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Abstrakt

V neutrénovo-deficitnych jadrach nad uzavretou proténovou vrstvou Z = 82
mozeme Studovat niekol'ko zaujimavych javov sivisiacich s jadrovou struktirou.
Prikladom je koexistencia stavov s roznou deforméciou v ramci jedného jadra
alebo vyrazné zmeny tvaru medzi susednymi nuklidmi. V dizerta¢nej praci boli
skimané jadrd z tejto oblasti — neutrénovo-deficitné nuklidy radia (Z = 88)
a francia (Z = 87). Izotopy boli produkované vo fizno-vyparnych reakciach
56Fe + M71498m a ONi + ' Pr na rychlostnom filtri SHIP v GSI, Darmstadt (Ne-
mecko). Data boli analyzované metédami rozpadovej o a =y spektroskopie.

K hlavnym vysledkom prace patri identifikdcia nového izotopu *"Fr a novych
izomérnych stavov rozpadajtcich sa o rozpadmi vizotopoch 2! Ra a 8Fr. V jad-
réch 2°°Fr a 21 Fr boli identifikované nové izomérne hladiny rozpadajice sa vni-
tornymi prechodmi. Pre izotopy 2°?Ra a *?Fr sa podarilo vyrazne upresnit zna-
me rozpadové vlastnosti, kedze bolo registrovanych rdadovo viac rozpadov nez
v predoslych meraniach. Déata naznacuju zmenu deformaécie zdkladného stavu
99FYy oproti tazsim izotopom francia s neparnym poc¢tom nukleénov. Pre o roz-
pad 2°?2Ra bola vyhodnotend vysoké redukovang sirka, ¢o predstavuje narast
redukovanych sirok s klesajicim poctom neutronov pre parno-parne izotopy
radia. Nezvycajne vysoka redukovand sirka bola vyhodnotena aj pre a rozpad
197FI‘.

kTicové slova: o rozpad, neutrénovo-deficitné izotopy, energetické hladiny
v jadrach



Abstract

In neutron-deficient nuclei above the proton shell closure Z = 82, several inte-
resting nuclear-structure phenomena can be observed, for example, states with
different shapes coexisting within a single nucleus or large changes in deforma-
tion between neighboring nuclei. In this Thesis, neutron-deficient nuclei from
this region were investigated, namely radium (Z = 88) and francium (Z = 87)
isotopes. Nuclei were produced in fusion-evaporation reactions *°Fe + 147:1499m
and Ni+!Pr at the velocity filter SHIP at GSI in Darmstadt (Germany).
Data were analyzed using the methods of a- and ~v-decay spectroscopy.

Main results of the Thesis comprise the identification of a new isotope "*7Fr and
new isomeric a-decaying states in 2!Ra and *®Fr. In 2°°Fr and 2°!Fr nuclei, new
isomeric y-decaying levels were identified. For 2°?Ra and '*Fr nuclei, known
a-decay properties were significantly improved, since the collected statistics was
higher than in previous measurements by one order of magnitude. Data indicate
the change in the ground-state deformation of " Fr compared to heavier odd-A
francium isotopes. For the o decay of 2°?Ra, high value of reduced width was
evaluated, that shows an increase of reduced a-decay widths with decreasing
neutron number for even-even radium isotopes. A remarkably high reduced
width was evaluated for the a decay of 'Y7Fr as well.

keywords: o decay, neutron-deficient isotopes, nuclear energy levels
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Chapter 1

Introduction

At the beginning of the twentieth century, the concept of basic constituents of
matter differed a lot from today’s perspective. In 1904, J.J. Thomson described
an atom as a sphere of uniformly distributed electric charge containing a number
of moving ‘corpuscles’ of the opposite charge [ThoO4]. In 1909, experiments
performed by H. Geiger and E. Marsden [Gei09] showed that scattering of «
particles passing through metal plates did not correspond to Thomson’s idea of
atomic structure. It was supposed that « particles traversing through matter
would undergo a multitude of small scatterings. However, the final angular
distribution of o particles did not correspond to this assumption. A small fraction
of a particles showed a diffuse reflection as a result of their scattering. About 1
in 8000 « particles falling on a metal plate was deflected by an angle exceeding
90°. A simple calculation following the ordinary probability law resulted in an
extremely small chance for such a reflection to occur [Geil0]. The behavior of
« particles was explained in 1911 by E. Rutherford [Rut11]. He assumed that
the positive charge is not distributed uniformly throughout the atom, but it
is concentrated in a very small volume in the center of the atom. Interactions
of o particles passing through matter with this central charge resulted in large
deflection angles observed by Geiger and Marsden. The concept of the central
charge existing within the atom was the beginning of the story of atomic nucleus.

Since the discovery of the atomic nucleus, a lot of effort has been made to
understand its structure. It was found out that the nucleus consists of two
types of nucleons: protons discovered by E. Rutherford in 1919 [Rut19] and
neutrons discovered by J. Chadwick in 1932 [Cha32]. A new question arose:
How are nucleons arranged within the nucleus? Trying to provide the answer,
a lot of models describing the atomic nucleus have been developed.

The liquid-drop model compares the atomic nucleus to a drop of liquid and
nucleons to molecules in that drop of liquid. This model explains, for exam-
ple, nuclear masses, binding energies, energy distributions of nuclear reactions
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and basic properties of radioactive decays («, 3, fission). This model supposes
nuclear properties to vary smoothly as a function of the number of nucleons
inside the nucleus. However, some nuclear properties, for example, proton and
neutron separation energies, proved discontinuities at certain ‘magic’ numbers
(2, 8, 20, 28, 50, 82, 126) of protons and neutrons.

The existence of magic numbers was explained by the shell model. This model
assumes that nucleons within the nucleus are arranged in energy levels. Only
a certain amount of them can occupy each level and in a ground state nucleons
occupy the levels with the lowest energies. Levels are grouped into shells and
when the outermost (‘valence’) shell is completely filled up with nucleons, the
nucleus has a greater stability compared to the nucleus, whose valence shell is
not fully filled up. The numbers of protons and neutrons inside the nucleus
with closed (i.e. completely filled up) shells reproduce magic numbers.

First descriptions of nuclei with the shell structure assumed a spherical shape
of the nucleus (see, e.g., [May49]). Later it was showed that in some cases greater
stability is obtained not for a spherical nucleus, but for a deformed one with
the same volume [Rai50, Boh51]. It is valid mainly for nuclei with numbers of
protons and /or neutrons far from closed shells. Magic numbers present enhanced
stability only for spherical nuclei. With increasing deformation, other numbers
of protons and neutrons present a greater stability (see, e.g., Ref. [Jan05b]).
The model calculating the order of single-particle levels as a function of nuclear
deformation was originally presented by S.G. Nilsson in 1955 [Nil55]. Nowadays
various models exist predicting the order of single-particle (also called ‘Nilsson’)
levels for all nuclei across the nuclide chart (see, e.g., Ref. [M6197]).

Although nuclear models describe some nuclear properties of known nuclei
with excellent accuracy, the predictions can diverge for as-yet undiscovered
nuclei. A nice example of such inconsistent theoretical predictions are calculated
values for the nuclear mass — one of the most basic characteristics of the nucleus
(see Fig.1.1). Generally, the further the isotope is from the [-stability line,
the less information is experimentally known about it. For optimization of
theoretical models it is necessary to continue the investigation of nuclei far
from the region of  stability.

In this work, we investigated neutron-deficient nuclei in the vicinity of a proton
shell closure Z = 82. Thisregion provides a unique possibility to investigate some
interesting nuclear-structure phenomena, for example, shape coexistence (see,
e.g., Refs. [Hey11, And00]), large changes in deformation between neighboring
nuclei (see, e.g., Refs. [Bij95, Jul01]), or S-delayed fission (see, e.g., Refs. [Hal92,
And13b]).

e In a number of nuclei, mainly near spherical shells or subshells, the phe-
nomenon of shape coezistence was observed [Heyl11]. In these nuclei, dif-
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Fig. 1.1 Ground-state masses (energies) for radium isotopes (Z = 88) predicted by several
theoretical models (colored lines). We selected the model of Janecke & Masson as the
reference one and show the difference between masses predicted by other models and this
model. We also show the difference between experimental masses (black full circles) and
the ones according to the model of Janecke & Masson. Experimental values were taken
from Ref. [Wan12] except for the values for 201:202Ra, which are from our data and will be
discussed later in this work. Theoretical values were taken from Ref. [lbnl].

ferent excitation energies are associated with different deformations. A
rearrangement of only a few nucleons at the Fermi surface can result in
a different nuclear shape [And00].

e A considerable change in shape of nuclei in this region is also present when
moving from one isotope to another. Adding just one nucleon into the nu-
cleus can completely change its deformation. For example, calculations
for the ground-state quadrupole deformation based on the finite-range
droplet macroscopic model and the folded-Yukawa single-particle micro-
scopic model [M6195] predict % Po and neighboring heavier polonium iso-
topes to be nearly spherical; *Po and *?Po to have strongly deformed
oblate shape; 19'Po and lighter polonium isotopes to have, on the contrary,
strongly deformed prolate shape. This effect is illustrated in Fig. 1.2 show-
ing ground-state quadrupole deformations of neutron-deficient isotopes in
the vicinity of lead (proton shell closure Z = 82).

e Beta-delayed fission (BDF) is a two-step process. Firstly a nucleus un-
dergoes [ decay and then a daughter nucleus immediately fissions. This
can occur when excited energy of a nucleus after the § decay is higher
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Fig. 1.2 Nuclear ground-state quadrupole deformation o [M6195] for nuclei in the vicinity
of the proton shell closure Z = 82. The color scale corresponds to the various nuclear
shapes: blue color represents an oblate shape and red color represents a prolate shape.
Large changes in deformation from prolate (32 > 0) to oblate (32 < 0) shape can be seen
between neighboring isotopes.

than or comparable with its fission barrier. The process of SDF extends
the regions of the nuclide chart where low-energy fission can be studied.

In this Thesis, we focused on very neutron-deficient isotopes of radium, 2°172%3Ra,

(Z = 88), and francium, ¥7292Fr (Z = 87). Both elements, radium and fran-
cium, were discovered in France; radium by M. Sklodowska-Curie and P. Curie
in 1898 and francium by M.C. Perey in 1939. Since that time more than 30 iso-
topes have been identified for each of these elements and none of them is stable.
The longest-living francium isotope is ??*Fr with the half-life of 22 minutes and
the longest-living radium isotope is ??Ra with the half-life of 1600 years.

As experimental techniques improve, the chains of known isotopes for each
element are extending. The lightest radium isotope synthesized until now is
291Ra; one nucleus of this isotope was observed nine years ago [Uus05]. In this
work we report on the detection of another one 2’ Ra nucleus. We also report on
the detection of the lightest francium nucleus, *"Fr, again with only one detected
event. For some other isotopes discussed in this work, previously published data
were based on low statistics as well. For example, the detection of only two
202Ra nuclei was reported (each of them was measured in a different experiment
[Lei96, Uus05]) and only five decay chains of *?Fr were registered [Tag99]. One
cannot avoid sizable uncertainties of measurements for such a small number of
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detected events. However, detection techniques and data-acquisition systems
continuously improve and available beam intensities increase. This progress
enabled us to refine known decay properties of studied nuclides and to detect
new isomeric states and transitions. We analyzed the experimental data by
methods of a-, y- and a-7v decay spectroscopy. These methods are very powerful
tools, which reveal information helping to localize nuclear excited levels and
determine their spins and parities, evaluate nuclear masses, () values, fission-
barrier heights, etc.

In the vicinity of studied nuclides, the energies of a number of excited single-
particle levels within a given isotopic chain decrease when going towards the
neutron mid-shell (N = 104). As a consequence, several single-particle levels,
that may correspond to a different deformation, are located very close to the
Fermi surface in the lightest nuclides. It has been proposed that the ground state
for most of the neutron-deficient odd-A bismuth (Z = 83) and astatine (Z = 85)
isotopes is related to a mhy s spherical configuration (e.g., Refs. [Coe85, Smi99]).
It has also been suggested that this ground state coexists with states related
to a proton excitation to the #;3/, orbital or a proton hole in the s/, orbital,
giving rise to an oblate deformation (e.g., Ref. [And04a]).

Recent experiments, aimed at a detailed investigation of the light odd-A
francium isotopes (Z = 87), indicate the existence of coexisting shapes in these
nuclides as well. An intruder 1/27 state was identified in ?°?%Fr using a-decay
spectroscopy [Uus05]. Isomeric 1/2% and 13/27 states were observed in 2*Fr
[Jak13] and 2%°Fr [Jak12] using prompt in-beam v-ray, delayed y-ray and electron
spectroscopy, in addition to a-decay studies. Both the 1/2% and 13/2" states
are assumed to possess oblate deformations and to coexist with the spherical
9/27 ground state [Uus05, Jak13, Jak12].

For the even-even nuclides, coexisting structures were also seen in light polo-
nium (Z = 84) (e.g., Ref.[Hel99]) and radon (Z = 86) (e.g., Ref.[Dob02])
isotopes. This effect can be also expected in radium (Z = 88) isotopes, but
there is presently not much experimental information available.

In this Thesis, we present results from two experiments aimed at decay stud-
ies of ¥77292Fy and 2°'7203Ra produced at the velocity filter sHIP. Goals of
the Thesis are listed in Chapter 2. In Chapter 8 we report on a physical back-
ground including nuclear decay modes, fusion-evaporation reactions and nu-
clear shapes. Chapterj contains a description of an experimental setup used in
measurements, a process of calibration, data analysis and methods of a- and
a-v decay spectroscopy. In Chapter 5 we present experimental results and dis-
cussions for individual isotopes. The Chapter is divided into two parts: The
first one includes the 2°!~2%Ra and 2°°~2°2Fr isotopes produced in the reactions
%6Fe 4 147.149Gm - The second one includes the isotopes Y71 Fr produced in the
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reaction %°Ni+ *'Pr. Results are summarized in Chapter 6. We note that all
spins and parities attributed to nuclear energy levels in this Thesis are tenta-
tive. For simplicity we do not put tentative spins and parities in parentheses
in the text, but we keep them in the figures. The Thesis has two Appendices.
Appendiz A contains tabular summary of all spectroscopic results obtained in

this work. In Appendix B we report on GEANT 4 simulations of the « decay of
253N0.



Chapter 2

Goals of the Thesis

A subject of this Thesis is the investigation of decay properties of neutron-defi-
cient radium and francium isotopes using the methods of a- and v-decay spec-
troscopy. Data for these isotopes were collected in two experiments performed
at the velocity filter suip at GSI in Darmstadt applying the fusion-evaporation
reactions °°Fe + 147149Sm and Ni + ! Pr,

Specific goals of the Thesis are:

In

In

the reactions "9Fe + 147:149Gm:

Investigation of decay properties of the 20172 Ra and 2°72°2Fr isotopes.
For some of these nuclides (especially radium isotopes) only very limited
information has been known untilnow. Furthermore, thereisa discrepancy
for some published data (e.g., for 2*?Ra). Results of our measurements
should bring more details about decay patterns of mentioned isotopes.

Search for the decay of a new isotope 2’Ra in the reaction °Fe + 47Sm.

the reaction °Ni + 41Pr:

Investigation of decay properties of the *~19Fr isotopes. To our know-
ledge, there has been no published experimental information on decays
of 1%¥Fr prior to our study, and the detection of only five decay chains of
19Fr was reported [Tag99).

Search for the decay of a new isotope 7Fr.

10



Chapter 3

Physical background

3.1 Nuclear decay modes

3.1.1 « decay

In the a-decay process a decaying nucleus emits an « particle — a helium nucleus
3He. One of the main reasons why exactly the helium nucleus is emitted is
its relatively high binding energy — 28.3 MeV. Thus, it is energetically more
favorable for the nucleus to emit the « particle rather than other combination
of nucleons. A process of the spontaneous a-particle emission can be written
as
AXN — 573YN o+ 3Hes. (3.1)
This process is possible only if the sum of binding energies (B) of the final
system is greater than the binding energy of the initial nucleus. The difference
between binding energies of the final and initial system, i.e. the @) value of the
a decay (Q.), can be written as:
Qo=B(Z—-2,A-2)+ B(a)— B(Z,A). (3.2)
A typical energy range of emitted « particles is (4 — 9) MeV. The kinetic
energy available for the a particle (and the recoiling nucleus) comes from the
mass decrease of the system after the radioactive disintegration. Using kinetic

energies (7') and masses (M) of the parent (P) and daughter (D) nuclei we can
express the (), value as:

Qo = Mpc®> — (Mpc® + Myc®) =T, + Tp. (3.3)

With high accuracy, the a decay can be considered as a non-relativistic process.
From Eq. 3.3, considering the law of conservation of linear momentum, |p,|=
|pp|, we can find the relation between the a-particle kinetic energy and the @

11
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value of the decay:

(3.4)

Eq. 3.4 shows that most of the a-decay kinetic energy is carried by the o particle
and only a small amount is taken by the recoiling nucleus. For example, for
an a-decaying nucleus consisting of 200 nucleons with (), value of 7MeV, the
kinetic energy of the emitted a particle would be 6.86 MeV and the kinetic
energy of the recoiling nucleus would only be remaining 140 keV.

The half-life of the o decay is correlated with its ), value. The existence of the
relation between the a-decay half-life and the velocity of the emitted « particle
was already considered in 1907 by E. Rutherford [Rut07]. Laterin 1911 H. Geiger
and J.M. Nuttall showed that there is a linear dependence between logarithms
of the decay constant and the range of the « particle [Geill]. Nowadays, this
dependence is known as the Geiger-Nuttall law and can be written as

logTy/s = ?}% +b(2), (3.5)

where a(Z) and b(Z) are constants, which vary for each isotopic series. While
() value alters from nucleus to nucleus in the range of a few MeV, half-lives
vary in the range of several orders of magnitude. The differences are significant
even between isotopes within the same element. For example, for thorium, the
limiting cases are ?32Th with Ty =1.4x 10'%years, Q, = 4.08 MeV and 2'8Th
with 715 = 1.0 x 10778, Q, = 9.85MeV [Kras8|.

Another factor influencing the a-decay half-life is the difference between
angular momenta of the parent (I;) and daughter (/) nucleus. The « particle
is composed of two protons and two neutrons. All four nucleons are arranged
in the way that the total spin of the « particle is zero. That is the reason why
in the a-decay process the angular momentum carried by the a particle has
purely orbital character and can vary between |I; — I| and |I; 4 If|. The parity
change related to the a-particle emission can be written as: m; = mp(—1)k,
where 7; and 7 is the parity of the initial and final state, respectively, and [, is
the angular momentum carried by the o particle. This results in the selection
rule which respects the parity conservation: if the parities of the initial and
final state are equal, [, must be even and if the parities of the initial and final
state are different, , must be odd [Kra88].

One of the possible explanations of the relation between the a-decay energy
and half-life is quantum-mechanical theory of the a-particle emission suggested
by G. Gamow [Gam28| in 1928 and independently by R.W. Gurney and E.U.
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Condon [Gur28] in the same year. Following this theory, the « particle is formed
within the parent nucleus before its disintegration. Considering only the clas-
sical mechanics, a particle has not enough energy to escape from the nucleus
surrounded by the Coulomb barrier (B¢). From a quantum-mechanical point

of view there is a certain probability of tunneling through this barrier even if
E, < Bg.

The « transition favors connecting states with the same configuration. Such
transitions are called unhindered. For example, o decays of even-even isotopes
connecting 0 states in parent and daughter nuclei are usually unhindered.
The increasing difference between configurations of the states connected by the
« transition hampers the a-particle emission. The measure of suppression is
expressed by a hindrance factor of the decay.

The hindrance factor can be calculated as the ratio of the experimental half-
life (7% /,e4p) for a given av transition and the expected partial a-decay half-life
(T' /2,theor) for an unhindered decay:

HF = M. (3.6)
T1/2,theor

There are equations for the calculation of the expected partial a-decay half-
life of av emitters for unhindered decays, for example, a semi-empirical formula
proposed by D.N. Poenaru, et al. [Poe80]:

K
log Ty = (B1 + Bay + Bsz + Byy? + Bsyz + BﬁzQ)ﬁ —20.446,  (3.7)

where y and z are variables describing the relative placement of N and Z of
the decaying nucleus between neutron and proton shell closures. Parameters
By, — Bg are obtained from the fit to experimental data. K is the coefficient
depending on () value, A and Z of nuclei included in the a-decay process. The
relationship 3.7 is based on a fission theory of the o decay and takes into account
the influence of shell effects. With increasing number of known a emitters the fit
parameters are being improved in order to reproduce the experimental results
better. The latest set of fit parameters By — Bg was presented particularly for
even-even, even-odd, odd-even and odd-odd nuclei [Poe06].

A half-life for a cluster and « radioactivity can be calculated according to a
relation derived by D.N. Poenaru, et al. [Poe06]:

log T} /o = —log Ps — 22.169 4 0.598(A. — 1), (3.8)

where A, is the mass number of an emitted cluster (A, = 4 for an « particle)
and Ps is the quantum penetrability of the external potential barrier. Ps is a
function of @) value, Z and A of the emitted cluster and the daughter nucleus.
This method is based on an assumption that a preformation probability of a
cluster (including an « particle) at the nuclear surface in first approximation
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only depends on the mass of the emitted cluster.

Another example of a simple formula for the calculation of half-lives of «

decays as well as cluster decays was presented by C. Qi, et al. [Qi09]:

log T2 = ax' + bp’ +c, (3.9)
where coefficients a, b and ¢ are determined from experimental data fitting. x’
and p’ depend on @) value, Z and A of particles included in the decay process.
The Geiger-Nuttall law is a special case of Eq.3.9. Unlike the Geiger-Nuttall
law, the formula 3.9 is valid for all isotopic series.

Another method for the evaluation of an a-decay hindrance factor is a compar-
ison of reduced a-decay width (62 ) for a given « transition with §2 for unhindered
« transitions in neighboring (often even-even) isotopes. Reduced a-decay width
expresses the probability of a-particle emission and can be calculated using the
procedure introduced by J.O. Rasmussen [Rasb9]. Nuclides with ‘magic’ num-
ber of protons or neutrons have smaller §2 compared to their neighbors due to
increased stability of shell closures. The reduced a-decay width is expressed by
the equation [Rash9:

Y

501 = ?,

where A\ denotes the decay constant, A is Planck’s constant and P is the barrier
penetration factor. Reduced a-decay width is in energy units (MeV).

In Sections 5.1 and 5.2 describing experimental results, we evaluated HF's
for observed «a transitions using the method of comparison of reduced a-decay
widths (see the previous paragraph). As the reduced a-decay width according
to Eq. 3.10 depends on the orbital angular momentum of the emitted « particle
[Ras59] (which is included in the factor P), we have to consider the difference
between spins of the initial and final state AL. We assumed AL = 0 in the
calculation of 42 in this work. In Section 5.3, we compare HFs calculated using
several approaches (Eqgs. 3.7, 3.8, and 3.9).

(3.10)

3.1.2 [ decay

In the g-decay process a nucleus increases its stability by converting one neutron
into proton (3~ decay) or vice versa (87 decay). The conversion is accompanied
by the emission of an electron and antineutrino or a positron and neutrino:

G~ decay: n—p+e 401, (3.11)
Bt decay: p—n+et+u. (3.12)

The competing process to the G+ decay described by Eq. 3.12 is the electron
capture (EC'). In this process, one of the orbital electrons is captured by a proton
from the atomic nucleus, thereby the proton is transformed into a neutron and
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a neutrino is emitted:
EC: p+te —n+u (3.13)

@ value of the 3 decay equals the sum of kinetic energies of the emitted electron (or
positron) and the antineutrino (or neutrino). This is equivalent to the difference
between the mass of the parent nucleus and the total mass of the daughter nucleus
plus one electron:

Qp- =T.- + Ty, = Mpc® — (Mpc® + M.c?), (3.14)
Qﬁ-&- = Te+ + Tl, = MP62 - (MD62 + MBCZ). (315)

In the EC process only a neutrino is emitted, and thus the ) value equals the
kinetic energy of the neutrino. This is equivalent to the mass difference between
the parent nucleus plus one electron and the daughter nucleus. The electron
mass has to be corrected for the binding energy of the n-shell (B,,), from which
the electron was captured by the nucleus:

Qpc =T, = Mpc® + M,c* — B, — Mpc®. (3.16)

The above formulas for @) values (3.14, 3.15, 3.16) refer to 3 decays between
ground states of parent and daughter nuclei. If the daughter nucleus is in an
excited state after the 3 decay, the corresponding () value of the decay is lower
than the @) value between ground states by the excitation energy of the daughter
nucleus.

After the 3 decay, if an excitation energy of a daughter nucleus is higher than
the nucleon separation energy, the daughter nucleus can be unstable against
one- or more-nucleon emission. Nucleons are emitted with the half-life of the
decay, as the emission occurs rapidly after the 3 decay. The process is called ‘(-
delayed particle emission’. When the excitation energy of the daughter nucleus
is comparable with its fission barrier, a fission process can follow the 3 decay,
which is called ‘3-delayed fission’.

3.1.3 Internal transition

Most of radioactive decays populate excited levels in daughter nuclei. Although
asmall amount of these excited nuclei undergo further radioactive disintegration,
most of them are promptly deexcited by an internal transition. Internal transi-
tion can proceed through a 7-ray emission (y decay) or an internal-conversion
emission. Firstly we briefly describe a process of the v-ray emission and then
a process of internal conversion.

