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Samenvatting

Dit werk concentreert zich op het radioactief verval van de zeer neutronarme kern ¥9T1 (Z
= 81, N = 99), welke a-verval of elektronvangst kan ondergaan. Meer specifiek wordt de
vervalwijze elektronvangst-vertraagde-fissie van 80T1 onderzocht. Dit is een van de drie
mogelijke vervalprocessen wanneer de meer algemene beta-vertraagde-fissie beschouwd
wordt. In dit vervalproces ondergaat de kern, in dit geval 80T1, eerst een B-verval, hier
elektronvangst, waarbij het een geéxciteerde toestand in de dochterkern, '8°Hg (Z = 80,
N = 100), bezet. Als deze toestand een excitatie-energie heeft die vergelijkbaar of hoger is
dan de fissiebarriere van de dochterkern, kan deze laatste met een eindige, detecteerbare
waarschijnlijkheid fissie ondergaan. Dit zal gebeuren in competitie met gamma en/of
deeltjes verval. Er zijn verschillende kernen in de U en Pb regio die, theoretisch gezien, deze
elektronvangst-vetraagde-fissie kunnen ondergaan. Echter, tot voor het huidige experiment
waren er slechts twaalf kernen gekend waarbij deze vervalwijze werkelijk werd geoberveerd.

Meerdere redenen maken het interessant om elektronvangst-vertraagde-fissie te bestu-
deren. Dit vervalproces maakt het bijvoorbeeld mogelijk om fissie-eigenschappen, zoals de
vervalwaarschijnlijkheid of de totale kinetische energie, af te leiden voor exotische dochter-
kernen die niet vervallen via spontane fissie, en die ongewone N/Z verhoudingen hebben.
Tot nu toe zijn deze fissie-eigenschappen enkel gekend voor kernen in de buurt van de
[B-stabiliteitslijn. Algemene eigenschappen van het beta-vertraagde-fissie proces, afgeleid
uit de studie van elektronvangst-vertraagde-fissie, kunnen gebruikt worden in r-proces
berekeningen. Verder kunnen schileffecten een belangrijke rol spelen. Zo werd verwacht
dat de massaverdeling in de fissie van '®YHg gedomineerd zou worden door de N = 50
schilsluiting, welke zou leiden tot een symmetrische massaverdeling. Dit werd echter niet
geobserveerd!

Het experiment werd uitgevoerd aan de ISOLDE faciliteit in CERN. Om het radioac-
tieve verval van '®9T1 te detecteren, wordt gebruik gemaakt van de zogenaamde windmolen
kamer. De '®Tl-bundel, komende van de massaseparator, wordt geimplanteerd in een
koolstoffolie. Dit is het implantatiestation. Tien van deze koolstoffolies zijn gemonteerd
op een roterend wiel. Op het einde van een zogenaamde supercyclus wordt het wiel gero-
teerd naar het vervalstation, waar dan gekeken kan worden naar het verval van langlevende
dochterkernen.

Om de energie van de a-deeltjes en fissiefragmenten, komende van het radioactief ver-
val van '®9T1 en de dochter '®9Hg, te meten wordt gebruik gemaakt van twee silicium
detectoren gepositioneerd tegenover elkaar op het implantatiestation. De langlevende ac-
tiviteit van dochterkernen wordt gedetecteerd door ook twee silicium detectoren op het
vervalstation te plaatsen. Verder wordt er buiten de kamer, op de positie van het implan-
tatiestation, een Miniball Ge cluster geplaatst om v-stralen te kunnen detecteren.

De eerste stap die genomen wordt in de analyse van de data is de kalibratie van de
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gedetecteerde fissiefragmenten. Hierbij moet in eerste instantie aandacht geschonken wor-
den aan het concept van pulshoogte defect (PHD) in halfgeleider detectoren. Dit effect
zorgt ervoor dat de pulshoogte geregistreerd in een detector ten gevolge van een invallend
zwaar ion, kleiner zal zijn dan de pulshoogte die gecreéerd wordt door een licht ion van
dezelfde energie. Dit PHD kan in rekening gebracht worden met behulp van de Schmitt
kalibratie methode, welke veronderstelt dat de geregistreerde pulshoogte in de detector
ten gevolge van een inkomend fragment niet enkel afhankelijk is van de energie van het
fragment maar ook van zijn massa. Met deze kalibratie methode kunnen dan de massa-
en energieverdelingen van de fissiefragmenten berekend worden. Ook de totale kinetische
energie van de fissie van '®Hg kan bepaald worden. Deze resultaten zullen echter gecor-
rigeerd moeten worden voor het energieverlies dat de fragmenten ondergaan tijdens hun
vlucht door de koolstoffolie. Verder zal ook het effect van een neutronemissie door een van
de fragmenten op de massa- en energieverdelingen onderzocht worden.

In een tweede deel wordt de halfwaardetijd ¢, /o van 180T] bepaald. Deze kan berekend
worden via het a-verval van ®9TI, maar ook via de elektronvangst-vertraagde-fissie, ver-
mits de fissie van '®9Hg, na elektronvangst van 89T, kan aanzien worden als onmiddellijk.

Als laatste punt worden de elektronvangst vertakkingsverhouding bgpc van ¥9T1 en de
elektronvangst-vertraagde-fissie vervalwaarschijnlijkheid P popr bepaald. Deze laatste zal
vergeleken worden met de waarde die beschikbaar is in de literatuur.

Tenslotte zal dit werk afgesloten worden met een besluit over de uitgevoerde analyse
van het radioactief verval van '80T1.



Summary

This thesis concentrates on the radioactive decay of the very neutron deficient nucleus #°T1
(Z = 81, N = 99), which can decay through « decay or electron capture. More specific,
the decay mode electron capture delayed fission of 0TI will be investigated. This is one of
the three possible processes when the more general beta delayed fission is considered. In
this decay process the nucleus of interest, here '®9TI, first undergoes a 3 decay, in this case
electron capture, whereby it populates an excited state in the daughter nucleus, **Hg (Z
= 80, N = 100). If this state has an excitation energy comparable to or even higher than
the fission barrier of the daughter nucleus, the latter may fission with a finite, detectable
probability. This will happen in competition with gamma and/or particle decay. Several
nuclei in the U and Pb region could, theoretically, undergo the electron capture delayed
fission process. However, before the current experiment, only twelve nuclei were known in
which this decay process was observed.

Different reasons make it interesting to study the electron capture delayed fission. This
decay process permits for example to deduce fission properties, such as the decay probabil-
ity or the total kinetic energy, of exotic nuclei that do not decay by spontaneous emission,
and that have unusual N/Z ratios. Until now these properties are only known for nuclei in
the vicinity of the 8 stability line. General features of beta delayed fission, deduced from
the study of electron capture delayed fission, can be used in r-process calculations. Fur-
ther, shell effects can play an important role. It was expected that the mass distribution
of the fission of ®'Hg would be dominated by the N = 50 shell closure, which would lead
to a symmetric mass distribution. This was however not observed!

The experiment was performed at the ISOLDE facility in CERN. To detect the ra-
dioactive decay of 89T, the so-called windmill chamber is used. The ¥9T1 beam, coming
from the mass separator, is implanted in a carbon foil. This is the implantation station.
Ten of these carbon foils are mounted on a rotating wheel. At the end of a so-called su-
percycle the wheel is rotated towards the decay station, at which the decay of long-living
daughter nuclei can be registered.

To measure the energy of the a-particles and fission fragments, coming from the ra-
dioactive decay of '%9TI and the daughter ®'Hg, two silicon detectors are used that are
positioned across each other at the implantation station. The long-living activity of daugh-
ter nuclei is detected by also placing two silicon detectors at the decay station. Outside
the chamber, at the position of the implantation station, a Miniball Ge cluster will be
placed to be able to detect v-rays.

The first step that will be taken in the analysis of the data is the calibration of the
detected fission fragments. Initially, the concept of pulse height defect (PHD) in semicon-
ductor detectors has to be explained. This effect accounts for the fact that the pulse height
registered in a detector due to an incoming heavy ion is smaller than that of a light ion of
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the same energy. This PHD can be taken into account by using the Schmitt calibration
method, which assumes that the registered pulse height in the detector due to an incoming
fragment does not only depend on the energy of the fragment but also on its mass. This
calibration can then be used to deduce the mass and energy distributions of the fission
fragments. Also the total kinetic energy of the fission of "®°Hg can be calculated. These
results however have to be corrected for the energy loss the fragments suffer when they
pass through the carbon foil. Further, the effect of one neutron emission by one of the
fragments on the mass and energy distributions will be determined.

In a second part, the half-life ¢; 5 of 180T] will be deduced. This can be done from the
a decay of '¥9TI but also from the electron capture delayed fission, since the fission of
180Hg  after the electron capture of '®9TI, can be treated as instantaneous.

As a final point the electron capture branching ratio bgc of ¥9TI and the electron
capture delayed fission decay probability Prcpr will be deduced. The latter will be
compared to the value that is present in the literature.

Finally, this thesis will end with a conclusion about the performed analysis of the
radioactive decay of 80T1.
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Chapter 1

Introduction

This chapter will start with a general introduction in nuclear structure, the basics of the
nuclear shell model will be explained. Further, the different processes involving the decay
of the nucleus of interest, 180T, will be described. Finally, a short word will be said about
the r-process.

1.1 Nuclear Structure

The atomic nucleus consists of positively charged protons and neutral neutrons, together
these are often called the nucleons. The number of protons Z determines the place of
the atom in the Periodic Table of Elements and thus the chemical element. A certain
element can however have a variable number of neutrons N. Elements with the same
proton number, but different neutron number are called isotopes. Therefore a nucleus is
characterized by its charge Z and its mass number A (= N + Z), and is typically denoted
by AX, where X is the chemical element. By considering the different number of protons
and neutrons a Nuclear Chart can be built, in which the x-axis represents the number of
neutrons and the y-axis the number of protons (see Fig. 1.1).

Figure 1.1: The Nuclear Chart [IKS09]. The different colors represent different decay
modes (yellow: « decay, red: EC/B71 decay, blue: 8~ decay, green: spontaneous fission).
The grey area are nuclei that are not yet observed but are theoretically predicted to exist.
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The black squares in Fig. 1.1 represent the stable nuclei, which are said to lie on the
beta stability line. This line follows the N = Z line for the light nuclei (up to about A
= 40), while for the heavier nuclei the stability line bends over and the heavy nuclei will
have more neutrons than protons. All other nuclei are radioactive. The different colors
represent the different decay modes (« , EC/ST , 3~ decay and spontaneous fission, see
section 1.2). Nuclei far of stability, which thus have unusual N/Z-ratios, are often called
exotic nuclei.

Since the Coulomb interaction causes a repulsive force to exist between the protons,
another force has to be present to overcome this repulsion and keep the nucleons together.
This force is the strong interaction, which is a short range interaction (~ 107 m). Besides
the electromagnetic and strong interaction, also the weak interaction will be important,
because this interaction is responsible for the radioactive 5 decay of nuclei (section 1.2).

The Hamiltonian describing the system of A nucleons has the general form:

A A
H:Zﬂ+%2vm (1.1)
=1

ij=1

where T; is the kinetic energy of the nucleons and V; ; is the two-nucleon interaction
between nucleon ¢ and j. To find the nuclear structure it suffices to solve the Schrodinger
equation with this Hamiltonian. However, the exact potential of the strong interaction is
not yet known, and thus the Schrédinger equation cannot be solved. Instead certain models
have to be suggested from which the nuclear structure can be deduced. The most used
model is the single-particle or shell model in which it is assumed that the nucleons move
independently in an average potential caused by all the other nucleons. This approach is
called a mean field approximation. The Hamiltonian can then be rewritten as

A A A
1
H=% (L+U)+5 > V=) U (12)
i=1 i,j=1 i=1
Ho ,

where U; is the mean one-body potential [Hey90]. H, describes the movement of a
single particle in the central potential U;, independent of the other particles. The term H;
takes the nucleon-nucleon interaction into account and is treated as a residual interaction.
The Shrodinger equation can now be solved for Hy by taking a certain shape for the
potential U;. This potential has to be determined as close to the real one as possible so
that H; can indeed be treated as a small perturbation. Most often U; is approximated
by a harmonic oscillator, extended by an I2-term, which makes the original (parabolic)
potential resemble more a square well potential, and a spin-orbit [ sterm. Solving the
Schrodinger equation for this potential will result in discrete energy levels or orbitals (see
Fig. 1.2). Since the nucleons are fermions, they need to fulfill the Pauli principle, which
means a certain quantum state can only be occupied by one nucleon. Consequently, only
a number of nucleons can fill a certain orbital. By filling the successive orbitals for the
protons and neutrons separately, the ground state of a nucleus can be constructed. Nuclei
can then be excited by moving one ore more nucleons to an orbital that is higher in energy
than their ground state orbital.
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Figure 1.2: Energy states for a simple harmonic oscillator (SHO), an extended harmonic
oscillator with an [2-term and a realistic potential with [ and spin-orbit (I-5) term [Cas90].

As Fig. 1.2 shows, the orbitals will be grouped in certain shells, with a rather large
energy difference between the shells. This results in the so-called shell structure of the
nuclei. At specific proton or neutron numbers (2, 8, 20, 28, 50, 82...), the magic numbers,
a shell is completely filled and is then referred to as a closed shell. If the nucleus is magic
in both proton and neutron number, it is called a doubly magic nucleus. Non-magic nuclei
can then be considered as consisting of a closed core plus a number of valence nucleons.

The term H; describes the interaction between these valence nucleons, and will cause
a shift in the energy levels of the shell model. The shell model gives good results as long
as the number of valence nucleons is not too large, thus as long as H; remains a small
perturbation. However, far from magic nuclei, this residual interaction will become more
important and models where not only the valence nucleons, but rather all the nucleons are
involved will probably give a better description of the nucleus. Furthermore, it is not yet
known if the shell model is still a good description for exotic nuclei. In fact, it seems that
the known magic numbers for N and Z depend on Z and N, respectively, such that certain
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magic numbers can disappear and others appear far of stability. Therefore it is likely that
the magic numbers will depend on the N/Z-ratio. This ratio is expressed through the
quantum number isospin [Hey90].

In this work the exotic nucleus T1 will be studied. In the following section this
nucleus will be used to introduce the relevant radioactive decay processes, a and [ decay
and fission.

1.2 Decay of Tl

The nucleus ¥°T1 has 81 protons and 99 neutrons, thus it has one proton short to com-
pletely fill the Z = 82 shell. The orbitals where the unpaired proton and neutron will be
in, cannot simply be read from Fig. 1.2, since this figure gives a more general diagram,
which is too simplified. It is however known that the unpaired proton of the T1 nuclei will
be in the 3s; o orbital [Fir99].

