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CHAPTER 1

Introduction on nuclear structure in the
neutron deficient Po isotopes

For this thesis I concentrated my study on nuclear structure of the neutron deficient Polonium
isotopes and for this I measured the lifetimes of excited nuclear states of the even-even 292:204,206pq
isotopes. In Fig. 1.1 the studied isotopes are presented in a small portion of the nuclide chart.
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Figure 1.1: A small area of the nuclide chart centred on the double magic 2'Pb. The Polonium
isotopes are two protons above the Z = 82 closed shell. The neutron deficient isotopes studied in
the present thesis are marked with purple.

Polonium isotopes have Z = 84 and this puts them just two protons above the Z = 82 closed
shell, with the two protons in the 1hg/, shell. The presence of these two protons in a high angular
momentum orbit (j = 9/2) and the proximity to the Z = 82 magic number make the neutron
deficient Polonium isotopes good candidates for the study of the seniority regime [1] and the
evolution toward nuclear collectivity as they distance from the N = 126 closed shell.

The 8" yrast states of the neutron deficient Polonium isotopes are long lived isomers while
the 2% yrast states are short lived, with lifetimes of few picoseconds. This makes it difficult to
measure the lifetimes of the 4 and 6 yrast states in the neutron deficient Polonium isotopes



and this is the main reason behind the lack of experimental data. To measure the lifetimes of
the excited nuclear states of these isotopes I have used the in-beam Fast Electronic Scintillation
Timing (FEST) technique [2].
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Figure 1.2: The experimental B(FE2) systematics [3, 4, 5, 6, 7] which connect the first yrast
states in Po isotopes up to mass A = 210 and the recent theoretical predictions of three different
models [8, 9, 10].

The available predictions of recent theoretical calculations for Polonium isotopes with N <
126 are presented against the previously known experimental data in Fig. 1.2. These values
are obtained using three types of calculations, Nucleon-Pair Approximation (NPA) of the shell
model [8], Interacting Boson Model (IBM) with configuration mixing [9] and Large Scale Shell
Model (LSSM) calculations [10]. One can see that the predictions do not converge where there are
no experimental values, while still being in good agreement with the experimental data available
when the calculations were made.

The possibility to study the transition from the seniority regime to the collective motion
together with the lack of experimental data together and the divergent predictions of recent
theoretical calculations motivated me to do the the study on the neutron deficient Polonium
isotopes presented in this paper. The experiments, the analysis and the obtained results are
presented and discussed in Chapter 6.



CHAPTER 2

A brief survey of nuclear models relevant

for medium and heavy nuclei near closed
shells

Shell Model

It became obvious, early on, in the study of the atomic nucleus that there were some nuclei
which were more abundant and more stable than their neighbours [11|. They exhibited a peculiar
periodicity in the proton and neutron number and it was experimentally observed that the nuclei
that had both the proton number and the electron number equal to one of these values had the
energy of the first excited state higher than that of neighbouring even-even nuclei. These were
later called magic numbers [12] and their existence has led the scientist to think of a shell model
of the atomic nucleus.

The usage of a realistic radial form of the potential leads to a splitting of the harmonic oscillator
potential levels into E,(Lll) levels, increasing the degeneracy. A more natural shape of the potential
is constructed using the spherical Woods-Saxon form factor [13]|. Introducing a relatively strong
spin-orbit coupling [14, 15] gives rise to a splitting of the Effl) single-particle energy levels into
two sub-levels with the total angular momentum j = [ 4+ 1/2 and each new level gains a (2j + 1)
degeneracy. The strength of the spin-orbit term increases with [ and gives rise to the unnatural
parity states.

The model works really well for nuclei which are close to magicity and this makes the shell
model of rather limited usability. The dimension of the matrix elements for the microscopic Shell
Model calculations will increase rapidly as we depart from the closed shells. The approaches used
in the study of neutron deficient Polonium isotopes are the Seniority Scheme, the Nucleon-Pair
Approximation, the Interacting Boson Model or the Large Scale Shell Model calculations.

Seniority Scheme

In nuclear physics the seniority number, usually noted v, represents the number of identical
nucleons that are not coupled to J = 0. In a pure j2 configuration, for the ground state the pair
is not broken and the two nucleons are coupled to spin-zero. For the ground state the seniority is
v = 0. The pair is then broken to form the first excited level and the seniority number changes,



v = 2. For the rest of the levels the pair remains broken and the seniority number does not
change (Av = 0).

One feature of the seniority scheme is that the values of B(£E2) which connect the seniority
conserving states have a downward parabolic trend across a shell. This behaviour is in contrast
with the trend of the values of the B(E2) than connect states with different seniority, the non-
conserving transition (Av # 0), which have an upward parabolic. Another useful feature of the
seniority scheme is the possibility to reduce the E2 transition matrix elements for a seniority
conserving transition between configurations j” to those in 7”. This can be a great simplification
since for the many nuclei the low-energy states have a low seniority.

Interacting Boson Model

The Interacting Boson Model (IBM or IBA) [16] is an algebraical model based on group theory
and used to describe the collective properties of the nuclei. The collective properties of the nucleus
depend only on valence nucleons and they form pairs called s- and d-bosons of angular momenta
[ = 0and ! = 2 respectively. The s and d bosons have between them six magnetic substates
and the system can be viewed as a six dimensional space. This six dimensional system can be
mathematically described in terms of the algebraic structure of the six-dimension unitary group
U(6). Each of the three subgroups corresponds to a geometrical limit [17, 18, 19, 20, 21].