7y decay

In the process of deexcitation by 7 rays, one or more photons can be emitted.
Their typical energy range is from several keV to several MeV. The deexcitation
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may cause a re-arrangement of nucleons and lowers the total energy of the nucleus:
Mg 2 = M062 +E’Y +T0, (317)

where M, denotes a mass of the nucleus, Ty is a recoil kinetic energy of the nucleus
and E, is an energy of emitted 7 ray(s). A linear-momentum conservation
requires the sum of the momenta of the recoiling nucleus py and emitted photon(s)
Py to be zero: py + p, = 0. Considering this condition and the fact that the
recoiling nucleus is with high accuracy non-relativistic, we can write the relation
between 7T and £, [Hey99:
o P we B
2M0 2M002 2M()C2
The equation 3.18 shows that the recoil kinetic energy of the nucleus is relatively
small. If a 1-MeV photon is emitted from a nucleus consisting of 50 nucleons
(which equals ~50 GeV of mass), Tj is only ~10eV.

Each nuclear state is characterized by its spin and parity. Spins and par-
ities of the initial and final state determine the possible angular momentum
(multipolarity) of the v transition (AL) between these states. A half-life of a
single-particle electric or magnetic transition with multipolarity L (F'L or ML,
respectively) is described by the Weisskopf equations [Fir96|:

(3.18)

L((2L +1)!11)%h (3+L>2 he )M
Ti)2(EL) = In2 — 3.19
2(BL) = 2= e (73 E, ’ (3.19)
L(QL+1D")2h /34 LN\2 [ he \ 2
T1jo(ML) = In 2 = . 2

In order to obtain 77, in seconds, the following constants and units are used:
h = 6.58212 x 107 YkeVs, € = 1.440 x 107 %keVem, R = RyA'Y? in cm
(Ry = 1.2 x 107¥cm), he = 197.327 x 107%keVem, E, is in keV, pi =
1.5922 x 10~ keV cm?®.

The equations 3.19 and 3.20 represent some reference values for -decay rates.
Generally, transitions with lower multipolarities are favored compared to higher
multipolarities. Increasing L by one unit decreases the transition probability
by several orders of magnitude. At a given multipolarity and energy the electric
transition is preferred compared to the magnetic transition by a factor of about
2 orders of magnitude in medium and heavy nuclei [Kra88]. The ratio (B)
of a single-particle half-life estimated using Weisskopf relations 3.19 and 3.20
(Th/2 sp) to an experimental half-life (775 cy) gives the transition probability
in Weisskopf units (W.u.) [Fir96]:

Tl/g(EL; ML)SP
B(EL: ML) = W, 321
(EL; ML) Typ(EL; ML)y (3:21)
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Internal conversion

Each internal transition has a certain probability to undergo internal conversion.
In this process, a nucleus interacts directly with an electron from an atomic
orbital. The electron gains the excitation energy of the nucleus and is emitted
from the atom, if the excitation energy exceeds the binding energy of the electron.
The kinetic energy of the electron T, is given by the difference between the
transition energy AFE and the electron binding energy B:

T, = AE — B. (3.22)

A vacancy left in the atomic orbital by the emitted electron is immediately filled
by an electron from the higher atomic shell. The difference between binding
energies of electrons causing initial and final vacancy is released as the emission
of X-rays or Auger electrons. Both have characteristic energies for each element.
A relative intensity of the y-ray emission compared to the conversion-electron
emission is described by the conversion coefficient a;¢:

aroc = nﬂ, (323)

Ty
where n¢ g denotes the number of emitted conversion electrons and n, the number
of emitted v rays. The total conversion coefficient is the sum of conversion
coefficients for major shells and they are sums of conversion coefficients for sub-
shells. Internal conversion can only occur on that shells, where the electron
binding energy is smaller than the transition energy.

The internal-conversion probability depends on several factors. Conversion
coefficient decreases as a function of increasing transition energy, decreasing
nuclear mass and decreasing transition multipolarity. Magnetic transitions are
more likely to be converted than electric ones. Theoretical conversion coefficients
can be evaluated using a generic tool Brlcc [Kib08].

The half-life of the single-particle transition T /5 5 p calculated using Weisskopf
equations 3.19 and 3.20 is not corrected for internal conversion. We can simply
derive the relation between the total half-life of the internal transition 77
(including both y-ray and conversion-electron emission) and 77 /2 gp. The ratio of
neg/n., from Eq. 3.23 is equal to the ratio of probabilities of the CE emission and
y-ray emission Acg/A,. Substituting this into Eq. 3.23 we have A\cp = ajc),.
This leads to the total probability for the given internal transition \:

)\:)\7+)\0E:)\'y(1+a10)- (324)

Using Eq. 3.24 we can write the relation between T /5 of the internal transition
and T1/2 SP.
In2 In2 Tij2sp
Tijp=—= = . 3.25
1/2 )\ /\7(1—%04[0) 1+Oé]C ( )

The angular-momentum conservation law forbids the emission of a single




CHAPTER 3. PHYSICAL BACKGROUND 18

photon for transition between two spin-zero states of the same parity. The
conversion coefficients for such E0 transition is not defined. These transitions
proceed mostly through the conversion-electron emission. When transition en-
ergy exceeds 2m.c?, nucleus can be deexcited by the creation of the electron—
positron pair. The third possibility is the emission of two photons. However,
this is a higher order process with a relative probability of ~ (1072 —10~) and
for practical purposes can be neglected [Kib0§].

3.2 Fusion-evaporation reactions

Isotopes studied in this work were produced in fusion-evaporation reactions. In
these reactions, an incident particle (projectile) is fully absorbed by a target
nucleus resulting in a formation of a compound nucleus (CN). Then the CN
evaporates particles and v rays. The remaining nucleus is called the evaporation
residue (ER). The fusion-evaporation reaction mechanism can be described as
a two-step process:

a+A—C"—b+B, (3.26)

where a means projectile, A is target, C* stands for the compound nucleus, b
are evaporated particles and B is the evaporation residue. The process of the
fusion-evaporation reaction is illustrated schematically in Fig. 3.1.

n® v v
J A k ' n ‘LLL\ ﬂy
— ->U -+ ‘ ) , ) @ ->
beam s A
®n ®p ‘;{ﬂ é Y
fusion Y nucleus in

1022 s particle the ground

evaporation Y-ray emission state

(1019~ 10-16) s (10710 - 1017y s
Fig. 3.1 Schematic drawing of the fusion-evaporation reaction.

The CN formed in heavy-ion reactions is usually in a highly-excited state with
a typical excitation energy of several tens of MeV. That is enough excitation
energy for the emission (called ‘evaporation’) of particles — mainly neutrons,
protons and « particles (see Fig. 3.1). CN loses roughly 10 MeV of its excita-
tion energy evaporating one nucleon. Generally, because the Coulomb barrier
does not affect neutrons, they are more likely to be evaporated compared to
protons. However, for a CN at the neutron-deficient side of the nuclide chart,
the probability of proton evaporation increases. At a given excitation energy
several evaporation channels can be active (with corresponding probabilities),
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e.g., the emission of one proton plus one neutron (pn evaporation channel) can
compete with the two-neutron emission (2n evaporation channel). When the
excitation energy of the CN is not sufficient for the evaporation for four inde-
pendent nucleons, the « particle can still be evaporated due to its high binging
energy.

After the evaporation of particles, the excitation energy of the evaporation
residue is lower than an energy threshold for further particle evaporation, and
the deexcitation proceeds through the emission of v rays. Afterwards, the ER
in its ground (or isomeric) state can live relatively long time until its radioactive
disintegration.

We note that the complete fusion means that the projectile and target nucleus
reach the fully-equilibrated compound-nucleus state. The process competing
with the formation of the CN is the quasi-fission. In this process, the interacting
system a + A undergoes fission before the compound nucleus C' is formed. We
can detect fission-like fragments from this process.

The interaction probability between a projectile a and a target nucleus A is
expressed by the reaction cross section. The cross section o(a, b) of the reaction
a + A— b+ B can be described as:

o(a,b) = oc(a, A)o(b), (3.27)

where o¢(a, A) is the fusion probability of a and A, and o(b) is the probability
for the evaporation of particle(s) b from the compound nucleus C.

Time that projectile needs to traverse the nucleus is ~ (10722 —107%!) s. The
CN formation takes several orders of magnitude longer, ~ (107 — 10716)s,
because of time needed for re-sharing and re-distribution of the incident en-
ergy. As a result of relatively long life-time of the intermediate CN state, the
process of its disintegration is independent on the reaction entrance channel
a + A. This fact was experimentally confirmed, e.g., by the formation of the
compound nucleus *Zn in the reactions o+ %Ni and p +%Cu [Gho50]. The
ratio of cross-sections o(a,n):o(a,2n):o(a,pn) in the reaction with the °Ni
target was in agreement with the ratio of cross sections for the same exit channels
o(p,n):0o(p,2n):o(p,pn) in the reaction with the %Cu target.

At low excitation energies of the CN, the cross section for the production of a
particular ER is limited by the fusion barrier between the projectile and target
nucleus. At high excitation energies of the CN, the fission barrier is the limiting
factor for the production of the certain ER. Thus, for the production of a given
ER, we have to fulfill two contradictory demands: (a) a beam (projectile) energy
must be high enough to overcome the Coulomb barrier between the projectile
and target nucleus and (b) an excitation energy of the formed CN must not
be too high to prevent its fission. Fulfilling these requirements we can find the
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optimal reaction and beam energy for the production of a certain ER.

The dependence of a cross section for the production of a given ER on excita-
tion energy of the CN is called an excitation function. Anexample of asystematic
study of excitation functions for bismuth and polonium isotopes produced in
fusion-evaporation reactions is given in Ref. [And05]. In reactions described in
this work, the production cross sections were in the region of picobarns and
nanobarns (see Sect.5.4).

3.3 Shape of the nucleus

The shell model originally assumed a shperical shape of the nucleus. However,
it was shown that some nuclei have a shape corresponding to a spheroid rather
than a sphere [Rai50, Boh51]. Nuclear shape changes from spherical for nuclei
with magic number of protons and/or neutrons to more deformed when moving
further from closed shells. The effect of shell closures on the shape of nuclear
ground state is illustrated in Fig. 3.2. Energies of single-particle levels and gaps
between them change as a function of nuclear deformation.

Nuclear shapes can be different not only for different nuclides, but also for
different states within one nuclide. It is supposed that this phenomenon, called
shape coexistence, occurs in nuclei all over the nuclide chart (see, for example,
reviews [Ham85, Hey83, Wo092, Hey11]). However, main regions occur near
spherical shells or subshells with the most extensive demonstration in neutron-
deficient isotopes around the shell closure Z = 82 [Heyll]. An interesting
example of shape coexistence is the isotope ®Pb, where spherical, oblate and
prolate shapes were found to coexist [And00].

In aspherical potential, nuclear energy states are labeled asnl;. The numbern
denotes the order of states with a certain [ and can have integer values starting at
n = 1. The numbers [ and j represent an orbital and a total angular momentum
of the level, respectively. The relation between [ and j is: j = [+1/2. For [ the
letters (s(=0),p(=1),d(=2), f, g, h,1, ... and further alphabetically) are used
similar to the description of orbital angular momenta of atomic electrons. A
parity of the state is equal to (—1)". Each shell-model state I; (e.g., hg/2, $1/2,
...) has a degeneracy of (2j+1). It means that all (25 + 1) possible orientations
of ; are equivalent, as we can not define a symmetry axis in a spherical case. A
particular level in a particular nucleus using shell-model notation can be denoted
by ml; or vl;, where m and v refer to proton and neutron, respectively. A number
of particles (or holes) within the state can be denoted by a superscript. Positive
number in the superscript refers to particles and negative number to holes. For
example, v f5/o denotes one neutron in the orbital corresponding to [ = 3 and
j =05/2,and (ms12)~" denotes one hole in the proton orbital corresponding to
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Fig. 3.2 Nuclear ground-state quadrupole deformations B2 [M6195] for most of the isotopes
from the nuclide chart. Closed shells of protons and neutrons are denoted by dashed lines.
Near the closed shells nuclei are spherical or almost spherical and moving further from
closed shells nuclear shapes become deformed. The color scale represents the deformed
nuclear shapes: blue color corresponds to an oblate shape and red color to a prolate shape.
Corresponding deformed nuclear shapes are shown for 55 < 0 (oblate) and B2 > 0 (prolate).
Nuclear symmetry axis and rotational axis are denoted by 2z’ and z”, respectively.

[=0and j=1/2.

In a case of axially symmetric deformed nuclei the situation is different from
the spherical ones. For asingle j in a deformed nucleus there are (2j+1) different
projections €2 on the nuclear symmetry axis. Usually a set of quantum numbers
Q7 [No, n,, A is used for a notation of single-particle levels in the deformed
potential. Ny is a quantum number denoting a major shell, i.e. the total number
of oscillator quanta (Ny = 0,1,2,3,...); 7 is a parity of the level and can be
extracted from a relation 7 = (—1)™0; n, is a number of oscillator quanta along
the nuclear symmetry axis (n, = 0,1,2,...); A is a projection of an orbital
angular momentum [ on the nuclear symmetry axis. The sum of n, and A is
even if Ny is even and odd if Ny is odd. Sometimes a notation K is used instead of
Q. Usually €2 denotes the projection of the single-particle angular momentum
along the nuclear symmetry axis and K denotes the projection of the total
angular momentum along the nuclear symmetry axis. For low-lying states of



CHAPTER 3. PHYSICAL BACKGROUND 22

axially symmetric nuclei the rotational angular momentum is perpendicular to
the symmetry axis, and therefore it does not contribute to K. Thus, we can
substitute K for {2 [Cas90].

In a simplified way, we can imagine a motion of a nucleus to be composed of a
collective and an individual-nucleon component. The situation is schematically
illustrated in Fig.3.3 for a rotating nucleus. A total angular momentum of
the nucleus I is composed of an intrinsic motion of nucleons .J and a collective
motion of the nucleus R: I = J+ R. Intrinsic motlon of nucleons J is composed
of total angular momenta of individual nucleons ]1, jg, j3, ... However, nucleons
within an even-even nucleus are paired resulting in a zero contribution to the
angular momentum of the nucleus. In odd-A nuclei all but one nucleons are
paired, and the intrinsic motion of the nucleus is given by one unpaired valence
nucleon. In odd-odd nuclei or excited nuclei, the intrinsic motion of the nucleus
is given by total angular momenta of all unpaired nucleons. For example, if a
nucleus has two unpaired nucleons with total angular momenta j; and js, the
final intrinsic motion of the nucleus can have values from |j; — 72| to [j1 + j2| in
integer steps. For the simplicity in Fig. 3.3 there is only one valence nucleon,
and thus j = J. Total angular momentum of the nucleon j is the sum of an
orbital angular momentum of a nucleon ['and an intrinsic spin of a nucleon §:
] = [+ 3 If 2, A and ¥ represent the projections of j, [ and S, respectively,
along the nuclear symmetry axis, we can write: {2 = A 4+ 3. Possible values for
¥ are +1/2. Possible values for Q are 1/2, 3/2, ..., J- If more valence nucleons
contribute to the intrinsic motion of the nucleus J the projection of J along
the symmetry axis is usually denoted by K: K = Qq + Qs + Q3+ ... .

Each intrinsic spin of a nucleus J (with its projection K along the nuclear
symmetry axis) has associated quantized rotational motion called a rotational
band. A state with a total angular momentum of the nucleus I = K is called
a bandhead of the rotational band. Excited states of the rotational band have
total angular momenta of K + 1, K + 2, K + 3, ... There is one exception: if
K = 0, states of the rotational band only have even total angular momenta:
I =0,2,4,6,... [Cas90]. As a rotational axis of the nucleus is perpendicular
to the nuclear symmetry axis, each state of the rotational band has the same
projection along the symmetry axis (K). Energies of rotational levels can be
calculated from the relation [Kra88]:

B2
E = 2j]([+ 1), (3.28)
where J is a moment of inertia. Rotational motion can be only observed in a
non-spherical nucleus. A representative of a shape of a non-spherical nucleus is
a spheroid (ellipsoid of revolution). A spheroid is created by rotating an ellipse
about one of its principal axes; a prolate shape is obtained by rotating about
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Fig. 3.3 Nuclear angular-momentum diagram for a rotating nucleus. A total angular
momentum of the nucleus 7 is composed of an intrinsic motion of nucleons J and a collective
rotational motion of the nucleus K. The intrinsic motion of nucleons is in the illustrated
case created by one unpaired nucleon with a total angular momentum j composed of an
orbital angular momentum of the nucleon [ and an intrinsic spin of the nucleon §. Nuclear
symmetry axis and rotational axis are denoted by 2z’ and z”, respectively. See the text for
more details

its major axis and an oblate shape is obtained by rotating about its minor axis
(see Fig.3.4). We can define a deformation parameter 3, which is related to
the eccentricity of an ellipse as [Kra88]:

where AR is the difference between the semi-major and semi-minor axes of the
ellipse and R, is equal to RyAY/?. A shape of the nucleus is prolate when 35 > 0
and oblate when (3, < 0.

(3.29)

3 IRl

< <

oblate 4 prolate
p2<0 p2>0

ifl !o )
, ‘ \
llllnm'.‘.s,,
1|IIIII “’f(lm\

\ “Ql )

\

Fig. 3.4 Deformed axially symmetric nuclear shapes: oblate on the the left side and prolate
on the right side. Nuclear symmetry axis and rotational axis are denoted by z’' and z”,
respectively.
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Experiment

4.1 Experimental Setup

4.1.1 SHIP

SHIP (Separator for Heavy Ion reaction Products) is one of the most successful
facilities aimed at production and studies of heavy and superheavy elements
[Miin79]. New elements with proton numbers from 107 to 112 were identified at
SHIP in years 1981 —1996. Nowadays spectroscopic experiments aimed at inves-
tigation of neutron-deficient nuclei, mass measurements and nuclear-reaction
studies are in progress at SHIP. Beam is provided by the UNILAC (UNIversal
Linear AcCcelerator) accelerator. UNILAC can deliver beam of all stable elements
up to uranium (Z = 92) with energies up to 20 MeV /u [Ant05]. Accuracy of the
beam energy is +0.01 MeV /u and beam intensities can reach 3.0 puA for ° Ar®+,
1.2 ppA for 8Fe®™ and 0.4 puA for #2Se'?* (1puA = 6.24 x 10'2 particles/s)
[Hof00)].

The beam is focused on a target area to a spot with a diameter of ~5mm.
Eight foils with a thickness of (0.1 —1.0) mg/cm? are used as targets. The target
material is evaporated on a carbon backing with a thickness of (35 —60) pg/cm?
and covered with another ~ 10-ug/cm? carbon foil to reduce radiation damage
of the target material and to increase its emissivity. To increase a melting tem-
perature of the targets, they are often made as compounds with some admixture
material with high melting point [Lom02]. In our experiments, the admixture
of F3 was added to the main target materials (14!Pr, 7Sm, 19Sm). Target foils
are mounted on a wheel rotating synchronously to the beam macro-structure
(usually 5 ms beam on and 15ms beam off). Another carbon foil with a thick-
ness of (30 — 60) ug/cm? is placed ~ 20 cm behind the target. The foil is used
to equilibrate a charge state of reaction products, as the filter is optimized for
the transmission of particles with a particular charge state, and particles with
other charge states are suppressed. Reaction products are leaving the target

24
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at different angles due to scattering in the target material and evaporation of
particles. In order to focus and gather nuclei from the maximum solid angle,
two electromagnetic lenses arranged as quadrupole triplets are placed at the
beginning and at the end of the ion-optical system (see Fig.4.1).

Dipole
Magnet V

Magnetical
Quadrupoles Il

Electric
Deflector I

Beam Stop
Velocity Slit

Dipole
Magnets I-IV

Electric
Deflector|

Magnetical

Beam Target Quadrupoles |

Wheel
Fig. 4.1 Velocity filter sHIP.

SHIP is an electromagnetic separator designed for in-flight separation of
complete-fusion reaction products. In contrast to classical Wien-filter, SHIP
has separated electric and magnetic field improving its efficiency and primary-
beam suppression, which can reach a factor of 107 — 10''. Suppression of beam
particles with full energy is even some orders of magnitude higher (1012 —10).
This allows the collection of reaction products in the beam direction and mea-
surements of isotopes with small production cross sections. Especially for heavier
compound nuclei produced by light projectiles with proton number less than
36 (=krypton), background suppression is so high that there is no problem
with background even for beam intensities higher than 10'2 particles/s. High
background suppression along with the short separation time (~ microseconds)
enables the investigation of unstable isotopes in neutron-deficient regions up to
the heaviest nuclei (Z > 100). Reaction products are accepted within the angle
of 3 degrees in axial direction and are effectively transmitted within +5 % from
the expected mean velocity of complete-fusion reaction products and +10 %
from the mean charge state. Transmission of SHIP is from 10 % for asymmetric
reactions to 60 % for more symmetric reactions [Miin79).
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The overall configuration of the filter is QQQEM MMM EQQQ (see Fig.
4.1). @ means magnetic quadrupole, E is electric deflector, M is magnetic
dipole. An additional magnetic dipole with deflecting angle between 0 and 15
degrees (typically 7.5 degrees) was added behind the last quadrupole triplet in
1994. It helps to reduce background in some cases [Hof00]. A main part of
the separator consists of electric deflectors and magnetic dipoles. A maximum
field strength of dipole magnets is 0.7 T [Miin79]. The velocity filter utilizes the
different velocity between complete-fusion-reaction products and other particles
(i.e. elastically scattered projectiles, scattered products of inelastic reactions
like transfer reactions or incomplete fusion) for separation. The specific F/B
ratio permits only particles with particular velocity to pass the filter.

4.1.2 Detectors

After separation, reaction products enter a system of detectors (see Fig.4.2).

4-fold germanium
(clover) detector

16-strip position-sensitive
silicon detector#ssp

time-of-flight (TOF)
detectors

silicon (VETO)
detector

silicon (BOX)
detectors

Fig. 4.2 Detection system used at SHIP.
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Pssp

Studied nuclei are implanted into a 16-strip position-sensitive silicon detector
(PssD) with an active area of (80 x 35) mm? and a thickness of 300 ym placed at
the focal plane of the separator. A resistive layer provides a position sensitivity
in a vertical direction through charge distribution. A position resolution for «
particles in experiments described in this work was (0.8 — 1.0) mm (FWHM),
which was equivalent to a system of more than 560 single detectors with an area
of (1 x 5)mm?. A thickness of a dead layer is 11.6 ug/cm? [Hof07].

Efficiency for the detection of full energy of a particles depends on an implan-
tation depth of an evaporation residue (ER) and a range of « particles in silicon.
Typical implantation depth of the ER is a few micrometers and the range of
7-MeV « particles in silicon is ~40 um. Assuming these values we have the
geometric efficiency of ~ 54 % for the detection of «a particles with full-energy
release in the PSSD. In a fission process, the efficiency for the detection of both
fission fragments with full energy reaches ~ 60 %, considering the implantation
depth of (4 — 5) um for the ER and the range of 20 ym for fission fragments
in silicon. These are typical values for heavy nuclei with total kinetic energy
of fission fragments ~ 240 MeV [Hof07]. Energy resolution for « particles is
~30keV (FWHM).

Box detectors

Particles escaped from the PSSD to the backward direction can be detected by
a system of six silicon detectors (denoted as ‘BOX’ in the following text) placed
upstream the beam. BoX detectors are divided into 28 segments (altogether).
A geometrical efficiency of the BOX system amounts 80 % of 2w [And04b]. En-
ergy resolution for a particles measured by the PSSD + BOX system is ~ 70 keV
(FWHM). Compared to the PssSD the resolution of the BOX system is worse
because particles registered in the BOX detectors must pass through both dead
layers of the PSSD and BOX detectors.

VETO detector

Another silicon ‘VETO’ detector is placed behind the PSSD. It helps to recognize
particles, mostly high-energy protons, which came from the separator, passed
through the PSSD and were not registered by a time-of-flight system (see next
paragraph). These particles are recognized by requiring coincidence signals
from both PsSSD and VETO detector. All the silicon detectors are cooled down
to —10 C.

Tor detectors

In front of the PsSD three time-of-flight (TOF) detectors (for more details see
Ref. [S&r96]) are installed giving both START and STOP signals for passing
particles. The STOP signal can be taken from the pPssSD as well. Each TOF
detector consists of two 30-um/cm? thick carbon foils placed 40 mm far from
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each other. When ions cross the first foil, secondary electrons are emitted.
They are accelerated by a voltage of 3.8kV applied on the second foil and
deflected by a magnetic field to a microchannel plate working as an amplifier.
Time resolution of TOF detectors is ~ 700 ps. In experiments described in this
work the detection efficiency was 98.4% when two TOF detectors were used
and 99.4 % when three TOF detectors were used. The number of TOF detectors
used in particular experiments is a compromise between a maximization of the
detection efficiency and a minimization of energy losses in carbon foils.

An (anti)coincidence condition between signals from the PSSD and the TOF
system allows nuclei coming from the separator to be distinguished from nuclei
decaying behind the TOF system. By measuring time of flight and kinetic energy
of implanted events, complete-fusion reaction products are distinguished from
other implanted particles, for example, scattered projectiles or transfer-reaction
products.