The N/Z ratio is equal to 1.22, hence ¥9Tl is a very neutron deficient nucleus. It
is positioned in the transition zone of the red region to the yellow region of the Nuclear
Chart (Fig. 1.1), and therefore will decay through electron-capture (EC) or % decay,
in this case EC is dominant, and a decay. A schematic decay scheme of ¥°T1 and the
daughter ®°Hg, which results after EC of 80T, is shown in Fig. 1.3.

=1.09s

fission
(3.6 x 103%)

t,,=6.335 180A
176pt

Figure 1.3: Schematic representation of the Decay of '80T1. The percentages in brackets
are the branching ratios. No error bars are stated here, since the branching ratios and
half-lives ¢ /5 will be discussed in Chapter 5.

The figure shows that next to o decay and EC, there is also a small probability that
the EC of 89T results in the fission of ®Hg, this is the delayed fission process. The main
features of these three different decay modes will be discussed in the following sections.
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1.2.1 Alpha Decay

When a nucleus undergoes an a decay, it emits an a-particle. This is actually a *He
nucleus, thus consisting of two protons and two neutrons. The decay can be represented
as follows:

2XN =5 5 X ot a

The net energy released in the decay is called the Q-value and is given by the mass
difference between the initial nucleus and the final nuclei:

Q = (mx —mxs — mq)c’,
where e.g. mx is the mass of isotope X and c is the velocity of light. The decay will
only occur spontaneously if Q > 0 and the energy release in o decay will typically be of
the order of 5 MeV. A striking feature of « decay, called the Geiger-Nuttal rule, is that
a-decaying nuclei with large Q-values have short half-lives and vice versa [Kra88|.
Many different final states in the daughter nucleus can be populated through the «
decay. If the a decay leads to an excited state E*, the Q-value is given by

Q = Qground - E*,

where Qground is the Q-value for decay to the ground state. Generally, the larger the
Q-value, the larger the intensity to populate that final state. However, the intensity also
depends on the wave functions of the initial and final states and on the angular momentum
of the a-particle, namely through the centrifugal barrier. The larger the change in angular
momentum between the initial and final state, the smaller the intensity to populate that
final state and conversely, the smaller the angular momentum of the a-particle, the larger
the intensity.

1.2.2 Beta Decay

The general name ‘5 decay’ actually represents three types of nuclear decay processes:

e (3~ decay in which a neutron is converted into a proton (Z — Z+1, N - N — 1),
together with the emission of an electron e~ and an anti-neutrino v.

and
Qs = [m(*X) —m(* X))

e 3% decay in which a proton is converted into a neutron (Z — Z — 1, N — N + 1)
together with the emission of a positron e™ and a neutrino v.

2XN 270 Xiypr+et +v

and
Qs+ = [m(*X) = m("X') — 2m,]c?,

where m, is the mass of the electron.
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e Electron capture (EC) where also a proton is converted into a neutron. However,
in this case an orbital electron is involved in the decay process, and thus, to fulfill
conservation of charge, no positron but only a neutrino is emitted.

éXN—l—e_ —>Z_‘i‘ X}\,+1+V

and
Qrec = m(*X) — m(*X")]? — By,

where B, is the binding energy of the captured electron.

The masses m in the Q-values are the atomic masses. It has to be noted that in
the 8 decay processes the mass number A remains constant. The S~ decay will occur
in neutron rich nuclei (the blue squares in Fig. 1.1), since by converting the excess of
neutrons into protons, the nucleus will move to the beta-stability line while keeping A
constant. The 87 decay and EC will happen on the neutron deficient, proton rich side of
the nuclear chart (red in Fig. 1.1), since, analog to the 8~ decay, the nucleus will then
move to the valley of beta stability.

Furthermore, as seen from the Q-values, there are nuclei were the EC process is en-
ergetically possible (Q > 0), while the 8T decay is not (Q < 0), since for 87 decay to
occur the atomic mass difference must be at least 2mec? = 1.022 MeV. In 89T1 both decay
processes are possible, but it is known that EC will be much more dominant (> 95% inten-
sity) than 8" decay in heavy nuclei. Hence, the EC process is the decay of interest in this
thesis. Due to the two-body final state in EC, the emitted neutrino will have a well-defined
energy (monoenergetic). This in contrast to the three-body final state in 3 decay, where
two particles are emitted and thus where the neutrino (anti-neutrino) and the positron
(electron) have a continuous energy distribution with a maximum energy of Qg=. The
neutrino however is very hard to detect, hence another method has to be used to detect
EC. This will be through emitted X-rays of the daughter nucleus. The captured orbital
electron leaves a vacancy in the atomic shell. This vacancy will be filled by an electron
coming from a shell that is higher in energy. X-rays will be emitted with an energy equal
to the energy difference between the two involved shells.

As in the a decay, the larger the Q-value for the 5 decay to a specific final state,
the larger the intensity to populate that final state. Furthermore, the so-called allowed
decays are the most probable, these are the ones where the change in spin Al between
the initial and final state is Al = 0, 1 and no parity change Axw. The forbidden decays
are less probable, but if for example m does change it must be a forbidden decay. The
first-forbidden decays are those were Al = 0, 1, 2 and there is a parity change. Similar the
second-forbidden decays have Al = 2, 3 and no Ax. In a similar way there are also third,
fourth... order forbidden decays, but these are very unlikely since the higher the order
of forbidenness the less probable the decay. The forbidden decays are mostly to weak to
observe unless these are the only possible decay modes [Kra88].

1.2.3 Fission

Fig. 1.3 shows that with some, very low, probability the excited daughter nucleus **Hg,
produced after EC of '89T1, can fission. The sequence of the EC of 89T and fission of the
daughter '®°Hg is the Electron Capture Delayed Fission phenomenon, which is the subject
of this thesis and which will be explained in the next chapter. However, it is important to
first discuss some general features of the fission process.
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In the nuclear fission process, the nucleus decays into two fragments of comparable
mass. This decay process is the result of the competition between the strong force and
the Coulomb force in heavy nuclei, since the Coulomb repulsion (o< Z2) increases more
rapidly than the nuclear binding energy (o< A). Through this decay process, the total
binding energy strongly increases, hence a lot of energy will be released (~200 MeV in the
actinide nuclei). However, the Coulomb barrier inhibits the fission process and therefore
the spontaneous fission will only become important for nuclei with A > 250. The fission
can also be induced by particles, such as neutrons or photons, whereby excited states are
populated which are high enough in energy to overcome the barrier or to penetrate it
[Kra88].

The fission barrier B is schematically drawn in Fig. 1.4. If an excited state is produced
with an energy in the vicinity of the fission barrier height the nucleus can decay through
fission, in competition with + decay to the ground state or particle decay, whereby a
particle such as a neutron or proton is emitted. In the spontaneously fissioning nuclei
the energy released through the fission process is only just less than the Coulomb barrier
energy, and hence the fragments can successfully tunnel through the Coulomb barrier.
Spontaneous fission can then happen, in competition with other decay modes.

Energy

g.s.

® .

Separation Distance

Figure 1.4: Schematic view of the fission barrier By (g.s. = ground state).

The two fragments resulting from fission will not always have the same mass, instead
a mass distribution will be observed, which can be symmetric or asymmetric. In the
symmetric case, the mass distribution is centered around one mean value (=~ A/2, with
A the mass of the fissioning nucleus, if neutron emission is disregarded (see further)). In
the asymmetric mass distribution, in general a lighter and heavier fragment will result,
as such that the mass distribution consists of a so-called double-humped structure (see
Fig. 1.5(b)). Moreover, in the fission process the N/Z ratio is conserved, and since for the
heavy fissioning nuclei N > Z, the two fission fragments will be very neutron rich. This
can result in the prompt emission of one or more neutrons at the instant of fission (within
10716 s). The number of emitted neutrons v is not fixed but shows a distribution and
depends on the fragment mass, see for example [Ter62].

In general, the masses of the fission fragments will be largely determined by shell effects.
This is illustrated in Fig. 1.5(a), which shows the average light and heavy masses of the
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Figure 1.5: (a) Average masses of the heavy and light fragment groups as a function of
the mass of the fissioning nucleus. (b) Example of the double-humped structure in the
asymmetric spontaneous fission of 2*Fm and 2*2Cf [Fly72].

fragments over a mass range of A = 228 to 256 of the fissioning nucleus. A striking feature
is that the average heavy fragment mass stays nearly constant around A ~ 138-140, while
the average light fragment mass increases linearly as A of the fissioning nucleus increases
(see also Fig. 1.5(b)). This can be explained by taking the shell model into account. The
heavy fragment mass distribution is situated around the shell closures Z = 50 and N = 82,
which results in a very stable configuration. For the light fragment group there is not
such an overlap with a shell closure, and consequently it will not be affected much by
shell closures. Therefore, the average mass of the heavy fragment group will stay nearly
constant and that of the light fragment group will increase as A of the fissioning nucleus
increases.

Fig. 1.6(a) gives the different deformations the nucleus undergoes in the fission process
and in Fig. 1.6(b) the time scale of the fission process is shown. When the fissioning
nucleus passes the saddle in the potential energy surface (see Fig. 1.4), the fission becomes
an irreversible process. It takes then about 2.2-6 x 1072! s to reach the scission point.
This is the point where the nucleus breaks into two fragments. 90% of the total kinetic
energy of the fragments is reached within 1072° s. As shown on the time scale it can be
assumed that the prompt neutrons are emitted, after a time of about 1071718
accelerated fragments, thus having their maximum kinetic energy [Wag91].

s, from fully
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Figure 1.6: (a) Nuclear shapes in the fission process: ellipsoidal deformation, formation
of the neck between the fragments and finally the rupture of the neck with two fission
fragments as the result. (b) The fission process as a function of time [Wag91].

1.3 R-Process

After the Big Bang, of all the chemical elements only hydrogen en helium were present in
the universe, next to small abundances of some light nuclei. The heavier nuclei have to
be produced through nuclear reactions (nucleosynthesis). This will occur in the interior
of stars through fusion of the light elements. These are exothermic reactions, since the
nuclear binding energy per nucleon increases by going to heavier nuclei. Nevertheless,
the binding energy per nucleon reaches a maximum for *Fe, which means that energy is
required to produce heavier elements than iron by fusion. The fusion to heavier nuclei
than iron is thus not possible in stars. Another obstacle to go to the heavier elements
is the Coulomb barrier. With increasing charge (Z) of the nucleus the Coulomb barrier
will rise, and at high enough Z the Coulomb barrier will inhibit the occurrence of nuclear
reactions induced by charged particles.

Only nuclear reactions involving the capture of neutrons are then possible to produce
the heaviest elements. There are two main neutron capture process, the (slow) s-process
and the (rapid) r-process. By capturing neutrons, neutron rich nuclei will be produced.
The more exotic these nuclei are, the shorter the mean lifetime tg to undergo 3 decay.
The time scale t,, in which a neutron will be captured depends on the neutron flux. If
a neutron is captured, but the available neutron flux is low, the time scale t,, to capture
another neutron is larger than tg and the produced nucleus will most probably first decay,
before capturing a new neutron. Therefore, the produced nuclei will stay close to the
stability line. This is the s-process and will not be discussed further.

In the r-process the neutron flux is so high (~10%? /cm?s) that a number of neutrons can
be captured before the produced nuclei will 5 decay (t,, < tg), and thus very neutron rich
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nuclei are produced [Cow91, Cow04]. This is the process of interest and is schematically
drawn in Fig. 1.7. When the high neutron flux stops, the produced heavy nuclei will
decay to the beta stability line, and as such the stable nuclei heavier than iron can be
produced. To understand and determine the path of the r-process nuclear studies have to
be performed on the very neutron rich nuclei.

A A+3 [ A+4 | Zz+2

+1| A+2
A+1[ A+2 | A+3 | A+4| Z+1

Seed, A+1| A+2 | A3 | A+a]| 2
Nucleus

—_— —> —>
+n +n +n +n
Subsequent Neutron Capture

Figure 1.7: Schematic representation of the r-process.

The required high neutron fluxes will occur in stars with a mass larger than eight solar
masses at the end of their life when they explode as a supernova. When these stars have
completed the production of iron by fusion, there will be no more energy from nuclear
reactions to balance the gravitational force. Consequently, the star will collapse, which
causes a strong temperature increase. Due to the high temperature the photons will
receive a high energy, high enough to start the photo-dissociation of the nuclei. This will
eventually result in a mixture of protons, neutrons and electrons. However, due to a high
density increase, the protons and electrons can combine to form neutrons

pt+e —n+v

The resulting release of energy in the form of neutrinos v will provide the expulsion of
the outer layers located around the neutron-core. This is the supernova explosion. Right
before and during this explosion the r-process takes place [Aer06].



Chapter 2

Electron Capture Delayed Fission

In this chapter the phenomenon of Electron Capture Delayed Fission (ECDF) will be
explained. First, a general introduction in the beta delayed fission process will be given.
Subsequently, the regions where it can occur and the experimental evidence for beta
delayed fission will be clarified. Finally, the reasons for studying ECDF will be discussed.

2.1 Beta Delayed Fission

Beta delayed fission is a rare decay process in which a parent nucleus first undergoes a
decay (81 /EC or 57), whereby it populates an excited state in the daughter nucleus. If
this excited state has an energy comparable to or even higher than the fission barrier of
the daughter nucleus, the latter may fission with a finite, detectable, probability. This will
happen in competition with gamma and/or particle decay. The electron capture delayed
fission will happen on the neutron deficient side of the nuclear chart, while the 8~ delayed
fission will occur on the neutron rich side. Fig. 2.1 shows a schematic diagram of ECDF,
which is the case of interest in the experiment discussed in this thesis.

A A
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AZ-1y deformation
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Figure 2.1: Simplified view of the ECDF process: A nucleus decays by EC, whereby it
populates an excited state in the daughter nucleus which may then fission.
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ECDF can only occur if, of course, the branching ratio for electron capture, bgc, of
the parent nucleus is different from zero and, more important, if the total Q-value for
EC ,Qgc, of the parent nucleus is comparable to or greater than the fission barrier, By,
of the daughter nucleus. Only if the latter condition is met, a certain branch of the EC
decay can populate excited states in the daughter nucleus, from which fission can occur
(see Fig. 2.1). A number of nuclei in the Pb and U region fulfill these conditions [Ber69]
(for experimental evidence see section 2.2). Typically, the populated excited states in
the daughter nucleus only have an energy in the order of a few MeV. This makes ECDF
an ideal process to study low energy fission in the region of nuclei that do not decay by
spontaneous fission, far outside the region of the beta stability line. Because of these low
excitation energies, it is expected that the shell effects will play an important role.