This version of the IBA model does not distinguish between the valence protons and neutrons.
This version is known in the literature as the IBA-1 model. An extension of this model that takes
into account the degrees of freedom of the protons and those of the neutrons is the IBA-2 model.
Another extension of the IBA model, known as the Interacting Boson-Fermion Model (IBFM),
couples a valence fermion to an even-even core and it is used to describe odd-A nuclei.

Nucleon-Pair Approximation

The Nucleon-Pair Approximation model uses a phenomenological shell model Hamiltonian and
calculates the matrix elements in a pair basis of identical nucleons coupled to spin-zero [22]. This
provides an efficient truncation of the shell model by shrinking the dimension of the model space
which makes possible to due calculations for the medium and heavy nuclei.

Large Scale Shell-Model calculations

The Large Scale Shell-Model (LSSM) calculations are a combination of shell-model calculations
and different algorithms or truncations. The LSSM calculations can use large valence spaces which
allows them to include the most important degrees of freedom. These algorithms include the
Monte Carlo shell model |23, 24] or the Monte Carlo diagonalization method [25]. These type of
calculations are probably the best solution for future of the theoretical nuclear structure models.



CHAPTER 3

(Gamma spectroscopy possibilities at the
ROSPHERE multi-detector array

ROSPHERE multi-detector array

ROSPHERE is a multi-detector y-ray spectrometer mounted on the first experimental line of
the 9 MV Tandem accelerator of IFIN-HH, near Bucharest, Romania [26]. The array is constructed
to accommodate up to 25 detectors in a spherical geometry, Compton suppressed HPGe detectors,
LaBr;(Ce) scintillators and neutron scintillation detectors.

Figure 3.1: A CAD representation of ROSPHERE spectrometer. On the left is a representation
of the spectrometer viewed along the beam axis, and on the right one can distinguish the five
angular rings of the array and a plunger device.

ROSPHERE is designed and built for lifetime measurements of excited nuclear states over
a wide range of times, typically from tens of femtoseconds to the tens of nanoseconds range.
The lifetime of a excited nuclear state represents an experimental observable sensitive to the
underlying structure of that nuclear state. Though the reduced matrix elements, the lifetimes
provide information on the wavefunctions of the states involved in the transition.



The array is usually run in a mixed configuration comprised of 15 Compton suppressed HPGe
detectors and 10 LaBrs(Ce) scintillators. In this configuration one can measure nuclear lifetimes
using DSAM and in-beam FEST methods, or, by using the Bucharest plunger device 27|, RDDS
and in-beam FEST methods. In this way one can measure over a longer time domain.

Typical measurements

Fusion-evaporation reactions

One of the most convenient way of producing high spin excited states with a large cross
section is through fusion-evaporation reactions. The desired nuclear states are populated through
the compound nucleus reaction mechanism, first described by Niels Bohr [28]. The reaction is
typically represented as:

a+A—C" >b+ B (3.1)

Due to the large angular momentum that is transferred to the compound nucleus, the fusion-
evaporation reactions populate high-spin states, making them ideal to study nuclear structure at
high spin and high multiplicity. Another useful characteristic of fusion-evaporation reactions is
the production of nuclei with oriented states, as consequence of the reaction kinematics [29, 30].

Nuclear decay

Another way of populating the excited levels is through 3 decay. The main advantage of the
decay population of the excited nuclear states is the clean experimental v spectra. The production
of excited nuclei through beta decay by using a fusion-evaporation reaction can be represented as:

A B 5 (3.2)

The B* reaction product is created in an excited state by means of nuclear reactions. This then
decays through beta decay populating excited nuclear states in the nucleus of interest C'.

Heavy-ion sub-barrier transfer reactions

The transfer reaction at energies near and below the Coulomb barrier are governed by the
distance of the closest approach between the projectile and the target [31, 32]. The reaction will
take place if the distance is short enough for the nuclear forces to come into play. This minimum
distance is for small values of the impact parameter b.

Due of the low impact factor, only a small angular momentum is transferred to the recoil and, as
consequence, only low spin states are populated. Because of this, heavy-ion sub-barrier transfer
reactions have low multiplicity. This characteristic can be used to separate the experimental
spectra of y-rays emitted by nuclear states populated through the higher multiplicity reactions
such as fusion-evaporation reactions.
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Experimental techniques

Recoil Distance Doppler Shift method

The Recoil Distance Doppler Shift (RDDS) method is an experimental technique used to
measure lifetimes of excited nuclear states in the 1072 to 107® s range [33]. The nuclei of interest
are produced through nuclear reaction in a thin enough target to allow the recoil to eject from
the target. The nucleus flies in vacuum until it is stopped in a thick foil, known as a stopper.

The energies of the y-rays which decay the nuclear states of the in-flight nuclei are affected by
the Doppler effect. This energy shift depends on the velocity v of the nucleus and on the angle 0
with respect to the travelling direction at which the y-ray is emitted:

V1=
E, = Fyp—— =~ FEy(1 0) , 3.3
T Beosd 0 (1+ Bcosb) (3.3)
where FEj is the shifted energy and Ej is the energy of the same transition emitted by the nucleus
at rest.

The lifetimes are extracted from the dependence of the ratio between the intensities of the
shifted and unshifted components with the distance between the target and the stopper. The
ration from which one can extract the lifetime is:

b _ exp (—d/vT) . (3.4)

R =
Is + Iy

Doppler Shift Attenuation method

In the Doppler Shift Attenuation method (DSAM) the lifetimes of the excited nuclear states
are compared to the stopping time of the recoil in the target or in a backing. This method allows
for the measurement of lifetimes in the 107! to 107!2 s range, comparable with the stopping time
of the recoil in the target (backing).