Clover detector

For the detection of v rays several large-volume germanium ‘clover’ detectors
can be placed closely behind the pPSsD. They are composed of four identical
crystals (Clover 1 — 4). One of two Clover detectors with different volumes
is usually used at SHIP: either the larger one with a diameter of 70 mm and
a length of 140 mm shaped to form a block of (124 x 124 x 140) mm? or the
smaller one with a diameter of (50 — 55) mm and a length of 70 mm shaped
to form a block of (102 x 102 x 70)mm?®. In experiments described in this
work the smaller Clover was used. Gamma rays are measured as individual
events or in a coincidence with signals from the PSSD within a time window of
5 ps. Energy resolution of germanium detectors is ~ (1.4-2.1) keV (FWHM). A
detection efficiency amounts ~ 10 % and ~ 12 % for v rays with E, ~120keV
for the larger and smaller detector, respectively (see Fig. 4.3).

4.2 Electronics and data analysis

During an experimental run different kinds of particles enter a system of de-
tectors consisting of different types of detectors (see Sect.4.1.2). They register
events in a wide energy range from several keV (for example, low-energy pho-
tons) to hundreds of MeV (for example, projectiles which passed through the
separator). Therefore, the electronic system used at SHIP is divided into two
branches optimized for low- and high-energy events:

e In silicon detectors, a low-energy branch registers events up to ~ 16 MeV.
This branch is optimized for a-decay measurements.
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Fig. 4.3 Gamma-ray detection-efficiency curves for germanium clover detectors used at SHIP
[Kall0]. One of two Clovers with different volumes of crystals is used: the larger one with a
size of (124 x 124 x 140) mm? (left side) or the smaller one with a size of (102 x 102 x 70) mm?
(right side) (see the text for more details). In experiments described in this work the smaller
detector was used. For the estimation of a relative efficiency, we used external «-ray sources:
152Fu (black circles) and 33Ba (red squares). For the estimation of an absolute efficiency,
we used decays of nuclei implanted into the PSSD (remaining colored symbols).

In germanium crystals, events up to ~ 1.4 MeV are registered in the low-
energy branch.

o A high-energy branchregisters events up to ~ 300 MeV in silicon detectors.
This branch is suitable for the detection of fission fragments and implanted
compound nuclei from fusion-evaporation reactions.

In germanium crystals, the high-energy branch detects events up to ~ 8 MeV,
for example, high-energy ~ rays from a fission process.

Signals in the low-energy branch are about 10 times more amplified than the
ones in the high-energy branch.

Data are registered as one event within a coincidence time window of 5 us.
After this period follows a ~ 17-us long dead time of the acquisition system.
After the dead time, signals within a 5-us long period are taken as another
event. Within one event, time differences between signals from the PSSD and
germanium crystals are measured with a TAC. A trigger for data acquisition in
experiments described in this work was set to the signal from the PSSD. Signals
from germanium crystals are delayed for about 0.8 us, that allows to measure
events in crystals preceding events in the PSSD. Times of events in germanium
crystals occurring after events in the PSSD are measured up to ~ 2.6 us [Ant11].
Time resolution of the TAC is ~ 300 ns.

For each event registered in the PSSD a signal from both top and bottom of
the strip is taken separately. The total energy signal is obtained as a sum of both
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signals (top+bottom). By comparing the single signals from top and bottom
with the total signal (top+bottom) we estimate a position within the strip where
the event appeared. The information on the exact position is utilized in the
search for correlated events. For example, we can search for a signal from the
implantation of a nucleus followed by a signal of its a decay (ER-a1 correlation)
or signals from several subsequent o decays of one particular nucleus (parent,
daughter, granddaughter, ... decay, i.e. al-a2-a3-... correlation). We require
all the signals from correlated events to come from the same position within
the same strip of the PSSD. Usually a position window of £(0.4 — 0.5) mm is
sufficient for the search of ER-a and a-a correlations. The « particles escaped
from the PSSD releasing there only part of their energy have larger uncertainty
of position estimation. In such cases usually a position window of £1.5mm
is used. However, the width of the position window can vary a bit and must
be checked for each experiment particularly. In data analysis described in this
work we used position windows of +0.5mm for the search of ER-a and a-«a
correlations detected in the PSSD and £+1.5mm for the search of « particles
detected with the PSSD 4 BOX system.

We used time and position correlations of implanted ERs and their subsequent
a decays when identifying the studied isotopes. The time windows At(ER-
al), At(al-a2), ... were selected as a compromise between minimizing random
correlations and covering most of the true correlations. The correlation method
is highly selective and enables tracking of decays of particular nuclei at rather
low production cross sections (down to picobarns). For more details on the
correlation method see Ref. [Hof79)].

Data can be analyzed either on-line during an experimental run or off-line
after the end of the experiment. In this work, we present results of the off-line
analysis using the analysis code based on ROOT [Bru97] optimized for the SHIP
setup implemented in the Go4 (GSI object oriented on-line off-line system)
framework. We modified the analysis part of the program to match particular
settings used in each experiment.

4.3 Calibrations

Before the actual data analysis silicon and germanium detectors must be properly
calibrated. Calibrations must be performed separately for low- and high-energy
electronic branch. Several calibrations are applied:

e Detector response to the particle with a specific energy depends on a
position within the strip of the PSSD, where an event occurs. In order to
reduce this dependence a ballistic calibration of the PSSD is done for each
strip. Elimination of the position dependence of energy of registered events
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improves the energy resolution for each strip. For this type of calibration
we use a 2nd-order polynomial as a calibration function.

e For an energy calibration of the PSSD we can use external a sources or «
decays of nuclei implanted into the detector. However, external sources
have two main disadvantages: (a) « particles from the external source
lose part of their energy in the dead layer of the detector. This effect does
not occur in case of studied nuclei, which are implanted into the detector.
(b) In the a-decay process a part of the kinetic energy is carried by the
recoiling nucleus. This contribution is not included in calibration using
external sources.

In this work we used « decays of nuclei implanted into the PSSD for the
energy calibration. The « emitter selected for calibration should have
similar mass as the studied isotope to guarantee similar energy distribution
between the emitted « particle and the recoil of the ER. It is convenient to
use even-even isotopes, because most of their a decays usually connects
0" ground states in parent and daughter nuclides. When the o decay
populates excited levels in the daughter nucleus, the ‘energy-summing
effect’” may occur. It means that energy of conversion electrons (and also
X-rays) from the deexcitation process can be summed with the energy of
the «a particle. Energy summing hampers the identification of « lines in
the a-decay spectrum and makes the calibration less precise. For more
details on the energy-summing effect see Sect. 4.4.

Energy calibration must be done for each strip of the psSD. For high-
energy calibration, besides « lines, we can also use projectiles with full
energy, which passed through the separator. In our analysis we use a linear
function for energy calibration.

o A position calibration of the PSSD reconciles positions measured by the low-
and high-energy branch of electronics. We need the positions measured
by both branches to be in line with each other, when we are analyzing, for
example, ER-« correlations. A signal from the ER implantation is usually
recorded by the high-energy branch, while o decays are recorded by the
low-energy branch. (Actually, they are recorded by both branches, but the
low-energy branch has better resolution, as it covers about 20 times smaller
energy range with the same number of channels.) Differences in positions
between both branches can be caused by the different amplification applied
in each case. Amplification used in the low-energy branch is about 10
times lower than in the high-energy branch. The position calibration can
be performed in two ways:
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— We can use events with measured position signals in both low- and
high-energy branch of electronics.

— We can use two correlated events with expected signals from the same
position in the PSSD, one in the low-energy branch and the other in
the high-energy branch. This method is applicable if some short-lived
« emitter is produced in the measurement and is implanted into the
pPSsSD. The ER implantation provides a position signal for the high-
energy branch and its subsequent a-decay provides a position signal
for the low-energy branch.

Calibration function applied in our analysis is the 4th-order polynomial.
The calibration coefficients are extracted for signals from both top and
bottom of the PSSD strips.

e An energy calibration of germanium detectors is mostly done using the
sources *3Ba and '»?Eu emitting v rays in a wide energy range from
~50keV up to ~1.4MeV. Due to a non-linearity of germanium crystals,
the calibration function is fitted by the 3rd-order polynomial.

4.4 «- and ~y-decay spectroscopy

Although each o emitter emits a particles of specific energies, it may not be
easy to identify them in an a-decay energy spectrum. In experiments at SHIP,
various evaporation residues are produced in different evaporation channels of
complete-fusion reactions. Besides the studied nuclides with proton number Z
and neutron number N, isotopes with similar Z and N are also transmitted
through the separator and implanted into a detector system. Alpha-decay energy
spectra measured in the PSSD are then rather complex and contain peaks from
different isotopes.

The alpa-decay pattern of a single isotope could also be complex, since it might
populate various excited level in a daughter isotope. An example of the isotope
with such a complex decay scheme is 2**No: 58 % of its o decays populate a
200-keV level in >*'Fm (E, = 8095keV), 19 % of decays populate a 558-keV level
(B, = 7742keV), and 11 % of decays populate a 392-keV level (E, = 7903 keV).
A few other excited levels in 2! Fr are populated with relative intensities of a few
% each [HeB06]. The a-decay energy spectrum of such isotopes contains several
a lines. From a-decay energies and partial half-lives we can extract information
about hindrance factors for each transition. A measure of hindrance helps us to
determine the difference in structure between the states connected by a given
« transition. (Some of the methods for the evaluation of hindrance factors are
described in Sect.3.1.1.)
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To test if « lines stem from the same level and populate different levels in a
daughter nucleus (i.e. a-decay fine structure), we can look for v rays coming in
coincidence with « signals. The detection of a prompt a-v coincidence means
that an a decay populates a state promptly deexciting by a ~-ray emission. If
the difference between () values of two a decays equals the y-ray energy coming
in coincidence with the lower-energy « line, it is a strong indication for the
a-decay fine structure. Considering a vy-ray detection efficiency and probability
of the internal conversion, this test is possible only if we have at least several
hundreds of counts within studied « lines.

Detailed information on nuclear energy levels can be acquired by a combi-
nation of two complementary techniques: ~-ray spectroscopy and conversion-
electron spectroscopy. A comparison of numbers of detected v rays and conver-
sion electrons enables the estimation of the internal-conversion coefficient for
a given transition. By comparing the experimental internal-conversion coeffi-
cient with expected values for various multipolarities (e.g., from Ref. [Kib08§]),
we can assign a multipolarity to the studied transition. Information about the
transition multipolarity can help us to determine a change of spin and parity
between the states connected by the internal transition.

(Isomeric) states decaying by a cascade of internal transitions can be identified
and investigated by the detection of -y and/or electron-v coincidences. Such
studies require even higher number of produced nuclei (at least thousands) than
are needed in a- or a-7 spectroscopic studies.

Analyzing a-decay spectra, one must be aware of the ‘energy-summing’ ef-
fect. This effect occurs when o emitters implanted into a detector decay to
excited levels in daughter nuclei. Conversion electrons emitted in the deexci-
tation process leave full or part of their energy in the detector. This energy is
summed with the a-particle energy and in the output signal from the detector
we usually cannot distinguish these components. To a lesser extent also the
energy of v and X-rays can be summed with the a-particle energy, which is
valid mostly for low-energy photons. High-energy v rays tend to escape from
the detector undetected. Energy-summing effect causes a shift of a peaks to
higher energies or change in their shapes and relative intensities or even the
occurrence of additional lines in the a-decay spectra [HeB89]. An example of an
isotope with a decay scheme resulting in the complex a-decay spectrum is 23 No.
This nucleus decays mainly by the emission of an 8004- (~96 %) or 8075-keV
« particle (~4%). These decays populate excited levels in a daughter isotope
29Fm (at 279.5 and 209.3keV, respectively). Thus, the a-decay spectrum of
253No is more complex than just two peaks at corresponding energies due to the
energy-summing effect. A valuable tool for the analysis of such complex decay
patterns are computer Monte-Carlo simulations. We performed simulations of
the v decay of ?*No using GEANT 4 and discuss the results in Appendix B.
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Results and discussions

In this chapter we present and discuss results from two experiments aimed
at the investigation of decay properties of very neutron-deficient radium and
francium isotopes. Studied nuclides, *77292Fr and 2°'=2%Ra, were produced
in fusion-evaporation reactions *Fe +4"119Sm and “Ni +!'Pr at sure (GSI,
Darmstadt). Prior to this work, only very limited statistics were recorded for
some of the studied nuclides, namely 2172 Ra and '%Fr, and no experimental
decay data were published for 7198Fr. Our goal was to extract detailed in-
formation on nuclear structure of these nuclides. Results are described in next
sections for each isotope separately.

5.1 Reaction *°Fe + 171498 m

In this section we describe decay properties of very neutron-deficient radium,
201-2083R 4, and francium, 2°°~202Fr, isotopes. These isotopes are in the region of
the nuclide chart known for interesting nuclear-structure phenomena, e.g., shape
coexistence and (3-delayed fission. Recent experiments indicated the coexistence
of states with different shapes in light francium isotopes [Uus05, Jak13, Jak12].
We expect shape coexistence to be present in neutron-deficient radium isotopes as
well. However, the experimental information on these isotopes is very limited
up to now. This motivated us to investigate decay properties of mentioned
nuclides.

Our experiment was performed at SHIP (for the description of SHIP see
Sect. 4.1.1) using the fusion-evaporation reaction °Fe + 71495 m — 203205R5*,
Irradiations were performed at several beam energies in the range of (244 —
275) MeV in front of the target. An average beam intensity was ~ 600 pnA (par-
ticlenA),i.e. ~30 pA (electric pA)in the pulse (1 pnA = 6.242 x 10? particles/s).
A charge state of the projectiles was 13+. Targets were prepared as SmF3 com-
pounds. An average thickness of enriched "SmF3 material was ~ 500 pg/cm?,

34



CHAPTER 5. RESULTS AND DISCUSSIONS 35

which is equivalent to a contribution of ~ 360 ug/cm? of pure *"Sm. An average
thickness of enriched ?SmF3 material was ~ 450 pug/cm?, which is equivalent
to a contribution of ~ 330 ug/cm? of pure *Sm.

In this experiment all three TOF detectors were used. Energy resolution of
single strips of the PsSD for a particles was ~25keV (FWHM). For energy cali-
bration of the PSSD we used « lines at 6311(5), 6609(5), 6699(5), and 6843(3) keV
from decays of °1Bi, %P0, % Po™ and "Po isotopes [Fir04], respectively,
produced in the reaction *Fe+ “'Pr [And09, And13a] applied before the ir-
radiation of samarium targets. For the energy calibration of the germanium
detector we used 7 lines from *3Ba and ®2Eu sources.

Results presented in this section were published in Physical Review C [Kall4].

5.1.1 Isotope >’Ra

Experimental data known prior to this work

Before our study, the observation of 2°2Ra was reported in two experiments; each
one of them detecting only one a-decay event attributed to 2“?Ra. Both events
were registered in experiments at the gas-filled recoil separator RITU (Recoil Ton
Transport Unit) at the Department of Physics of the University of Jyvéskyla
(JYFL) in Finland. The measurements reported significantly different values for
the a-decay energies and life-times of 2?Ra. One decay chain was produced
in the reaction *Ar+17Yb at a beam energy of 201 MeV yielding a parent
(?2Ra) a-decay energy of 7860(60) keV and a half-life of 0.7133 ms [Lei96]. The
« particle tentatively assigned to the decay of ?°?Ra was followed by two escaped
aparticles. The production cross section for 2°? Ra in that measurement was 2 nb.
Another triple-« correlation chain was observed in the reaction Cu + ' Pr at
a beam energy of (278 — 288) MeV yielding a parent (**’Ra) a-decay energy of
7740(20) keV and a half-life of 1673" ms [Uus05]. In this case the daughter
particle escaped while the granddaughter decay was registered with full energy.
The cross section for the 22 Ra production in that experiment was 25 pb. Reduced
widths for a decays evaluated from both measurements were (in spite of large
uncertainties) very different (4307303" [Lei96] and 44755 keV [Uus05]) and will
be discussed later in this section.

Our experimental results

We collected decay data for ?“?Ra at several beam energies in the range of
(244 —275) MeV in front of the 1*9Sm target. The corresponding excitation en-
ergy of the compound nuclei was in the range of (30 —53) MeV for production at
2/3 of the target thickness, which we consider to be the most probable location
for the formation of evaporation residues. At these beam energies, mainly fran-
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cium and radon isotopes were produced in pxrn and 2pxrn evaporation channels,
respectively (see Fig.5.1).
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Fig. 5.1 Alpha-decay energy spectrum measured in the PSSD in anticoincidence with the
TOF detectors in the reaction Fe + "9Sm at Epeqm = 244 and 256 MeV.

ER-a1-a2-a8 correlations We were searching for the decays of *?Ra by
searching for the time- and position-correlated events consisting of signals from
an implantation of an evaporation residue and its subsequent « decays (ER-a/1-
a2 chains). The a-decay properties of ' Rn, the a-decay daughter of 2°?Ra, are
known. Thus, in the detected ER-al-a2 correlation chain with the daughter
a2 decay corresponding to the decay of ®Rn, the parent al activity originates
from 2*?Ra.

In our data we used correlation time windows of At(ER-al) < 50ms and
At(al-a2) < 300ms to search for ***Ra. Correlation parent(a1)-daughter(a?2)
energy spectrum using these time windows is shown in Fig.5.2. Sixteen ER-
al-a2 decay chains were registered with daughter decay characteristics (an a-
decay energy of 7198(6) keV and a half-life of 383* ms) corresponding to **Rn
(reference values: E, = 7205(5) keV, T} /5 = 64(2) ms [Bij95]). Therefore, we
assigned the parent al activity with an a-decay energy of 7722(7) keV and a
half-life of 3.8%4:3 ms to 22Ra (see Tab.5.1).

For all the ER-a1-a2 chains we found the correlated granddaughter a3 decay
with an a-decay energy of 6846(7)keV and a half-life of 34077° ms. These
properties correspond to *Po (reference values: E, = 6842(6)keV, Ty/2 =
392(4) ms [Wau93]), which confirms that 16 detected chains originate from 2> Ra.
The a-decay scheme of 2°?Ra is shown in Fig. 5.3.

The @, value of the 7722(7)-keV decay is 7878(7) keV. The maximum cross
section for the production of 2%2Ra, 0.2(1) nb, was measured at Fyeq,, = 244 MeV
(Efy = 30MeV). One of the 16 detected events of **Ra was registered in the
irradiation of the 147Sm target. However, in this case we suppose that 2*?Ra was
produced in the reaction with *?Sm, which was a 0.53-% admixture in the 4"Sm
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Fig. 5.2 Correlation parent-daughter al-a2 energy spectrum measured in the PSSD + BOX
system in the reaction *’Fe 4+ '°Sm at Epeqyn = 244 and 256 MeV. Correlation search times
were At(ER-al) < 50ms and At(al-a2) < 300ms. Full circles represent events with both
al and a2 particles fully stopped in the PSSD, while open squares represent cases where the
al or a2 particle (or both) were registered with the PSSD 4+ BOX system.

Tab. 5.1 The a-decay properties of 2°2Ra.

Ea T1/2 5(2){
isotope  (keV) (ms) (keV) ref.
202Ra 7722(7)  3.8Tp% 2107%) this work
7740(20) 16730 44753 @ [Uus05]

7860(60) 0.7733 43073320 & [Leio6]

2 Values of §2 were calculated according to Rasmussen prescription [Ras59] using input values (Eo and
Ty /) from cited references.

target, as the production cross section for the reaction 9Sm(°*6Fe,3n)**?Ra is
considerably higher than for 7Sm(°Fe,1n)?**Ra.

We observed the correlated a3 decay of %4 Po for all 16 detected ER-a1(***Ra)-
a2(Rn) chains. Thus, considering 16 o decays and zero 3 decays' of 1**Po, we
obtain the lower limit of 88 % for the a-decay branch in '%*Po. This value agrees
with the value of 93(7) % reported previously [Wau93]. The same consideration
can also be applied on the second member of the correlation chain, ®Rn. As

!zero observed events with assumed Poisson’s distribution have an upper 1o limit of 1.84

[Schy4]
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Fig. 5.3 Partial a-decay scheme of 2°2Ra. The values for 2°?Ra are from our work and for
198Rn, 194Po from Refs. [Bij95, Wau93]. Alpha-decay energies and reduced widths are in
keV.

we observed correlated a2 (1Rn) decays for all detected ER-a1(**?Ra) pairs,
we evaluate the lower limit for the a branch in '®Rn to be more than 88 %.

Discussion

The a-decay properties for the two 2"?Ra events registered in previous exper-
iments resulted in reduced a-decay widths of 4307385° [Lei96] and 44735 keV
[Uus05]. One of them indicated a tendency of lowering 42 at decreasing neu-
tron number in radium isotopes, while the other indicated an increasing trend.
Both trends have been observed for even-even isotopes of neighboring elements
(see Fig.5.4(a)) and their interpretation is discussed in Ref. [And13c]|.

We deduced the reduced a-decay width using the Rasmussen prescription
[Ras59] assuming AL = 0 and obtained 62 = 210710 keV for the 7722-keV «
decay of ?*?Ra, confirming unambiguously the trend of increasing 2. Recent
results also show the tendency of increasing 62 in neighboring thorium [Her10]
and radon [And06, Ket01] isotopes.

The improved values of @, (7.878(7) MeV) and atomic mass excess (10.6(1)
MeV) for ??Ra obtained from our measurement follow the trends of @, values
and atomic mass excesses for radium isotopes (see Fig.5.4(b) and Fig.5.10 in
next Sect.5.1.2 on ?"'Ra).

We note that the event with the a-decay energy of 7860(60) keV and a half-life
of 0.713:3 ms attributed to 2?Ra in previous measurement at RITU [Lei96], may
have actually originated from 2°'Ra.
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Fig. 5.4 (a) Systematics of reduced a-decay widths for even-even isotopes of elements from
polonium (Z = 84) to thorium (Z = 90) in the vicinity of the shell closure N = 126. (b)
Systematics of @, values for the nuclides from (a). The values of reduced a-decay widths
are taken from Refs. [And13c, Her10, nndc] except for the value for 2°?Ra, which is from our
data.

5.1.2 Isotope ?’'Ra

Experimental data known prior to this work

Only one ER-al-a2-a3(escaped) decay chain originating from ?*’Ra was ob-
served before our measurement. The chain was recorded in an experiment
performed at RITU at JYFL [Uus05]. The event was produced in the reaction
63Cu + 1 Pr at a beam energy of (278 —288) MeV. Measured a-decay energy for
21Ra was 7905(20) keV and a half-life 1.67)7ms. The a2 and a3 decays were
attributed to originate from the 13/2% states in 1% Rn and 1**Po, respectively. A
spin and parity of 13/27 was also assigned to the corresponding state in ?*'Ra,
because the a1l decay was considered to be unhindered based on the comparison
of measured and calculated a-decay half-lives. The production cross section for
201Ra in that reaction was 25 pb.
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Our experimental results

In the reaction *Fe 4 47Sm at a beam energy of 249 MeV corresponding to an
excitation energy of 27 MeV of a compound nucleus ?**Ra*, mainly radon and
astatine isotopes were produced (see Fig.5.5). The corresponding evaporation
channels for their production are azn and apxn, respectively.
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Fig. 5.5 Alpha-decay energy spectrum measured in the PSSD in anticoincidence with the
TOF detectors in the reaction °°Fe +147Sm at Epeqm = 249 MeV.

ER-a1-a2-a8 correlation chain  We registered one ER-a1-a2(escaped)-a3
correlation chain with parent a-decay energy of 7842(12) keV and a life-time
of 12.0ms in the reaction with the 47Sm target at a beam energy of 249 MeV
(see Fig.5.6). The parent a1 decay was followed by the daughter a2 decay after
51 ms. The a2 particle escaped from the PSSD, depositing only part of its energy
(4191keV). The a3 decay with an energy of 6947(12) keV was detected with
full energy in the PSSD 644 ms after the a2 decay. The al and a3 decays were
registered in the pause between beam pulses, while the a2 decay was recorded
in the pulse. The decays were registered in the last strip (No. 16) of the PSSD
and in the 1/4 of the strip length. The positions from the bottom and top of
the strip for correlated signals of the decay chain are shown in Fig. 5.6.

The energy of the ER before the implantation into the PSSD calculated by
LISE++ [Tar08] is 53 MeV. The registered energy of implanted ER was only
21.6 MeV. The detected energy is lower than the expected one due to the pulse-
height defect, which may be up to several tens of % [Ant01]. The location
of the ER in a two-dimensional plot showing the time of flight and energy of
implanted particles is shown in Fig. 5.7. Three groups of events are visible in the
plot: the scattered projectiles (on the right side), the complete-fusion reaction
products (in the middle) and the scattered target or target-like nuclei from
elastic scattering or transfer reactions, respectively (below the complete-fusion
reaction products).
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ER | Yiop =7.9 mm
S6Fe +147Sm -, 20lRa + Ybottom = 26.7 mm
E(°5Fe) = 249 MeV
' 201Rg
psspstrip No. 16
al “E, . =7842(12) keV
At(ER-0l) =12.0 ms
Yiop = 7.9 mm
197Rn Ybottom = 26.4 mm

a2 /E_,= 4191 keV (escaped)
At(al-02) =51.3ms

Ytop = 8.0 mm

193po Ybottom = 25.7 mm

03 “E.3 = 6947(12) keV
At(a2-03) = 644.2 ms
Yiop = 8.0 mm

189Pb|  yigtom = 26.5 mm

Fig. 5.6 Correlation a-decay chain attributed to 2! Ra observed in the reaction *°Fe + 147Sm
at Epeam = 249 MeV. Measured energies in the PSSD, time differences between subsequent
signals and positions obtained from the top (y0p) and bottom (Ypottom) of the strip are
shown. The al and a3 particles were fully stopped in the pPssD, while the a2 particle

escaped.