The probability for ECDF to occur, Pgpcopr, is determined as the ratio of the number
of nuclei that undergo electron capture followed by delayed fission, Ngopg, to the total
number of electron capture decays, Ngc.

NEgcprF
Ngc

Prcpr depends strongly on Qgc of the parent nucleus and By of the daughter nucleus.
The larger Qgc or the smaller By, the larger Ppcpr. More precisely, the value Qrc-By
is important, the larger this is, the larger Propr (see Fig. 2.3 below).

PEC’DF = (2.1)

2.2 Experimental Evidence
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Figure 2.2: Region of the nuclear chart where ECDF would be possible based on an energy
window of the Qrc-B value [M6108a] (Qrc values from [M6195], B values from [M6l08b].

As mentioned above a number of nuclei in the U and Pb region should, theoretically, be
able to undergo the ECDF decay process. These nuclei are shown on the nuclear chart in
Fig. 2.2, where the color code gives the value for Qrc-By, the larger this value the larger
the probability for ECDF to occur (if of course bgc > 0). The diagram also shows the
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nuclei were ECDF has already been observed (the dots). However, the observed ECDF
could not be unambiguously addressed to those nuclei in all the cases. In the U region,
there are only about ten cases where the observed ECDF decay process could certainly be
addressed to the right nuclei. These nuclei are 228Np, 232:234 Ay 242,244,246,248 g - 238,240
and ?°°Md and have a low ECDF probability in the range of 1076-1072 (see Fig. 2.3)
[Gal83, Gan80, Hal90a, Hal90b, Kre94a, Kre94b, Sha00, Sha01, Sha02]. These low values
suggest the sub-barrier nature of the ECDF decay process in the actinide nuclei. In the
Pb region, in only three of the five cases the ECDF process was certainly observed (see
further).

EERRITT ] lIIlIlI' i

Q,_-B, [MeV]

Figure 2.3: ECDF probability Prcpr as a function of (Qec-By). The data are marked
by the parent nuclei. The Qgc values are taken from [M6195] and the By values from
[Mey99].

Fig. 2.3 shows the ECDF probabilities of the measured data as a function of the Qgc-
By difference. From the figure it follows that the Ppopr values approximately lie on a
straight line. This trend shows that Pgcopp increases exponentially with the increase of
the Qec-By value (with the exception of 18077, see below). This strong dependence makes
the ECDF studies a very promising method to deduce fission barriers of very exotic nuclei,
see e.g. [Sta90].

If it is possible to find nuclei with Qrc-Bf = 3-4 MeV, Prcpr values of several 10%
could be found! In the actinide region relatively low values of Qrc ~3-5 MeV are found,
which then causes low (or even negative) values of Qrc-By. These thus lead to low Prcpr
values. In the very neutron deficient Pb region, however, much higher Qg values of the
order of 10 MeV are expected, which can lead to Qrc-By differences of a few MeV and
thus to much higher Propr values.
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The first experimental evidence for ECDF was found for the isotopes 232234 Am in 1966
in Dubna [Kuz66]. In 1987, a successful experiment in which ECDF was observed in the
Pb region was carried out [Laz87]. The authors of [Laz87] suggested that the observed
ECDF found its origin in the decay of '®YTl. However, an unselective production and
identification method used in the experiment did not allow an unambiguous identification
of A and Z of the produced nuclei. Therefore, only the most probable fissioning nucleus
could be suggested. As such, the observed ECDF was assigned to the decay of 0TI,
which was then produced in the reaction *°Ca + *4Sm — 189T1 4 p3n. A very low value
of Ppepr = 3x107™! was deduced. This value does not fit the general trend of the
Prcpr values as a function of the Qpc-By difference observed for the actinide region,
as is shown in Fig. 2.3. Two possible reasons for this discrepancy have been suggested
in [Laz87]: a different shape of the fission barrier in the actinide nuclei compared to the
Pb region and the possible presence of a beta-delayed proton and alpha emission branch
in the very neutron deficient nuclei in the Pb region. It has to be noted however, that
in the calculation of the Ppopr value an absolute production cross section of 89T1 of
op = 0.1-1 mb was assumed. This value is in contradiction with modern calculations and
estimations, which show that the cross section will be in the order of 2 ub [Andal, thus
a factor of 50-500 lower than that was assumed. The recalculated Pgoppr would then be
Prcepr = 1.5x107°-1.5x10~%. This value would fit the general trend in Fig. 2.3 very well.
Further, next to '89T1, the authors of [Laz87] suggest that the ECDF can also happen in
the nuclei At and '®8Bi, but no Pgcpr values were deduced for these nuclei.

The first unambiguous measurement that showed that the ECDF decay process can
also occur in the Pb region was performed by Andreyev et al. (paper to be published
[Andb]). In this experiment the ECDF of the nuclei 192194 At was measured. The Prcpr
value of these nuclei as a function of the difference Qgc-By follows the general trend in
Fig. 2.3. For 'Y2At the highest ever value of Pgopr = 0.08(6) was deduced. The ECDF
process is also expected to occur in other nuclei of the Pb region, possible parent-daughter
pairs are shown in Fig. 2.4.

These figures show that the more neutron deficient nuclei are, the higher the Qgc
value and the lower the B value, thus the higher Ppcpr. The staggering in the Qgc
value is also significant, this is due to the odd-even effect of the masses. This effect can be
understood by the fact that even Z and even N nuclei are more stable than their odd-even
or odd-odd neighbors. If an odd-odd nucleus undergoes EC, it will become an even-even
nucleus, with a much larger binding energy, and thus larger stability and smaller mass,
which leads to a higher Qgc-value. An odd-even nucleus that undergoes EC stays however
an even-odd nucleus, and thus the increase in binding energy will not be that large. This
results in a lower Qpgc-value compared to its odd-odd neighbors. This is also the reason
why ECDF will not occur starting from an even-even nucleus. Through the EC decay the
even-even nucleus will become an odd-odd nucleus, which has two unpaired nucleons, and
this will result in a low Qgc-value.

Finally, it is well-known that nuclei with unpaired particles, thus odd-mass and odd-
odd nuclei, have a higher fission barrier, or thus longer half-life than the even-even neigh-
boring nuclei [Wag91]. Therefore, in the ECDF decay, the even-even daughter nuclei will
be more fissile than the odd-mass daughters. These two arguments show that the neu-
tron deficient odd-odd nuclei in the Pb region are more probable to show a detectable
ECDF branch in their decay. The regions of interest are those with an EC branching ratio
bgpc > 1% and for which (Qec-By) 2 0. It follows that a measurable ECDF branch is
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expected for 178180 184-188p; 192—194,196 At apd 200-202Fy Ip this thesis the ECDF of
180T] will be investigated.
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Figure 2.4: Qpc values ([Mo6l95]) of the parent nucleus and By values ([Mey99]) for the
daughter nucleus as a function of mass number. The regions in which ECDF is expected
to be measurable are shown by the grey rectangles. The left border is determined by
bEC < 1%.

2.3 Why study Beta Delayed Fission?

There are a number of reasons why it is interesting to study beta delayed fission. First of
all, it is believed that S~ delayed fission, together with neutron induced and spontaneous
fission, plays an important role in the r-process [Ber69, Pan05]. That is in the termination
of the r-process, the fission recycling and production of the super heavy elements (Z > 92)
[Cow91]. Due to the low excitation energy of the daughter in S~ delayed fission, the
shell effects might still play an important role. This is important for the understanding of
the super heavy elements (SHE), since these can only exist if shell effects are taken into
account. If only the liquid drop model is considered, the fission barrier of the super heavy
elements is zero, and thus these SHE could not exist.

The path of the r-process on the nuclear chart and a diagram of the fission recycling
process is shown in Fig. 2.5. The most probable explanation for the termination of the
r-process is fission (5~ delayed, neutron induced or spontaneous). The r-process can
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continue until a mass A 2 250, before fission occurs with a high probability. The fission
fragments will then have a mass A/2 ~ 125, and can be used again as a seed nucleus in
the r-process. This is the fission recycling process.

p-process
S-process

A rp-process . , ».-j Fission:
n-induced
sf

Fission recycling
r-process —,| r-process to the
region with A>250

r-process | Fission: Bdf
n-induced, sf *
i

Fission
A—A/2 ~125
L 1

Figure 2.5: Visualization of the r-process on the nuclear chart and diagram of the fission
recycling process [Nor09].

This r-process will only occur on the neutron rich side of the nuclear chart, this is the
region where S~ delayed fission occurs. Therefore, to study the r-process it is desired to
study nuclei which undergo S~ delayed fission. However, these extremely neutron rich
nuclei are presently not available in the experimental facilities. The necessary fission
data, such as e.g. fission barrier heights, could then be deduced from theoretical models.
These models for the fission barrier heights, By, agree well with the available By values
from experiment (see Fig.2.6), but deviate much from each other for nuclei on the neutron
deficient and neutron rich side of the nuclear chart. Hence, the fission data from theoretical
models for the very exotic nuclei are not reliable. The alternative is then to study the
ECDF in neutron deficient nuclei in the Pb region, which are available. From these ECDF
experiments general features of the beta delayed fission can be deduced, which could then
be used in r-process calculations.

Further, ECDF, or beta delayed fission in general, allows to study fission properties
(e.g. decay probability, fission barrier height, mass/charge distribution, total kinetic en-
ergy, gamma and neutron multiplicities) of exotic daughter nuclei which do not decay by
spontaneous fission, and which have unusual N/Z ratios. Until now, fission barriers and
fission properties are known only in the vicinity of the beta stability line, at which typical
values for the N/Z ratio are ~1.59 (for 238U) or ~1.54 (?*®Pb) (see Fig. 2.6). ECDF,
however, gives access to nuclei with very exotic N/Z ratios. As an example, the N/Z ratio
for 18%Hg, the fissioning nucleus of interest, is only N/Z = 1.25. These unusual ratios
could lead to unexpected properties, cold fission (no neutrons are emitted in this fission
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Figure 2.6: Region of the nuclear chart in the Pb-U region. The dots indicate the presently
available fission barrier data ([Ref06]).

process), unexpected mass/charge distributions...

In the heavier nuclei it is known that the low energy fission is dominated by an asym-
metric mass distribution, in which the shell closures Z = 50 and N = 82 play an important
role. In the case of the ECDF of 89T] however, it is expected that the fission mass dis-
tribution will be dominated by the N = 50 shell closure. This would lead to nuclei in
the vicinity of the (N = 50, Z = 40) region, such that the N/Z ratio of the fissioning
nucleus, 8%Hg, is conserved. A symmetric mass distribution situated around the nucleus
907r would thus be observed. This symmetric fission however is not what is measured in
the fission of '8°Hg! This is described in Chapter 4.

Furthermore, as mentioned above, the theoretical models for the fission barrier heights,
By, deviate from each other outside the valley of beta stability. The By values for some
exotic nuclei can however be deduced with good precision from the ECDF process. Finally,
the isospin dependence of the fission barriers can be studied more precisely, since ECDF
gives access to exotic nuclei with exceptional N /Z ratios, and thus with large isospin values.



Chapter 3

Experimental Setup

The ECDF experiment was carried out at the ISOLDE facility in CERN. This chapter will
deal with the experimental setup that was used. In the first section, general information
will be given on CERN and the ISOLDE facility. Further on, details will be given about
the experimental set up, especially about the detection chamber, time structure of the
detected signal and detectors used. Finally, the data acquisition, which was carried out

with digital electronics, will be discussed.

3.1

The ISOLDE Facility

Proton Beam

N

1T
£

Figure 3.1: Layout of the ISOLDE facility at CERN [ISO09].
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The ISOLDE facility [Kug00] is an on-line mass separator located at CERN (European
Organization for Nuclear Research), which can deliver a wide variety of radioactive ion
beams for different experiments in, for example, nuclear, atomic, surface and solid-state
physics. A schematic overview of ISOLDE is shown in Fig. 3.1.

The radioactive nuclei of interest are produced by proton induced nuclear reactions.
The protons have an energy of 1.4 GeV and the proton beam has an average intensity
of 2.1 pA. They are delivered by the Proton-Synchrotron-Booster (PS-Booster), which is
formed by four small synchrotrons. The proton beam consists of pulses that are 2.4 us
in length and have a period of 1.2 s. Those pulses can then be distributed among the
different facilities of CERN. A sequence of 21 pulses is grouped into a so-called supercycle.
The maximum number of protons per pulse equals 3.2 x 1013,

These protons induce fission, spallation and fragmentation in the target material. The
choice of target material depends on the desired radioactive isotopes, and is chosen as to
maximize the production of the desired isotopes. In the case of the current experiment a
UC, target was used. The thallium nuclei are predominantly formed by spallation of the
uranium in the target.

After the production of the radioactive nuclei, they diffuse out and effuse from the
target material and drift to an ion source through a heated transfer line. To reduce
diffusion, desorption (e.g. from the walls of the target chamber) and effusion times, the
target-ion source is kept at high temperature of the order of ~2300 K. Since the desired
(exotic) radioactive nuclei are mostly produced in a cocktail of much more abundantly
produced isotopes, the ionization process has to be as selective as possible. There are three
main ionization methods, surface ionization (suitable for elements with a low ionization
potential), ionization by electron impact (suitable for elements with a high ionization
potential) and resonant laser ionization. The latter was used in this experiment, and
therefore only this method will be discussed (see section 3.1.2).

Proton beam

Transfer
Line

Laser beams

Extraction
Electrode e Hot Target

T=2300K

30kV

D.C. +

Figure 3.2: Schematic representation of the target-ion source at ISOLDE using resonant
laser ionization [ISO09].
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After the ionization the radioactive isotopes are extracted from the target-ion source
by using extraction electrodes. The ion source is kept at high voltage (30 kV), while the
extraction electrodes are kept at ground potential, as such that the produced ions are
accelerated to 30 keV. A schematic picture of the complete target-ion source is shown in
Fig. 3.2.

After acceleration, the ions are mass separated in the High Resolution Separator (HRS)
or the General Purpose Separator (GPS). The former is used in the case of the TI nuclei
and has a mass resolving power Am/m of 5000. After the mass separation the isotopes
are ready to be used in a certain experiment.

3.1.1 Time Profile

Since the proton beam consists of consecutive pulses, the ion beam will have a certain time
structure as well. The diffusion, effusion and ionization processes take a certain amount
of time, thus, when leaving the target-ion source, the ion beam will not form sharp pulses,
but will be spread out in time. The release time profile defines the so-called release curves,
of which a schematic drawing is shown in Fig. 3.3. The shape of the release curves depends
heavily on the chemical element, and can be for example rather narrow, as in the case of
T1 nuclei, which means the ions will be released fairly fast. For T1 90% of the ions will be
released within 2.5 s.
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Figure 8.3: Schematic time structure of the proton and ion beam.