The average energy of the y-rays emitted in-flight is:
E,(0) ~ E, (1+ Ecose) , (3.5)
c

where v is the average velocity of the recoil. If the velocity of the recoil is small the lifetime can
be extracted through the centroid method, as the centroid shifts with the angle of the emitted
~-ray, by determining v and comparing it to a theoretically determined value. If the speed of the
recoils is large enough, the Doppler effect will produce a characteristic v lineshape. Based on the
materials stopping power, the lifetime can be determined from the analysis of the lineshape of the
transition of interest.

In-beam Fast Electronic Scintillation Timing method

The Fast Electronic Scintillation Timing (FEST) method is a direct way of measuring the
decay curve via nuclear electronic modules. The time curve is constructed by measuring the

7



time difference between the population and the decay of the nuclear state, usually with two fast
scintillation detectors, e.g. LaBrs(Ce) or BaFs.

The time difference between the feeding transition and the decaying transition is measured
with a time to amplitude converter (TAC) or with a time to digital converter (TDC). The logic
START and STOP signals are given by the constant fraction discriminators (CFDs) from the
signal coming from the detectors.

A method suitable for in-beam ~-ray spectroscopy using triple v coincidences has been devel-
oped by our group |2, 26]. This method is presented in Chapter 5.

Angular Correlation measurements

The directional distribution of radiation from an ensemble of oriented nuclei is given by 27, 34]:

W(0) = ) ApPi(cost), (3.6)

where 6 is the angle between the direction of emission and the orientation axis, Ay is the angular
distribution coefficient and Py (cos ) are the Legendre polynomials. Usually only the k = 0,2,4
give significant contributions and typical experiment yields a distribution of the following form [35]:

W(0) = AgPy(cosf) + AyPy(cosf) + AyPy(cosh). (3.7)

The values of Ay, As and A, can be obtained by fitting the distribution to Eq. 3.7 and the
multipolarity of the transition determined.

Another way of measuring the polarity of a transition is by selecting certain substates by
measuring in coincidence with another transition. This method is used in the case of nuclear decay
when the nuclear states are not oriented. The anisotropy of angular distribution will depend on
the angle between the two transitions and on the multipolarity of the transitions. To determine
the multipolarity of the transition of interest one needs to know the polarity of the coincident
transition.

DCO ratios method

Directional Correlations of y-rays de-exciting Oriented states measurements are used to deter-
mine transition mutipolarities and spins, based on the angular correlation of successive emitted
~-rays which decay oriented nuclear states. The angular position of the detectors is noted with
v, the angle between the two planes and the beam axis. The position of the detectors about the
beam axis is given by the #; and 05 angles.

The DCO ration is [36]:
W (6,01, 90>
R = — T 3.8
peo W (61,02, ¢) (38)
The W (65,01, ¢) term is the intensity of the transition -, in detector 2 determined in coincidence
with the transition 7, in detector 1. The W (6,05, ¢) term is the intensity of the transition 7 in

detector 1 determined in coincidence with the transition v, in detector 2.

8



CHAPTER 4

Lifetime measurements of excited nuclear

states using the Recoil Distance Doppler
Shift method and ROSPHERE

The Recoil Distance Doppler Shift (RDDS) method compares the lifetime of the excited nuclear
states with the time of flight of the recoil. It is based on the Doppler effect which affects the emitted
gammas while the recoil is in-flight.

In the singles RDDS analysis a high number of levels have to be taken into account and the
way of extracting the lifetimes of nuclear state 7 is by solving differential equations of the following

type:

d N

where n; (t) and n; (t) are the number of nuclei found in levels i and j at the time ¢, the number
of the highest feeding level is N and bj; are the branching ratios of the levels j with respect to the
level i. The decay constants A; of the levels j are the inverse of the states lifetimes 7; as \; = 1/7;.

For the singles analysis one has to know in advance the intensities of the « transitions and the
branching factor of the transition between the levels 7 and 7. The transitions of the same energy
cannot be analysed and taken correctly into account in the analysis of other states.

Bucharest plunger device

RDDS measurements require a device able to achieve and maintain a target to stopper distance
in the low pum range. The distances must be maintained throughout the measurement with a high
accuracy. Such a device is known in the literature as a plunger device.

The Bucharest plunger device is constructed based on the design of the coincidence plunger
developed at Institute for Nuclear Physics (IKP) of the University of Cologne [37]. A schematic
representation of the device is presented in Fig. 4.1.

The distance between the target and the stopper is monitored using the capacitance method.
A step signal of constant amplitude is applied to the stopper with a frequency of 250 Hz. The



voltage induced on the target is read through a classical amplifier, an analogue to digital converter
(ADC) and a multichannel analyser (MCA) to a computer.
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Figure 4.1: Schematic representation of the Bucharest plunger device. Figure taken from [27].

Differential Decay Curve method in v — v coincidence

The DDCM analysis was developed to simplify the RDDS analysis and later was extended for
all the lifetime measurement methods which use the Doppler effect [38, 39]. In DDCM analysis
a lifetime can be determined for each target to stopper distance. For an unambiguous determi-
nation of the lifetime and three target-stopper distances are needed, measured in the sensitivity
region [37]. The DDCM ~ — 7 coincidence analysis further more simplifies the determination of
the lifetimes.

Using the integral form of Eq. 4.1 one can arrive at the equation for the lifetime of state ¢ in
the DCCM analysis:

T = d : (4.2)

In the DDCM ~ — ~v coincidence analysis the most used types of conditioning are the direct
and the indirect ones. For the former, a gate on the shifted component of the transition which
directly feeds the level of interest is used. For the latter one, a gate on the shifted component of
the transition which indirectly feeds the level of interest through an intermediary level is used.