We assign the a3 decay to the known decay of the 3/2~ state in **Po (with
reference values E, = 6949(5) keV, T} o = 450(40) ms [Wau93]). The measured
time difference between al and a2 decays, At(al-a2) =51 ms, agrees with the
known half-life of the 3/27 state in "Rn (reference value is 6577} ms [Enq96a)).
Based on the properties of the @2 and a3 decay, we attribute the parent 7842(12)-
keV al decay with a half-life of 81° ms to 2*'Ra (see Tab.5.2).

Tab. 5.2 The a-decay properties of 2! Ra.

E, Ty /o o2
isotope  I™ (keV) (ms) (keV) ref.

201Ra  3/27  7842(12) 8TY° 43120 this work
13/2  7905(20) 1.6707 140750 2 [Uus05]

2 Value of 62 was calculated according to Rasmussen prescription [Ras59] using input values (Eq and
Ty /) from cited reference.

The a3 decay of the 2°!Ra decay chain registered in our measurement popu-
lates the 3/2~ state in '®Pb. Its half-life is 39(8) s [Sau09]. This state in '%Ph
decays predominantly by the EC/31 decay. Only less than 1% of decays pro-
ceeds through an a-particle emission (with an energy of 5764(6) or 5619(5) keV)
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Fig. 5.7 A two-dimensional plot showing time of flight (horizontal axis) and energy (vertical
axis) of implanted particles. A position of the evaporation residue (ER) attributed to 2°!Ra
is marked by the black full star. The color scale corresponds to the number of events in one
pixel. Events on the right side are scattered projectiles, events in the middle are complete-
fusion reaction products and below them are the scattered target or target-like nuclei from
elastic scattering or transfer reactions, respectively. Time on the horizontal axis is not
calibrated and is in reverse order: higher values correspond to shorter times of flight and
vice versa.

[Saul3]. The detector setup at SHIP is not optimized for the detection of the
EC/B" decay mode due to a high rate of single v rays and electron threshold
of around 100keV in this measurement. However, we were looking for the a4
decay correlated to the observed ER-al-a2-a3 decay chain originating from
21Ra within a time window of 200s after the a3 decay, but no appropriate a4
decay was found.

The probability for the detection of the ER-al-a2-a3 correlation chain ran-
domly is 107® (see Ref. [Sch84] for the detailed description of the error analysis
in case of low statistics). In the calculation we used time windows of At(ER-
al) < 90ms, At(al-a2) < 530ms and At(a2-a3) < 4.2s. The energy range
for the a1 particle was taken from 7500 to 9000 keV. The energy windows for
the o2 and a3 particles covered the whole range of (500 — 7500) keV, as we also
included the o particles escaped from the PSSD.

We obtained @, = 8001(12) keV for the observed 7842(12)-keV decay of
201Ra. The production cross section for 2!Ra was evaluated to 4015 pb at
Eheam = 249MeV (E%y = 27 MeV).
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Discussion

The reduced width of the observed 7842(12)-keV « decay from 2*'Ra is 43130*

keV. The reduced a-decay widths for heavier even- A radium isotopes are 21077

(292Ra [this work]) and 73715 keV (2**Ra [Lei96]). For the heavier odd-A radium
isotopes 2%3Ra and 2*°Ra, reduced a-decay widths of around 60 keV are known
for both, the 3/2~ and 13/2", a-decaying states [Uus05, Lei96]. Based on these
values we assume no change in spin and parity between the states connected
by the 7842(12)-keV a1 transition from 2*!Ra.

As we assigned the observed a2 and a3 decays to the 3/2~ state in daughter
nuclei '"Rn and *3Po, respectively, we conclude that the triple-a correlation
chain originates from the 3/2~ state in ' Ra (see the proposed a-decay scheme
in Fig. 5.8).

20
1.6'(Ims  (13/2%) 'Ra
260(30)  (3/2) 8%4%ms

Eq = 7905(20)
5 = 140°8°

Eq = 7842(12)

2 _ 23204
+8 197Rn a 43f20
1972 ms ,(13/2Y )
+25
E,=7356(7) | 19412  (§/2) 6573 ms
04 = 12033 Eq = 7260(7)
38=15%
193pg
sanezme A7 (3/2) , 450(40) ms
Eq = 7004(5) 95(7) -
02 =26(2) Eg ;_62;1(9;)5)
2=
189Pb
51(3) s 13/2+ 3/- 39(8) s

40(4)

Fig. 5.8 Proposed a-decay scheme for 2°!Ra. Values for the 3/2~ ground state and the
excitation energy of the 13/2% isomeric state in 2°'Ra are from this work; other values
are from Refs. [Uus05, Enq96a, Wau93, Saul3|. Alpha-decay energies, reduced widths and
energies of excited levels are in keV.

Alpha-decay energies of all isotopes in correlation chains detected in our
work and in previous study at RITU [Uus05] are different, which indicates that
a different state was populated in each study. However, we recall that the a2
particle escaped from the PSSD in our measurement, and thus we could not
evaluate the reduced a-decay width for this transition. Its assignment to the
decay of the 3/27 state in "Rn is therefore only tentative. The production
cross section of the 3/2~ state obtained from our data (4015) pb) is similar to
the production cross section of the 13/2% state (25pb [Uus05]).



CHAPTER 5. RESULTS AND DISCUSSIONS 44

In most of the light radium and radon isotopes, the ground-state spin and
parity is 3/27 (see Fig. 5.9). Nevertheless, the energy of the 13 /2% level decreases
with lowering neutron number and we can expect both levels to lie close in energy
in the most neutron-deficient region. The spin of the ground and isomeric state
in '%Pb were determined unambiguously as 3/2 and 13/2, respectively, by in-
source laser spectroscopy at the on-line isotope mass separator ISOLDE at the
European Organization for Nuclear Research CERN in Switzerland [Saul3]. In
that study the 13/2% isomeric level was located at 40(4) keV above the 3/2~
ground state of ®9Pb, which enabled to establish the excitation energies of the
13/27 levels in %3Po and "Rn at 95(7) and 194(12) keV, respectively. On
this basis we determine the excitation energy of the 13/27 level in ?*'Ra to be
260(30) keV.
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Fig. 5.9 Single-particle level systematics for odd-A (a) radon (Z = 86) and (b) radium
(Z = 88) isotopes. The values of excitation energies are taken from Refs. [Saul3, nndc]
except for the value for 2°TRa, which is from our data.

Assuming that we registered the a decay from the 3/2~ ground state of *'Ra,
the evaluated experimental atomic mass excess for *'Ra is 13.4(1) MeV, which
fits into the systematics of experimental atomic mass excesses for radium isotopes
(see Fig.5.10(a)). For the comparison of experimental values of atomic mass
excesses with theoretical predictions of several models [Ibnl] for radium isotopes
see Fig.5.10(b). Both values for *'Ra and ***Ra obtained from our data are
in excellent agreement with the values predicted by the finite-range liquid-drop
model (FRLDM) [M6195]. Commonly used finite-range droplet model (FRDM)
[M6195] predicts values by more than 1 MeV different from experimental data
for 2°12%2Ra, but for the heavier isotopes (from A = 203) the FRDM model
reproduces the experimental data better than the FRLDM model.
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Fig. 5.10 (a) Experimental atomic mass excesses for radium isotopes. (b) The relative
differences between experimental (black circles) and theoretical values (colored lines) for
atomic mass excesses of radium isotopes. Experimental values were set to zero and values
predicted by several models are compared with them. FExperimental values were taken
from Ref. [Wan12] (open circles) except for 201:202Ra (full circles), which are from our data.
Theoretical values were taken from Ref. [lbnl].

5.1.3 Isotope **Ra

Experimental data known prior to this work

Seven decay chains assigned to 2“*Ra were observed in the fusion-evaporation
reaction **Cl+ Lu at a beam energy of (191 — 208) MeV at RITU at JYFL
[Lei96]. Six decay chains were assigned to the 13/2% state and one decay chain
was assigned to the 3/2~ state. The maximum production cross section for ?*Ra
in that reaction was 4nb. A subsequent measurement with improved precision
was performed at RITU using the reactions ®Cu+ “!Pr at a beam energy of
(283—293) MeV and *0Ar + '°YDb at a beam energy of (180 —185) MeV [Uus05].
In this later study, two a-decaying states were also observed. For both states
altogether several tens of events were registered. The production cross section
for 2% Ra in that measurement was 4nb. Decay properties from both studies
are in agreement except for the half-life of the 3/2~ state, for which values of
1.015% ms [Lei96] and 317" ms [Uus05] were measured (see Tab. 5.3). Resulting
reduced a-decay widths for this transition are very different (220071550 [Lei96]
and 66755 [Uus05]), although uncertainties are large.
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Tab. 5.3 The a-decay properties of 2**Ra and its daughter °Rn.

Ea T1/2 5?1

isotope  I™ (keV) (ms) (keV) ref.

203Ra 3/27  7575(10) 50749 45137 this work
3/27  7589(8) 317§ 66750 2 [Uus05]
3/2=  7577(20)  1.0%590 2200175300 & [Lei96]
13/2+  7607(8) 377 48173 this work
13/2+  7612(8) 2478 72ti5 [Uus05]
13/2F  7615(20) 33122 51135 a [Lei96]

99Rn 3/27  6978(10) 3407390 120100 this work
3/27  6989(6) 11007599 341% 2 [Uus05]
3/27  6995(10) 620(25)  57(5) @ [Cal84]
13/2F  7050(10) 120732°  19071%° this work
13/2+  7060(6) 260185 g2t a [Uus05]
13/2F  7059(10) 325(25)  66(7) @ [Cal84]

2 Values of §2 were calculated according to Rasmussen prescription [Ras59] using input values (Eq and
Ty /) from cited references.

Our experimental results and discussion

We were searching for decays of ?**Ra in the same reaction and beam energies as
in case of ?Ra (*Fe + "9Sm, Eyeqr = (244—275) MeV, By &~ (30—53) MeV).
The a-decay energy spectrum measured in the PSSD in this reaction is shown
in Fig.5.1.

ER-a1-a2 correlations Toidentify decays of 2> Ra we searched for correlated
ER-a1(**Ra)-a3(*”Rn) decay chains. We used time windows At(ER-al) <
300ms and At(al-a2) < 3s. We observed nine decay events, which can be
divided into two groups:

e The first one comprising five a-decay chains had a parent a1-decay energy
of 7575(10) keV and a half-life of 50*}2 ms. A daughter a2-decay energy
was 6978(10) keV and a half-life was 3407 3) ms.

e The second group of four a-decay chains yielded a parent a1-decay energy
of 7607(8) keV and a half-life of 37737 ms. A daughter a2-decay energy

was 7050(10) keV and a half-life was 1207;3° ms.

These two groups of ER-a1-a2 chains were attributed to the decays of the 3/2~
and 13/2% states in ?%Ra, respectively, based on previously measured reference
values for ?Ra and its a-decay daughter Rn (see Tab.5.3). Our results are
in agreement with the later measurement at RITU [Uus05]. We measured a
maximum cross section of 0.2(1) nb for the sum of both a-decaying states in
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28Ra at Epeam = 244MeV (Efy = 30 MeV).

The ratio of decays from the 13/2" and 3/2~ state from our data is 0.8(5).
In contrast to this, more decays were seen from the 13/2% state than from the
3/2~ state in both previous studies with reported ratio of ~6 [Lei96] and ~ 3
[Uus05]. However, the statistics in all experiments were low (9 events in our
work, 7 events in Ref. [Lei96] and ~ 30 events in Ref. [Uus05]).

Spins and parities of 3/27 and 13/2" were previously assigned to the two
a-decaying states in ?Ra [Lei96]. We confirm these assignments based on
reduced a-decay widths obtained from our data (see Tab. 5.3) and the assumed
unhindered character of the a decays. We note that energy difference between
the ground 3/2~ and isomeric 13/2% states is not known, either for ?*Ra or
for its a-decay daughters.

5.1.4 Search for the decay of *Ra

We expected the production of a new isotope 2°°Ra in the 3n evaporation chan-
nel in the fusion-evaporation reaction %Fe + 47Sm. We were searching for the
decay of this isotope applying ER-a1(**Ra)-a2(**°Rn) and ER-proton(**Ra)-
a('Fr) correlation search. Thus, as a daughter decays we were searching for
the a decays of S Rn and '"Fr, which have a-decay energies and half-lives of
7461(9) keV and 4.4753ms (1Rn) [Ket01] and ~ 7657keV and ~6ms (**Fr)
[this work], respectively. We set the correlation search time between the decay
of 2"Ra and the daughter decay to 60 ms and the energy window for a daughter
decay to (7300 — 7800) keV. The time window between the implantation of an
evaporation residue and the decay of 2°Ra was set to 100ms. As we also con-
sidered the case of escaped « particle or proton from the decay of 2°°Ra, we set
the energy window for this decay to (100 —9000) keV. However, no appropriate
chain fulfilling given conditions was found.

Although no decay event of 2°Ra was found, we can still estimate the upper
limit for the production of this isotope. Each number of counts measured in
an experiment has its standard error. Zero events have an upper error of 1.84
[Sch84]. Using this value we evaluated the upper limit of 30 pb for the production
cross section of ’Ra at a beam energy of 263 MeV (Efy = 37MeV) corre-
sponding to the expected maximum of the ?°Ra excitation function according
to HIVAP calculations [Rei81] (see Fig.5.38 in Sect. 5.4 on cross sections).

5.1.5 Isotope 2“Fr

Experimental data known prior to this work

The detection of the isotope 2°°Fr was reported for the first time at the GAs-
filled Recoil Ton separator (GARIS) at the Institute of Physical and Chemical
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Research (RIKEN) in Japan [Mor95]. Six ER-a1-a2 decay chains were observed.
The same number of six events was also obtained at RITU at JYFL [Enq96b].
Half-life values from these two studies were 5701150 ms [Mor95] and 1974% ms
[Enq96b] leading to different values of reduced a-decay widths (see Tab.5.4).
Later, in an experiment carried out at the ISOLDE facility at CERN, significantly
higher statistics for 2°°Fr were collected and a half-life of 49(4) ms was measured

[DeWO05] (see Tab.5.4).

Tab. 5.4 The a-decay properties of 2°°Fr and its daughter "6 At.

Ea Ia T1/2 53
isotope  (keV (%) (ms) (keV) ref.

)

200Fr  7470(5) 46(4) 48(5) this work
7473(12) 49(4) 44(5) & [DeWO05]
7468(9) 19783 120730 @ [Enq96b)
7500(30) 57072710 3.1t18 e [Mor9s)

196 At 7045(5)  96(2) 350(90) 29(7) this work
6732(8)  4(2) 16(9) this work
7048(12) 3507100 27(2) [Uus13]
7055(12) 389(54) 25(4)®  [DeWO05]
7048(5) 388(7)  27(1)®  [Smi00]
7065(30) 253(9)  36(9)*  [Pu97
7044(7) 3907370 28117 & [Enq96b]
7053(30) 3201550 317752 [Mor95]

2 Values of §2 were calculated according to Rasmussen prescription [Ras59] using input values (Eq and
Ty /7) from cited references.

Our experimental results

In our experiment, the 2°°Fr isotope was produced in the complete-fusion reaction
%Fe + 7Sm. Datawere collected at beam energies of 260 and 263 MeV resulting
in E* ~ 35 and 37 MeV of the compound nuclei, respectively. At these beam
energies, mainly francium and radon isotopes were produced in pxn and 2pxn
(or axn) evaporation channels, respectively (see Fig.5.11).

ER-a1-a2 correlations Searching for correlated o decays of 2*°Fr and its
daughter %At we used time windows At(ER-al) < 0.3s and At(al-a2) < 2s.
A two-dimensional plot of correlated parent-daughter (a1-a2) events is shown
in Fig.5.12. In this spectrum we marked as ‘A’ and ‘B’ two groups, which
have the same decay properties of the parent al decay (E,; = 7470(5) keV,
Ty /o = 46(4) ms for group A and Eoy = 7463(12) keV, T/, = 89758 ms for group
B). We attributed this a1 decay to the transition connecting ground states of
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Fig. 5.11 Alpha-decay energy spectrum measured in the PSSD in anticoincidence with the
TOF detectors in the reaction “Fe + 147Sm at Epeam = 260 and 263 MeV.
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Fig. 5.12 Parent-daughter al-a2 correlation energy spectrum measured in the PSSD in
anticoincidence with the TOF detectors in the reaction *°Fe +'47Sm at Epeqm = 260 and
263 MeV. The correlation search times were At(ER-al) < 0.3s and At(al-a2) < 2s.

20Fr and %At (see Tab.5.4). The maximum cross section of 1.8(2)nb was
measured for the production of ?Fr at Epeen = 263MeV (Efy = 37 MeV).
The daughter a2-decay properties of group A (Eue = 7045(5) keV, T15 =
340(90) ms) correspond to the transition connecting ground states of *® At and
92Bi. For the a2 decay of group B the measured energy and half-life are
6732(8) keV and 670755 ms. One a2 particle from group B came in coinci-
dence with a v ray at 76.5(6) keV. This energy agrees with the energy of K,
X-rays of bismuth (Ef,, = 77.107keV [Fir04]). We assume that the a2 decay
of group B represents a transition into an excited level of 1?Bi not observed
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previously (see Fig.5.14). Our assumption was confirmed by the observation of
a weak o transition from “SAt with E, = 6742keV in a recent experiment at
ISOLDE [Trul4]. The half-life for ®At obtained from events of both groups, A
and B, is 350(90) ms. Relative intensities of 96(2) % for the stronger line (group
A) and 4(2) % for the weaker line (group B) were extracted from our data. From
the difference of ), values for both transitions we estimate the energy of the
level populated in '?Bi by the 6732-keV transition to be 320(10) keV.

In addition, we observed one ER-a1-a2 correlation attributed to 209Fr-196At
in the reaction with the °Sm target. Both « particles were fully stopped in
the PSSD and the event is seen in Fig.5.16. The decay chain was registered at
Epeam = 275 MeV, EZy = 53 MeV, with a production cross section of 23?;’3 pb.

B-delayed fission In the reaction **Fe +14"Sm at Fj.,,, = 263 MeV one high-
energy event was detected 67 ms after the ER implantation in the same position of
the PssD as the ER. The event was registered in the pause between beam pulses
with signals from both PSSD and BOX detectors. The measured energy (not
corrected for the pulse-height defect) of the event was 136(30) MeV (129 MeV
in the Pssp and 7 MeV in the BOX system). We note that the energy calibration
was performed using « lines and was extrapolated to higher energies from a-
decay energy region. Since no spontaneous-fission branch is known in any of the
produced isotopes, we consider the observed event to be a candidate for 3-delayed
fission (BDF). The probability for the detection of the ER-fission correlation
randomly is 1073, Considering only fission events in the beam pauses, the
136(30)-MeV event was the only one between 50 and 250 MeV observed during
the 47Sm irradiation of roughly 70 hours. In the comparably long measurement
with the *°Sm target, no event was registered between 50 and 250 MeV in the
beam pauses. The process of FDF was measured at SHIP recently in several
other neutron-deficient isotopes above Z = 82, namely 19219 At [And13a] and
186188 Bj [Lan13).

The ER-fission correlation was detected at a beam energy close to the expected
maximum of the 2°°Fr excitation function. The half-life of the fission event
(Ty 2 = 47755 ms) is in excellent agreement with the 46(4)-ms half-life of 2°°Fr.
Besides 2°Fr, from the half-life point of view, the only other candidate for the
observed fission is *'Fr (77, = 64(3) ms) considering all nuclides produced in
the reaction. However, we exclude 2°'Fr for two reasons: firstly, SDF of odd-
even nuclei is suppressed compared to odd-odd nuclei [And13b]; and secondly,
we did not register any fission event in the measurement with the 1*Sm target,
in which about six times more ?°'Fr decay chains were collected compared to
the measurement with the 147Sm target (see Sect.5.1.6). Therefore we consider
BDF of ?“Fr to be the most probable source for the observed fission event.
Recently, BDF events attributed to 2°°Fr were observed in the measurement at
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ISOLDE as well [Ghy14].

(ER-v)-a1 correlations Fig.5.13(a) shows a part of the y-ray spectrum de-
tected in the clover detector. The 7 rays from panel (a) detected within a 5-us
coincidence time with ERs implanted into the PSSD are shown in Fig.5.13(b).
Panel (c¢) shows 7 rays from (b) followed by the « decay of ***Fr within 300 ms.
Insets in each panel show broader energy range for corresponding spectra. Pb
X-rays in panel (b) along with the intensive «y lines in the inset of panel (b)
arise from the 11-us isomer in “Pb [Dra98| produced in reactions with target
contaminations. Because the most intensive lines in panels (a) and (b) (e.g., the
511-keV peak and v-ray lines from the 11-yus isomer in °Pb) are not present in
panel (c), we assume that the lines in panel (¢) are not random, but may arise from
the decay of a short-lived isomeric state in ?°°Fr. The energies of 7 lines at 83.8
(2 counts) and 86.6 keV (1 count) agree with Ko and K, X-rays of francium,
respectively. Reference values are: Fg_ , = 83.231keV, Fx_ , = 86.105keV
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Fig. 5.13 (a) A part of the y-ray spectrum detected in the germanium clover detector in the
reaction *°Fe + 47Sm at Epeqm = 260 and 263 MeV. (b) Gamma rays from (a) within a 5-ys
coincidence time with ERs implanted into the pPssD. (¢) Gamma rays from (b) correlated
with o decays of 2°YFr. Insets in each panel show unzoomed spectra from 0 to 900keV. Pb
X-rays in panel (b) and intensive  lines in the inset of panel (b) arise from the 11-us isomer
in 199Pb [Dra98] produced in reactions with target contaminations.
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[Fir04]. Three other 7 lines were registered at energies 75.5 (3 counts), 77.1 (4
counts) and 100.3keV (2 counts) (see Fig.5.13(c)). All these energies are below
the K-shell atomic-electron binding energy of francium (101.13keV [Fir04]).
However, if we assumed the three detected events at 83 and 86 keV to be the K
X-rays of francium, the excitation energy of the isomer would be higher than
101.13keV (see Fig.5.14). The half-life of this isomer is 0.6703 us.

>101 0.695 us

39 46(4) ms 2005

Eq = 7470(5)

+DF
04 =48(5) A

350(90) ms
Eq = 7045(5)

196At
Eq = 6732(8)

g =4(2) I 4 =96(2)
04 =16(9) 88 =29(7)
32000y /...
(3% 3460)S jgpn,
Eq = 6245(5) B
I« = 3.0(6)
2=~02 Eq = 6060(5)
I 4 = 97.0(6)
04 = 38(16)

Fig. 5.14 Alpha-decay scheme for 2°°Fr. The values for 2°°Fr and '%6At are from our data
and for 192Bi are from Ref. [Van91]. Alpha-decay energies, reduced widths and energies of
excited levels are in keV and relative intensities are in %.

Discussion

Our measurement confirms known a-decay properties of 2°Fr from previous
studies (see Tab. 5.4) by the detection of the 7470(5)-keV a-decay connecting the
31 states in 2°°Fr and %9 At. We observed a new « line for the daughter nucleus
WAL at 6732(8) keV populating a 320(10)-keV level in '?Bi (see the decay
scheme in Fig. 5.14). The reduced a-decay width for this transition is 16(9) keV
calculated using the measured relative intensity of 4 % for this « line and an
a branch of 97.5(1) % for At [Trul4]. This decay is unhindered compared
to the transitions connecting ground states with the same spins and parities
between YAt and °Bi with §2 = 18(2) keV [Huy92] and between 2*>At and
198Bi with §2 = 12(2) keV [Huy92]. Compared to the « transitions connecting
ground states with the same spins and parities of 01 At and 9219Bi with
reduced widths of 29(7) and 39(5) keV [this work], respectively, the 6732(8)-keV
decay is hindered up to about a factor of two.
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Besides the a-decay mode of 2°°Fr, we also registered one [-delayed fission
event attributed to this isotope. The (-decay daughter of ?°Fr is 2°°Rn. The
information on (-decay branching ratio of 2°Fr is needed for the evaluation of
the probability of 3DF of 2°°Fr. However, in the reaction *°Fe + '*"Sm, where
we produced 2Fr in the p2n evaporation channel, we also produced 2°°Rn
in the 2pn evaporation channel. Thus, we could not estimate the 3 branch
of 2Fr directly from our data. Based on the calculated partial 5% EC-decay
half-lives, the 3 branch can be estimated as about 1% (according to the gross
theory of 5 decay [Tak73]), less than 2 % or about 4 % (according to the proton-
neutron quasiparticle random-phase approximation models, [Hir93] and [M6197],
respectively). From the experimental data measured at ISOLDE at CERN the
(3 branch of less than 2.5 % was estimated for ?°°Fr [Ghy14], which is close to
theoretical predictions. Based on the ratio of detected o decays of 2*°Fr and
one event attributed to S-delayed fission of 2°°Fr, which is 4607195°, and the
estimated 3 branch of 2°°Fr of less than 2.5 %, we determine the probability of
(-delayed fission to be more than 1.4 %. This is one of the highest observed
values for the probability of SDF. In the neutron-deficient region around lead,
the SDF probabilities in the range of (1072 — 10~°) were measured in thallium,
bismuth and astatine isotopes [And13b].