3.1.2 Resonant Laser Ionization

By using a resonant laser ionization ion-source (RILIS) [Fed00] a highly element selective
ionization process can be obtained. This ionization method uses lasers of different wave-
length to stepwise excite and eventually ionize a specific element by using different atomic
transitions (see Fig. 3.4, for the case of Tl [Fed03]).

Since these atomic transitions are element specific, only the desired element will be
ionized. However, due to the high temperature of the target-ion source, isotopes with
low ionization potential will be ionized as well through surface ionization and can form
an isobaric contamination of the beam. Nevertheless, this will not be a problem for the
lightest T1 nuclei, such as 8T, because, except for 8Tl itself, there are no isobaric



3.2 Windmill Chamber 21

510.554nm or 578.213nm

276.78Tnm
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Figure 3./: Resonant Laser Ionization of T1.

isotopes that can be surface ionized with high enough intensity. For the heavier Tl nuclei
however, a strong contamination due to surface ionized Fr will be present. Using RILIS,
an ionization efficiency of 27% can be reached for the T1 nuclei [Fed03].

3.1.3 Yield of 8°T1

The yield that can be reached at ISOLDE for ¥°Tl equals 6.1 x 10% ions/uC or, as-
suming a current of 2.1 pA, 1.281 x 10% ions/s, when using a 50 g/cm? UC, target.
However, the measured average production rate for ®9TI in the current experiment was
only ~200 ions/uC. A possible cause for this low yield was a problem with the beam
transmission through the ISCOOL setup, a radiofrequency quadrupole cooler, at the HRS
beam line. According to a measurement, the maximal transmission efficiency through the
cooler was ~70%.

3.2 Windmill Chamber

To detect the radioactive decay, fission fragments and a-particles, of the '80T1 beam, the
so-called windmill chamber is used [Den92]. A schematic representation of this system
is shown in Fig. 3.5. The incident beam, coming from the separator, is implanted in a
20 pg/cm? or 888 A thick carbon foil. This makes the foil thin enough so that the a-
particles suffer only a small energy loss, as such to obtain a good a-energy resolution. Of
course, the fission fragments will, because of their higher mass, lose more energy and this
will anyway result in a lower energy resolution.

Ten of these carbon foils are mounted on a rotating wheel. The wheel is rotated by
using a step motor, which takes 200 steps to rotate over 360°. By rotating this wheel over
144° or 80 steps the implanted radioactivity can be transported from the implantation
station to the decay station. The time necessary to rotate the wheel is approximately 1 s.
This suggests that in the case of the T1 beam, most of the decay will already happen in
the implantation station, because of the relatively short half-life of about 1 s (section 5.1).
During a measurement only five of the carbon foils are used. After a certain measurement it
is then possible to move to the other five carbon foils. As such, any long-living radioactivity



3.2 Windmill Chamber 22

/ -
@ © it

J h) Vc)
b) » 0 = =] D=|=I=D
o a) €)—- = —d)
\ / == b) a) ==
g)

Figure 3.5: The windmill system (left: top view, right: side view): (a) rotating wheel, (b)
carbon foil, (¢) current measurement and collimator, (d) implantation station (with two
silicon detectors), (e) decay station (with two silicon detectors), (f) separator beam, (g)
pumping hole (to obtain vacuum), (h) step motor [Coc].

will have the time to decay.

The focussing of the separator beam onto the carbon foils is performed with the help
of a collimator with three different holes of diameter 2, 4 and 6 mm, and a metal plate
on which the transmitted beam is measured. To achieve the best focussing, the current
measured on the collimator should be minimal and on the metal plate maximal, so that
the full separator beam intensity is transmitted through the collimator and implanted into
the carbon foil.

3.2.1 Time Structure

As mentioned in section 3.1, one supercycle consists of 21 subsequent proton pulses, giving
a total time for the duration of one supercycle of 25.2 s (the proton pulses have a period
of 1.2 s). The half-life ¢1 5 of '®T1 is about 1 s (see section 5.1) and this will determine
the time structure of the measurement. Therefore, the idea is now to use two subsequent
proton pulses for the production and implantation of 89T1. The mass separator (HRS)
will then be opened for about 2.4 s, thus an extra 1.2 s after the second proton pulse has
arrived. This to give the T1 nuclei the time to diffuse out of the target-ion source. Hence,
nuclei will be implanted in the carbon foil for a time of approximately 2.4 s. During and
after the implantation the radioactive decay will be measured for several seconds or about
two or three half lives of 9T1. After this time, again two proton pulses are given and the
nuclei are again implanted for about 2.4 s, and so on.

Different groups of such two subsequent proton pulses were received during the ex-
periment. As an example, during roughly 11.5 hours the proton pulses 2-3 and 10-11
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were given. The measured growth (implantation of %9T1) and decay (radioactive decay
of 89T1) curves for these sequence of proton pulses are shown in Fig. 3.6. This curve
is for one specific & decay branch of ®9T1, namely the o decay which has an energy of
E, = 6.35 MeV. In the figure the growth curves of the two subsequent proton pulses are
clearly shown, as also the decay curves.
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Figure 3.6: Growth and decay curves for the proton pulses 2-3 and 10-11.

After one supercycle is elapsed, the wheel is rotated to the decay station, where it is
possible to look at the left-over activity of ¥9T1 and at the decay of long-lived daughters.
However, since the half-life of 189T1 is only of the order of 1 s, most of the TI nuclei will
have already decayed at the implantation station. This is why it is important to be able to
detect as many particles as possible at the implantation station. Therefore, two detectors
are put at the implantation station, as well as a Miniball Ge cluster (see next sections).
After rotation of the wheel, nuclei can be implanted into a new foil and the cycle can be
restarted.

3.2.2 Particle Detectors

In total four particle detectors will be used, two at the implantation station across each
other and two at the decay station, also across each other (see Fig. 3.7(a)). The advantages
of positioning the detectors like this are:

e Increase in geometric efficiency (both for alpha particles and fission fragments), since
more particles can be detected.

e Fission fragments can be measured in coincidence: a fissioning nucleus will always
emit two particles in opposite directions, assuming the decaying nucleus is at rest
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(conservation of momentum). Thus, a fission event should leave a signal in both
detectors (see Fig. 3.7(b)). If both fission fragments can be detected, one can assign
a total energy to the fission event, namely the sum of the energy of the two fragments,
the so-called Total Kinetic Energy (TKE).

Annular Si

MINIBALL Ge cluster

pure 30 keV Tl beam
from RILIS+ISOLDE

Annular Si Si

30 keV beam
from ISOLDE

AN

Si detectors

(a)

(b)

Figure 3.7: (a) Position of the particle detectors (dark blue) in the wind mill chamber.
(b) Position of the gamma detectors (orange) outside the wind mill chamber. Not shown
is the fourth gamma detector perpendicular to the figure.

Alpha particles and fission fragments can be distinguished by their energies. The
alpha particles, in this experiment, will have energies of the order of 5 MeV, while fission
fragments can have energies ranging from 40 MeV to 120 MeV. It is the aim to measure
energies of both fission fragments and alpha particles, thus detectors that can cope with
the large energy difference between both kind of particles are necessary. Silicon detectors
are suitable for this purpose.

In the experiment two silicon detectors from Canberra [Can09] and two from Ortec
[Ort09] are used. The Canberra detectors are Partially Depleted Passivated Implanted
Planar Silicon (PIPS) detectors. They have an active area of 300 mm? and a warranted
alpha energy resolution of 15 keV. One of the Ortec detectors is a Totally Depleted Silicon
Surface Barrier detector and also has an active area of 300 mm? and has a warranted alpha
energy resolution of 20 keV. The other Ortec detector is an Annular Partially Depleted
Silicon Surface Barrier detector. It has a circular hole in its center with a diameter of
6 mm and will be referred to as the annular detector. This hole is necessary to allow
nuclei to be implanted into the foil (see Fig. 3.7(a)). As a consequence of this hole the
detector is a bit larger and has an active area of 450 mm?. Also, because of the larger size
(thus, larger capacitance and electronic noise), the warranted alpha energy resolution is a
little worse, 25 keV. The alpha resolutions in all detectors are measured for the alphas of
energy 5.486 MeV of 241 Am.



3.2 Windmill Chamber 25

The annular detector and on of the Canberra detectors are positioned at the implan-
tation station. The Canberra detector is placed at a distance of about 4 mm from the
carbon foil. The annular detector can on the one hand not be placed too close to the
carbon foil, since then all the decay products will fly through the central hole and will not
be detected, but on the other hand it can also not be placed too far from the carbon foil,
since then the solid angle will be too small. The optimal distance to place the annular
detector was found to be 4 mm, but due to limitations in the experimental setup it was
placed at about 7 mm. Taken together, both detectors at the implantation station cover
a solid angle of 51% of 47. The other two detectors are positioned at the decay station,
the Canberra detector is on the same side of the wheel as the annular detector.

Silicon Detectors

The silicon detectors consist of a junction between a p-type and n-type semiconductor. The
contact between these two types of material causes the diffusion of conducting electrons
out of the n-type material into the p-type material, where they combine with holes, and
similar for the holes of the p-type material. This diffusion results in the emergence of a
so-called depletion region. This region can be extended by applying a reverse bias. The
resultant electric field across the depletion region causes the collection of any electron-hole
pairs created by an incident charged particle, since the electrons will be swept back to the
n-type material and the holes to the p-type material [Kno00]. The number of electron-hole
pairs created will be proportional to the energy of the incident particle.

Silicon Surface Barrier Detector A production scheme of this type of detector is
shown in Fig. 3.8(a). In general silicon is used as the n-type material, on which a thin
gold layer is deposited as the p-type contact. Aluminum is used at the back of the detector
as the ohmic contact.

Passivated Implanted Planar Silicon Detector This type of detector uses implanted
contacts, instead of the surface barrier contacts (see Fig. 3.8(b)). Multiple detectors can
be made simultaneously, starting from a large silicon wafer. Typically, the leakage current
in this type detector will be much lower than in the Surface Barrier detectors.
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Figure 3.8: Production scheme of (a) a Silicon Surface Barrier detector [Ort09] and (b) a
Pasivated Implanted Planar Silicon detector [Kno00].

3.3 Gamma Detectors

Outside the chamber, at the position of the implantation station, a Miniball Ge cluster
detector is positioned (see Fig. 3.7(b)), to detect the gamma rays. Perpendicular to this
Ge cluster another germanium detector, a planar low-energy X-ray detector, is placed. As
such, fission-gamma coincidences and alpha-gamma coincidences can be measured, from
which the decay products could be identified.

Such a Miniball Ge cluster [Ebe01] consists of three Hyper Pure Germanium (HPGe)
crystals (see Fig. 3.9), each segmented in six parts. Each segment can be read out sep-
arately, which enables the determination of the position where the incident gamma ray
hit the detector. This segmentation was however not used in the current experiment, and
will not be discussed (more information can be found in [vdW06, Dir07]). Thus, in this
experiment the cluster is only used as three separate gamma detectors.

The working principle of the Ge detectors is the same as for the silicon detectors, the
incoming gamma ray will create electron-hole pairs through which it looses its energy. The
number of pairs is again proportional to the gamma energy.
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Figure 8.9: Miniball clusters (left) and the three (encapsulated) crystals of one cluster
(right) [MINO9].

3.4 Electronic System

Analog or digital electronics [War00] can be used in the detection setup of the experiment.
A schematic view of both setups for the case of the silicon detectors is shown in Fig. 3.10.
The figure shows that both analog and digital electronics need a preamplifier for every
silicon detector. The germanium detectors do not need a separate preamplifier, because
these are already built in the detectors itself. Thus, in total four preamplifiers are neces-
sary. Beside this similarity between both possible setups, there will be several advantages
of using digital instead of analog electronics.

Analog Electronics The ADC (Analog to Digital Converter) used in analog electronics
contains a maximum of 8192 channels. If the broad energy range of alphas and fission
fragments would have to be processed by a single ADC, the energy per channel would be
very large (about 15 keV per channel), which is not desirable for a-particles. Consequently,
the signal coming from the preamplifier should have to be split. As is shown in Fig. 3.10,
this means that two amplifiers, two ADC’s and a timing logic would be necessary for
every detector. Hence, the electronics system would be very complicated. Furthermore,
the splitting of the signal will result in a large loss in energy resolution.

Digital Electronics If one uses digital electronics [X-r09], the electronic system will
be much simplified. Only one digital module (Digital Gamma Finder, DGF) will be
necessary, as is shown in Fig. 3.10. The DGF modules have a wide dynamical range from
about 100 keV up to 200 MeV (in one module 65000 channels are available). Thus, one
can use one channel of the DGF simultaneously for alpha particles and fission fragments.
Further, every DGF module contains four channels, one for each detector. Also, one does
not need separate amplifiers, because the amplification can be adjusted for each detector
separately, within the program which is used to read out the data from the detectors.
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Figure 8.10: Schematic view of the difference in detection setup for the silicon detectors,
using analog or digital electronics.

Tests performed by the author of this work showed that the energy resolution obtained
with digital electronics is comparable to the one obtained with analog electronics. There-
fore, because of the much simpler electronic setup and the comparable energy resolution,
the digital electronics are used in the current experiment. Thus, in total four preamplifiers
and two DGF modules were used, one for the four particle detectors and one for the four
gamma detectors.



Chapter 4

Data Analysis of the Fission
Events

This chapter will deal with the calibration and further analysis of the fission events mea-
sured with the experimental setup described in the previous chapter. It is important to
make a distinction between singles, where only one of the fragments resulting from the
fission of "®°Hg was detected, and coincident events, where both fragments were detected.
If the so-called single events are considered, then all fission fragments are taken into ac-
count, and thus all the detected fragments are treated as being independent of each other.
Therefore, in the single events both the singles and coincident events are included.

In total 1111 fission fragments were detected, of which 346 in coincidence. Thus, 419
(= 1111 - 2 x 346) times only one of the fragments of the fission was observed. The total
amount of registered fissions is therefore equal to 765.

In the first section the concept of pulse height defect (PHD) in semiconductor detec-
tors will be explained and will be concentrated on the calibration procedure, namely the
Schmitt calibration method. Next, results obtained with this calibration method will be
presented, namely the mass and energy distributions of the fragments. Finally, these dis-
tributions will be adjusted by correcting them for the energy loss the fragments suffer by
moving through the carbon foil and for the possible neutron emission of the fragments.