In the direct conditioning Eq. 4.2 becomes [38]:
L (x)
d
@ISE (x)

% | (4.3)

T —

The intensities I;? (x) are experimentally measured for each target to stopper distance. The
time derivative which fits the Doppler shifted intensities I5# () is estimated by region fitting the
I:2 (x) using second degree polynomials which are continuous and differentiable.
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Figure 4.2: Results of the DDCM analysis for the 15/2~ state. In the left panel is the analysis for
the “bw” ring and in the right panel the one for the “fw” ring. Figure taken from [26].
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panels) in '"9Te. Figure taken from [26].
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In the case of indirect conditioning the Eq. 4.2 becomes [38]:

oo B (@) —alif @) 1 (4.4)
Lo v
dz™ ™

where x is the target to stopper distance, v is the velocity of the recoil nucleus and:

ne () + I ()
T L@t L () (45)

Lifetimes measurements in Te

The excited states in '®Te were populated in the ''Pd(*3C, 4n) reaction using a 2 pnA 3C
beam with an energy of 50 MeV that bombarded a 0.7 mg/cm? self supported 1°Pd target. A
4 mg/cm? gold stopper was used to stop the recoils. The beam was provided by the Bucharest 9
MV Tandem accelerator at IFIN-HH.

The emitted v rays were detected using the ROSPHERE multi-detector array. The experi-
mental setup consisted of 14 HPGe detectors and 11 LaBr;(Ce) scintillation detectors. Data was
measured for 15 target-to-stopper distances, from 7 to 83 pm, using the trigger condition of two
HPGe detectors in coincidence OR three detectors in coincidence, one HPGe AND two LaBrs(Ce).

DDCM analysis of the 640-keV transition which de-excited the 15/2~ state was performed for
both “fw” and “bw” spectra which were obtained by gating on the shifted component of 718-keV
transition detected at 37° in the “fw” ring. In the bottom panels of Fig. 4.2, the squares represent
the normalised intensities of the shifted component I% (d) and the circles represent unshifted
component /32 (d). The curves represent the fits of each term of Eq. 4.3. In top panels are the 7
values calculated for each distance and the resulting mean lifetime.

Table 4.1: Calculated B(FE?2) values in this analysis for transitions de-exciting the first yrast states
n 197Te.

Eniv (keV)  Ev (keV) JI— Jf T (ps) B(E2) (W.u.)
901.26 640.3  15/27 — 11/2= 5.9(4) 36.8(27)
161896  TI7.7  19/27 — 15/2~ 2.6(3)  47.4(53)
227246 6535  23/2- —19/2~ 3.9(5)  37.6(49)

A similar DDCM analysis was performed for the 19/2~ state. To extract the lifetime of the
19/2~ state, I put a gate on the shifted component of the 653-keV transition that feeds the state
and I analysed the 718-keV transition detected in coincidence with it. The analysis was performed
for both “fw” and “bw” rings. To extract the lifetime of the 23/2~ state, I put a gate on the shifted
component of the 1075-keV transition that feeds the state and I analysed the 653-keV transition
detected in coincidence with it.
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CHAPTER 5

Nuclear lifetime measurements using the
in-beam fast-timing technique at

ROSPHERE

The Fast Electronic Scintillation Timing (FEST) technique is an evolution of the Delayed
Coincidence methods [40, 41, 42] made possible by then new BaF, fast scintillation detectors
which have a very good time resolution of ~ 100 — 300 ps, when paired with a thin g detector,
and an energy resolution of ~ 10 % at £, = 0.6 MeV [42, 43].

In the B+ coincidence fast-timing measurements the lifetime is extracted from the v time-
delayed coincidence between a thin plastic scintillator which detects the S-particles and a crystal
scintillator which detects the y-rays. The scintillation detectors are coupled to fast photomultiplier
tubes (PMTs) to ensure the best timing resolution.

The time difference between the population and the decay of a nuclear state is electronically
measured and from this difference the decay curve is constructed. The fast-timing method repre-
sents a direct way of measuring the nuclear lifetimes using electronic methods.

In-beam fast-timing

In time, a scintillation crystal better suited for fast-timing has been developed. This is the
LaBrs(Ce) crystal which has a time resolution of 100 — 300 ps (depending on the crystal size) and
an energy resolution of 2 — 3% at 662 keV, due to the high light output and fast decay time [26].
Using the LaBr3(Ce) detectors a new technique was developed at IFIN-HH [2]. The technique is
developed for lifetime measurements using in-beam ~-ray spectroscopy of fusion-evaporation or of
fragmentation reactions.

A schematic representation of the technique is presented in Fig. 5.1. An array containing both
HPGe and LaBr3(Ce) detectors are measuring in triple-gamma coincidence the emitted y-rays.
The high energy resolution of HPGe detectors allows the selection of cascade of interest, while the
LaBr3(Ce) detectors are used to build the time spectra for the level of interest.

One can set a gate in the HPGe detectors on the full energy peak of the ~; transition to
enhance the transitions above and to be able to select them in the LaBrs(Ce) detectors. With this
gate on the HPGe detectors one constructs an E,E,AT three-dimensional coincidence matrix,
with the energy detected in one LaBrs(Ce) detector on the z-axis and the energy detected in the



other LaBr;(Ce) detector on the y-axis. On the z-axis, the time difference between the detection
of the two v-rays is stored.

