 5- configurations are obtained, respec-
tively. Since the coupling properties of the odd proton and the odd neutron
in such neutron-deficient T1 isotopes are not very well known, no definitive
conclusion about the ground state spin and parity assignment could be drawn
based on the present data. However, the change in the ground-state proton
configuration in T compared to the lighter odd-odd proton emitters may
indicate that the vhg/, orbital plays a role in the ground state of '"T1.
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During the past few years the decay spectroscopy of neutron deficient nuclei
above the N =82 neutron shell closure and beyond the proton drip line has
been one of the main goals of studies performed at the gas-filled recoil separa-
tor RITU. To reach this extreme limit of the capability of the experimental
devices, several technical developments have taken place at the separator.
An improved focal plane detector system was constructed taking into ac-
count the special needs of proton decay studies. The dipole chamber and
the beam stop of the separator were redesigned for better suppression of the
beam particles. A beam-windowless helium filling-gas differential pumping
system was installed in order to allow the use of higher beam intensities,
which were needed especially for the decay studies of nuclei above the Z =82
proton shell closure and beyond the proton drip line. These improvements
have made the gas-filled recoil separator RITU at least an order of magnitude
more sensitive and widened its working area from heaviest elements close to
the 1%9Sn region.

The technical developments of the gas-filled recoil separator RITU have al-
lowed the detailed studies of the neutron deficient odd-mass astatine isotopes
beyond the proton drip line. Earlier unclear decay properties of 3195 At iso-
topes are now clarified using the sensitive alpha-gamma coincidence method.
In addition, the alpha decay of the next odd-mass astatine isotope ' At was
also studied. The level schemes of these nuclei are suggested to differ from
those observed in heavier odd-mass astatine isotopes. For each of these iso-
topes the oblate 1/2" intruder state was observed to be the ground state
instead of the nearly spherical 9/27 state which is the ground state in the
heavier odd-mass astatine isotopes. In addition, a 7/2~ state rather than
the 9/27 state is suggested to represent the first excited state in these light
odd-mass astatine isotopes. Correspondingly, a new low-lying 7/2~ state,
fed by the alpha decay of the astatine isotopes, was observed via gamma-ray
de-excitation in 89191Bi isotopes. The existence and the excitation energy of
this state in '8"Bi was deduced based on the shape of the alpha-decay spec-
trum of 12! At and the systematics in the heavier odd-mass bismuth isotopes.
The emergence of a low-lying 7/2~ state in light odd-mass At and Bi isotopes
was understood via the 7/27[514] Nilsson proton orbital associated with an
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oblate deformed structure. Based on the experimental results, the 7/2~ state
is observed coming down in excitation energy even in '®"Bi. Thus, the state
may play a vital role in the decay scheme of the proton emitting nucleus *°Bi.

The decay properties of several neutron-deficient Pt, Au, Hg and Tl nuclei
have also been studied. In the proton-emitting '"*Au nucleus, the ground-
state proton emission and alpha decay were observed for the first time and
the decay properties of the isomeric state were measured with improved ac-
curacy. The decay of the proton-emitting " Au nucleus was measured with
high statistics. The alpha decay of the new isotope "' Hg was observed and
the decay properties of the previously known 7173 Hg and 167:168:169,170p¢ 1y
clei were also measured. Ground-state proton emission was identified in the
new thallium isotope "®T1. As a side-product of the measurement the decay
of the proton-emitting "' T1 nucleus was also detected.

A WKB barrier transmission approximation was used to calculate the pro-
ton emission probabilities. The experimental spectroscopic factors were com-
pared to values predicted by a low-seniority shell model calculation assuming
a near degeneracy of the s/, ds/o and hyy /o proton orbitals. As a result, the
proton orbitals of the parent nuclei involved in the proton emission were de-
duced. A change in the ground state proton configurations in odd-odd nuclei
between Au and Tl is suggested. The results illustrate the sensitivity
of the proton emission and the variety of spectroscopic information that can
be obtained via proton emitting nuclei beyond the proton drip line.

The results of the present work encourage to continue the studies of nuclei
in the vicinity of the lead region and beyond the proton drip line. For com-
prehensive and more difficult measurements the focal plane detector system
has recently been upgraded by the GREAT (Gamma Recoil Electron Alpha
Tagging) spectrometer [Pag03]. The spectrometer increases the sensitivity
of the focal plane detector system facilitating the detection of weak reaction
channels. Due to the high granularity the reduction of the background events
using the correlation and coincidence methods is considerably improved. An
important part of the GREAT setup is the Total Data Readout (TDR) data
acquisition system which is based on VXlI-electronics and designed to min-
imise the dead time of the acquisition process. Instead of using a common
master trigger for reading out the ADC channels, all the channels are running
independently. The data are associated and time-stamped by software using
a global 100 MHz clock. For in-beam gamma-ray experiments the JuroGam
array has recently been combined with the RITU separator. The array con-
sists of 43 Eurogam Phase I Ge detectors providing a photopeak efficiency of
4.2% at 1.3keV.
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In near future, the level structure of %At, which is the subject of publi-
cation I, will be probed employing the JuroGam — RITU — GREAT setup.
This measurement will provide more detailed information on the intruder
states discussed in the present work. Also the 9/27 and 13/2" states known
in heavier nuclei could possibly be observed in this measurement. In addition
to remeasuring the 87~193Bi isotopes with higher statistics, in-beam gamma-
ray measurements are now proposed to be extended to the heaviest known
proton emitting nucleus '®Bi. The behaviour of the low-lying 7/2~ state
and its contribution to the decay scheme of the nucleus could be clarified in
this measurement. Also the prolate structures predicted by the theoretical
calculation [And03] could be searched for.

A challenging task will be the decay spectroscopy of the 19219419 At jgo-
topes. In these measurements the high efficiency of gamma-ray detection at
the focal plane provided by the GREAT spectrometer is crucial. Also the
detection of conversion electrons in coincidence with alpha decays is useful.
The level schemes observed in odd-mass At isotopes in the present work of-
fer a basis for the alpha-decay studies of the neutron deficient Fr isotopes.
In addition, decay studies of Au, T1, Bi and At isotopes beyond the proton
drip line will continue with the aim of the identification of %°At via proton
emission.
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