4.1 Schmitt Calibration Method

Next to several advantages, such as e.g. the high intrinsic detection efficiency and reason-
ably good energy resolution for fission fragments (~1.5 MeV), semiconductor detectors
have one important drawback. They suffer from what is known as the pulse height de-
fect. Consequently, the total collected charge in the detector, the pulse height, due to an
incoming heavy ion (e.g. a fission fragment), is smaller than that of a light ion (e.g. an
alpha particle) of the same energy. This means that the pulse height is no longer strictly
proportional to the energy of the incoming heavy ion, but will also depend on its mass
[Sch65, Wei86].
Three processes contribute to this observed PHD [Kno00]:

e The energy loss of the ion in the entrance window and dead layer of the detector.

e Energy loss of the heavy fragments by means other than electronic collisions, nuclear
collisions become important when the ions velocity decreases.

29
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e The high rate of electron-hole recombination in the dense plasma created along the
ions path.

The PHD is thus due to physical processes and will become more pronounced the
heavier the mass of the ion.

For an incoming ion of a given mass, there will still be a linear relationship between
the pulse height x and the energy E:

E = Az + B, (4.1)

where A and B are constants. This equation has to be modified in experiments with
heavy ions of different masses. Schmitt et al. [Sch65] studied the detectors response to
80Br and 71 ions of known energy and found that A and B are approximately linearly
dependent on the ion mass. This gives an equation, that can be used for the energy
calibration of semiconductor detectors when heavy ions are involved, of the form

E=(a+dm)x+b+bm, (4.2)

where m is the mass (in amu) of the incoming ion and a, d’, b, ¥’ are constants for
a particular detector. Due to the fact that the pulse height defect is a consequence of
physical processes it can be understood that these constants are universal constants for a
detector of a given type operating under the same experimental conditions. This means
that if the constants can be found for a certain reference system (e.g. the spontaneous
fission of 252Cf), then they can also be used for other systems that use the same detectors
in the same experimental conditions (e.g. the fission of 1¥Hg).

The authors of [Sch65] showed that the constants a through o’ can be determined from
the mean pulse heights P, of the light fragment group, and Py, of the heavy fragment
group, of a reference fission fragment spectrum. The calibration constants are then given
by:

a = A/(PL — PH)
o = AJ(P,- Py)
b = B- aLPL " (4.3)

¥ = B -dPy,

where A, A’, B, B’ are specific constants for each fissioning isotope. Schmitt et. al
determined these constants for the spontaneous fission of 2°2Cf. Nevertheless, when us-
ing equation (4.2) and these values for the constants the determined energies of fission
fragments for all fissioning systems are systematically overestimated by 1-2% compared
to the energies calculated from the time-of-flight (TOF) method! [Hen81, Wei86]. This
discrepancy was a long standing problem in fission physics. However, about twenty years
after Schmitt et al. determined their values, Weissenberger et al. [Wei86] recalculated the
constants using new, modern surface barrier detectors and they found slightly different

'In this method the time for the particles to travel a certain distance is measured. The result from the
TOF method thus yields the velocities of the fission fragments which are more straightforward to calibrate.
By performing a double-velocity experiment, where the velocity of both fragments is measured, the mass
and the sum of the energies (total kinetic energy, see further) of the fragments can be determined from
mass and momentum conservation [Wag91].
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values for the constants A through B’. When using these new values the discrepancy
between the Schmitt calibration procedure and the TOF-method is removed. This differ-
ence in the values for A through B’ can be understood by considering that the authors of
[Wei86] used modern surface barrier detectors, which have been optimized compared to
the initial ones used by Schmitt et al. (e.g. better basic Si material, thinner dead layer)
resulting in improved performance (a.o. less energy loss of the fission fragments before
they reach the depletion zone where the detection takes place). The constants calculated
by Weissenberger et al. for the spontaneous fission of 252Cf are equal to

A = 24300
A" = 0.0283
B = 90.397 (44)
B" = 0.1150

Further, Weissenberger et al. state that an accuracy of £250 keV can be expected for
the kinetic energies of the fission fragments when using these constants and eq. (4.2).

In the current experiment a source of 2°2Cf was used as reference fissioning system,
hence the pulse heights Py, and Py obtained from these spectra and eq. (4.4) can be used
to determine the constants a through &’. A measured example of such a pulse height
spectrum of 2°2Cf for the annular detector (this will be referred to as Detector 1) is shown
in Fig. 4.1. A similar spectrum was obtained for the detector behind the foil (referred to
as Detector 2).

Table 4.1 gives the pulse heights Py and Py, obtained by fitting the two peaks in the
spectrum of 252Cf with a double gaussian, and the calculated values for the constants a
through . The errors on the constants are entirely determined by the errors on Py, and
Py.

’ H Detector 1 (i = 1) ‘ Detector 2 (i = 2) ‘
Py 35432 £ 100 36374 £ 100
P, 49354 + 100 51060 + 100

a; || (1.7454 4+ 0.0177) x 1073 | (1.6546 4 0.0159) x 1073
al || (2.0328 4 0.0206) x 1076 | (1.9270 4 0.0186) x 10~6
b; 4.2526 4+ 0.7617 5.9112 4 0.7063

b, || (1.4675 4 0.0887) x 1072 | (1.6607 4 0.0823) x 10~2

Table 4.1: Pulse heights Py and Py of the spontaneous fission of 2°2Cf and calculated
constants a through ' for Detector 1 and 2.
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Figure 4.1: Measured pulse height spectrum of 2°2Cf for the annular detector (Detector
1). The fit with the double gaussian is shown by the light grey line.

4.2 Calibration of Fission Spectra of *'Hg

The determined values for the constants a through b’ and eq. (4.2) can now be used to
calibrate the fission spectra of 18°Hg. However, since eq. (4.2) depends not only on the
pulse height x but also on the mass m of the incoming ion, additional equations have to
be used, to eliminate the mass m (or the energy E) to be able to calibrate the fission
spectra to energy (or mass). These additional equations can be found in the kinematics
of the experiment, namely the momentum and mass conservation. These two conditions
together with equation (4.2) give the following system of equations:

E1 = (CL1 + a/1m1)561 + bl + b’lml
E5 = (ag + abma)xa + by + byma
miEy =myLy

my+my = Ay

(4.5)

In which F;, m; and z; are the energy, mass and measured pulse height of the frag-
ment incident on Detector ¢ (i = 1, 2), the post-neutron quantities. £} and m; are the
corresponding initial quantities, before any possible neutron emission has occurred, thus
the pre-neutron quantities [Sch66]. Ay is the mass number of the fissioning nucleus. Since
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there are four unknowns, the energies and masses of both fragments, the pulse height
of both fission fragments (z; and x3) will have to be inserted simultaneously to solve
the above equations. Therefore, by using this calibration procedure it is only possible to
calibrate coincident fission events.

In order to solve the system of equations (4.5) a relation between E; and E; and m;
and m; has to be found. These quantities can be related by taking into account the
number of neutrons emitted v;, the corresponding energy carried away by the neutrons
AFE; ,, and the energy loss due to the interaction of the fission fragment with matter along
its trajectory AEj; ;. This last contribution consists of the energy loss of the fragment in
the carbon foil AF; .r and in the dead layer of the detector AFE; 4. By considering these
factors the following relations can then be deduced:

Ef = Ei + AE; , + AE; it
=F;+ AEi,,, + AEi’Cf + AEZ‘le (46)

* __

The term AE;;,: can be neglected if the fission fragments of the reference system
(352Cf) are detected in the same experimental conditions as the fragments of the fissioning
isotope of interest ('8°Hg). If this is the case then AF; int is automatically included in the
calibration constants a through ¢’. Since the fission fragments of 252Cf also have to pass
the dead layer, the contribution AE; g to AEj n; is included in a through ¢'. However, in
our case the fission fragments of ?°2Cf did not have to penetrate the carbon foil, and thus
AFE; s cannot simply be neglected. For the moment, this contribution to AF; ;¢ will not
be considered but it will be taken into account later (see section 4.5).

To estimate the energy loss caused by the emitted neutrons AE; ,, it is beneficial to
make first two statements, which are based on experimental facts:

1. Neutrons are emitted by fully accelerated fission fragments.

2. Neutrons are emitted isotropically in the center of mass system.

From the second statement it follows that the average velocity of the fission fragments
is not changed by the emission of neutrons (the velocity distribution however will be
broadened). The kinetic energy of the fragments does change when neutrons are emitted.
The first statement is also correct since, as already discussed in section 1.2.3, the fission
fragments reach 90% of their maximum kinetic energy after a time of the order of 1072 s
after separation, while the neutrons are emitted in a time of the order of 1077 s. From
this point it follows that the fragments emit neutrons when they are at their maximum
velocity v}

The average energy of the fragments after neutron emission can then be estimated by
(neglecting the recoil energy):

E; ~ %mzv? = %mw;@ = :Z;El* (4.7)

With this expression AE; , is given by:

AE;, = Ef — B, = —Ef (4.8)
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Substituting eq. (4.6)(neglecting AF; .¢) and eq. (4.8) into eq. (4.5) gives:

Ef = [ai+a(m} —v)]xi + b+ b(m —v;) + AE;,
= ai +aj(m] —vy)la; + b + bi(m] —vi) + —E;
i
= (ai/F; + aym})z; + bi/F; + b;m;, (4.9)

with F; =1 —v;/m}. This finally gives the system of equations, that has to be solved:

Ef = (a;i/F; + aim})x; + b/ F; + bim}
e — B (4.10)

my +my = Ay

It can be seen that the mass and energy values extracted from this set of equations
will be the values before any neutron emission has occurred (m; and EY).

The factor F; will be very close to one, since the neutron multiplicity v; is much smaller
than the mass of the fragment. Furthermore, it is not clear that there are any neutrons
emitted in the fission of ®9Hg. Therefore, F; will be set equal to one by setting the
number of emitted neutrons to zero. Later it will be shown how the results change when
it is assumed that there are some neutrons emitted (section 4.6).

The system of equations (4.10) can now be solved with respect to mj = m; (when
F; =1 or v; =0). It follows that m}] must be the solution of a quadratic equation:

Am? + Bmi+C =0 (4.11)
with:

A= a’lxl + bll — a’2x2 — b,2
B =ajx1 + b1 +asxo + by + 2Afa’2:c2 + 2Afb/2
C = —Af(azl’g + a/2Af:L’2 + by + Afbé)

This equation can be solved and gives the mass of the fragments detected in Detector 1.
The energy can now easily be deduced from equation (4.2). The mass of the fragments
detected in Detector 2 can be obtained by exchanging the labels 1 and 2 in the above
equation, or simply from mj = Ay - m].

4.3 Mass and Energy Distributions

By solving equation (4.11) for mj a mass spectrum can be constructed. However, to be
able to work with the raw data from the experiment a program had to be written, as
such that the data could be analyzed using the ROOT package [ROO09]. ROOT makes
it possible to plot and analyze all the necessary spectra.

By doing this, the spectrum for the masses m] detected in Detector 1 shown in
Fig. 4.2(a) results. The mass spectrum for mj is exactly the mirror image of this fig-
ure due to the condition mj = Ay - mj. This condition also leads to the existence of a
mirror plane at A = 180/2 = 90, when the spectra of both detectors are taken together,
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see Fig. 4.2(b). In the right top corner of Fig. 4.2(a) the number of counts in the spec-
trum is given, which shows that there are 346 coincident fission events measured in the
experiment. By fitting both peaks in Fig 4.2(b) with a gaussian, the mean values for the
fragment masses and standard deviation can be determined (see Table 4.2).

If the masses of the fragments are known, their energies can be calculated using
eq. (4.2). Fig. 4.3(a) and (b) give the energy distribution measured in both detectors
separately, while Fig.4.3(c) shows the distribution of the summed spectrum from both de-
tectors together. The total kinetic energy (TKE) can be calculated by adding the energies
of the coincident events, see Fig. 4.3(d). The mean values and standard deviations of the
energies and total kinetic energy are also given in Table 4.2.

Fig. 4.3(a) through (c) show that the energy distribution of the heavy fragment is
broader than that of the light fragment. This is indeed expected, since the heavy fragment
should lose more energy in the carbon foil, which results in a larger energy spread. It is
only a minor difference however, and if neutron emission is included this argument might
change.

Light Fragment | Heavy Fragment

Cp| 80.7+0.6 99.3+0.6
Mass (amu) 1

o 4.4 4+ 0.6

Cu| o 3207 59.8 £ 0.8

Energy (MeV) 1

o 4240.7 47407

' 132.0+ 0.7
TKE (MeV) |

| o 5440.8

Table 4.2: Mean values p and standard deviations o of the mass, energy and total kinetic
energy (TKE) for the light and heavy fragment group resulting from the fission of *°Hg,
measured by taking the spectra of Detector 1 and 2 together.
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Figure 4.2: Calculated mass distribution of the fragments resulting from the fission of
180Hg. (a) Fragments incident on Detector 1, (b) spectra of both detectors taken together.
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4.3.1 Systematics of Mass Distribution

Before the experiment was performed a symmetrical mass split of the fission fragments
was expected (see section 2.3). This would lead to fragments with a mass around N = 50
and Z = 40 or ?°Zr, to conserve N/Z = 1.25 of 8'Hg. However, as is shown in Fig. 4.2(b),
an asymmetric mass distribution was observed. This mass distribution as a function of the
total kinetic energy is again shown in Fig. 4.4 for the spectra of both detectors together.
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Figure 4.4: Total kinetic energy as a function of fragment mass for the fission of ®Hg,
after the electron capture of 0TI,

From the data of the current experiment itself, it is not possible to deduce the Z value
of the formed fission fragments. However, a first guess for the mean Z values can be done
by considering first of all that the N/Z ratio of the fragments needs to be approximately
equal to N/Z = 1.25, the N/Z value of the fissioning nucleus '*°Hg. Secondly, from the
analysis of the data it is known that the mean mass numbers are approximately equal
to A = 80 and Ay = 100, for the light and heavy fragment respectively. Further, the
fissioning nucleus is an even-even nucleus, therefore it is expected that the fission fragments
will also be even-even nuclei, if no neutrons are emitted. These considerations lead to the
nuclei 8°Kr, which has N/Z = 1.22 and '“"Ru, N/Z = 1.27, which are both stable nuclei.

4.4 Calibration of Single Events

In this section an energy calibration for the single events will be developed. The ad-
vantage of trying to find a method to calibrate these single events is an increase in the
statistics, since in total 1111 fission fragments were detected of which only 692 (2 x 346)
in coincidence.
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In this case, it is not possible to use the method described in section 4.2, since it is
only applicable to fission fragments that were measured in coincidence. Thus, another
approach needs to be developed. In the mass spectrum (Fig. 4.2(b)) both fission fragment
peaks can be approximated by a gaussian. This allows to determine the probability for
a certain mass to occur. These probabilities can then be used as a weight factor w; in
calculating the energy of the fragment (see below). These weight factors are determined
for mass m from 70 to 90, in steps of one, for the light, and m from 90 to 110 for the
heavy fragment.