5.1.6 Isotope 2"'Fr

Experimental data known prior to this work

Two a-decaying states in *?'Fr were measured at RITU at JYFL [Uus05]. The
isotope was produced in the reactions Cu +"'Pr at Eyeqn = (278 —288) MeV
and 9 Ar + 1°YDb at Epear, = (180—185) MeV. Thestronger activity was assigned
to the known decay of the 9/2~ ground state. The weaker one comprising three
correlation chains was assigned to the decay of the intruder 1/2% state. This
assignment was based on the correlations with the known a decay of the 1/27F
state in the daughter nucleus 97At.

Our experimental results

We collected the main part of the data for 2°'Fr at Eyem = 275 MeV in front
of the 9Sm target, corresponding to a compound nucleus excitation energy of
53 MeV. The a-decay energy spectrum from this reaction is shown in Fig. 5.15.
Dominant « lines in this spectrum are decays of radon and astatine isotopes
produced in the 2pxn and 3pxn evaporation channels, respectively.

ER-a1-a2 correlations A two-dimensional plot of correlated a-decay pa-
rent-daughter (al-a2) events is shown in Fig.5.16. The dominant transition
observed in our data connecting 9/2~ ground states of 2! Fr and T At has decay
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Fig. 5.15 Alpha-decay energy spectrum measured in the PSSD in anticoincidence with the
TOF detectors in the reaction °Fe + 149Sm at Epeqm = 275 MeV.

properties consistent with reference values (see Tab.5.5). The weak group of
three events with Fy, = 7445(8) keV, Ty, = 871% ms for the parent a1 decay and
Eqo = 6698(16) keV, Ty /5 = 2.8%98 s for the daughter a2 decay was attributed
to the decay of the intruder 1/27 state in ?*'Fr, which confirms the observation
of this isomer at RITU [Uus05]. From the @, values of ground- and isomeric-
state decays and from the known excitation energy of the 1/2% level in 7 At,
we estimate the excitation energy of the 1/2% state in **'Fr to be 130(14) keV.
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Fig. 5.16 Parent-daughter al-a2 correlation energy spectrum measured in the PSSD in
anticoincidence with the TOF detectors in the reaction °Fe +1°Sm at Epeqm = 275 MeV.
The correlation search times were optimized for 2°'Fr™: At(ER-al) < 0.1s and At(al-
a2) < 12s.
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This is in agreement with the value of 146 keV quoted previously [Uus05]. The
isomeric ratio calculated from our data is 0.02(1). The cross section for the
production of 2" Fr (both 9/2~ and 1/2" states) of 4.0(4) nb was measured at
Epeam = 275 MeV (Efy = 53 MeV) corresponding to the expected maximum of
the 291 Fr excitation function. We did not observe any 2°!Fr™-197 At9 correlations.

Tab. 5.5 The a-decay properties of 2°TFr9™ and its daughter 197 At9:™.

Ea T1/2 63

isotope  I™ (keV) (ms) (keV) ref.

00p  9/27  7369(5)  64(3) 72(4) this work
9/2= 7379(7)  67(3) 64(4) [DeWO05]
9/2=  7369(8)  53(4) 87(8) @ [Uus05]
9/2= 7361(7) 6971 717172 [Enq96b]
9/2=  7388(15) 48(15) 83(28) *  [Ewa80]
1/27  7445(8) 8ti? 3007550 this work
1/2F  7454(8) 19110 1301550 @ [Uus05)

WAL 9/27  6963(5)  354T% 5715 this work
9/2=  6963(4)  390(16) 51(3) [DeWO05]
9/2=  6959(6)  340(20) 61(5) @ [Uus05]
9/2=  6960(5)  388(6) 53(2) @ [Smi99]
9/2=  6956(5) 370790 577142 [Enq96b]
1/2+  6698(16) 28007500 70150 this work
1/2%  6706(9) 110075500 160745° & [Uus05]
1/2t  6707(5)  2000(200)  87(10) *  [Smi99]
1/2t 6707 3700(2500) 47(32) @ [Coe86]

2 Values of §2 were calculated according to Rasmussen prescription [Ras59] using input values (Eq and
Ty /7) from cited references.

(ER-v)-a1 correlations Fig.5.17(a) shows a part of the y-ray spectrum de-
tected in the germanium clover detector without any selection conditions ap-
plied. Panel (b) shows v rays detected within a 5-us coincidence time with
ERs implanted into the PSSD. Panel (c¢) was obtained applying the condition
of detecting an « decay from 2! Fr within 320 ms after ER-v coincidences from
panel (b). Insets in panels (a), (b), (¢) show a broader energy range for the
corresponding spectra. As the most intense peaks from panels (a) and (b) are
not reproduced in panel (c¢), we assume that the peak at 85.7keV (7 counts)
in this panel is not random, but may originate from the decay of a short-lived
isomer 2°'Fr™2. The energy of the peak corresponds to the energy of K, X-
rays of francium, which is 86.105keV [Fir04]. As the intensity ratio I, ,/Ix.,
= 0.61(2) [Fir04], one should expect the detection of about four K, X-rays.
Since none were observed, we note that possibly at least some of the events at
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Fig. 5.17 (a) A part of the y-ray spectrum detected in the germanium clover detector in
the reaction °°Fe + 49Sm at Ejpeqm = 256 MeV. (b) Gamma rays from (a) within a 5-pus
coincidence time with ERs implanted into the PssD. (¢) Gamma rays from (b) correlated
with o decays of 291 Fr. Insets in each panel show unzoomed spectra from 0 to 900keV.

85.7keV may not be X-rays, but v rays. Other weak 7-ray lines were registered
at 72.7 and 106.3 keV (2 counts for each line). The half-life of the isomer is
0.7103 us.

Within a 320-ms time after ER implantations we registered 340(20) « decays
attributed to 'Fr? (not corrected for the geometric detection efficiency for a
particles with full energy). About 10 of these ER-a correlated events had a ~
ray attributed to the decay of 2! Fr™? registered within a 5-us coincidence time
after the ER implantations. Calculated time of flight for ?°'Fr nuclei through
the 11-m long separator is 1.4 us, which is two times longer than the half-life
of the 2°'Fr™? isomer. Corrected for the y-ray detection efficiency (~11% for
E., ~ 80keV) and the time of flight through the separator (~75 % of **'Fr™?
isomers decay during the flight to 2! Fr?) we get about 360(110) nuclei of 201 Fr™?
produced in complete-fusion reactions (not corrected for the geometric detection
efficiency for a particles with full energy). Comparing this number with the
340(20) nuclei of **'Fr¢ obtained from the ER-«a correlations we conclude that
all (or at least the most) of the produced > Fr nuclei are in the 0.7-us isomeric
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state.

Discussion

Our measurement confirms the presence of the a-decaying isomeric 1/27 level
in *'Fr reported at RITU [Uus05]. Besides this level, we observed a short-
lived activity, which may be assigned to another isomeric level in 2°'Fr. This
assignment is based on the detection of francium K,; X-rays (7 counts) and two
weak lines in the y-ray spectrum at 72.7 and 106.3 keV (2 counts for each line)
within a 5-ps coincidence time with ERs of *'Fr. We note that the detection
setup was not optimized for the detection of L X-rays, asthe detection efficiency is
below 4 % for energies below 20 keV (see Fig. 4.3 in Sect. 4.1.2). Thesource of K
X-rays must be atransition with an energy higher than the K-shell binding energy
of francium (101.13keV [Fir04]). We can consider two possibilities: observed
K, X-rays come from the internal conversion of (a) the 106.3-keV internal
transition, or (b) an unobserved internal transition with an energy larger than the
K-shell binding energy (101.13keV). The K-shell internal conversion coefficient
() from experimental data is roughly 4 for variant (a) and more than 7 for
variant (b).

For both variants we exclude an electric character of the internal transition
producing K,; X-rays because the expected o values are too low. (See Tab. 5.6
showing expected aj values for the 106.3-keV transition corresponding to vari-
ant (a). For transitions of higher energies the aj values would be even lower
excluding variant (b) as well.) In contrast, M2 and higher magnetic multipo-
larities have too high a values for case (a), but for case (b) all multipolarities
for magnetic transitions would be compatible with experimental aj.

Tab. 5.6 Comparison of total (a:), K- (ak), L- (ar,), and M-shell (ap) internal con-
version coefficients from Ref. [Kib08] and single-particle half-lives (T} /2 sp) according to
Weisskopf [Weib1] for the 106.3-keV internal transition of different multipolarities in the
nuclide 2°'Fr. From experimental data we evaluated ax to be more or equal to 4 and a
half-life to be 0.7705 us.

multipolarity oot ag ag, oo Ti/2,5p
FE1 0.406(6) 0.315(5) 0.0691(10) 0.01659(24) 0.1ps
E2 6.91(10) 0.311(5) 4.86(7) 1.316(19) 80 ns
E3 167.5(24) 0.1302(19) 120.0(17) 35.6(5) 20ms
M1 12.00(17)  9.64(14)  1.79(3)  0.428(6)  1ps
M2 80.2(13) 540(8)  26.0(4)  6.91(10)  0.8us
M3 645(9)  72.8(11)  405(6) 125.0(18)  0.6s

Considering the Weisskopf estimates for single-particle half-lives (772 5p)
[Wei51], we exclude E'1, E2 and M1 characters as candidates for the transition
producing observed K,; X-rays, because their 7'/, gp is much shorter than
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the measured value of 0.7703 us (see Tab.5.6). On the other hand, T}y sp for
transitions of £'3 and M3 characters (and higher multipolarities) is significantly
longer than the measured value. We note that there are several known cases
of isomers decaying by E1 transitions with relatively long half-lives (see, e.g.,
Ref. [Rig08]), but as we also excluded electric characters based on aj values, it
does not influence our conclusions. Therefore, considering the measured half-
life, M 2 is the most likely multipolarity for the transition producing the observed
K, X-rays.

To conclude, we assume the observed K, X-rays arise from an internal
transition of M2 character, for which y-ray events were not observed due to
a high ag value. Assuming that the isomer decays directly by this transition
to the 9/27 ground state, we tentatively assign a spin and parity of 13/2" to
this isomeric state (see the decay scheme in Fig. 5.18). The excitation energy of
the isomer must be higher than the K-shell atomic-electron binding energy of
francium, whichis 101.13keV [Fir04]. Asay decreases with increasing transition
energy, we estimate the upper limit for the excitation energy of the isomer to
be roughly 300 keV. Values of ax for M2 transitions with higher energies are
too low compared to experimental o .

(9/2) —— 64(3) ms 201fy
Ea = 7445 B+DF
= 3005 10%()

Eq = 7369(5)

= 72(4)
(1/2+) 52(10 2.02) s
(912) —— 388(6) ms 1°7At
Eq = 6707(5) B
Ea = 6960(5)
=53(2)
(1/2%) .
(9/2) —— 64(4)s 193]
Eq = 6475(5) B
= 50(10)

Eq = 5899(5)
= 28(12)

Fig. 5.18 Decay scheme for 2°'Fr. Values for 2°'Fr are from this work, for '%7At from
Refs. [Smi99, Coe86] and for 93Bi from Ref. [Coe85] and references therein. Alpha-decay
energies, reduced widths and energies of excited levels are in keV.
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Considering the tentative excitation energy range of (101 — 300) keV, the
transition strength for the M2 multipolarity is (0.2 —1.1) W.u.. This is compa-
rable to B(M?2) values for neighboring odd-A francium isotopes: 0.10(2) W.u.
for 2%Fr [Jak13], 0.17(4) W.u. for 2®Fr [Jak12] and astatine isotopes: 0.09(1)
for TAt [And08], 0.16(5) W.u. for 'At [Jak10], 0.15(1) for 2°' At [Dyb83].

We note that an isomeric state with spin and parity 13/2% decaying through
an M2 internal transition to the 9/27 ground state was observed in ***Fr at
E* = 426keV with T35 = 0.37(5) us [Jak13] and in *Fr at E* = 544 keV with
T1/2 = 80(20) ns [Jak12]. The estimated energy range for the excitation energy
of the isomer in ??'Fr, ~ (101 — 300) keV, confirms the trend of the decreasing
excitation energy of the 13/2% isomer with decreasing N in odd-A francium
isotopes (see Fig. 5.19). This level is also present in odd-A astatine and bismuth
isotopes and its energy decreases with decreasing neutron numbers as well.

The ground states of odd-A francium isotopes from A = 219 down to A = 201
are presumed to have the spherical configuration 7(hg»)® [Fir04]. Along with
this level, the 1/2%,13/2%, 7/27 levels were identified at low excitation energies
in the lightest odd-A francium (Z = 8), astatine (Z = 85), and bismuth (Z = 83)
isotopes (see Fig.5.19). The 13/2" and 1/2% states appear very close in energy
in the most neutron-deficient francium isotopes, while in astatine and bismuth
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Fig. 5.19 Single-particle level systematics for odd-A (a) bismuth (Z = 83), (b) astatine
(Z = 85) and (c) francium (Z = 87) isotopes. The error bar for the 13/2% state in 2°'Fr
(N = 114) corresponds to the possible energy interval for this state; the exact value is not
known. The values of excitation energies are taken from Refs. [Jak13, Jak12, nndc] except
for the values for 2°'Fr, which are from our data.
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isotopes clear differences in excitation energy between these states exist (see
Fig.5.19). It might mean that in the lightest francium isotopes the 13/2% state
becomes the ground state, in contrast to the lightest astatine isotopes, where the
intruder 1/27 state becomes the ground state. Besidesthe 13/2" and 1/2% levels,
the 7/27 level has decreasing energy with decreasing N in astatine and bismuth
isotopes as well. We observed decays of this level (7/27) in *9Fr (N = 112)
and Fr (N = 110), but we could not establish its excitation energy (see
Sect. 5.2.1 and 5.2.3 on *Fr and 7Fr, respectively). We also reported a possible
observation of the 1/2% level 47(7) keV below the 7/2 level in *Fr. Besides
our study, another study of ?Fr was performed [Uus13], where three levels were
suggested: the ground 1/27 state, the 7/27 state at 56 keV and the 13/27 state
at <300keV. As the results from both experiments are not unambiguous, we
did not place these levels in 1Fr in Fig. 5.19. To investigate the energy levels
in the most neutron-deficient francium isotopes in more detail, measurements
with higher statistics must be performed.

5.1.7 Isotope 2"?Fr

Experimental data known prior to this work

The presence of two a-decaying states in 2°?Fr was reported for the first time in
measurement at Leuven Isotope Separator On-Line (LisoL) facility (Louvain-la-
Neuve, Belgium) [Huy92]. The states with spins and parities 37 (ground state)
and 10~ (isomeric state) were assumed to decay to corresponding levels in 8 At.
Although two states were reported, only one « line was observed, which was
interpreted as a line doublet. Also only a common half-life for both states was
given. In later experiments at RITU (JYFL) these two « lines were confirmed and
disentangled using the a-« correlation technique [Enq96b, Uus05] (see Tab. 5.7).
Recently, both long-lived a-decaying states in **Fr were studied and confirmed
in the Collinear Resonance Ionization Spectroscopy (CRIS) experiment [Lyn14].

Our experimental results

In our study we collected the data for 2°2Fr at several beam energies in the range
of (244—275) MeV in front of the 1*9Sm target. The majority of 2°2Fr nuclei were
produced at Ejeqm = 256 MeV corresponding to a 39-MeV excitation energy of
compound nuclei. Alpha-decay energy spectrum from this reaction is shown in
Fig.5.20. The peak at 7237 keV is composed of two a lines: 7238(5) keV (?*2Fr9)
and 7226(5) keV (?*2Fr™), which are not resolved in this spectrum. However,
we can distinguish both decays in a two-dimensional plot of parent-daughter
(al-a2) correlations, which is shown in Fig. 5.21. Alpha decays of two states in
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Tab. 5.7 The a-decay properties of 2°2Fr9™ and its daughter *®At9™.

E, Ty /o o2

isotope  I™ (keV) (s) (keV) ref.

202F 3+ 7238(5) 0.372(12) 33(2) this work
3t 7241(8) 0.30(5)  40(7)?  [Uus03]
3t 7243(6) 0.23700%  52%% @ [Enq96b]
3t 7237(8) 0.34(4) <53 [Huy92]
10~ 7226(5) 0.286(13) 48(3) this work
100 7235(8) 0.29(5)  44(8)®  [Uus03]
107 7242(6) 0.23701*  52H92 & [Enq96b]
107 7237(8) 0.34(4) <53 [Huy92]

98AL 3T 6747(5) 3.0(1) 39(2) this work
3t 6748(6) 3.8(4) 27(5) @ [Uus05]
3t 6753(4) 461175 22872 [Enq96b)
3t 6755(4)  4.2(3) 26— 37  [Huy92]
107 6849(5) 1.24(6)  39(3) this work
107 6850(6) 1.04(15)  39(10) 2  [Uus05]
10~ 6855(4) 1.370% 30757 2 [Enq96b]
10 6856(4) 1.0(2) 37—73  [Huy92

2 Values of 62 were calculated according to Rasmussen prescription [Ras59] using input values (Eq and
T /2) from cited references, but are not introduced directly in the original reference.

202Fy correlated with the o decays of two corresponding states in the daughter
nuclide ®At are visible in this spectrum.
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Fig. 5.20 Alpha-decay energy spectrum measured in the PSSD in anticoincidence with the
TOF detectors in the reaction *°Fe +149Sm at Epeqm = 244 and 256 MeV.

In total around 500 ar1-a2 pairs of 2°2Fr-18 At were registered. The isomeric
ratio is 0.6(1) from our data. For the sum of both states, the maximum cross
section of 25(2) nb was measured at Epeq, = 260 MeV (Efy = 42MeV) corre-
sponding to the maximum of the 2°2Fr excitation function.
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Fig. 5.21 Parent-daughter al-a2 correlation energy spectrum measured in the PSSD in
anticoincidence with the TOF detectors in the reaction %Fe +1°Sm at Epeqm = 256 MeV.
The correlation search times were optimized for 292Fr: At(ER-al) < 1.5s and At(al-
a2) < 10s.

5.2 Reaction “Ni+ “'Pr

In the measurement described in this section we aimed at decay studies of the
very neutron-deficient francium isotopes. The lightest francium isotope, for
which decay data had been published prior to this work, is 9Fr with only five
registered decay chains. We aimed at the study of this isotope in more detail,
and also at the study of even more neutron-deficient isotopes, ""1%Fr. As we
are approaching the proton drip-line, a search for the proton emission was also
the motivation for our work.

Measurement was performed at SHIP (for more details see Sect. 4.1.1) using the
fusion-evaporation reaction ®*Ni 4 *'Pr — 20'Fr*. Irradiations were performed
at several beam energies in the range of (262 — 300) MeV in front of the target
to cover the maximum cross sections for the 2n — 4n evaporation channels. An
average beam intensity was ~ 400 pnA (particle nA), i.e. ~20 A (electric pA)
in the pulse (1 pnA =6.242 x 10° particles/s). A charge state of the projectiles
was 13+ in the first part of the experiment and 14+ in the second one. An average
thickness of the targets prepared from the ' PrF3 material was ~ 520 ug/cm?,
which is equivalent to a contribution of ~ 370 ug/cm? of pure “!Pr.

In this experiment only two TOF detectors were used. Energy resolution for
single strips of the PSSD was ~(30 — 35)keV (FWHM) for « particles. For
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energy calibration of the PSSD we used « lines at 6311(5), 6520(3), 6609(5),
6843(3), and 6958(5) keV from decays of ' Bi, 1%Po, 19%5Po9  191Pg and 97 At9,
respectively [Fir04]. For the energy calibration of the germanium detector we
used v lines from 3Ba and '*?Eu sources.

Results from this section were published in Physical Review C' [Kall3a] and
GSI Scientific Report [Kall3b).

5.2.1 Isotope '"Fr

Experimental data known prior to this work

The ¥ Fr isotope was observed for the first time in the 6n evaporation channel in
the fusion-evaporation reaction *Ar +1Tm at a beam energy of 215(5) MeV
at GARIS at RIKEN in Japan [Tag99]. Five a-decay chains were attributed to
the decay of " Fr on the basis of correlations with the known o decay of the
daughter isotope ' At. The measured a-decay energy and half-life of **9Fr were
7655(40) keV and 127" ms.

Another study of the decay of 'Fr was performed at RITU at JYFL [Uus13].
Results from that study were published several months after our paper [Kall3a]
and will be discussed later in this section.

Our experimental results

We collected data for the isotope %Fr at several beam energies from 262 to 272
MeV in front of the target. The corresponding excitation energy of the compound
nucleus 2! Fr* was from 24 to 31 MeV. This energy interval was chosen to cover
the maximum of the 2n evaporation channel according to calculations performed
using the statistical model code HIVAP [Rei81]. We also produced '"Fr at a
beam energy of 276 MeV, but we had to exclude this part of data from analysis
because of the production of *®Fr in the 3n evaporation channel at this energy as
well. Decay characteristics of *9Fr and ®®Fr are very similar and these isotopes
could not be distinguished when produced simultaneously.

ER-a1-a2 correlations A part of the a-decay spectrum from 6400 to 8000
keV measured in the PSSD in anticoincidence with the TOF system is presented
in Fig.5.22(a). The spectrum is dominated by the decays of polonium and
radon isotopes produced in the apxn and prn evaporation channels, respectively.
The measured a-decay energies of these isotopes (Fig. 5.22(a)) are in agreement
with the reference values [Fir04] within 4keV. No distinct o peaks with £, >
7500 keV were observed due to the background (see the right side of Fig. 5.22(a)).
Using a time window At(ER-al) < 60ms for position-correlated events, the
background and longer-lived activities are strongly reduced, while a peak with
E, =~ 7675 keV becomes visible (Fig. 5.22(b)). The spectrum of parent-daughter
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Fig. 5.22 (a) The sum of a-decay energy spectra measured in the PSSD in anticoincidence
with the TOF detectors in the reaction ®°Ni + 4! Pr at several beam energies in the range of
(262 — 272) MeV. (b) « decays from (a) detected within 60ms after ER implantation. (c)
Parent-daughter al-a2 correlation spectrum. o2 decays were detected within 1.5s after al
decays from (b).

al-a2 correlations shown in Fig.5.22(c) was obtained using a time window
At(al-a2) < 1.5s for al decays from panel (b). The dominant groups in this
spectrum are radon(a1)-polonium(a2) correlations. Three groups of a2 decays
were observed in correlation with the al decay at 7675keV. In Fig. 5.22(c) these
groups are marked as ‘A’ (4 full-energy events in the PSSD for both al and a2),
‘B’ (26 events), and ‘C’ (6 events). By considering the escaped events measured
by the PSSD + BOX system, the total number of observed events in regions A,
B, and C increases to 58.

Decay properties from our data, F,s = 6955(8) keV and T o = 3501200 ms,
for the a2 decay in region A of Fig.5.22(c) are in agreement with the re-
ported values for the a decay of " At? (E, = 6953(3) keV, T}/ = 328(20) ms
[Ket03b]). Therefore, we assign the parent a1 decay for region A with an energy
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of 7664(11) keV and a half-life of 4.5753 ms to 1°Fr.

The measured half-lives of 120725 ms and 130770 ms for the a2 decay of the
groups B and C, respectively, correspond to the half-life of At™ (T3, =
147(5) ms [Ket03b]). The measured energy range of (7040 — 7200) keV for a2
decays from region B and E,, = 7248(6) keV for region C are also in line with
the values for a decay of 15 At™ (see Fig. 5.23). Therefore we assign the parent
al decay for events in regions B and C with an energy of 7676(6) keV and a
half-life of 6.2%(§ ms to *Fr.

Small differences in half-lives and a-decay energies for al transitions at
7664(11) keV (region A) and 7676(6) keV (regions B and C) may indicate a
presence of two different isomeric states in *’Fr decaying to two isomeric states
in 5 At. However, those differences could also be due to low statistics and limi-
ted energy resolution of the PSSD, which would suggest the presence of only one
a-decaying state in 9Fr with an a-decay energy of 7675(6) keV and a half-life of
6.07 59 ms. We present the discussion on both scenarios (see the ‘Discussion’ part
further in this section). Decay properties of 'Fr are summarized in Tab.5.8.
The maximum cross-section for 'Fr production, 3(1) nb, was deduced at the
beam energy of 272 MeV (Efy = 31 MeV).

Tab. 5.8 The a-decay properties of *”Fr. We show here a-decay properties for both
proposed decay patterns of ?Fr, ! and 2 (for more details see the text). Based on present
data we cannot make any preference for either of the scenarios.

K, T1/2 52

isotope  I™ (keV) (ms) (l(;eV) ref.