T
J; E, T —
Y, START ol
T £
/5 v E, [
2
sTOP € ok
¥, PMT TAC 8
T
‘]1 v E]
== |
GATE e [
'Yl HPGe 3 ‘
P f
% 0.0 W
[ I 1 L L
A -20 '1‘0 (‘) T‘O 2‘0 SIO 4‘0 5‘0 6‘0 70 80 90 100 110 120
ZXN E [keV] t (100ps/ch)

Figure 5.1: Schematic representation of the in-beam fast-timing technique.

The in-beam fast-timing technique is best suited for the axial symmetric spectrometers, e.g.
the ROPHERE spectrometer 26|, where one can take advantage of their high efficiency. In order
to use all the possible combinations between the LaBrs(Ce) detectors of such a spectrometer, one
has to correct the time walk of each individual detector and to align the detectors time wise.

Constant Fraction Discriminator

The constant fraction discriminator (CFD) is the electronic device which gives a logic signal
representing the time reference of each signal coming from the detectors. In a CFD, a bipolar signal
is created from the input signal coming from the detectors and, by detecting the zero crossing
of the bipolar signal, the logic signal is created. To create the bipolar signal, the input signal is
delayed using an internal delay which can be extended using an external delay. Then, a fraction
from the undelayed signal is subtracted from the input signal.

The slope of the bipolar pulse is dependent on the input amplitude. This is the case for both
of the CFD timing modes. The charge sensitivity of the zero crossover comparator is dependant
on the slope of the bipolar signal. This in turn translates in dependence on the input amplitude.
Another source of timing uncertainty is represented by the noise added on top of the input signal
and the noise generated by the CFD itself.

Walk correction

The walk correction performed for the data presented in the present work is done using full
energy peaks of a 1®?Eu source, a well known and studied radiation source that is available in all
laboratories. The full energy peak walk correction eliminates the shift that may be caused by the
average lifetime of the transitions that make up the the Compton background [43]. This improves
the attainable precision of walk correction.

The walk correction needs to be validated. This is usually accomplished by remeasuring one
or more known lifetimes of nuclear states which were populated in the same experiment as the
states of interest for which the analysis is to be performed.
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Lifetime extraction methods from the delayed time spectra

Centroid shift method. This method is usually used when the lifetime 7 to be measured is much
shorter than the FWHM of the prompt response function. In the ideal case when there are no
feeding and no background contributions, as per definition the centroid (“center of gravity” [44])
of the delayed time distribution is shifted by the lifetime from the centroid MY[f(¢)] position of
its corresponding PRF(t).

Deconvolution method. The method is used if the length of lifetime 7 is comparable to the
FWHM of the prompt response function. The delayed time distribution is the convolution of a
Gaussian distribution, i.e. the PRF, and an exponential [45].

Slope method. In the slope method, one does not use the time distribution of the prompt
spectrum. The method is used when the lifetime 7 to be measured is longer than the FWHM of
the prompt response function. The value of the lifetime is not affected by the prompt contribution
of other cascades if it is much longer than the FWHM of the prompt response function.
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Figure 5.2: Measured experimental spectra for the 1Cd(1°0,2n)!?°Ba reaction.

Lifetime of the first 21 state in 1?'Ba

The excited states in '*’Ba were populated via the %Cd(1°0,2n)!?Ba fusion-evaporation
reaction. The ~ 5 mg/cm? self-supported target was bombarded by a beam of 0 with an
intensity of ~ 2 —3 pnA at an energy of 64 MeV. The beam was provided by the Bucharest 9 MV
Tandem accelerator at IFIN-HH and the ~v-rays were measured with the ROSPHERE spectrometer.
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The experimental setup consisted of 14 HPGe detectors and 11 LaBrs(Ce) scintillation detec-
tors. The experimental data were taken in about three days using the trigger condition of two
HPGe detectors in coincidence OR three detectors coincidence, one HPGe AND two LaBrs(Ce)
detectors. The walk correction was performed using a ~ 250 kBq '®?Eu source. The time energy
dependence was corrected using the method described in Section 5 and was validated using the
lifetime of the first 4 state in °2Sm.

I sorted the measured data in two E,FE,AT three-dimensional coincidence matrices using for
each one a gate in the HPGe detectors, one on the 496-keV transition and one on the associated
background. The matrices were cut using two bi-dimensional conditions on the energy, one on the
coincidence between the 358-keV transition which feeds the 21 state and the 185.8-keV transition
that decays it and the other one was on the associated background. The background timing
spectrum was subtracted from the full energy peak coincidence spectrum, first for the LaBr;(Ce)
coincidences and then for the HPGe gates.
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Figure 5.3: The delayed and the anti-delayed time spectra obtained for the first 2% state in 2°Ba.

The obtained delayed spectrum is presented in Fig. 5.3 with black full circles. The red line
represents the convolution of the prompt response function and the lifetime of the 2 state. The
anti-delayed time spectrum was obtained by inverting the exciting and the de-exciting transitions
in the analysis. The difference between the centroids of the two distributions is equal to twice the
lifetime of the state, which I measured to be 7 = 577(10) ps. The uncertainty of the result reflects
only the statistical uncertainty. Using the lifetime, I calculated the value of the reduced transition
probability that connects the 2] state to the ground state to be B(E2; 2] — 07,) = 149(3) W.u.
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CHAPTER 6

Precision fast-timing measurements in
neutron-deficient Po isotopes

at IFIN-HH

At the time of writing this paper, there are only a small number of known lifetimes of the low
lying yrast states of the Po isotopes around A = 210. The measured lifetimes of the 2] states are
in the ps range and they were determined through Coulomb excitation. The 8] states are long
lived isomers and their lifetimes were measured using electronic timing methods. The lifetimes of
the 4% and 6 are difficult to measure due to the long time difference between the lifetime of the
8" state and the lifetime of the 2% state.