For each pulse height x it is checked if it lies in the light or in the heavy fragment
group. This cannot be done very accurately, since it has to be assumed that if the pulse
height is lower than a certain value, it belongs to the heavy fragment group, and if it is
higher, it belongs to the light fragment group. Then, an energy can be found by using
equation (4.2) and by taking a mass value m ranging from 70 until 90 for the light and
90 until 110 for the heavy fragment group. Thus, for each pulse height 21 energies are
calculated. Finally, it is then possible to determine an average energy value, by using the
different weight factors. For the light group (and completely analog for the heavy group)
this gives:

E, = wn=r0Em=10+ Wn=m1Em=m1 + ... + Wyn=90Fm=90

90
= Z Win=i Em=i,
=70

where F, is the average energy for a certain pulse height x, w; are the weight factors
for a certain mass m and E; are the energies calculated using eq. (4.2), x and m.

The spectrum of the average energy is shown in Fig. 4.5(a), for the registered fission
fragments of both detectors together. Roughly twice more fragments were registered in
Detector 2 than in Detector 1 (724 in Detector 2 compared to 387 in Detector 1). This
difference can be attributed to the hole in Detector 1.

In order to check if this method to calibrate the single events is justified, it was also
applied to the coincident events. The obtained results can then be directly compared to
the (correct) Schmitt calibration method described in section 4.2. The difference between
both methods is shown in Fig. 4.5(b). In the right top corner of the figure it is shown that
the method for the single events deviates on average by about 200 keV from the (correct)
method for the coincident events. Therefore, it is shown, that the calibration of the single
events is allowed, even though it is only a rough approximation.

The TKE for the coincident fragments calibrated with the calibration method for the
single events is shown in Fig. 4.6. The mean value of the TKE deduced from the fit is
given by
= (131.94+0.6) MeV,

/J’TKE

and the standard deviation
Oppp = (5.1£0.7) MeV

in good agreement with the result deduced by using the correct Schmitt calibration
method.

As mentioned above, to increase the statistics it is beneficial to calibrate also the single
events. However, this method is only a rough approximation and does not make it possible
to deduce anything new from the spectra, and will therefore not be used further. In the
further analysis, only the coincident events will be considered.
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Figure 4.5: (a) Energy distribution of the single events, taking the spectra of both detectors
together. (b) Energy difference between the Schmitt calibrated coincident events and the
coincident events that were calibrated using the method for the single events.
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Figure 4.6: Total kinetic energy of the coincident events using the calibration method for
the single events.

4.5 Energy Loss in the Carbon Foil (AE; /)

To make a correct energy calibration the energy loss of the fission fragments in the carbon
foil, namely the term AFE; .r in eq. (4.6), has to be estimated. This can be done with the
computer program SRIM [SRIOS]. First, the depth of implantation of the ¥9T1 beam in
the carbon foil has to be determined. The energy of the beam is 30 keV and the stopping
power S (nuclear + electronic) for the beam in the carbon foil is S = 13.149 keV /(ug/cm?),
which results in a mean implantation depth d of

d=2281pug/cm?® = 101 A

Since the carbon foil has a thickness of ¢t = 20 ug/cm? = 888 A, the nuclei will be
implanted in the first 1/9 part of the foil.

The program TRIM, a package of SRIM, can calculate the distribution of the depth of
implantation of the Tl nuclei in the carbon foil. If this is known and it is assumed that the
light fragment is 8°Kr with an energy of 73 MeV (see Table 4.2) and that the fragments
are randomly emitted in 47, then SRIM can calculate the energy loss of those emitted
light fragments. The result of the SRIM calculations are two files, one with the energy
loss of the transmitted fragments, thus those that fly in the direction of Detector 2, and
one with the energy loss of the fragments flying towards Detector 1. The energy of the
fragments, after passing through the carbon foil, is shown in Fig. 4.7(a) and (b). Exactly
the same can be done for the heavy fragment, assuming '°’Ru with an energy of 59 MeV.
The result is shown in Fig. 4.7(c) and (d).

The size of the detectors (including the hole in Detector 1) was taken into account in
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the calculations. This is the reason why really high energy losses of the fragments do not
occur, as can be seen in Fig 4.7. Due to the finite size of the detectors, fragments that are
emitted at large angles will not hit the detector, and thus will not be registered. These
fragments need to pass the largest distance through the carbon foil, and thus would have
the largest loss in energy.

For the fragments flying towards Detector 1 the mean energy loss will be about 0.5 MeV
(see Fig. 4.7(a) and (c)). The fragments do not need to pass a great distance through the
carbon foil in this direction. However, because of the hole in the detector, only fragments
emitted at angles larger than a certain minimum angle can be detected. As a consequence,
fragments flying in the direction of Detector 1 will even so lose some energy. The energy
loss of fragments flying towards Detector 2 can reach about 2 MeV (Fig. 4.7(b) and (d)).

The only way to take these energy losses into account is to assume that every fragment
flying in the direction of Detector 2 loses 2 MeV and every fragment flying towards De-
tector 1 loses 0.5 MeV. This is of course not entirely correct, because not all particles will
lose that energy, this is more an extreme case. By taking these energy losses into account
it is now possible to recalculate the mass and energy distributions, which are shown in
Fig. 4.8 for the spectra of both detectors together. The recalculated mean values p and
standard deviations ¢ are given in Table 4.3. The mean mass values do not change, within
error bars, as is expected, since the carbon foil only introduces a loss in energy, and not a
change in mass. The energy and total kinetic energy, however do change and are shifted
to higher energies. Since the carbon foil introduces an energy loss, the original energy of
the fragments will be higher than the energy that is measured. The mean TKE increases
by about 2.5 MeV, as it should, since a total energy loss of 2.5 MeV in the carbon foil was
introduced (compare Table 4.2 and Table 4.3).

Light Fragment | Heavy Fragment

Cp| 80.5£0.5 99.5 £ 0.5
Mass (amu) 1

| o 40403

Cp| 742406 60.8 + 0.6

Energy (MeV) 1

o 46+0.8 4.6 +0.6

" 134.6 + 0.7
TKE (MeV) |

o 5.6+0.8

Table 4.3: Recalculated mean values 1 and standard deviations o of the mass, energy and
total kinetic energy (TKE) for the light and heavy fragment group when the energy loss
in the carbon foil is taken into account, measured by taking the spectra of Detector 1 and
2 together.

4.6 Correction for the Possible Neutron Emission

If neutrons are emitted the previous results will of course change. Unfortunately, there is
no way, in the current experiment, to measure if there are or are not neutrons emitted.
However, it is possible to infer the maximum number of neutrons emitted in each fission
event by comparing the Q-value of the fission to the total kinetic energy. Since the Q-value
is the total released energy, the TKE can never be larger than the Q-value. This Q-value
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for different N/Z ratios as a function of the mass fraction for the light and heavy fragment
is shown in Fig. 4.9. In the case of the fission of ®'Hg the most probable N/Z ratio is
1.25 (the blue triangles in the figures). The measured mean TKE = (134.6 + 0.7) MeV in
the fission of 18°Hg (the horizontal line) and the most probable mass fraction (the vertical
line), defined as my = 100/180 = 0.556 for the heavy and my = 80/100 = 0.444 for the
light fragment, are denoted by the dashed lines.

Fig. 4.9(a) shows that the TKE lies well beneath the Q-values (blue triangles) in
the neighborhood of my = 0.556 and m; = 0.444, when no neutrons are emitted. The
excitation energy E* of the fission fragments can then be calculated as

E*=Q-TKE

This excitation energy can be calculated for the most probable mass split resulting from
the fission of '®YHg, namely the fission which results in the fragments '°°Ru and 8Kr.
The Q-value for this fission is then given by (m are the atomic mass values)

Qris = m(lSOHg) — m(lOORu) — m(gOKr) ~ 147 MeV

which is indeed shown in Fig. 4.9(a). The excitation energy would then be E* ~ 147 MeV
- 135 MeV = 12 MeV. However, the Qgc-value for the electron capture of 0TI leading
to 80Hg is about 11 MeV. Thus the highest excited state that can be reached in ®*Hg is
~11 MeV. This would add an extra 11 MeV to the total Q-value in the fission of ¥9Hg,
Qtot = Qris + Qpec ~ 158 MeV. This extra 11 MeV will go into excitation energy of the
fragments and thus the total excitation energy is then given by E* ~ 23 MeV. This is
shared between both fragments which will then each end up with an excitation energy of
~10-12 MeV.

To see if a neutron can be emitted the neutron separation energy of the fragments
has to be taken into account. This is the minimal energy required to remove a neutron
from the nucleus. The neutron separation energies S, of 8°Kr and ®Ru are S,,(3°Kr) =
11.5 MeV and S, (1°Ru) = 9.6 MeV [ENS08]. The excitation energy of the fragments
will thus lie in the order of the neutron separation energies, as such one neutron could
be emitted by the fragments. However, it is important to note that the emission of one
neutron can only happen at the limit, since also 7y-rays in coincidence with the fission
fragments were observed. These ~-rays will remove some of the excitation energy of the
fission fragments and thus will lower the energy available for neutron emission. Also the
kinetic energy of the neutron will further lower the available energy. By taking these
energy contributions into account, it could be that the excitation energy becomes too low
to emit a neutron. Of course, also other fragments than 3°Kr and '%°Ru will be formed,
perhaps with a lower neutron separation energy, as such that the excitation energy can
again overcome the neutron separation energy.

From this discussion it could be concluded that both fragments can emit a neutron,
and thus that in total two neutrons can be emitted in the fission process. This will however
not be the case as can be deduced from the following considerations. The possibility for
the emission of one neutron in the fission of 10Hg can be deduced by considering the most
probable mass split where 'Ru or 8Kr emits a neutron:

180Hg — 00Ry + PKr + 'n Q ~ 135 MeV

180Hg — PRu + ¥Kr + 'n Q ~ 137 MeV
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Figure 4.9: Q-values for fission of ®9Hg for different N/Z ratios as a function of mass
fraction, when (a) no neutrons are emitted, (b) one neutron is emitted and (c) two neutrons
are emitted [Ant]. The total kinetic energy in the fission of '8°Hg is also shown.
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This shows that the TKE = (134.6 £ 0.7) MeV now lies in the order of the Q-value when
the emission of one neutron is taken into account, which can also be seen in Fig. 4.9(b).
This means that most of the Q-value will be converted to TKE, and not much energy will
be available for the excitation of the fragments. However, the ‘extra’ 11 MeV of the EC of
18071 has again to be considered. As a result, after neutron emission the fission fragments
will end up with an excitation energy of ~5-6 MeV. This will be too low for the emission
of a second neutron. This can be deduced from Fig. 4.9(c), where it is clearly shown that
two neutron emission is impossible since then the Q-value is smaller than the TKE.

Overall, on the basis of this discussion, it can be concluded that it cannot be excluded
that one neutron is emitted.

To calculate the effect on the mass and energy distributions when one neutron is
emitted, equation (4.10) has to be solved for F; # 1. This can be done through an
iteration and by replacing a; and b; by a;/F; and b;/F; respectively in eq. (4.11). Start
from the solution of eq. (4.11) with F; = 1, which gives the masses m; when no neutrons
are emitted. These can be used to calculate new factors Fj, which can then be used to
solve eq. (4.11) again, now with F; # 1. This process is iterated until a stable solution is
obtained for m;. This typically will take only a few iterations. In this section the energy
loss in the carbon foil will not be taken into account, this will be done in the following
section.

According to the above discussion maximum one neutron can be emitted, thus the
calculations will be limited to this case (1; = 1). In the Schmitt calibration method the
pre-neutron mass m; is calculated (see e.g. eq. (4.10)). Therefore, the mass distribution
will not be affected when neutron emission is introduced. The new deduced mean mass
values and the standard deviation are shown in Table 4.4, and indeed, within the error
bars they are not different from the ones given in Table 4.2 for no neutron emitted.

The energy distribution however does change, since the detected energy is that after
neutron emission, but the Schmitt calibration method determines the energy before any
neutrons are emitted. A comparison between the energy distribution without any neutrons
emitted and with one neutron emitted is shown in Fig. 4.10(a) and calculated mean values
are given in Table 4.4. There is a little shift in energy, especially the light fragment gains
roughly 1 MeV in energy compared to the energy values given in Table 4.2. The difference
in TKE is shown in Fig. 4.10(b) and the mean value also in Table 4.4. The mean value
in the TKE increases by about 1.2 MeV when one neutron is emitted compared to the
TKE of (132.0 £ 0.7) MeV when no neutrons are emitted. This lies in the range of what
is expected, since the average energy carried away by a prompt neutron in fission should
be of the order of 2 MeV [Kra88]. Of course, it is still not possible to deduce if there
are any neutrons emitted, but it is also not possible to make a clear distinction between
the two cases, as can be seen from the spectra. The TKE value for the case when one
neutron is emitted, is still, within error bars, in agreement with the value when no neutron
is emitted.
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Figure 4.10: Comparison between the (a) energy distribution and (b) total kinetic energy
when one and zero neutrons are emitted.
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Light Fragment | Heavy Fragment

Cn| 80.8+0.6 99.2 + 0.6
Mass (amu) 1

I o 4.3+0.3

Cp| 742408 60.2 +0.8

Energy (MeV)

e 4.3+0.8 4.6+0.8

o 133.2+0.7
TKE (MeV) |

Lo 5.9+0.8

Table 4.4: Recalculated mean values p and standard deviations o of the mass, energy and
TKE for the light and heavy fragment group when one neutron is emitted, calculated by
taking the spectra of both detectors together and neglecting the energy loss in the carbon
foil.