W9 7/27  7675(6)  6.0709 85713 this work!
7/27  7676(6) 6.270% 81717 this work®
1/2t  7664(11) 4.57F1 120750 this work?
- 7655(40) 1270 49733 @ [Tag99)
1/2%  7644(20) 517 130732°  [Uusl3]
7/2-  7668(15) 73 80750 [Uusl3)
13/2+  7808(20) 1.675% 12071°  [Uusl3]

2 Value of 62 was calculated according to Rasmussen [Ras59] using input values (Fo and Ty /7) from cited
reference.

Discussion

Two a-decaying states are presently known in %At with assumed spins and
parities 7/27 (isomeric state) and 1/2% (ground state). Our data indicate that
the o decay of Fr with E, ~ 7675keV is correlated with o decays from both
states, P At™ and " At9. We present two possible scenarios for this observation
as our data do not allow to discriminate between them.
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1st scenario One possible interpretation illustrated in the left panel of Fig.
5.23 is that two a-decaying states exist in 'Y Fr with similar decay characteristics:
12(5) % of the decays having an a-decay energy of 7664(11) keV and a half-life
of 4.573 ms populating '>At9 (region A in Fig.5.22(c)), and 88(5) % decays
with an a-decay energy of 7676(6) keV and a half-life of 6.27§ 3 ms populating
195 At™ (regions B and C in Fig. 5.22(c)). Following this scenario, the reduced a-
decay widths (62) calculated using the Rasmussen prescription [Ras59] assuming
AL = 0 for transitions populating ">At9 and "> At™ are 12013 and 8111 keV,
respectively. These values are comparable with the reduced a-decay width of the
heavier isotope 2°'Fr (62 = 75(8) keV). The hindrance factors (HFs) for these
transitions of 0.7705 and 1.1(2), respectively, were evaluated by comparing the 62
of these transitions with those of neighboring even-even isotopes (42 ('%*Rn) =
111(6) keV, 02(**Rn) = 647} keV). The values of HFs indicate unhindered
decays for both transitions. Therefore, spins and parities of the a-decaying levels
in 1%Fr should be the same as in the daughter 1% At. Ratio of the transitions
(12(5) % for E, = 7664keV and 88(5) % for E, = 7676keV) agree with the
expectation of the higher population of high-spin states in comparison with low-
spin states in complete-fusion reactions. In this scenario, based on the 32(7)-keV
excitation energy of > At™ [Ket03b], the level in 'Fr decaying to % At™ lies
47(7) keV above the level decaying to '°At?. An estimated upper limit for the
deexcitation of the 7/27 state in 1% At by an E3 internal transition to the ground
1/27" state is 5%. The corresponding upper limit for the B(E3) value of this
possible (unobserved) E3 internal transition between the 7/27 and 1/2" levels
in At is B(FE3) < 0.03 Weisskopf units.

47(7)
72 62'44 ms 72)  60%Ims 19,

Eq=7676(6) a1 Eq="7675(6)

92=81"13 (12) 4573 ms 19p,. 52=85"13

HF = 1.1(2) HF = 1.0(2)

Eq="T7664(11)

32(7) 62=120"50 32(7)
(727) 147(5) ms HF =07 fg:g (727) 147(5) ms
Eq=7075(4) N Eq=7075(4) bo =88(5) E3 bir =12(5)
Ia =95.5(5) a12h 328(20) ms 1954 ¢ Ta =95.5(5) (12%) v 328(20) ms 195A¢
Ea=T221(0 /5 6953(3) Ea=T7221(4) / Eq=6953(3)

Ig =4.5(5) Ig =4.5(5)

Fig. 5.23 Two possible a-decay schemes suggested for '?Fr. The values for ?Fr are from
our measurement and for %°At are from [Ket03b]. All spin and parity values are tentative.
Alpha-decay energies, reduced width and energies of excited levels are in keV. Relative
intensities and branching ratios are in %.
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2nd scenario There is an alternative interpretation of our data, which is
illustrated in the right panel of Fig.5.23. As the energies of the al decays
correlated with the a2 decays from " At™ and " AtY are comparable within
their statistical uncertainty, they may represent the same « decay from only one
a-decaying state in 9Fr with an a-decay energy of 7675(6) keV and a half-life
of 6.073%9ms. This transition populates an isomeric 7/27 level in %> At, which
is required to have two decay modes in this scenario: a decay (b, = 88(5) %)
and deexcitation through an unobserved 32(7)-keV E3 internal transition to the
ground state (byr = 12(5) %). The B(E3) value for the E3 internal transition
is 0.09700s W.u. in this scenario. A similar value of 0.09 W.u. was deduced
for the E'3 internal transition connecting the same levels, 1/2% and 7/27, in
Y1Bi, the a-decay daughter of 1% At [Ket03b]. The reduced a-decay width for
the 7675(6)-keV transition is 857{] keV and the HF value is 1.0(2) indicating
an unhindered decay. Therefore, in this scenario, we would assign a spin and
parity of 7/27 to the observed a-decaying state in '%Fr.

Ezxperiment at RiTu  Shortly after our conclusions had been published [Kall3a],
results of decay studies of ®%9Fr produced at RITU at JYFL were reported
[Uus13]. In that measurement, **Fr was produced in the 2n evaporation chan-
nel of the same fusion-evaporation reaction, ®*Ni + 4! Pr, like in our experiment.
Three « lines originating from **Fr were reported. The identification of the first
one was based on three ER-a1-a2(-a3) correlations yielding F,, = 7644(20) keV
and T o = 575 ms. The decay was attributed to the ground state of Fr with
tentative spin and parity 1/2%. The identification of the second « line was
based on 17 ER-al-a2(-a3) correlation chains yielding E, = 7668(15) keV and
Ty = 7t3ms. The identification of the third o line was based on four corre-
lations yielding E, = 7808(20) keV and T}/, = 1.675:¢ms. In three correlation
chains, implantation of ER was followed by parent and daughter o decay, while
one correlation chain was composed of ER implantation followed by parent and
granddaughter v decay. The second and third « lines were attributed to the
decays of isomeric states with tentative spins and parities 7/27 and 13/27,
respectively.

Alpha-decay properties for 1Fr obtained from our data are in line with the
values measured at GARIS [Tag99] and also agree with two « lines observed at
RITU [Uus13] (see Tab. 5.8). Relative intensities of the decays of 1*°Fr correlated
to 1/27 and 7/27 states in 1> At from our data, 12(5) and 88(5) %, respectively,
agree with relative intensities of 15(8) and 85(8) % for corresponding decays
observed at RITU [Uus13|, where the possibility of both decays being actually
one « transition is also discussed. Despite (more than two times) higher statistics
in our data, we did not confirm the « line reported at RITU at 7808(20) keV
with 77/, = 1.6750 ms. We attributed the activity with similar characteristics
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(T1/2 = 1.1(7) ms and a-decay energy in the range from 7580 to 7930 keV) seen in
our data to the isotope 8 Fr (see next Sect. 5.2.2 on ¥ Fr for more details). We
remind that we did not make any conclusions from the measurement at a beam
energy of 276 MeV, where both 1Fr and "Fr were produced, because of their
similar decay properties. However, the measurement at RITU was performed
only at one beam energy, at which both isotopes were produced.

To summarize, significantly improved data for 'Fr were obtained in our
work, which can be interpreted in two possible ways (see the decay schemes
in Fig.5.23). No preference for either of the scenarios can be expressed due
to the relatively low statistics. To confirm one of the scenarios we would need
more statistics to decide whether there is one or two « lines in the a-decay
energy spectrum of %Fr. For the discussion of the energy-level systematics
for francium isotopes see Sect. 5.1.6. We note that in heavier neutron-deficient
odd-A francium isotopes, the ground state is presumably spherical with spin
and parity 9/27. As we did not observe decays of this state in *Fr, our data
imply a possible change in the ground-state deformation for francium isotopes
from A =199, as both 1/2% and 7/2~ states are presumably oblate.

5.2.2 Isotope '"*Fr

Experimental data known prior to this work

No registered decay events of '*Fr were reported prior to this study. However,
shortly after our conclusions had been published [Kall3a], results from the
study of experimental decay properties of " Fr performed at RITU at JYFL were
reported [Uusl3]. We will discuss results from RITU later in this section.

Our experimental results

We collected the data for the isotope % Fr at several beam energies in the range of
(282 —300) MeV in front of the target resulting in the excitation energy of (38 —
51) MeV of the compound nucleus 2°'Fr*. The energy range was chosen to cover
the maximum of the 3n evaporation channel and to minimize the contribution
from "Fr produced in the 2n evaporation channel.

ER-a1-a2 correlations A part of the a-decay spectrum from 6400 to 8000
keV measured in the PSSD in anticoincidence with the TOF system is shown in
Fig.5.24(a). The dominant « lines belong to polonium isotopes produced in the
apxn evaporation channels and astatine isotopes produced in the 2pxn or axn
evaporation channels. Within 80ms after ER implantations, al decays with
a broad energy distribution in the range of (7470 — 7930) keV were detected
(see Fig.5.24(b)). The spectrum of parent-daughter arl-a2 correlations shown
in Fig. 5.24(c) was obtained by applying the condition At(al-a2) < 1.5s. The
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dominant groups in this spectrum are decays of **9"Rn («1) produced in the
prn evaporation channels correlated with their daughters %1% Po (a2).
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Fig. 5.24 (a) The sum of a-decay energy spectra measured in the PSSD in anticoincidence
with the TOF detectors in the reaction °Ni + 4! Pr at several beam energies in the range of
(282 — 300) MeV. (b) « decays from (a) detected within 80ms after ER implantation. (c)
Parent-daughter al-a2 correlation spectrum. o2 decays were detected within 1.5s after al
decays from (b).

7800

The a1 decays in region ‘A’ of Fig. 5.24(c) are correlated with an a2 activity
with a half-life of 210730 ms. This value is in agreement with the half-life of
253(10) ms for ¥ At™ and compatible within 3¢ intervals with the half-life of
310(8) ms for 192 At™2 [And09]. The measured energy distribution of a2 decays in
the range of (7140 — 7290) keV agrees with reference values for both 1 At™! and
194Atm2 for which two main « lines were observed at 7178(15) and 7190(15) keV
[And09]. Based on the ER-al-a2 analysis, we attribute the parent decay in
region A of Fig.5.24(c) to the isotope *®Fr.



CHAPTER 5. RESULTS AND DISCUSSIONS 70

In total 72 ER-a1-a2 (18Fr-1%* At) correlation chains were detected including
events with coincidence signals between the PSSD and BOX system; 37 events
were registered with full-energy release in the PSSD. Despite the overlapping a-
decay energy regions of 8 Fr and " Fr, both isotopes can be clearly distinguished
using different beam energies for their production. For Fr a single peak at
7675 keV was observed (see Fig.5.25(a)), while for ®*Fr a broad a-decay energy
range of (7470 — 7930) keV was measured (see Fig.5.25(b)).

Time distribution Time distribution of '%¥Fr decays can be explained by a
presence of two components (see Fig. 5.26). The fit to the experimental decay
curve was obtained with a combination of a shorter-lived component with a
half-life of 1.1(7) ms and a longer-lived component with a half-life of 15(3) ms.
We used the binned-likelihood fit method, as it reproduces experimental data
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Fig. 5.25 Alpha-decay energy spectra measured in the PSSD in anticoincidence with the
TOF system in the reaction °Ni+ *1Pr. (a) Events measured at several beam energies in
the range of (262 —272) MeV attributed to a1l decays of 9Fr. These events were correlated
with a2 decays of %> At (including escaped « particles recorded by the PSSD + BOX system).
Used time windows for correlation search: At(ER-al) < 60ms and At(al-a2) < 1.5s. (b)
Events measured at several beam energies in the range of (282 — 300) MeV attributed to al
decays of 1?8Fr. These events were correlated with a2 decays of 194At. Used time windows
for correlation search: At(ER-al) < 80ms and At(al-a2) < 1.5s. (c¢) « decays from (b)
occurring within 5ms after ER implantations. (d) « decays from (b) occurring between 5
and 80 ms after ER implantations.
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based on low statistics better than the chi-square fit method. Within the limited
statistics, the a-decay energy distribution of the shorter-lived state seems to
be concentrated at energies higher than 7700 keV (see Fig. 5.25(c)). In contrast
to this, the a decay of the longer-lived state has a broader energy distribution
in the range of (7470 — 7920) keV with an indication of a distinct « line at
~T7710keV (see Fig.5.25(d)).

TTr1rrrrrrr TTrrrrrrrrT ‘ T rrrrrrr ‘ TTr1rrrrrrr
10§ Ty = 11(7) s time distribution of =
198Fr g decays 1

Ty = 15(3) ms

s

0 20 40 60 8
At (ER-al) (ms)

Fig. 5.26 The decay curve of *®Fr (for the events from Fig.5.25(b) including the escaped
events detected by the PSSD + BOX system). The fit function was obtained as a combination
of two exponential components with half-lives of 1.1(7) (blue dashed line) and 15(3) ms (red
dotted line). The total decay curve as a sum of exponential components is drawn by a black
solid line.

counts/ 1 ms

a8 decay 'The granddaughter a3 decay was searched for within a correlation
time of 10s after an a2 decay. The detected a3-decay energy was in the range
of ~ (6410 — 6475) keV corresponding to '°Bi™!™? (see Fig. 5.27). (Reference
values for ''Bi are: E, = 6431(5)keV, T/ = 6.3(1)s for ’Bi"™!, and E, =
6456(5) keV, T o = 6.2(1) s for 'Bi"? [Van91, Huy88].) The lower number of
a3 decays in Fig. 5.27 compared to the number of events in Fig. 5.24(c) (region
A) is due to the a-decay branching ratio of °Bi (b, = 90130 % for '°Bi™! and
be = 70(9) % for °Bi™? [Van91]) and the limited a2-a3 correlation time. The
a3 decays also support the presence of two states in '*Fr. The a1 decays with
At(ER-al) < 5ms correlate with the ~ 6415- and ~ 6460-keV decays from both
190B™ and 0Bi™? states (see Fig.5.27(a)), while the a1 decays with A¢(ER-
al) > 5ms only correlate with ~ 6425-keV decays of 1"Bi™! (see Fig. 5.27(b)).
For the summary of a-decay characteristics of both isomers in *8Fr see Tab. 5.9.

The observation of two different half-lives (1.1(7) and 15(3) ms) and different
energy distributions for the decay of *Fr (see Figs. 5.25(c) and 5.25(d)) implies
two isomeric states in this isotope. Furthermore, a1 decays of 1®Fr with At(ER-
al) > 5ms are correlated only with a3 decays of 'Bi™ (see Fig. 5.27(b)), while
al decays with At(ER-a1) < 5ms seem to be followed by a3 decays from both
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Fig. 5.27 The “®Fr granddaughter a3-decay energy spectrum correlated with events from
region A of Fig. 5.24(c) within 10s. The dotted lines represent the reference energies [Van91]
for 199BimLm2 . (a) a3 decays correlated with al decays of 198Fr with At(ER-a1)< 5ms.
(b) a3 decays correlated with al decays of 8Fr with 5 ms < At(ER-al) < 80 ms.

Tab. 5.9 The a-decay properties of 198Fr.

E, I, Tis &2
isotope  I™ (keV) (%) (ms)  (keV) ref.
198y - 7580 — 7930 1.1(7) 30 —380 this work
- 7470 — 7920 ~50 15(3) 1-30  this work
- ~ 7710 ~50 15(3)  14(6) this work
2~ 7613(15) 1512 60730 [Uus13]
6,7t 7684(15) 1674%  30(20)  [Uusl3]

190Bjm! and 19Bi™? (see Fig. 5.27(a)). However, the appearance of correlations
with decays from °Bi™! for al decaying with At(ER-a1) < 5ms is most
probably due to the contribution of o decays from the 15(3)-ms state within
5ms after ER implantation. Therefore, we assume that the shorter-lived state
decays predominantly to 'Bi™? and the longer-lived state decays to °Bi"™! (see
the proposed decay scheme in Fig. 5.28). From the total number of 1% Fr decays
and their time distribution after ER implantations (see Figs.5.25(c),(d) and
5.26) we estimate a population of 15(5) % for the 1.1-ms state and 85(5) % for
the 15-ms state. At the beam energy of 282 MeV (E¢y = 38 MeV), a maximum
production cross-section of 1.3(3) nb was deduced for the sum of the two isomers
in 1%Fr.

a-v coincidences Searching for ER-(al-v)-a2-a3 correlations, two photons
with an energy of 81.5(7) keV were detected in coincidence with 7836(14)-keV
al decays. The energy of these photons agrees with the energy of K, X-rays
of astatine (reference values: Ex,, = 81.517keV, [, = 46.1(9) % [Fir96]). The
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Fig. 5.28 Proposed simplified decay schemes for two a-decaying states in '°*Fr. The order
and energy difference between the isomeric states are not known. As the a-decay energy
distributions of both states are ranging over several hundreds of keV, we note that the
depicted decays of 8Fr™!™2 may also include transitions to low-lying excited states over
194 AtmLm2 - Energy of excited level and a-decay energies are in keV.

Qo value for the 7836(14)-keV «a transition is Qa(rsse) = 7998(14) keV. The
time differences between the implantations of ERs and the detection of the a1-
v coincidences were 3.3 and 4.7 ms. Although the a2 particle from one decay
chain was only registered with part of its energy in the PSSD, the a3 particle
was fully stopped in the PSSD for both decay chains. The energies of the a3
decays, 6470(15) and 6461(15) keV, are consistent with the 6456(5)-keV « decay
of 9Bi™2, Based on the energies of correlated a3 decays corresponding to the
decay of '"Bi™? and on the time differences between ERs and a1 decays (both
within 5ms), the al-y coincidences belong to the decay of Fr™2,

Discussion

In the even- A francium isotope 2°°Fr only one a-decaying state has been observed
so far (see Sect.5.1.5), while in 202204206y at least two a-decaying states have
been identified [Huy92]. In '%Fr we observed two o decaying states as well (see
the proposed decay scheme in Fig. 5.28).

The broad a-decay energy distribution with a hint of a peak at ~ 7710 keV for
198Fr indicates its complex decay pattern (see Figs.5.24(b), 5.24(c) (region A)
and 5.25(b)). For the 15(3)-ms state, if one assumes a relative intensity of ~ 50 %
for the ~7710-keV « line (see Fig.5.25(d)), then §2 ~ 10keV can be deduced.
This value suggests a hindrance (by about a factor of 10) of the ~ 7710-keV
transition relative to both 9Fr (§2 = (81 — 120) keV) and neighboring even-
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even nuclei (62('%Rn) = 25015 keV, 62(*Rn) = 111(6) keV, 62(**Rn) =
6473 keV). This decay should populate an excited state at ~210keV in "4 At
(see Fig.5.28), as a decays from 15(3)-ms state have energies up to ~ 7920 keV.
We assume that this level deexcites partly through internal conversion, as we did
not detect any ~ 210-keV ~ rays in coincidence with the o decays of '%*Fr. The
energy summing of an « particle and conversion electrons can also explain the
broad a-decay energy distribution of this state (see Fig. 5.25(d)). However, the
non-observation of y rays at ~ 210 keV can also be explained by the low statistics
and a detection efficiency of only ~8.5% for v rays with E, ~ 200keV (see
the y-ray detection efficiency curve in Fig. 4.3 in Sect. 4.1.2) or by the existence
of other levels below the ~ 210-keV state and then the deexcitation through a
cascade of lower-energy transitions instead of a single transition. As there is a
strong contribution of o decays below 7710keV, also at least one level above
~210keV must be populated by the o decay of *®Fr.

a-vy coincidences We may assume that the o decays of 8Fr™? with the
highest energy (E, ~ 7930keV, see Fig. 5.25(b)) connect the 1.1(7)-ms level in
YSFr directly with the *At™? level. The @, value of these decays is Qu(7930) &
8090 keV. In the decay of ¥8Fr™? we detected a-v coincidences with E, =
7836(14) keV, Qu(rs36) = 7998(14) keV, and E, = 81.5(7) keV corresponding to
K X-rays of astatine. Since the K X-rays were detected, the excitation energy
of the level populated by the 7836(14)-keV « decay must be higher than the
K-binding energy of astatine (Ep = 96keV [Fir96]).

The difference between the )o(7s36) and Qa(r930) values, which could give an
excitation energy of the level populated by the 7836(14)-keV transition, is ~
90keV. As this value is close to the K-binding energy of astatine (Ep = 96 keV),
we may assume that the 7836(14)-keV « transition populates the level with E*
only slightly higher than Eg. As a result the emitted conversion electron would
have a very low energy, which would be summed with the a-particle energy. In
this case we can roughly estimate the excitation energy of the level populated
by the 7836(14)-keV transition to be ~ 100 keV.

However, the detected photons could also be y-ray transitions that by chance
have the same energy as K,; X-rays of astatine, which would lower the limit
for the E* of the level populated by the 7836(14)-keV « transition to 82keV.

Experiment at RITU Shortly after our conclusions on the decay properties
of 1 Fr had been published [Kall3a], the results on " Fr decay measured at
RITU were reported [Uus13]. In that measurement, '**Fr was produced in the
3n evaporation channel of the same fusion-evaporation reaction, ®°*Ni + 4! Pr,
like in our study. Two « lines were reported at 7613(15) and 7684(15) keV with
half-lives of 15132 and 1672* ms, respectively. For each a line five ER-a1-a2(-a3)
decay chains were observed.
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In contrast to two a peaks at 7613(15) and 7684(15)keV observed at RITU
[Uus13], we detected two broad a-decay energy distributions ranging from about
7500 keV and exceeding 7900 keV for both decays. Unlike our data, the 1.1-ms
state state in ®Fr was not observed at RITU [Uus13]. This is consistent with
our data, as we estimated only a 15(5) % intensity for the 1.1-ms state compared
to an 85(5) % intensity for the 15-ms state and at RITU only 10 decays were
observed in total for **Fr. We recall that an a-decaying state with 77, = 1.6 ms
was observed at RITU, but it was attributed to ' Fr (see previous Sect.5.2.1
on '9Fr).

In summary, the isotope ®Fr was identified and an indication for two isomeric
states was observed. Due to the complexity of the data and the limited statistics
only a simplified decay scheme is proposed (see Fig.5.28).

5.2.3 New isotope 'Y7Fr

Prior to our study, no experimental information on the decay of “"Fr was re-
ported.

Our experimental results

ER-a1-a2-a3 correlation chain  We observed one ER-a1-a2-a3 correlation
chain with A¢(ER-al) = 0.9ms and E,; = 7728(15) keV (see Fig.5.29) at
a beam energy of 300 MeV. This energy was chosen intentionally for the 4n
evaporation channel and resulted in a 51-MeV excitation energy of a compound
nucleus °'Fr*. The al decay was followed by a 7375(30)-keV a2 decay after
45ms. The granddaughter 6665(30)-keV a3 decay was detected 294 ms after
the a2 decay. The al particle was fully stopped in the PSSD, while the o2 and
a3 particles escaped from the PSSD, but their residual energies were registered
by the BOX system. The a1 and a2 decays were registered in the pause between
beam pulses, while the a3 decay was detected in the pulse. The decays were
registered in the middle part of the PssD (strip No. 10 and about 1/3 of the
strip length). The positions from the bottom and top of the strip are shown in
Fig.5.29.

The energy of the ER before the implantation into the PSSD calculated by
LISE+4+ [Tar08] is 73 MeV. The registered energy of implanted ER was only
47.2MeV. The detected energy is lower than the expected energy due to the
pulse-height defect, which may be up to several tens of % [Ant01].

Fig.5.30 shows the location of the ER in a two-dimensional plot showing
the time of flight and energy of implanted particles. In this figure, the group
of events from the bottom to the upper right corner comprises the scattered
projectiles, events in the middle are complete-fusion reaction products, and
below them are the scattered target or target-like nuclei from elastic scattering
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Fig. 5.29 Correlation a-decay chain attributed to '°Fr observed in the reaction 5°Ni + 141 Pr
at Epeqam = 300 MeV. Measured energies, time differences between subsequent signals, and
positions obtained from the top and bottom of the strip are shown. In the case of the
escaped « particles a2 and «3, the signals from the bottom of the strip were too low for

detection.

or transfer reactions, respectively.

We associate the daughter a2 decay with the known « decay of the 7/2~ state
in At (reference values: E, = 7325(5)keV, Ty, = 21(5) ms [Ket03a]) and
the granddaughter a3 decay with the decay of the 9/27 state in '®Bi (reference
values: F, = 6667(4) keV, T /o = 580(25) ms [Ket03a]). Therefore we attribute
the parent 7728(15)-keV a1 decay with a half-life of 0.6 55 ms to the new isotope
Y7Fr (see Tab. 5.10).

Tab. 5.10 The a-decay properties of M7Fr.

Ea T1/2 5(2){
isotope  I™ (keV) (ms) (keV) ref.