To measure the lifetime of the low lying yrast states in the neutron deficient Polonium isotopes
I used the fast in-beam timing method. In order to extract the lifetimes of the 2% states the lower
range of the method was extended by performing precise walk corrections.

Walk correction

A necessary and key step in the fast-timing analysis is the correction of the time walk. The
accuracy of the correction will limit the range of measurable lifetimes and the precision with which
they can be determined. This is even more significant when measuring lifetimes that are close to
the lower limit of the fast-timing method, in the low ps range.
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Figure 6.1: The time-walk curve for the combined LaBr;(Ce) detectors in the ROSPHERE array.

The walk correction was performed using a ~ 45 kBq %2Eu laboratory radiation source. The
time-energy dependence was corrected using the method described in Section 5. To evaluate and



validate the result of the walk correction, the lifetimes of the first 2% state in 2°22°4Pb were deter-
mined and compared with the experimental data and the predictions available in the literature.
The value obtained for the lifetime of the 2 state in *Pb is 7 = 3.5 (*3]) ps. and the value
obtained for the lifetime of the 2 state in 2*?Pb is 7 = 3.2 (*3]) ps.
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Figure 6.2: Systematics values of the B(E2; 2] — 0/,) in Pb isotopes [46] and the results obtained
in the present analysis (red circles).

I comparated the calculated values of the B(E2;2] — 07,) in 202.204P {0 the systematics in
Pb isotopes [46]. A very good agreement between B(FE2) values from the measured lifetimes in
202204pg and the systematics. The good agreement and the large energy difference between the
transitions used to measure the lifetimes of 2] states in 2022%Po validate the walk correction.

Lifetime measurements in 2%?Po

The excited states in 2°2Po were populated in the "Pt(}2C,4n) reaction. A ~1.1 pnA 2C
beam with an energy of 62 MeV was impinged on a ~9.4 mg/cm? self supported 9Pt target.
The beam was provided by the Bucharest 9 MV Tandem accelerator at IFIN-HH. The ~ rays
were detected using the ROSPHERE multi-detector array. The experimental setup consisted of
14 HPGe detectors and 11 LaBr3(Ce) scintillation detectors. Data was taken for 12 days, using
the trigger condition of two HPGe detectors in coincidence OR three detectors in coincidence, one
HPGe AND two LaBrs(Ce).

Two approaches to separate the transitions in 2°2Po from the other reaction channels were
used in this analysis. In the first approach I selected the transitions in 2°?Po using and isomer
tagging in the HPGe detectors. The timing of the HPGe detectors was aligned to the timing of
the fast LaBr;(Ce) detectors. Gates on the anticipated transitions above the isomer in the HPGe
detectors allowed the selection of the transitions below the isomer in the LaBrs(Ce) detectors.
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In the second approach, I used a multiplicity filter to limit the possible number of coincidences
when constructing the E, E, AT three-dimensional coincidence matrices. The maximum number
of selected coincidences was three. On top of this condition, I used gates in the HPGe detectors
to select the transitions in 2°2Po.

1.5e+06

1e+06

5e+05

0
1.5e+06

1e+06

5e+05

0
1500

1000

500

LaBr3 spectrum

571.45

LaBr, spectrum obtained using isomer tagging

677.07

0F | t | t t | t i t | H
20000 __ HPGe spectrum obtained using isomer tagging __
571.45
15000 — 677.07 -
10000 — —
5000 — —
0 - L /\~_I\— | ) ] LA N
350 400 450 500 550 600 650 700 750
E (keV)

Figure 6.3: Measured experimental spectra for the *Cd(!2C,4n)?*?Po reaction.

The values were extracted using the centroid shift method and the obtained results were
consistent between the two approaches. The value I obtained in this analysis for the lifetime
of the 27 state is 7 = 3.7(37) ps and for the lifetime of the 4] state is 7 = 11.5(30) ps. The
uncertainties of the lifetimes take into account the statistical uncertainty and accounts for the
time-walk difference between the start and the stop energies.

The result I obtained for the lifetime of the 2] state in 2°2Po, 7 = 11.5(30) ps, is significantly
longer than the value of 7 = 2.53 (fzg) ps previously measured in a Coulomb excitation exper-
iment [7]. The only way I could verify the lifetimes determined in the presented analysis was
by measuring the sum of the lifetimes of the 2] and of the 4] states in 2°Po. From the two

approaches, only the isomer tagging allows for such an analysis.

The sum of the of the lifetimes of the 2 and of the 4] states was found to be shorter than
the lifetime measured for the 2] state, but longer than that of the 4] state. The adopted value

19



Counts
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for the lifetimes of the two states is less than the obtained sum of the two, Totar < 8 ps.
With the values of the lifetime, I calculated the value of the reduced transition probabilities
B(E2;4f — 27) > 24 Wau. and B(E2;2] — 0/,) > 10 W.u.
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Figure 6.6: Spectra used to determine the energy of the 8] — 67 transition.
Before this analysis, the lifetime of the 8 state in *Po was known, but the energy of the
87 — 6] transition was unknown. This made impossible the calculation of the reduced transition

probability B(FE2) which connects the two states.

Table 6.1: Calculated B(E2) values for transitions de-exciting the first yrast states in 2**Po.

Epiv (keV)  Ev (keV) JT — JF 7 (ps) B(E2) (W.u.)