To calculate the mass of the fragments after one neutron is emitted a different approach
has to be considered. The mass and energy after, m; and E;, and before, m; and E, a
neutron is emitted can be related as follows (neglecting the energy loss in the carbon foil
AEZ',Cf)I

{ mi = mi v (4.12)
Ef = E; + AE;,

where v; is the number of neutrons emitted by the fragment of mass m; and AE;,
is the energy carried away by those neutrons. It is well known that the average energy
carried away by a neutron is of the order of ~2 MeV [Kra88]. In the present calculation it
is assumed that the total number of emitted neutrons v;,; = v1 +1v9 = 1 and thus the total
energy carried away by the neutrons is 2 MeV. Thus, on average the number of neutrons
emitted by a fragment of mass m; is v; = 0.5 and the average energy taken away by this
is AE;,, = 1 MeV. This is of course unphysical, but this is the only possible estimate that
can be made. By using eq. (4.5) and eq. (4.12) the following equation can be obtained
that has to be solved for mg:

Am? 4+ Bm; +C =0 (4.13)

with:

A = djxy + b — azy — U

B = a1z1 + djx1vy + by + bjvr + asxs
+2a512 A 4 ahxo(ve — 2040t) + b2
+05(2A 7 — 2v40t +12) + AE1, + AEs,

C =vi(a1z1 + b1) — (a2 + b2)(Af — Vit + 12)
—(ahx2 Ay + by As) (A — 2v40¢ + 12)

—(ahzavior + Uyvior) (Vior — v2) — AE2 ,(Af — Viot)

For one emitted neutron the result is shown in Fig. 4.11. Hardly any difference can
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be seen with the mass distribution when no neutrons are emitted. Thus, it is not possible
to distinguish between the mass spectra of no and one emitted neutron. The recalculated
mean mass values p,, - and standard deviation oy, are given by

My, = (80.4 £ 0.6) amu oy, = (98.6 £ 0.6) amu

0, = (42+0.6) amu

and indeed only a small deviation from the result when no neutrons are emitted is seen
(compare with the mass values in Table 4.2 or Table 4.4). Even though the mean mass
value of the heavy fragment seems to decrease by almost one compared to the value of
Table 4.2, within the error bars the result is still consistent with the one where no neutrons
are emitted. Of course, the sum of the mean mass values now equals 179 and not 180.
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Figure 4.11: Comparison of the mass distribution when no and one neutron is emitted.
Note that the bottom figure represents the mass values after neutron emission has oc-
curred.

4.7 Correction for Neutron Emission and Energy Loss in
the Carbon Foil

Now it is appropriate to put the results of the previous two sections together, as such to
see how the results change when one neutron is emitted and the energy loss in the carbon
foil is taken into account. This is shown in Fig. 4.12 and Table 4.5. The mean mass values
in Table 4.5 do almost not change compared to the values when no neutrons are emitted
(Table 4.3), as they should. Due to the neutron emission the total kinetic energy increases
again by about 1.2 MeV compared to the value of Table 4.3, as expected. However, also
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in this case it is difficult to distinguish between the cases where no and one neutron is
emitted.

Light Fragment | Heavy Fragment

Cp| 804405 99.6 + 0.5
Mass (amu) 1

o 3.94+0.3

‘p| 751408 61.3+0.7

Energy (MeV) 1

o 4.740.8 454+0.7

" 135.7 + 0.8
TKE (MeV) |

o 5.9+0.8

Table 4.5: Recalculated mean values p and standard deviations ¢ of the mass, energy and
TKE for the light and heavy fragment group when one neutron is emitted and the energy
loss in the carbon foil is taken into account, deduced by taking the spectra of Detector 1
and 2 together.

The mean mass values f,, . and standard deviation oy, after a neutron is emitted
can also now be deduced:

fy,, = (80.0 £ 0.5) amu oy, = (99.0 £ 0.5) amu

om = (3.9£0.3) amu

These mass values do again not differ much from the values when no neutron is emitted
(Table 4.3) and are still in agreement within error bars. However, of course the sum of
the mean mass values now equals again 179 and not 180.

4.8 Discussion

In the ECDF of 89T1 a symmetric mass distribution, centered around the nucleus *°Zr,
was expected in the fission of the daughter nucleus '®YHg. Instead it was observed that
180Hg after the EC of 0TI, fissions in two fragments of unequal mass around mass number
A = 80 and 100. Thus an asymmetric mass distribution was measured, see e.g. Fig. 4.4.
The most probable fission fragments were determined to be '°"Ru and %K.

The asymmetric mass distribution can now be compared to other mass distributions
of low energy fissioning systems throughout the nuclear chart, see Fig. 4.13. Until the
discovery of the asymmetric mass distribution of ®YHg, fissioning nuclei lighter than Ra
showed in general a symmetric mass distribution. The actinide region and heavier elements
show an asymmetric mass distribution, with some exceptions (e.g. 28Fm).

The mean total kinetic energy of the fission fragments was calculated to be (134.6 +
0.7) MeV, when the energy loss in the carbon foil is taken into account. This high average
TKE, (Ey), of the fission fragments, compared to other decay modes, is the result of the
high Coulomb repulsion between the fragments. There is indeed a relation between the
average TKE and the Coulomb parameter Z?2 /Al/ 3. Intuitively, this can be deduced as
follows: At the moment of scission the fissioning system can be imagined as two touching

spherical fragments with charge Z;e and radius r; = RoAg/ 3, where ¢ = L, H for the light
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Figure 4.13: Mass distributions for different low energy fissioning nuclei [Col07].

and heavy fragment respectively. The Coulomb repulsion between the fragments is then
given by
Z1Zpe?

- 4dmeg Ry (A}—J/3 + A}{/B)

Ec

where ¢ is the permittivity of free space. Now, imagine symmetric fission, Z;, = Zg = Z/2
and A = Ay = A/2, then E¢ ~ Z2/A1/3, with Z and A of the fissioning nucleus. This
Coulomb repulsion energy will be fully converted to kinetic energy when the fragments are
infinitely far apart, and this shows that indeed a relation between (Ej) and the Coulomb
parameter is expected. However, inserting numerical values and taking Ry = 1.2 fm too
high values for the Coulomb repulsion E¢ are obtained compared to the measured TKE.
This is due to the simplicity of the assumed model. In reality, the fission fragments are
deformed and are joined by a thin neck (see Fig. 1.6(a)). The deformation and larger
separation will decrease the Coulomb repulsion [Wag91].

Viola et al. determined a linear relationship between the average TKE and the
Coulomb parameter for the first time in 1966. However, about 20 years later, many new

data of fissioning systems were known and Viola et al. adjusted their original equation to
[Vio85]

(E}) = (0.1189 + 0.0011) 22 /AY? + 7.3(+1.5) MeV (4.14)

This relation of (Ej) as a function of Z2/A'3 is called a Viola-plot and is shown
in Fig. 4.14, together with the calculated average value of the TKE of the fission frag-
ments of '%OHg, deduced in the current work. Equation (4.14) predicts a value of (Ey) =
(142.1 £ 2.8) MeV. The measured mean value of (Ej) = (134.6 4+ 0.7) MeV is in agree-
ment with the Viola-plot within two standard deviations o. Hence, with the current low
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statistics it cannot be stated that the TKE does not follow the Viola-plot.
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Figure 4.14: Average total kinetic energy, (E}), as a function of Z2/A!/? of the fissioning
nucleus [Vio85]. The dashed line gives the linear equation from 1966, the solid line the
adjusted equation (eq. (4.14)) from 1984 (see the text for details).

Several considerations led to the conclusion that it cannot be excluded that one neutron
can be emitted in the fission of '80Hg. If it is assumed that one neutron is emitted, the
total kinetic energy increases to (135.7 £ 0.8) MeV. Nevertheless, it is not possible to
make a clear distinction between the cases were no and one neutron is emitted. The
mass distribution does not change noticeably when one neutron is emitted. Also the total
kinetic energy is still in agreement, within error bars, with the result when no neutrons
are emitted.



Chapter 5

Determination of Half-Life and
Branching Ratios

In this chapter the half-life of 189T1 will be deduced, both from the a decay of ¥9TI as
from the fission of '®9Hg, after EC of '®9TI. Further, the branching ratio for the electron
capture of 180T1 will be determined. Finally, the ECDF probability Prcpr is calculated.

5.1 Half-Life of *'T1

The half-life ¢; 5 can be deduced from the growth and decay curves (see e.g. Fig. 3.6).
As mentioned in section 3.2.1, the '®°T1 nuclei are implanted for about 2.4 s (the growth
curve). 1.2 s after the second proton pulse is arrived the mass separator is closed and thus
the implantation of nuclei stops. After the mass separator is closed, a radioactive decay
will follow (the decay curve) without the complication of simultaneous implantation, until
new nuclei are implanted. From this decay, it is quite easy to determine the half-life.
Assume that at time t there are N '89T1I nuclei present, which will decay in time. The
number of nuclei dNV decaying in a time dt is proportional to N

AN
L= _AN
dt

where A is the decay constant. Integrating this equation leads to the exponential law of
radioactive decay
N(t) = Nge ™ (5.1)

where Ny is the number of nuclei present at time ¢ = 0. The decay constant A can be
related to the mean life time 7 of the nuclei, according to

1
T==
A
The half-life ¢, /2 gives the time at which half of the nuclei have decayed. Thus setting
N(t) = Ny/2, this gives tijg = @ or
N(t) = Noe~ 0@/t (5.2)

This equation can be used to fit the decay curve and as such the half-life can be
determined [Kra88].

55
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It is very difficult to include the growth curve in this equation, since due to the diffusion,
effusion and ionization processes in the target-ion source it is hard to model the time
behavior of the implantation of the TI nuclei. Furthermore, during the implantation also
decay of 0T will already occur. This makes it very challenging to determine an equation
that can model the growth curve. Therefore, in this thesis only the decay curve was used
to determine the half-life, which is not a problem if the statistics are high.

5.1.1 Half-Life of '*°T1 from Alpha Decay

To be able to fit the decay curve in a reliable manner, the decay needs to proceed over
several half-lives, thus there has to be a long enough period between two consecutive im-
plantation periods. Therefore, with an idea to deduce the half-life of 180T1, tl/g(lgoTl), the
proton pulses 2-3 and 10-11 were given for a time of about 11.5 hours during the experi-
ment. With this proton sequence the time between two proton bunches (each consisting
of two proton pulses) is 8.4 s, and the decay curve will then occur over 7.2 s, which is a
long enough time to let the major part of the T1 nuclei decay before the next implantation
period (see Fig. 3.6). Therefore, only the data containing this sequence of pulses are used
do determine the half-life.

Fig. 5.1 shows the a-spectrum of '89T1 and its products. The a-peaks are indicated by
the energy and isotope. These nuclei result from a decay chain that starts with 0TI, see
Fig.1.3. The four a-lines of ¥T1 have an energy of E, = 6.21, 6.26, 6.35 and 6.55 MeV.
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Figure 5.1: Alpha spectrum resulting from the decay chain that starts with 89T
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To determine the half-life of 0TI, the decay curve for every a-line separately will be
fitted with equation (5.2). All these half-lives should be the same, unless the o decay
happens from two different isomers.

An example of the fitted decay curve for E, = 6.35 MeV is shown in Fig. 5.2. The
fit will start after 3.6 s for the first and after 13.2 s for the second decay curve, because
after these times the implantation stops and the decay curve of 0TI starts. Since two
decay curves can be fitted for one a-line, in total eight measurements for the half-life are
possible. The calculated half-lives for the different alpha energies are shown in Table 5.1.
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Figure 5.2: Growth and decay curve for E, = 6.35 MeV of the decay of '80T1. The second
decay curve is fitted with equation (5.2). In the inset the same figure is shown on log-scale.

All these half lives are, within error bars, in agreement with each other, except for
the half-lives deduced for the a-line of energy E, = 6.26 MeV. However, by looking at
Fig. 5.1, it is noticed that this a-line has a contribution due to "Au. If this contribution
is significant, it will influence the measured half-life of this a-line. Therefore, the "6Au
contamination to this a-peak has to be eliminated. Since only ®9T1 has a-y-coincidences
[Anda], this can be done by looking at an a-v-coincidence spectrum, which is shown in
Fig. 5.3. This figure shows that the a-particle of energy E, = 6.26 MeV, should for example
be in coincidence with the y-rays of energy E, = 205, 210 keV. These coincidences can be
used to deduce the correct half-life of this a-line. Namely, by fitting the decay curves for
the alpha particle F, = 6.26 MeV again, but now with the extra condition that it should
be coincident with v-rays, the correct half-life for this alpha particle could be obtained.
Indeed, the new half-life for the two decay curves now reads t; /5 = (1.10 & 0.06) s, when
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o8

E, Half-Life ¢,
(MeV) (s)

6.21 +0.03 Hg i 8:(1)3

6264002 | 77

635002 |70

655002 | | 00T )

Table 5.1: Half-lives deduced from the fits of the decay curves of the different a-lines of
180T1.

both curves are fitted together (see below). This is in excellent agreement with the half-
lives obtained for the other a-particles of 0TI,
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Figure 5.3: a-v spectrum, for a-energies in the range of the a-particles resulting from the
decay of 180T1.

Further, Table 5.1 shows that the error on the half-life of the a-line at E, = 6.21 MeV
is larger than that of the other half-lives. As can be seen from Fig. 5.1 this a-line is not
a distinct line, which will result in the larger error on the half-life, and it could also have
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a small contribution due to 16 Au.

It is also possible to fit both decay curves in Fig. 5.2 simultaneously, as to increase the
statistics. This possibility to increase the statistics will be important when the half-life
of 0T will be deduced from the ECDF process in the following section. An example
using this method is shown in Fig. 5.4 for the a-particle of energy E, = 6.35 MeV. The
resultant half-life is ¢,/ = (1.08 £ 0.01) s, which is in very good agreement with the
half-lives obtained above and the larger statistics result in a smaller error bar.
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Figure 5.4: Growth and Decay curve for E, = 6.35 MeV, where both decay curves are
fitted simultaneously with equation (5.2).

Still another way to determine the half-life is by shifting the different decay curves in
time, so that the position (in time) of the implantation cycle is the same. The different
decay curves then overlap onto one curve, and in this way the statistics are increased. An
example of this method is shown in Fig. 5.5 for the a-line F, = 6.35 MeV. The calculated
half-life gives the same value as before, as it should, ¢,/ = (1.09 £ 0.01) s.

To conclude this section, the half-life of 1®9T1 according to the a decay is equal to
t12 = (1.09£0.01) s

and the o decay of °T1 does not happen from different isomeric states. This deduced
half-life can be compared to previously reported measurements in literature. Two mea-
sured values for the half-life of 89T1 can be found: tijg = 0.7J_r8:§1)2 s [Laz87] and ¢y, =
(1.5 £ 0.2) s [Tot98]. The average of this two values is in good agreement with the deduced
half-life in the present work.
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Figure 5.5: Decay curve of E, = 6.35 MeV, where the original two decay curves are shifted
onto one curve.