WTRr  7/27 7728(15)  0.675% 60072097 this work

The probability of detecting such a triple-a correlation chain randomly, cal-
culated using the method from Ref. [Sch84], is 107°. The probability includes
the detection of a chain with At(ER-al) < 60ms, At(al-a2) < 150ms and
At(a2-a3) < 2s. The energy windows were set to include the range corre-
sponding to decays of the 7/2~ state in '**At and 9/2~ state in ' Bi for the a2
and a3 decays, respectively. The energy window for the parent al decay was
set to (7500 — 8000) keV. Another argument for the correlation chain not being
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Fig. 5.30 A two-dimensional plot showing time of flight (horizontal axis) and energy (ver-
tical axis) of implanted particles. A position of the evaporation residue (ER) attributed to
97Fr is marked by the black full star. The color scale corresponds to the number of events
in one pixel. Events in the middle are complete-fusion reaction products, below them are
the scattered target or target-like nuclei from elastic scattering or transfer reactions, respec-
tively, and the most numerous group of events from the bottom to the upper right corner
are the scattered projectiles. Time on the horizontal axis is not calibrated and is in reverse
order: higher values correspond to shorter times of flight and vice versa.

random is that the al, a2 and a3 decays have energies different from energies
of the most intensive peaks present in the a-decay energy spectrum detected
at considered beam energy of 300 MeV (see Fig. 5.31).
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Fig. 5.31 A part of the a-decay energy spectrum measured in the PSSD in anticoincidence
with the TOF system in the reaction °9Fe +'#'Pr at Epeq,m = 300MeV. The positions of
a particles from the ER-al-a2-a3 correlation chain attributed to the decay of °7Fr are
marked by arrows.

We were also searching for the decay of the next member of the 1" Fr correlation
chain, ™ TI™. The isomeric 1.93(8)-s level at 454.8(15) keV in ' T1 decays
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predominantly by a cascade of two internal transitions with energies 168.8 and
284 keV to the ground state [nndc|. It also has a small a branch with a probability
of around 2 %. We registered neither an « particle nor an electron--y coincidence
from the decay of " T1™ within a 10-s correlation time after the a3 decay from
189Bi. Looking for a single v-ray decay (without coincidence with an electron)
is impossible due to high rate of random (background) ~ rays. The ground
state of ™T1 undergoes an electron capture with a half-life of 19.5(5)s. This
half-life itself is too long for a correlation search, and moreover, the SHIP setup
is not optimized for the detection of signals from the electron-capture process
(high rate of background v rays and an energy threshold for electrons of around
300keV for this experiment).

A careful search for a possible proton emission of *"Fr was made by searching
for ER-proton-a(**®Rn) correlations, but no evidence for this was found. The
expected half-life for the proton emission according to [Med07] is 2.1E+4s.
Assuming one recorded o particle and zero protons from the decay of *"Fr, we
estimated the lower limit for the partial proton-emission half-life to be more
than 6 ms. Our estimate is consistent with the predicted half-life.

The @, value of the 7728(15)-keV decay is 7888(15)keV. The production
cross-section of "Fr was determined as 1811} pb at Ejean = 300 MeV (Efy =
51 MeV).

Discussion

The reduced a-decay width for the «v transition at 7728(15) keV attributed to the
decay of "Fr is 6001 300" keV. This suggests a HF of 0.3 55 compared to neigh-
boring even-even isotopes (62(***Rn) = 270(60) keV, 62(*%Rn) = 25015 keV,
62(*®Rn) = 111(6) keV). Although the uncertainty is large, the very low HF
value indicates an allowed transition. Therefore, we assume no spin or parity
change between the levels connected by this transition.

In 193A¢, the 1/27 and 7/2~ levels were observed to be very close in energy
and it is presently not known unambiguously which one of them represents
the ground state [Ket03a]. The a-decay energy and half-life for the a2 decay
correlated with the parent “"Fr decay agree with the a-decay properties of
the 7/27 state in 3At (see Fig.5.32). Based on the unhindered nature of the
7728(15)-keV a1 decay, we assume that it originates from the 7/2~ state in
Y7Fr, This would also be in agreement with the expected higher population of
higher-spin states compared with lower-spin states in complete-fusion reactions.

Assuming that the detected 7728(15)-keV decay originates from the ground
state of 197Fr, we calculated a mass of 183.47099(8) GeV for "Fr. The corre-
sponding atomic mass excess is 11.7(1) MeV. This value follows the trend of
masses of francium isotopes (see Fig.5.33(a)). We compared experimental va-
lues of atomic mass excess with predictions made by several theoretical models
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Fig. 5.32 The proposed decay scheme for 7Fr. The reference values for decays of M3At
and ®9Bi are from Ref. [Ket03a]. The experimental values for al, a2, and a3 decays from
our measurement are written in bold italic font. Alpha-decay energies, reduced width and
energies of excited levels are in keV and relative intensities are in %.

[Ibnl] (see Fig.5.33(b)). Commonly used finite-range droplet model (FRDM)
[M6195] reproduces experimental data well down to A = 200, but for the lightest
francium isotopes, *?Fr and "7Fr, its predictions differ from experimental data
by up to 2MeV. On the other hand, finite-range liquid-drop model (FRLDM)
[M6195], which gives values differing from experimental data by about 1 MeV
for masses between 200 and 205, reproduces the experimental mass of *"Fr very
precisely (within a 1o interval).

Systematics of reduced a-decay widths The 6?2 systematics for odd-A fran-
cium, astatine and even-A radon isotopes in the vicinity of the shell closure
N = 126 areshown in Fig. 5.34. The francium isotopes exhibit a trend of increas-
ing 0% at decreasing neutron number from N = 126 down to N = 114. The value
of the reduced a-decay width for *9Fr (N = 112) in the range of (81 —120) keV
(depending on the considered scenario, see the Discussion in Sect. 5.2.1) obtained
from our data indicates no significant change compared to 2*'Fr. However, the
deduced reduced a-decay width for *7Fr of 6007350° keV is considerably larger
than in the heavier isotopes "921Fr (see Fig.5.34). Neighboring even-even
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Fig. 5.33 (a) Experimental atomic mass excesses for francium isotopes. (b) The relative
differences between experimental (black circles) and theoretical values (colored lines) for
atomic mass excesses of francium isotopes. Experimental values were set to zero and values
predicted by several models are compared with them. FExperimental values were taken
from Ref. [Wan12] (open circles) except for ¥7199Fr (full circles), which are from our data.
Theoretical values were taken from Ref. [lbnl].

radon isotopes (Z = 86) have reduced a-decay widths of 270(60) keV (*%Rn)
[And06], 250750 keV (*°Rn) [Ket01] and 111(6)keV (***Rn) [Bij95].

We note that the values of reduced a-decay widths of the isotopes in this
region (including Fr) are higher than for transitions in regions above the
doubly magic nuclei '°Sn (e.g., with reduced a-decay widths of 140(20) and
2207210 keV for 1% Te [Lid06] and %°Te [Jan05a, Sch81], respectively) and 2**Ph
(e.g., with reduced a-decay widths of 70(1) and 90(20) keV for ?'*Po [Fir(04]
and ?3Po [Fir04], respectively). One explanation for high values of reduced
a-decay widths of o decays leading to doubly-magic or nearby nuclei is the
possibility, that an a-particle is pre-formed from valence nucleons outside the
doubly-magic core [Mac65, Var92]. The enhanced stability of the doubly-magic
core makes such « transitions very allowed. However, nuclei in the vicinity of
Y7Fr do not decay to regions of doubly-magic nuclei, and still their reduced
a-decay widths are so high. To investigate this issue, experimental data with
much higher statistics would be necessary.
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Fig. 5.34 Systematics of reduced a-decay widths in the vicinity of the shell closure N = 126
for odd-A francium (Z = 87) isotopes and neighboring odd-A astatine (Z = 85) and even-
A radon (Z = 86) isotopes. The 9/27 —9/2~ and 0T — 0" transitions are connected by
solid lines. The transitions 7/2~ —7/27 and 1/27 — 1/2% are represented by dashed lines.
The values of reduced a-decay widths except for 719Fr are taken from Refs. [Kall4,
DeW05, Chu99, Ket03a, Ket03b, Smi99, And06, Ket01, Bij95, Wau93, Cal84]. The values
for 7199Fr which are from our measurement, are shown by solid symbols. They are not
connected by a line with the symbols of other francium isotopes representing 9/2~ —9/2~
transitions, because they probably represent 7/2~ — 7/27 transitions (and possibly also
1/2% —1/2F for 199Fr, see Sect.5.1.6 on 19Fr for more details).

5.3 Hindrance factors

As we already mentioned in Sect.3.1.1, a measure of a suppression of an «
decay can be expressed by a hindrance factor (HF) of the a transition. An
unhindered decay (HF 1) connects two states with the same configuration.
The more different are the states connected by the « transition, the higher is the
HF of the « transition. As an example of this dependence, we can look at the
decay scheme of 2*>No in Fig. 7.1 in Appendix B: The « transition connecting the
states with the same configuration, 9/27[734], in the parent *No and daughter
249Fm nuclei, has a hindrance factor of 3.1. On the other hand, for the transition,
which requires a sizable change between the states in the parent and daughter
nuclei, e.g., the transition connecting ground states of 2**No and ?*°Fm, the
hindrance factor is more than 8000.

We calculated hindrance factors for decays studied in this work by compar-
ing reduced a-decay widths (§2) for a given o decay with 62 of unhindered «
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decays in neighboring isotopes. Reduced a-decay widths were evaluated using
the approach introduced by J.O. Rasmussen [Rash9]. In this section, we com-
pare hindrance factors obtained by comparing reduced a-decay widths with the
ones determined by comparing experimental (772 ¢.p) and expected (77 /2 theor)
half-lives calculated using several approaches (see Sect.3.1.1). We chose three
methods for the calculation of expected half-lives:

e Semi-empirical relationship based on the fission theory of @ decay. The
method was originally proposed by D.N. Poenaru, et al. in 1980 [Poe80].
Later, the fit parameters were updated according to enhanced set of ex-
perimental a-decay data [Poe06].

e Method for the calculation of half-lives for cluster decays introduced by
D.N. Poenaru, et al. [Poe06]. In this approach, the parameters were
extracted both from a set of a-decay data and from a set of (cluster+a)-
decay data.

e Universal decay law for cluster decays introduced by C. Qi, et al. [Qi09].
In this approach, the parameters were extracted both from a set of a-decay
data and from a set of (cluster+a)-decay data.

We applied these methods to obtain expected half-lives of isotopes studied in this
work; both for known decays already measured with high accuracy (**°~2%2Fr)
and for new data (197Fr, 21:202Ra) (see Figs. 5.35 and 5.36). For all the considered
transitions, all methods give hindrance factors around 1, which corresponds to
an unhindered nature of studied « decays. This result is independent on the used
method. Two of the approaches (1. Poenaru (2006), semiFIS and 2. Poenaru
(2006), univ («), see Figs. 5.35 and 5.36) predict half-lives by about one order of
magnitude longer than the experimentally measured ones (resulting in hindrance
factors of about 0.1). This difference indicates that these transitions are even
more allowed than one would expect from the systematics. The fact that these
transitions are very allowed, can be also seen in systematics of reduced a-decay
widths, which was discussed in Sect. 5.1.1 on ?*?Ra (Fig. 5.4(a)) and Sect. 5.2.3
on ¥Fr (Fig. 5.34).

5.4 Cross sections

In this section we present evaluated experimental production cross sections for
radium and francium isotopes studied in this work. Isotopes were produced
in fusion-evaporation reactions (*°Fe +Sm, °Fe + 47Sm, “ONi+!'Pr), for
which we estimated the transmission of SHIP to be 40 % based on the Monte-
Carlo code for fusion-evaporation residues traversing through an ion-optical
system [Maz08].
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Fig. 5.35 Hindrance factors evaluated using different approaches for some of the o decays
studied in this work. See the text for more details.
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Fig. 5.36 Hindrance factors evaluated using different approaches for some of the o decays
studied in this work. HF for an a decay of 2!2Po is shown here for comparison, as it is an
example of an unhindered « decay leading to a doubly-magic 2“8Pb. See the text for more
details.

Reactions *Fe +'*8Sm and *°Fe +'"Sm In the first experiment, radium
and francium isotopes were produced in xn and pxn evaporation channels, re-
spectively, in the fusion-evaporation reactions *Fe + 149Sm — 2°Ra* and *°Fe 4
147Sm — 293Ra*. Irradiations of the *°Sm and 47Sm targets were performed
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at several beam energies resulting in different excitation energies of compound
nuclei 2°Ra and ?%*Ra, respectively, which are summarized in Tabs.5.11 and
5.12. Production cross sections from these reactions are shown in Figs. 5.37 and
5.38. The cross sections for the pzn evaporation channels are about two orders
of magnitude higher than for the zn channels due to a large neutron deficit of
produced isotopes.

Tab. 5.11 Experimental cross sections for the production of radium and francium isotopes
in the reaction *°Fe + 14°Sm.

Eveam — Eon cross section
(MeV) (MeV) (nb)
ZOORa 201]:-{a 202Ra 203Ra
(5n) (4n) (3n) (2n)
244 30 - - 0.2(1) 0.2(1)
256 39 - ~017(6)  0.0679%
275 42 - - 0.0279-0%  0.02705%
200FI‘ 201FI‘ 202FI‘ 203FI‘
(p4n) (p3n) (p2n) (pn)
244 30 - - 5(1) 3.9(8)
256 39 - 0.6(2) 24(2) 4.1(5)
260 42 - 0.5(2) 25(2) 0.9(4)
275 53 0.023700%  4.04)  5.9(6) 1.0(2)

Tab. 5.12 Experimental cross sections for the production of radium and francium isotopes
in the reaction *°Fe + 147Sm.

Eveam Ef cross section
(MeV) (MeV) (nb)

200]‘:{a 201]‘:{a
(3n) (2n)

249 27 - 0.0470 08
263 37 <0.03 -
200F1" 201F1"
(p2n) (pn)
249 27 - 0.3(2)
260 35 0.5(1 0.3(1)

)
263 37 1.8(2) 0.36799%
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Fig. 5.37 Experimental production cross sections (symbols) for radium (panel (a)) and
francium (panel (b)) isotopes produced in the zn and pzn evaporation channels, respectively,
in the fusion evaporation reaction °6Fe +149Sm. Solid lines represent the cross sections
calculated using the HIVAP code [Rei81, Ant12].

F L L S B R F L L R B B
= - 56 147 1o L 56 147 ;
ié, 103§ Fe +147Sm g(a:]) \-g/ 10°’§ Fe +147sm F())t()l’)l
10 4 c 1PE 2% (pn 3
s S ) 2008, 2y :
S 10¢ 19 10 E
G 0 “Raen 16 L o E
@ 14 F o0 go
© 10" ¢ ?0%Ra 6n) T 010t ¢ ‘ E
[&] £ F 1 O C |
102 éw {E NS NSNS SO I NI SN SR N NNR N \E 102 ?\ Lo e b e \E
20 30 40 50 60 7( 20 30 40 50 60 7(
Ecn (MeV) Ecn (MeV)

Fig. 5.38 Experimental production cross sections (symbols) for radium (panel (a)) and
francium (panel (b)) isotopes produced in the zn and pzn evaporation channels, respectively,
in the fusion evaporation reaction °6Fe+ '47Sm. Solid lines represent the cross sections
calculated using the HIVAP code [Rei81, Ant12]. For the 2°°Ra isotope we present only an
upper limit for the experimental cross section (red arrow), as no event was observed.

Reaction ONi +'*1Pr In the second experiment, we produced % ~197Fr iso-
topes in the (2n — 4n) evaporation channels in the fusion-evaporation reaction
SONi + “!'Pr. Irradiations of the *!'Pr target were performed at several beam
energies from 266 to 300 MeV resulting in excitation energies of a compound
nucleus 2*'Fr in the range of (51 — 27) MeV (see Tab.5.13 and Fig.5.39). We
recall that at a beam energy of 276 MeV, Ef,y = 34 MeV, both **Fr and '°Fr
isotopes were produced. As their decay properties are very similar, it was not
possible to distinguish them when both were produced simultaneously (see Sec-
tions 5.2.1 and 5.2.2 on *Fr and Fr for more details). The cross section
for the sum of both isotopes is plotted as a black diamond symbol between the
maxima of excitation functions for " Fr and *®Fr in Fig. 5.39.

We compared experimental production cross sections for studied isotopes with
the cross sections calculated using a statistical model code HIVAP [Rei81, Ant12].
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Tab. 5.13 Experimental cross sections for the production of "7~199Fr isotopes in the reac-
tion 9ONi 4 41Pr.

Eyeam  Eoy cross section
(MeV) (MeV) (nb)

197F1" 198F1" 199FI‘

(4n) (3n) 2n)

266 27 - 2(1)

272 31 - 3(1)
282 38 1.3(3) -
286 41 0.8(4) -
291 44 0.870¢ -
297 49 0.147000  —
300 51 0.018%001;  0.065053 -
— F L B R
2 10F 60N +141pr xn
= 10k 3
IS E %Fren) 3
*g 10e %r (3n) -
F E K 3
o e i E
g 10? E 21 197y @n) =
(&] E 3
102 ?\ Coon b b e et \E
20 30 40 50 60 ¢

Ecn (MeV)

Fig. 5.39 Experimental production cross sections (symbols) for francium isotopes produced
in the xn evaporation channels in the fusion evaporation reaction °Ni +'4'Pr. Solid lines
represent the cross sections calculated using the HIVAP code [Rei81, Antl12]. The black
diamond shows the common cross section for '%9Fr and '"8Fr, as at a beam energy of
276 MeV (Ef = 34MeV) both isotopes were produced.

Experimental and calculated values are mostly consistent within one order of
magnitude. The HIVAP calculations were performed before the analysis of ex-
perimental data. This may explain the difference between experimental and
calculated values, which is apparent mainly at low excitation energies. It is
well known that HIVAP may not be optimal for the reactions close to the fusion
barrier. The input parameters for the HIVAP calculations related to the fusion
barrier and its fluctuations may not be known for the particular reactions, which
results in sizable uncertainties of the final values.



Chapter 6

Summary

In this Thesis, we present results of decay studies for neutron-deficient radium
and francium isotopes. For some of these isotopes, only very limited experi-
mental information has been available prior to our work. Studied isotopes are
in the region of the nuclide chart where several interesting nuclear-structure
phenomena occur, for example, (3-delayed fission and coexisting states with dif-
ferent shapes within a single nucleus. This motivated us to study the most
neutron-deficient isotopes from this region.

Two experiments aimed at the production of neutron-deficient radium and
francium isotopes were performed at the velocity filter SHIP (GSI, Darmstadt).
We analyzed data from these measurements using the methods of a- and y-decay
spectroscopy. Identification of isotopes was based on correlations of their decays
with known decays of their daughter (and granddaughter) isotopes. The method
of the isotope identification based on time- and position-correlated events is very
selective and enabled us to identify specific decay chains, even if the number
of background signals was several orders of magnitude higher than the number
of studied events. This technique was successfully used, for example, in the
identification of several new superheavy elements (see, e.g., Ref. [Hof00]).

We investigated in detail decay properties of nine isotopes:

o 2017203R 4 and 2°°~22Fr produced in the fusion-evaporation reactions *° Fe +
149Gm and *°Fe + 47Sm,
o Y19y produced in the fusion-evaporation reaction ®Ni+ 4!1Pr,

In the following paragraphs we list the results for individual isotopes obtained
from our experiments. (We recall that all spins and parities assigned to nuclear
energy levels in our work are tentative.)
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Reactions °¢ Fe + 1471498 m

201Ra We observed a new isomeric a-decaying state in 2°! Ra yielding an a-decay
energy of 7842(12) keV and a half-life of 877 ms. Based on the value of
reduced a-decay width, we consider this decay to be unhindered, and we
assume that it connects states with spins and parities 3/27 in the parent
201Ra and daughter "Rn isotope.

202Ra For the heavier radium isotope, 2“?Ra, we significantly improved the
a-decay data by detecting 16 decay chains, while in both previous mea-
surements only one decay chain was recorded [Lei96, Uus05]. We measured
an a-decay energy of 7722(7)keV and a half-life of 3.8 ms for 22Ra
resulting in the reduced a-decay width of 210770 keV. This value showed
that reduced a-decay widths for even-A radium isotopes continue to in-
crease with decreasing neutron number. Such trends of reduced a-decay
widths were also reported for even-A isotopes of neighboring elements —
radon [And06, Ket01] and thorium [Her10].

200Fy Besides the known a-decaying state, we also observed a new short lived

y-decaying state with a half-life of 0.6 us in °°Fr. Based on one fission
event, we identified a process of (3-delayed fission in this isotope. The
estimated lower limit for the probability of this decay mode in 2°Fr is
1.4 %, which is one of the highest observed values for the probability of
B-delayed fission. For 0At, the a-decay daughter of 2°°Fr, we detected

a new weak « line at 6732(8) keV.

21Fr Our data confirmed decay properties of the ground (spherical) 9/27 state
and the intruder (oblate) 1/27 state in ' Fr. Besides these two states, we
also identified a short-lived v-decaying state with a half-life of 0.7155 us
in this nuclide and tentatively assigned a spin and parity of 13/2" to this
state. Recently, the 13/27 isomeric states were also identified in heavier
francium isotopes, *Fr [Jak13] and **Fr [Jak12].

2BRa, ?Fr We observed « decay of the 13/2" and 3/2" states in ***Ra and «
decays of the 37 and 10~ states in 2**Fr. Half-lives and a-decay energies
for these states evaluated from our data confirmed known values.

20Ra In the reaction *Fe +147Sm, we estimated an upper limit of 30 pb for
the production cross section of 2“Ra at the expected maximum of 2°Ra
excitation function.
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Reaction % Ni+ “'Pr

199Fr Compared to a previous measurement [Tag99], we collected statistics hig-
her by one order of magnitude for % Fr, which enabled us to significantly
improve its a-decay properties. Based on our data, we proposed two possi-
ble scenarios for the decay of *"Fr: One of them considers the existence of
two a-decaying states with similar decay properties: the 1/2% state with
an a-decay energy of 7664(11)keV and a half-life of 4.5773 ms decaying
to a ground state in At and the 7/2~ state with an a-decay energy of
7676(6) keV and a half-life of 6.2733 ms decaying to an isomeric state in
195 At. The second scenario considers only one a-decaying state in '%Fr
with tentative spin and parity 7/27, a-decay energy of 7675(6) keV and
a half-life of 6.0752ms. To confirm one of the scenarios, more statistics
is needed. As for the heavier odd-A francium isotopes the ground state
is presumably spherical with spin and parity 9/27, our data indicate a
change in the ground-state deformation from A = 199, since both 7/2~
and 1/27 states are presumably oblate.

98Fr To our knowledge, no experimental data for 1% Fr were published prior to
our work. We recorded several tens of 8Fr nuclei with a broad a-decay
energy distribution in the range of (7470 — 7930) keV. The energy and
time distribution of o decays as well as correlated granddaughter decays
indicate the presence of two a-decaying states in *8Fr with half-lives of
1.1(7) and 15(3) ms.

Y7Fr We identified a new isotope "Fr based on one correlation chain consisting
of the implantation of an evaporation residue followed by three o decays.
We assume, that this chain originates from the 7/27 state in "Fr. A
measured a-decay energy for this state was 7728(15) keV and a half-life
was 0.6759ms. A remarkably high reduced a-decay width, 0.6733 MeV,
was deduced for this transition. Although the uncertainty is large, this
value, along with the values of reduced a-decay widths for some other
nearby isotopes, is higher than reduced a-decay widths of nuclei decaying
to regions of doubly magic °*Pb and °°Sn. To investigate this issue in
more detail, experimental data with higher statistics would be necessary.



Chapter 7

Conclusion

In this Thesis, the results of two experiments aimed at the investigation of
neutron-deficient radium and francium isotopes are discussed. Isotopes were
produced in fusion-evaporation reactions, %Fe +"149Gm and %ONi + “4'Pr, at
the velocity filter sHIP at GSI in Darmstadt. Data were analyzed by a- and
~v-decay spectroscopy.

A new isotope, Y"Fr, was identified. New isomeric a-decaying states were
observed in ?'Ra and ' Fr. For ??Ra and '%Fr, significantly improved values
for a-decay energies and half-lives were evaluated compared to previously known
data. Short-lived y-decaying states were identified in 2°°Fr and 2°'Fr. A process
of 3-delayed fission was observed in 2°°Fr for the first time. In addition, known
a-decay properties were confirmed for 2“*Ra and 2%?Fr.

In the Fr isotope, decays of the 7/2~ and possibly also 1/2% states were
observed. Both states are associated with a presumably oblate deformation.
On the other hand, the ground 9/2~ state of heavier odd-A francium isotopes is
associated with a presumably spherical shape. Therefore, starting from A = 199,
the ground-state deformation in francium isotopes may change from spherical
to oblate.

A high reduced a-decay width evaluated for 2*?Ra shows that a trend of
increasing reduced a-decay widths for even-A radium isotopes continues with
decreasing neutron number. Similarly, a very high reduced a-decay width was
evaluated for "Fr, which exhibits increasing reduced a-decay widths with de-
creasing neutron number for odd-A francium isotopes as well. These values along
with the values of reduced a-decay widths for several other nearby nuclides are
comparable with or even higher than reduced a-decay widths of transitions lead-
ing to regions of doubly-magic nuclei 2°*Pb and °°Sn. However, to investigate
this topic in more detail, experimental data with higher statistics are necessary.

90



Zhrnutie

V dizertacnej praci prezentujeme vysledky stiudia rozpadovych vlastnosti neut-
ronovo-deficitnych izotopov radia a francia. Pre niektoré z tychto izotopov bolo
doteraz znamych len velmi mélo experimentalnych informécii. Studované jadra
sanachadzaju v oblasti tabulky izotopov, kde sa vyskytuje niekolko zaujimavych
javov z hladiska vyskumu jadrovej struktury, napriklad oneskorené Stiepenie
po (B premene alebo koexistencia stavov s roznou deformaciou v ramci jedného
jadra. To nas motivovalo ku studiu velmi neutréonovo-deficitnych izotopov z
tejto oblasti.