677.07  677.07 2 — O}, <8 > 10
124852 57145 4 — 2 <8 = 24
1700.56 (9) & — 67 15.87(22)-10% 5.4(9)

The energy of the 8§ — 6/ transition was determined to be 9 keV and using the known lifetime
of the 8 state, I calculated the value of B(E2;8] — 67) = 5.4(9) W.u.
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Figure 6.7: Comparison of the experimental values with the theoretical predictions for 2°?Po.

The results obtained in this analysis for the 2“?Po are summarised in Table 6.1. I compared
the values obtained in the present analysis with the calculated B(E2) values calculated for a pure
7 configuration using the single-particle matrix element (j||T(E2)||7) with [47]:

BEz s -2 == {5 * 7 I e, 6.1

This comparison is presented in the left panel of Fig. 6.7. In the right panel the results are
compared with the theoretical predictions. It is difficult to asses the validity of the predictions
since only limits were obtained for the values of the B(E2) which connect the lowest yrast states
in 292Po.

Lifetime measurements in 2%Po

The excited states in 2**Po were populated in the *Pt(12C, 4n) reaction. A ~1.5 pnA 2C
beam with an energy of 62 MeV was impinged on a ~9.77 mg/cm? self supported °Pt target.
The beam was provided by the Bucharest 9 MV Tandem accelerator at IFIN-HH. The ~ rays
were detected using the ROSPHERE multi-detector array. The experimental setup consisted of
14 HPGe detectors and 11 LaBrs(Ce) scintillation detectors. Data was taken for 7 days, using

the trigger condition of two HPGe detectors in coincidence OR three detectors in coincidence, one
HPGe AND two LaBrs(Ce).

As in the analysis for 2°2Po, two approaches were used to separate the transitions in 2**Po from
the transitions coming from the other reaction channels. In the isomer tagging analysis, gates are
used in the HPGe on anticipated transitions above the isomer to select the transitions below the
isomer in the LaBrs(Ce) detectors.
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Figure 6.8: Energy projections with the bi-dimensional energy-energy conditions (bananas) used
to extract the timing information from the E,FE,AT coincidence matrix in the 2**Po analysis.

In the second approach, I used a multiplicity filter to limit to three the possible number of
coincidences when constructing the £, E/, AT three-dimensional coincidence matrices. I used gates
in the HPGe detectors on the transitions that decay the 2] and 6] states and constructed four
E,E,AT matrices.

In each of the two approaches I obtained values for the lifetimes for the 2 and of the 4]
states. The values were extracted using the centroid shift method and the obtained results were
consistent between the two approaches.

The value I obtained in this analysis for the lifetime of the 2] state in ?**Po is 7 = 6.0(34) ps.
The uncertainty of the lifetime takes into account the statistical uncertainty and accounts for the
time-walk difference between the start and the stop energies. Using the lifetime, I calculated the
value of the reduced transition probability that connects the 2] state to the ground state to be
B(E2;2] — 07,) = 12.5(70) W.u.

Table 6.2: Calculated B(E2) values in the present analysis for transitions de-exciting the first
yrast states in 2°4Po.

Eniv (keV)  Ev (keV) J&r—Jf 7 (ps) B(E2) (Wu)
634.44 68444 27 0L 6.0(34)  12.5(70)

gs

1200.95 51651 47 — 27 17.9(26)  16.9(25)

The value I obtained in this analysis for the lifetime of the 4] state in ?**Po is 7 = 17.9(26) ps.
The uncertainty of the lifetime takes into account the statistical uncertainty and accounts for the
time-walk difference between the start and the stop energies. Using the lifetime, I calculated the
value of the reduced transition probability that connects the 4] state to the 2 to be B(E2;4] —
27) = 16.9(25) W.u.

23



Counts

Figure 6.9:

Counts

Figure 6.10: The delayed and anti-delayed time spectra for the 4]

24

240

220

200

180

160

140

120

100

80

60

40

20

Time delayed spectrum which corresponds to the lifetime of the 2]

320

280

240

200

160

120

80

40

0 -800

Start 516 keV 4"— 2°; Stop 684 keV 2°— 0"

t(ps)

[ T T I T I T T I T I T I T I T _]
B | T = 6.0(34) ps |
[
- il -
Wi
L :
- ’ :|$:- : 'H _
ol I§ .
| | | | ||| 6" 1627.38 ]
R I
1§l 426.43 N
I i' || l 4t 1200.95 —
— || i 516.51 |
| ‘ 2* 684.44 -
.4 l !
{ ” 684.44 -
I, ! '
B g !l 19 0 0 N
| ll 204 E (keV) 7
— i‘!l ] P00 —
|
; | 1
- ' I —
* ! li ni ]
— ) 1'5' :|. 1 —
Y yif J3
CL, ¥ *{ "'i"..f."‘l) ;.: ? | L | L L | 1 | I Id”!’ ; e BA%S 5 b i
-1000 -800 -600 -400 -200 0 200 400 600 800 1000

Start 426 keV 6'— 4"; Stop 516 keV 4'— 2"

state in 20*Po.

[ I T I T I |2',‘C : : T I T I T I T ]
ol —
e t©=17.9(26) ps T
I |I ‘ ]
!n \i il
‘ ‘H\ll !“ i |\H'| I R

‘ \.L‘-J“\ ‘
i ! '”\'l‘ 6+ 1627.38
f 11 gt T
, IRy :1] il
‘ B I I II'iI 426.43
m\ ! i !ll!:;. ! =
Mwﬂ 11 N
”\“ \ i ! .;I‘\il\ii st
fif K I
,.;]A||!L1 ol i !||Ilw' S
L {1 i
!!}ii,! ) "‘ll“ :
i H iy i
/i 1 e
f ‘}"II i l'l|‘:} ! Ll
Al oK Hi iy 24p )l
‘ 1 ‘:,a‘, 2P0z
1 I l‘h‘
1
1k NG
ir
ir
ir
ir
ir
. | P NI |
-200 0 200

state

800

in 24Po.