5.1.2 Half-Life of ¥°T1 from ECDF

Since the fission of ®9Hg, after the EC decay of '89T1, can be regarded as instantaneous
(tij2 < 10712 ), this fission can also be used to determine the half-life of '*°TL. The
same methods as described for the a decay can be used here, however the statistics will
be much lower. Indeed, in the data that contain the pulses 2-3 and 10-11 only 52 fission
fragments were detected, and by considering only the decay curve only nine fission events
remain. Of this nine detected fragments, three were measured in coincidence. These
coincident fragments can of course be counted only once in the determination of the half-
life, thus in fact only six fissions remain. Hence, it is not possible to fit these decay curves.
Nevertheless, these six fissions can be used to determine the mean life time of '89T1, by
using

>t

n

T =

where #; is the life time of one fission event. The error bars can be calculated according
to [Sch84] as follows

Ty ~

1—1/yn

T =~

1+1/y/n
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where 7, is the upper and 7; lower limit. For the six fission events this leads to

_ +2.43
T =1.44728

The error bars are still very large, due to the very low statistics. This life time can be
used to calculate the half-life

ti/2 =1In(2) - 7 = 1.0055}s

Even though the very low statistics, this agrees well with the result obtained for the «
decay. This indicates that, within the current low statistics, the state in '®9TI that feeds
the fissioning state in ®°Hg is the same as the one that undergoes the o decay, and thus
that only one isomer of '89T1 is involved.

However, it would be better to increase the statistics of the fission events. This can
be done by considering other data. To be able to construct the growth and decay curves,
it is important that the data have the same time structure. The first 34.5 hours of the
experiment the proton pulses 4-5, 8-9, 12-13 and 16-17 were received. This longer time of
the total measurement will increase the statistics significantly, however the shorter time
between the consecutive proton bunches, decreases the time in which the decay of '¥9TI is
observed. This will limit the accuracy of the fit. For these data in total 270 fissions were
observed out of which only 126 in the decay curve.

To achieve the highest possible statistics, the four decay curves are shifted onto one
curve. The result is shown in Fig. 5.6 for two different binnings of the spectra. Fig. 5.6(a)
has a binning of 100 ms per bin, while Fig. 5.6(b) 200 ms per bin. In the case of low
statistics it sometimes helps to change to a larger binning. The deduced half-lives are
t1/2 = (0.88 £ 0.20) s for Fig. 5.6(a) and t;/5 = (1.04 £ 0.28) s for Fig. 5.6(b). Both
values are in good agreement with the half-life deduced from the a decay of ¥°T1. Hence,
it can be concluded, that, within the current precision, the o decay and the electron
capture that feeds the fissioning state in ®'Hg arise from the same isomer in 80T1.
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Figure 5.6: Decay curves, shifted in time, for the fissions of ®*Hg detected during the first
34.5 hours of the experiment, for a binning of (a) 100 ms per bin and (b) 200 ms per bin.
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5.2 Electron Capture Branching Ratio of *'T1

The electron capture branching ratio of ¥9T1, bpc(189T1), can easily be deduced from the
a decay branching ratio b, (*80T1):

bpc(MOT1) =1 — by (*0T1) (5.3)
with

Na(lsoTl)
No(BOT1) + Npe (1B071)

bo(180T1) = (5.4)

where e.g. N, (18T1) is the number of T1 nuclei that decayed through o decay. The
number of Tl nuclei that decay through EC, Ngc('®T1), can be related to the total
number of 8%Hg nuclei, N(!¥9Hg)y. Since there is no direct production of ®°Hg in the
current experiment, which was checked by comparing laser-on and laser-off measurements,
Npc(P9T1) is equal to the total number of Hg nuclei that is produced (see also Fig.1.3).
The total number of '®9Hg nuclei can be calculated if the total number of a-particles due
to the decay of '®'Hg, N,('®"Hg), can be deduced, through

No(**Hyg)

Npc(®9T1) = N(*®0Hg) o = W

where the branching ratio b, (**°Hg) = (48 + 2)% [ENS08]. The o decay branching ratio
bo (189T1) can then be written as:

Na(lgoTl)

80
Na(189T1) + 5 ergrey

bo (18OT1) = (5.5)

Approximate values for N, (189T17) and N, (18°Hg) are ~ 10° and ~ 5x 10°, respectively.
From these values it can be seen that the error on the branching ratio b, (*87) will be
dominated by the error on b, (1*0Hg) = (48 + 2)%, which is about 4%.

By again considering only the data that contain the pulses 2-3 and 10-11, all the
necessary values to determine b, (1%9T1) can be deduced from Fig. 5.1, by just calculating
the number of counts (integrals) in the different a-lines. This will however result in
an upper limit for b, (*¥°T17). First of all the a-peak at 6.26 MeV of ®9T1 contains a
contamination due to '"®Au and hence the true number of a-particles coming from the
decay of 89T1 in that a-peak will be lower. Secondly, not all the Hg nuclei will have
decayed by the time the windmill is rotated, due to the longer half-life of 2.56 s. This can
be seen in Fig. 5.7, where it is shown that the second decay curve of the Hg nuclei does not
fall back to zero after the supercycle has ended. The correct number of a-particles coming
from the decay of Hg will therefore be higher. Correcting the branching ratio b (*8°71)
for these contributions will lower its value.

To find the correction for the Hg nuclei, it is necessary to estimate the total number of
a-particles that would be counted when Hg fully decayed. Thus the number of ‘missing’
a-particles has to be found. This can be done by fitting the growth and decay curve in
Fig. 5.7.

Notice first that it can be assumed that the Hg nuclei that are the result of the decay
of 0T1 that was produced with the proton pulses 2-3, have fully decayed by the time the
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Figure 5.7: Growth and decay curve for the o decay of '8°Hg, fitted with equation (5.6).

windmill is rotated. The Hg nuclei resulting from proton pulses 10-11 however, have not
all decayed after one supercycle.

The equation to fit the growth and decay curve of ®'Hg will be more complicated than
equation (5.2). Since the Hg nuclei are produced through the decay of %9T1 a mother-
daughter decay has to be taken into account. To simplify the form of this mother-daughter
decay equation, the time ¢t = 0 s in the equation will be set at the time the second growth
curve of 80T has ended. This is thus at the beginning of the second decay curve of 80T,
namely after 13.2 s. If the mother-daughter equation only starts after the decay of 189T1
starts, it can be assumed that no new TI nuclei will be implanted. This means that at
time ¢ = 0 s in the equation, thus actually the real time minus 13.2 s, an initial number of
T1 nuclei was present. Furthermore, Hg nuclei that were produced through the decay of
180T resulting from the proton pulses 2-3 and in the second growth curve of 0TI will still
be present when the second growth curve of ®9Hg starts. Therefore, also an exponential
decay curve, equation (5.1), has to be taken into account. The resultant equation is the
following

A
— L Npy(e At — oMoty 4 Ny e et (5.6)

Np,(t) =
115(1) AHg — ATl

exponential decay
mother-daughter decay

where N4 and N7y are the initial number of Hg and T1 nuclei at the end of the second

growth curve of 0TI resulting from the pulses 10-11, after 13.2 s.
The fit using this equation is shown in Fig. 5.7. With the parameters from the fit
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and equation (5.6) the number of missing a-particles can be estimated, by calculating the
integral under the function (5.6) from ¢t = 0 s to infinity. By comparing this number with
the number of a-particles in the a-line of ®Hg in Fig. 5.1, it can be calculated that a
correction of (4.1 + 0.4)% is needed to find the total number of a-particles resulting from
the decay of all the Hg nuclei. The integral of the a-peak of Hg in Fig. 5.1 thus has to
multiplied by 1.041, to get the correct number of a-particles.

The correction for the contamination due to '"®Au is less straightforward or even
impossible to calculate with the current data. The only possibility is to estimate an upper
limit for the contribution of 1”6 Au, namely that the whole a-line at E, = 6.26 MeV is due
to "6 Au. This will then result in a lower limit for the branching ratio b, (*¥971). Tt is also
possible to assume that the 1"®Au contamination is negligible, and hence that the a-line
at B, = 6.26 MeV is fully due to ®9TI, which will result in an upper limit for b, (**°T1).
The calculated upper and lower limit for the branching ratios b, and bgc of 0TI are
shown in Table 5.2.

bEC ba

(%) (%)
95.724+0.17 | 4.28 £0.17
91.954+0.31 | 8.05£0.31

Table 5.2: Upper and lower limits for the branching ratios b, and bgc of 0TI

By taking an average of the upper and lower limit of b (*8071) it can be stated that
brc (180T = (94 + )%

The error on this value is larger than the errors given in Table 5.2. The errors in the
table are calculated values, but since the error on b, (' Hg) is, as mentioned above, about
4%, the error on the calculated bpc(*¥T1) cannot be smaller.

This calculated branching ratio bpc(*®°T1) is in agreement with the estimation of
ba (180T1) = (2-12)%, or bpc(18T1) = (88-98%), deduced in [And03].

5.3 ECDF Probability Propr

The ECDF probability Prcpr of 180Tl is determined as the ratio of the number of fissions
Nyission to the total number of 180Hg nuclei N(*¥°Hg)sor
NECFD o Nfission

pepr Nec N(1®Hg) o

This is true, since, as noted above, the number of Tl nuclei that undergo electron capture
NEgc equals the total number of Hg nuclei that is produced.

In the data containing the pulses 2-3 and 10-11 52 fragments resulting from the fission
of ®9Hg were detected. However, 17 of these events were measured as coincident pairs,
thus actually only 35 fissions happened. The resulting ECDF probability is then

Prepr = (3.6 +£0.7) x 107° = (3.6 £ 0.7) x 1073%

Due to the small number of fissions, the error bar on this branching ratio is still rather
large. Therefore, it would be beneficial to include more data, as to obtain a larger statistics
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on the number of fissions. To be able to estimate the number of ‘missing’ a-particles of
180Hg it is again important that these data have the same time structure. Hence, again,
as in section 5.1.2, the data that contain the pulses 4-5, 8-9, 12-13 and 16-17 would be
good to use. In these data 270 fissions were observed. However, due to the much smaller
decay time, fitting these growth and decay curves with equation (5.6) does not give good
results. As a consequence, the errors on the parameters from the fit will be rather large,
and although the higher statistics the error bar on Pgopr will not decrease. Hence, it is
not useful to use these other data.

It is now time to look again at Fig. 2.3, to see if the new value for the ECDF probability
Prcpr of 189T1 fits the general trend of Propr in function of QEc-By better than the
previous value of 3 x 10~7*! [Laz87]. An adjusted figure, with the new Pgcpr value is
shown in Fig 5.8. And indeed, the new value fits the general trend very well.
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Figure 5.8: ECDF probability Pecpr as a function of (Qrc-By). The data are marked
by the parent nuclei. The Qgc values are taken from [Mo195] and the By values from
[Mey99]. The newly deduced value for Ppcpr of ¥9T1 is indicated by a red square.



Conclusion

This thesis concentrated on the radioactive decay properties of the very neutron deficient
nucleus 0TI, which can undergo a-decay or electron capture, by which the nuclei '"*Au
and '8Hg are formed, respectively. The specific decay mode Electron Capture Delayed
Fission (ECDF) was investigated in more details. In this decay process the nucleus of
interest first undergoes an electron capture, whereby it populates an excited state in the
daughter nucleus. If this state has an excitation energy comparable to or even higher than
the fission barrier of the daughter, fission of the latter may occur.

The experiment was performed at the ISOLDE facility in CERN. To detect the radioac-
tive decay of ®9T1I the windmill chamber was used, together with four silicon detectors, a
Miniball Ge cluster and a planar low-energy X-ray detector.

The first part of the analysis consisted of constructing a mass and energy calibration
for the fission fragments, using the Schmitt calibration method. This method assumes
that the pulse height registered in the silicon detector due to an incoming heavy ion
does not only depend on the energy of the ion, but also on its mass. Mass and energy
distributions, together with the total kinetic energy of the fission of ®'Hg could then be
determined. The surprising fact was that an asymmetric mass distribution was observed.
Before the experiment it was thought that the mass distribution would be dominated by
the N = 50 shell closure, which would lead to a symmetric mass distribution around the
isotope ?9Zr. Instead, a mass distribution was deduced that was spread around the mass
numbers Ay = 80 and Ay = 100. From the data of the current experiment, it was not
possible to deduce the Z value of the fragments, however several considerations led to the
estimation that the most probable resultant isotopes are 8°Kr and '°°Ru. The mean total
kinetic energy was calculated to be (132.0 4= 0.7) MeV. This result however changes when
the energy loss the fragments suffer when they pass through the carbon foil is taken into
account. The mean total kinetic energy then increases to (134.6 £ 0.7) MeV. This result is
in agreement with the Viola-plot, which shows the mean total kinetic energy as a function
of the Coulomb parameter Z?2 /Al/ 3 within two standard deviations.

Several considerations led to the conclusion that it cannot be excluded that one neutron
can be emitted in the fission of '®'Hg. There is no way however in the current experiment to
determine if there are any neutrons emitted. The only possibility is to see how the previous
results change when it is assumed that a neutron is emitted by one of the fragments. If
one neutron is emitted the total kinetic energy further increases to (135.7 £ 0.8) MeV.
Nevertheless, it is not possible to make a clear distinction between the cases when no
and one neutron is emitted. The mass distribution does not change noticeably when one
neutron is emitted. The total kinetic energy seems to increase, but even this is still in
agreement within error bars, with the result when no neutrons are emitted.

In a second part the half-life ¢; /5 of 180T] was determined from its a decay, and it

66
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was found to be equal to ¢/, = (1.09 & 0.01) s. Since the fission of 180Hg, after electron
capture of 89T, can be treated as instantaneous, the ECDF process can also be used to
deduce the half-life of '*T1. The calculated half life ¢; 5 = (1.04 & 0.28) s is in agreement
with the half-life of 189T1 deduced from its a decay. Both values are in agreement, this
suggests that, within the current precision, the « decay and the ECDF arise from the
same isomer in '89T1.

The deduced half-life is approximately equal to the average of the two previously
reported values in literature: 1/, = 0.7194? s [Laz87] and t1/2 = (1.5 £+ 0.2) s [Tot98].

Finally, the electron capture branching ratio bgc of '%9T1 and the ECDF decay prob-
ability Ppopr were deduced. The deduced electron capture branching ratio is equal to
bpc = (94 £ 4)%, which is in good agreement with the value of (88-98)% previously
estimated by [And03].

The calculated ECDF decay probability equals Ppcpr = (3.6 £ 0.7)x107°. This
value is two orders of magnitude higher than the previous reported value of 3 x 107 7*!
by [Laz87], and fits the general trend of Prcpr as a function of Qgc-By, observed for the
other known nuclei that can undergo ECDF, very well.

It would be very interesting to extend the study of the electron capture delayed fission
to other nuclei in the Pb region. From these measurements, general features of the beta
delayed fission could be deduced, which could be used in r-process calculations. Also, it
would be interesting to further investigate how for example the fission barrier behaves
outside the beta stability line. Two new experiments concerning the ECDF process are
already approved.
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