Na rychlostnom filtri suip (GSI, Darmstatd) boli uskutoénené dva experi-
menty zamerané na produkciu neutrénovo-deficitnych izotopov réadia a francia.
Déta z tychto merani sme analyzovali metédami rozpadovej «v a v spektroskopie.
[zotopy sme identifikovali na zaklade korelacii ich rozpadov so znamymi roz-
padmi ich dcérskych izotopov. Metdda identifikacie jadier zalozend na casovych
a pozicnych koreldciach eventov je velmi selektivna a umoznuje nam identifikovat
jednotlivé konkrétne rozpadové retazce aj pri pocetnostiach pozadovych signa-
lov prevysujucich studované eventy o niekol’ko rddov. Tato metdda bola tispesne
aplikovand pri identifikécii niekolkych novych supertazkych prvkov (vid napr.
Ref. [Hof00]).

Podrobne sme studovali rozpadové vlastnosti deviatich izotopov:

o 201-203R 4 5 200-202Fy produkovanych vo fizno-vyparnych reakcisch *°Fe 4
1499m a 5°Fe 4 47Sm,

o Y19y produkovanych vo flizno-vyparnej reakcii ®°Ni 4 4! Pr.

V nasledujtcich odstavcoch struéne uvadzame vysledky pre jednotlivé izotopy
ziskané z nasich experimentov. (Poznamendvame, Ze spiny a parity priradené
energetickym hladindm v tejto préci si predbezné.)

Reakcie °6 Fe 4+ 471499 m

1Ra Registrovali sme novy izomérny stav v 2! Ra rozpadajici sa a rozpadom
s energiou 7842(12)keV a dobou polpremeny 873" ms. Na zéklade hod-
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noty redukovanej sirky sme tento rozpad vyhodnotili ako nepotlaceny, a
predpokladdme, ze spaja hladiny so spinom a paritou 3/2~ v materskom
jadre 2°'Ra a dcérskom jadre "Rn.

22Ra Pre tazsi izotop, 2"?Ra, sme vyrazne upresnili doteraz zndme rozpadové

data registrovanim 16 rozpadovych retazcov, pricom v oboch predoslych
experimentoch bol registrovany iba jeden retazec [Lei96, Uus05]. Ener-
gia a rozpadu **?Ra z nasich dat m& hodnotu 7722(7)keV a doba pol-
premeny je 3.8755ms. Z vyhodnotenej redukovanej sirky tohto o roz-
padu, 210750 keV, je zrejmé, Ze s klesajiicim poctom neutrénov reduko-
vané sirky parno-parnych izotopov radia dalej stupaji. Stupajuci trend
redukovanych sirok bol pozorovany aj pre parno-parne izotopoy susednych
prvkov — radénu [And06, Ket01] a téria [Her10].

20Fr Okrem znameho a rozpadu ?“’Fr sme registrovali aj novy kratkozijuci

stav v tomto jadre s dobou polpremeny 0.6705 yis rozpadajici sa vntitor-
nymi prechodmi. Na zéklade jedného stiepneho eventu sme pozorovali
po prvykrat proces oneskoreného stiepenia po 3 premene v izotope 2%°Fr.
Dolny limit pre pravdepodobnost tohto sposobu rozpadu pre 2°°Frje 1.4 %,
¢o je jedna z najvyssich pozorovanych hodnot pravdepodobnosti onesko-
reného Stiepenia po 3 premene. Pre %°At, dcérsky izotop po a rozpade
20Fr, sme registrovali novii « ¢iaru s energiou 6732(8) keV.

21Fr Nasge ddta potvrdili rozpadové vlastnosti zdkladného stavu 9 /2~ (predpok-

ladany sféricky tvar) a izomérneho stavu 1/2% (predpokladany splosteny!
tvar) v jadre 2 Fr. Okrem tychto stavov sme v izotope 2°' Fr identifikovali
tiez kratkozijtici izomérny stav s dobou polpremeny 0.7105 us rozpadajici
sa vnutornymi prechodmi. Predbezne sme mu priradili spin a paritu13/27.
Izoméry so spinom a paritou 13/2" boli neddvno identifikované aj v tazsich
izotopoch francia, ?®Fr [Jak13] a 2®Fr [Jak12].

23Ra, ?Fr Registrovali sme « rozpady stavov 3/27 a 13/2% v jadre ?®Ra a

a rozpady stavov 3T a 10~ v jadre 2°?Fr. Doby polpremeny a energie a
rozpadov tychto stavov vyhodnotené z nasich dat potvrdili zndme hodnoty.

20Ra V reakcii *Fe + "Sm sme vyhodnotili horny limit pre téinny prierez

produkcie 2*°Ra v otakdvanom maxime excitacnej funkcie. Jeho hodnota
je 30 pb.

1

z angl. ‘oblate’
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Reakcia ° Ni + "“!'Pr

99Fr Oproti predoslému meraniu [Tag99] sme pre izotop "Fr ziskali rddovo
vyssiu Statistiku, ¢o nam umoznilo vyrazne upresnit’ jeho rozpadové vlast-
nosti. Na zaklade naSich dat sme navrhli dva mozné rozpadové scenére
pre 9Fr. V prvom uvazujeme existenciu dvoch stavov s velmi podobnymi
vlastnostami « rozpadu: stav 1/2% s energiou 7664(11) keV a dobou pol-
premeny 4.5771 ms rozpadajici sa na zdkladny stav At a stav 7/27 s
energiou 7676(6) keV a dobou polpremeny 6.27 5§ ms rozpadajici sa na
izomérny stav > At. Druhy scendr predpokladd iba jeden stav rozpadajtici
sa a rozpadom v 'Fr s predbeznym spinom a paritou 7/27, energiou
7676(6) keV a dobou polpremeny 6.0759ms. Aby sme mohli potvrdit’ je-
den zo scenarov, potrebujeme data s vyssou statistikou. Nakol'ko v tazsich
neparno-parnych izotopoch francia ma zékladny stav 9/2~ predpokladany
sféricky tvar, nase data naznacuji zmenu deforméacie zékladného stavu od
A =199, kedze predpokladdame, ze oba stavy 7/2% aj 1/2% si splostené.

198 Fr Pokial vieme, pred nasou sttidiou neboli publikované ziadne experimentélne
déta o izotope %Fr. My sme registrovali niekolko desiatok jadier *®Fr so
sirokou energetickou distribticiou «v rozpadu v rozsahu (7470 — 7930) ke V.
Energeticka a ¢asova distribicia a rozpadov, ako aj korelacie s dcérskymi
jadrami '"Bi, nazna¢uju pritomnost dvoch stavov v '%¥Fr s dobami pol-
premeny 1.1(7) a 15(3) ms.

YTFr Identifikovali sme novy izotop, */Fr, na zdklade jedného korela¢ného
retazca pozostavajiceho z implantacie jadra a naslednych troch « roz-
padov. Predpokladdme, Ze retazec pochddza z rozpadu stavu 7/2~ v 197Fr.
Namerand energia « rozpadu tohto stavu je 7728(15) keV a doba pol-
premeny 0.6759 ms. Redukovand sirka tohto o rozpadu, 0.675:3 MeV, je
pozoruhodne vysoka. Hoci ma velkd neistotou, tato hodnota spolu s
hodnotami redukovanych sirok a rozpadov niekolkych dalsich okolitych
izotopov, je vyssia nez redukované sirky izotopov rozpadajicich sa na
dvojito-magické jadra 2°*Pb a 1%°Sn.

Zdver 'V dizertacnej praci su diskutované vysledky experimentov zamera-
nych na stiadium neutrénovo-deficitnych izotopov radia a francia. Izotopy boli
produkované vo fuzno-vyparnych reakcidch °Fe + 471498 a ONj + 141Pr na
rychlostnom filtri sHIP v GSI, Darmstadt. Data boli analyzované metédami
rozpadovej « a v spektroskopie.

Bol identifikovany novy izotop "Fr. Nové izomérne stavy rozpadajice sa
a rozpadom boli pozorované v jadrach ?°'Ra a *®Fr. Pre 2“2Ra a '"Fr boli
ziskané vyrazne presnejSie hodnoty dob polpremien a energii a rozpadov oproti
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predoslym datam. Registrovanie rozpadov zo stavov s predpokladanym splostenym
tvarom v *Fr naznacuje zmenu deformécie zakladného stavu oproti tazsim
neparno-parnym izotopom francia, kde ma zékladny stav predpokladany sféricky
tvar. V jadrach 2°°Fr a 2°'Fr boli identifikované nové kratkozijice izomérne
hladiny rozpadajtce sa vnutornymi prechodmi. Po prvykrat bolo pre izotop
200Fy registrované oneskorené §tiepenie po 3 premene. Zname rozpadové data
boli potvrdené pre izotopy ?*Ra a 202Fr.

Déta pre 2?Ra preukdzali pokracovanie trendu zvysujicich sa redukovanych
sirok s klesajucim poc¢tom neutrénov pre parno-parne izotopy radia. Podobny
trend bol preukazany aj pre neparno-parne izotopy francia vyhodnotenim re-
dukovanych sirok pre Fr a ¥7Fr. Pre vysvetlenie nezvycajne vysokych re-
dukovanych sirok rozpadov '7Fr, 2%2Ra, a aj niektorych dalsich okolitych jadier,
je potrebné ziskat experimentalne data s vysSou Statistikou.



Appendix A

Summary of spectroscopic results

Tabs. 7.1, 7.2, and 7.3 contain the summary of all spectroscopic results obtained
in this work compared with values from the literature.

Tab. 7.1 The a-decay properties of 2°1=293Ra produced in the fusion-evaporation reaction
50Fe + 1471499 m . Spin and parity assignments (I™) are tentative.

Ea T1/2 5(2!
isotope  I™ (keV) (ms) (keV) ref.
201Ra  3/2-  7842(12) 8%Y° 431204 this work
13/2F  7905(20) 1.6%77 1407950 a [Uus05]
22Ra O 7722(7)  3.8753 210710 this work
0t 7740(20) 16730 44753 @ [Uus05]
0F 7860(60) 0.7733 4307330 @ [Lei96]
205Ra 3/27  7575(10) 50718 45137 this work
3/2=  7589(8) 31T 66730 [Uus05]
3/27  7577(20)  1.075% 2200715257 & [Lei96]
13/2F  7607(8)  37HiL 48118 this work
13/2t  7612(8) 247%  72fifa [Uus05)
13/2+  7615(20) 3322 5itda [Lei96]

2 Values of 62 were calculated according to Rasmussen prescription [Ras59] using input values (Eq and
Ty /) from cited references.
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Tab. 7.2 The a-decay properties of 7~199Fr produced in the fusion-evaporation reaction
60Ni + '4'Pr. We show here a-decay properties for both proposed decay patterns of '?9Fr, !
and 2 (for more details see Sect. 5.2.1). Based on present data we cannot make any preference
for either of the scenarios. Unless stated otherwise, we assume a relative intensity of the «
lines (I,) to be 100 %. Spin and parity assignments (I™) are tentative.

Ea Ia T1/2 53

isotope  I™ (keV) (%) (ms) (keV) ref.

YR 7/27 7728(15) 0.675%  6001205°  this work

98— 7580 — 7930 1.1(7) 30 —380 this work
— 7470 - 7920 ~50 15(3) 1-30  this work
- ~ 7710 ~50 15(3) 14(6) this work
2- 7613(15) 1512 60730 [Uus13]
6,7t 7684(15) 1675 30(20) [Uus13]

W9F  7/27  7675(6) 6.0759 85T1° this work!
7/27  7676(6) 6.2505 8111 this work?
/2% 7664(11) 4572 120750 this work?
- 7655(40) 12730 49723 a  [Tag99]
1/2t  7644(20) 57 1307550 [Uus13]
7/27  7668(15) 7+ 80150 [Uus13]
13/2  7808(20) 16700 12071°  [Uusl3]

2 Values of §2 were calculated according to Rasmussen prescription [Ras59] using input values (Eq and
Ty /7) from cited references.

Tab. 7.3 The a-decay properties of 2°9~202Fr and their a-decay daughters '96=198 At pro-
duced in the fusion-evaporation reactions °6Fe+ '47:1499m. Unless stated otherwise, we
assume a relative intensity of the « lines (I,,) to be 100 %. Spin and parity assignments (I™)
are tentative.

Ea Ia T1/2 53

isotope  I™  (keV) (%) (ms) (keV) ref.

200y —  7470(5) 46(4) 48(5) this work
— 7473(12) 49(4)  44(5)®  [DeW05]
— T468(9) 19783 120730 @ [Enq96b)
~ 7500(30) 57072710 3.1f15 @ [Mor9s)

W6AL — 7045(5)  96(2) 340(90) 29(7) this work
~6732(8)  4(2)  340(90) 16(9) this work
3t 7048(12) 3507100 27(2) [Uus13]
~ 7055(12) 389(54) 25(4)®  [DeW05)]
3t 7048(5) 388(7)  27(1)®  [Smi00]
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Tab.7.3 (continued): The a-decay properties of 20°7202Fr and their a-decay daughters
196=198 At produced in the fusion-evaporation reactions *6Fe + 1471498m. Unless stated oth-
erwise, we assume a relative intensity of the « lines (I,) to be 100%. Spin and parity
assignments (I™) are tentative.

L, Iy, T1/2 5(2)/
isotope  I™ (keV) (%) (ms) (keV) ref.
— 7065(30) 253(9) 36(9) 2 [Pu97]
- 7044(7) 3905%% 28%2 2  [Enq96b]
— 7053(30) 320122 317232 [Mor95)
0IFr  9/27  7369(5) 64(3) 72(4) this work
9/2=  7379(7) 67(3) 64(4) [DeWO05]
9/2=  7369(8) 53(4) 87(8) @ [Uus05]
9/2=  7361(7) 69719 717172 [Enq96b)
9/2=  7388(15) 48(15) 83(28) &  [Ewas0]
1/2  7445(8) 8ty 3007200 this work
1/2F  7454(8) 1977 1307550 & [Uus05]
YTAt 9/27  6963(5) 354711 5713 this work
9/27  6963(4) 390(16)  51(3) [DeW05]
9/2  6959(6) 340(20)  61(5) @ [Uus05]
9/27  6960(5) 388(6) 53(2) @ [Smi99)
9/2=  6956(5) 370130 577182 [Enq96b]
1/2%  6698(16) 2.87%%s 70150 this work
1/2t 6706(9) L1%5s 1067550 % [Uus05]
1/2+  6707(5) 2.0(2)s  87(10)*  [Smi99]
1/2+ 6707 3.7(25)s  47(32)*  [Coe86]
202 3t 7238(5) 372(12)  33(2) this work
3t 7241(8) 300(50)  40(7) @ [Uus05]
3t 7243(6) 230780 527482 [Enq96b]
3t 7237(8) 340(40)* <53 [Huy92]
100 7226(5) 286(13)  48(3) this work
100 7235(8) 290(50)  44(8) ® [Uus05]
10~ 7242(6) 23013°  52f92 A [Enq96h)
100 7237(8) 340(40)* <53 [Huy92]
198At 3F 6747(5) 3.0(1)s 39(2) this work
3t 6748(6) 3.8(4)s  27(5)2 [Uus05]
3+ 6753(4) 46718s 2272 a [Enq96b]
3t 6755(4)  80—100 4.2(3)s  26—37  [Huy92
100 6849(5) 1.24(6)s  39(3) this work
100 6850(6) 1.04(15)s  39(10) 2  [Uus05]
10~ 6855(4) 1.3108s 30757 % [Enq96b]
100 6856(4) 67—100 1.0(2)s  37—73  [Huy92]

2 Values of 62 were calculated according to Rasmussen prescription [Ras59] using input values (Eq and
Ty /) from cited references.
* Value is from Ref. M. R. Schmorak, Nucl. Data Sheets 50, 669 (1987).



Appendix B

GEANT 4 simulations of the a decay of ?**No

Isotopes with odd proton and/or neutron number are known for their complex
decay patters. Therefore, the construction of their decay scheme from experi-
mental data may be difficult. Computer Monte-Carlo simulations of a potential
decay process are a valuable tool, that can help to support or exclude our hy-
potheses. At SHIP we performed an experiment aimed at the study of ?**No
(Z = 102), which is a nice example of the isotope with a complex decay pattern.
We performed Monte-Carlo simulations of the decay of 2**No using GEANT 4
[Ago03] and compared the results of the simulations with the experimental a-
decay spectra. Results were published in The Furopean Physical Journal A and
GSI Scientific Report [Hef812, Kall2] and are presented in this Appendix.

The ?5*No isotope decays predominantly (96 %) by the 8004-keV « line to the
279.5-keV excited level in **Fm (see the proposed decay scheme in Fig.7.1).
Less probable are the decays with E, = 8075keV (4%) and E, = 7620 keV
(0.25 %) populating 209.3- and 669.5-keV excited levels, respectively. In all
cases, the daughter nucleus ?*?Fm promptly deexcites to the ground state by
one or more internal transitions. The process of internal transition is realized
by the emission of either a v ray or a conversion electron. The latter induces
the emission of a cascade of X-rays and/or Auger electrons.

In the case when nuclei are implanted into the detector and then undergo ra-
dioactive disintegration, one must be aware of the ‘energy-summing’ effect while
analyzing experimental spectra [HeB889]. This is the case of the experimental
setup used at SHIP, where nuclei are implanted into a 16-strip position-sensitive
silicon detector (see Sect. 4.1). Energy summing occurs when two signals arise in
the detector within such a short time that the electronic system cannot resolve
them and signals are piled-up.

In the case of ?*No, o decay populates excited levels in ?*Fm promptly
deexciting by internal transition(s). As the internal transition occurs rapidly
after the o decay, the electronics does not resolve individual steps. The energy
of the a particle is summed with the energy of electrons and/or X-rays from

98
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Fig. 7.1 Proposed decay scheme for 2°*No [HeB12, Kall2]. Energies of « lines, excited
levels and internal transitions are in keV.

the deexcitation process. The effect of energy summing causes:
e appearance of additional « lines in the a-decay spectrum,

e a change in shape and/or relative intensities of « lines in the a-decay
spectrum.

In Monte-Carlo simulations of the decay of 2**No, we considered Gaussian
distributions of spatial positions of nuclei within the detector and their im-
plantation depths. Considered energy resolution of the detector was 30 keV
(FWHM). Three decay paths with corresponding relative intensities were sim-
ulated following the decay scheme in Fig.7.1:

e 0.25% of a decays with E, = 7620keV followed by the 669.5-keV E1
internal transition.

e 4% of a decays with E, = 8075 keV followed by the 209.3-keV M1 internal
transition.
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e 96 % of a decays with E,, = 8004 keV followed by the F'1 internal transition
with one of the energies: 279.5, 221.5 or 150.4keV.

We simulated the emission of an « particle and a subsequent deexcitation process.
The deexcitation involved the emission of a v ray or a conversion electron with
the probability taken from Ref. [Kib08]. Internal conversion on K-, L- and M-
shell was simulated assuming the corresponding binding energy of the electron.
Internal conversion on N- or higher shell was simulated by the emission of
conversion electron with energy equal to the energy of the internal transition
and its binding energy (~2keV or less) was neglected.

Vacancies in electron shells created by the emitted conversion electrons are
promptly filled by electrons from higher shells. Difference between binding
energies of atomic electrons on initial and final shell may be released either
as photons (i.e. X-rays) or electrons (called Auger electrons). The radiative
and non-radiative yield, i.e. relative intensities of X-rays and Auger electrons,
respectively, were taken from Ref. [Fir04]. In the process of Auger-electron
emission we also included the Coster-Kronig transition, in which the initial
vacancy is filled by the electron from a higher subshell within the same shell.
Propagating and filling of the vacancies was simulated up to the electron M-shell
for each shell individually. The probability for the process to occur on a given
shell was equal to the sum of intensities of all its subshells. Binding energy of a
given shell was considered as a weighted mean of all its subshells. All processes
appearing in higher shells were simulated in one step with the relative intensity
corresponding to the sum of all included shells and zero binding energy.

In Fig. 7.2 we show a comparison of experimental and simulated a-decay
spectrum of >*>No. In the experimental data, besides ?*No, a small contribution
of 2*No was expected as well. That is the reason why we also simulated the
a decay of ?**No with one « line at 8093keV. The ‘artificial’ peaks at about
8060, 8133, and 8274 keV in the spectrum are due to the energy-summing effect.
Alpha lines with these energies are not present in the a-decay scheme of ?*>No
(Fig.7.1).

In the region from 8200 to 8300 keV experimental data exceed counts obtained
from simulation. This excess could indicate a weak transition connecting ground
state of ?*>No with ground state in 2*Fm or its two lowest-lying rotational
levels. These potential transitions are depicted by the dashed lines in the decay
scheme in Fig. 7.1. The total intensity of ~ 0.7 % for these three transitions was
obtained from the discrepancy between experimental and simulated a-decay
spectra in corresponding energy region (see the right side of Fig. 7.2). The best
agreement between simulation and experimental data was obtained using the
relative intensities of 45, 37 and 18 % for the transitions to the 7/2%, 9/2% and
11/2% states in **Fm, respectively. Corresponding hindrance factors of the
transitions are about 8260, 6600 and 7540, respectively.
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Fig. 7.2 A comparison of experimental (black solid line) and simulated (shaded area)
a-decay energy spectra of 2°3No. A small contribution from 2°*No is visible at 8093keV.
Energies of « lines are in keV. A discrepancy between simulated and experimental spectra
at about 8274 keV led us to a conclusion, that there may be a weak « transition between a
ground state of 2°2No and a ground state or its rotational band in ?*°Fm. See text for more
details.

The « transitions between mentioned levels were also observed in lighter
N = 151 isotones: ?*"Cm (Z = 96), ?*?Cf (Z = 98) and *'Fm (Z = 100). Total
relative intensity of o decays to the 7/2%, 9/2% and 11/2% states in daughter
isotopes is 20.7 % for 247Cm, 4.1 % for 222Cf, and 2.7 % for »>'Fm [Fir04]. The
value of 0.7 % for 2°*No from our data follows the decreasing trend of relative
intensity with increasing proton number. The relative intensities of a decays to
the 7/2%,9/27 and 11/2" states separately are 67, 27 and 6 % for 2/"Cm; 60, 32
and 8 % for 2Y°Cf; and 55, 34 and 11 % for **' Fm [Fir04]. These values are similar
to estimated relative intensities (45, 37, and 18 %) for corresponding transitions
in the decay of 2**No. Although the transitions cannot be identified directly in
the a-decay spectrum due to the energy-summing effect, the simulation indicates
their presence in the decay of 2*No.

In the study of the dependence of energy summing on implantation depth,
several measurements with plastic foils of different thickness placed in front of
the detector were performed. As a result different implantation depths were
achieved for 2°*No nuclides. For five cases, where plastic foils with a thickness
of 0, 2, 4, 6, and 8 um were used, we performed GEANT 4 simulations. The re-
sulting implantation depths of 7.0, 5.2, 3.6, 2.2, and 1.0 um, respectively, were
calculated using the computer code SRIM [Ziel3]. The comparison of experi-
mental and simulated a-decay energy spectra for these five cases is shown in
Fig.7.3. Different probability of the energy-summing effect is demonstrated as
the different relative intensities of 8004- and 8060-keV peaks as a function of
the implantation depth. Along with the decreasing implantation depth of 2%*No
nuclei (from Panel (a) to Panel (e)), the relative amount of counts at higher
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energies decreases. This is caused by increasing probability for the conversion
electron to escape from the detector and not to be registered with full energy
at lowering implantation depths.

80F ‘ ! o] 3
60 | 0 pm plastic foil (@ 1
40 E
20F 3
OE'W“:‘ ‘:::‘::::‘::::‘::::‘H:-—f-ﬁ‘Lﬂ—"H"wLH”k“*‘IL:::r;
100F 2 um plastic foil (b 3
50 ]
> ; | Il | i ol | ,:\JHA...nan| E
f 400 F 4 um plastic foil (c) ]
[%2) L ]
€ 200 ]
3 - | . | ; | ‘ | :
o Or | ‘ | ‘ | ‘ 1 ]
60 | 6 um plastic foil ~ (d) T
40 ]
20F E
0 :WJ‘" == ‘ ——— T ———+ + + .\ "_”HAL +Aaflpla }nﬂh‘m H’{ —— ‘:
80 8 um plastic foil  (e) -
60 F 3
40F E
20F ;
0k | - da | 3
7900 8000 8100 8200 8300

E, (keV)

Fig. 7.3 Comparison of experimental (black solid line) and simulated (shaded area) a-
decay energy spectra of 2°>No. Five measurements were performed with plastic foils with
a thickness of 0, 2, 4, 6, and 8 ym placed in front of the detector resulting in implantation
depths of 7.0, 5.2, 3.6, 2.2, and 1.0 um for 2°3No nuclides, respectively. Different implantation
depths resulted in different probability for the conversion electrons to be fully stopped in
the detector, and thus for their full energy to be summed with the a-particle energy. This
is manifested as different shapes of the spectra depending on implantation depth. See text
for more details.

The GEANT 4 simulations were performed to verify the proposed decay scheme
of 2»3No and to study the influence of different implantation depths of ?**No
nuclides on energy summing of « particles with conversion electrons. A fair
agreement was achieved between the experimental and simulated a-decay energy
spectra.
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