The lifetimes determined in the presented analysis were verified by measuring the sum of the
lifetimes of the 2 and of the 4] states in 2**Po in the matrix constructed in the isomer tagging
analysis. The obtained sum is in agreement with the measured values.
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Figure 6.11: Comparison of the experimental values with the theoretical predictions for 2°4Po.

The results obtained in this analysis for the ?*Po are summarised in Table 6.2. 1 compared
the values obtained in the present analysis with the calculated B(FE2) values calculated for a pure
42 configuration using Eq. 6. This comparison is presented in left panel of Fig. 6.11. In the right
panel the results are compared with the available theoretical predictions. One can see that there
is a good agreement with the predictions of the simple seniority calculations, but the predictions
of the theoretical calculation |8, 9] are not in agreement with the experimental data.
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Figure 6.12: Energy projections with the bi-dimensional energy-energy conditions (bananas) used
to extract the timing information from the E,FE,AT coincidence matrix in the ?%Po analysis.
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Lifetime measurements in 2%Po

The excited states in 2°°Po were populated in the ¢, 3% decay of 2°At. The 2°°At nuclei
were populated in the 197Au(!3C,4n) reaction. A ~1.3 pnA 3C beam with an energy of 62 MeV
was impinged on a ~9.78 mg/cm? self supported %“Au target. The beam was provided by the
Bucharest 9 MV Tandem accelerator at IFIN-HH. The ~-rays were detected using the ROSPHERE
multi-detector array. The experimental setup consisted of 14 HPGe detectors and 11 LaBrs(Ce)
scintillation detectors. Data was taken for 8 days, using the trigger condition of two HPGe
detectors in coincidence OR three detectors in coincidence, one HPGe AND two LaBr;(Ce).
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Figure 6.13: The delayed time spectra for the 2; state in 2°°Po.

The beam bombarded the target to activate and accumulate 2°At. After the activation period,
the beam was stopped, using a Faraday cup, and the decay was measured. 2°°At has a half life
Ty = 30.6(8) min and the best activation-decay period combination was found to be half an
hour intervals for each of them.

The value I obtained in this analysis for the lifetime of the 2] state in 2*°Po is 7 = 4.4(27) ps,
value which was extracted using the centroid shift method. The uncertainty of the lifetime was
estimated by independently measuring the lifetime in each of the LaBrs(Ce) used in the analy-
sis. With the value of the lifetime, I calculated the value of the reduced transition probability
B(E2;2f — 0},) = 15.0(92) W.u.

The value I obtained in this analysis for the lifetime of the 47 state in 2*°Po is 7 = 79(2) ps.
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Figure 6.14: The delayed and anti-delayed time spectra for the 4] state in 2%Po.
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Figure 6.15: The delayed and anti-delayed time spectra for the 6] state in 2°Po.
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The value of the lifetime was extracted using both the centroid shift method and the deconvolution
method. The uncertainty of the lifetime takes into account the statistical uncertainty and accounts
for the time-walk difference between the start and the stop energies. With the value of the lifetime,
I calculated the value of the reduced transition probability B(E2;4f — 2{) = 5.60(11) W.u.

Table 6.3: Calculated B(E2) values in the present analysis for transitions de-exciting the first
yrast states in 2°6Po.

By (keV) By (keV) J7 = J7 7 (ps) B(E2) (W)

700.34 700.34 27 — 0, 4.4(27) 15.0(92)
1177.26 476.92 47 — 2 79(2) 5.60(11)
1572.52 39526 67 — 47  283(8) 3.84(11)

To extract the delayed timing spectra for the 6] state, I used four bi-dimensional conditions
on the coincidence between two energy regions where I found transitions which primarily feed
the 6] state and the 395.26-keV transition which de-excites the state and two on the associated
background. Among these transitions are transitions that feed the isomer state. The contribution
of the transitions which feed the 8 to the lifetime of the 6; was evaluated and was found to have
no influence due to the large time difference between the lifetimes of the two states.
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Figure 6.16: Comparison of the experimental values with the theoretical predictions for 2°6Po.

The values from the two feeding conditions are in agreement. The value 1 obtained in this
analysis for the lifetime of the 6] state in ?°°Po is 7 = 288(8) ps. The value of the lifetime was
extracted using both the deconvolution method and the slope method. The uncertainty of the
lifetime takes into account the statistical uncertainty and accounts for the time-walk difference
between the start and the stop energies. With the value of the lifetime, I calculated the value of
the reduced transition probability B(E2;67 — 47) = 3.84(11) W.u.
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The results obtained in this analysis for the 2°Po are summarised in Table 6.3. I compared the
values obtained in the present analysis with the B(E2) values calculated for a pure j? configuration
using Eq. 6. This comparison is presented in left panel of Fig. 6.16. In the right panel the results
are compared with the available theoretical predictions. One can see that there is a fairly good
agreement with the predictions of the simple seniority calculations and with the predictions of
LSSM calculations [10], while the predictions of the other theoretical calculation [8, 9] are not in
agreement with the experimental data.
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Figure 6.17: Systematics of reduced transition probabilities B(£2) in Polonium isotopes. With
red are the results obtained in this work.
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