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Summary

The cornerstone of nuclear structure, as we know it from stable nuclei, is the exist-
ence of magic numbers. The most stable nuclei arise for completely occupied shells,
closed shells, and give rise to the magic numbers. At the Valley of Stability their
values are 8, 20, 28, 50, 82 and 126.

The steady development of the production, separation and identification of
exotic nuclei, together with the improvement of the detection techniques, makes it
possible to experimentally explore nuclei further away from the Valley of Stability.
These exotic nuclei with nucleon numbers supposed to be magic do not always
have the properties one would expect. As extra nucleons are added (or removed)
from stable nuclei, the single particle energies are modified and strong quadrupole
correlations appear, which may neutralize the spherical mean-field shell gaps.

The investigation of the evolution of shell structure far from stability has be-
come a major subject in Nuclear Physics. Research in this field has strong implic-
ations also in nuclear astrophysics, because exotic nuclei have a crucial role in the
processes of stellar nucleosynthesis leading to the formation of the nuclei present in
the Universe.

The IS474 experiment was performed at the ISOLDE facility, CERN, where
99-66Mn isotopes were created and their 3-decay chains studied. In this PhD Thesis
we focused on the study of the neutron-rich iron isotopes (odd-A 535Fe and even-A
%Fe) by means of gamma and Advanced Time-Delayed spectroscopy.

Introduction

In the harmonic oscillator potential N = 40 is a magic number. However, in the
nuclear framework it is weakened by the spin-orbit interaction, which lowers the
orbitals with the highest j in the next major oscillator shell, which in the present
case is the gg/o orbital. The gg/o orbital is a primary reason for a strong collectivity in
the neutron-rich nuclei of Fe and Cr around N = 40. As protons are added to the f7/,
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orbital, the spin-orbit splitting of the negative parity pf neutron orbitals increase
due the strongly attractive neutron-proton tensor interaction [I]. Therefore, as the
neutron pf orbits are filled, the excitation to the intruder positive parity orbital gg /o
becomes more and more accessible.

Shell model calculations using only the pfg (1ps/2, 1p1/2 0f5/2 and 0gg/2) neut-
ron valence space fail to correctly describe the collectivity at N = 40 [2, [3], and
specifically the low energy of the 573-keV 2] state in %Fe [4]. As pointed out in [5],
a proper description of the strong quadrupole collectivity in this region requires also
the inclusion of the neutron 1ds/, orbital. Recently Lenzi et al. [6] have developed
shell-model calculations in a large valence space that encompasses the pf shell for
protons and the 1ps/, 1pi/2 0fs/2, 0gg/2 and 1ds/, orbitals for neutrons, by using
an effective interaction based on G matrix and with the monopole part empirically
tuned to reproduce the experimental single-particle energies. With this approach a
very good agreement with the available experimental data was obtained, not only for
excitation energies but also for transition rates. A strong quadrupole deformation,
coming close to the rotational regime, is predicted for Cr isotopes. The onset of
collectivity in Fe isotopes is shown to develop at N = 40 (5°Fe), with multiparticle-
multihole configurations playing a key role in the ground state wave functions, and
as many as four neutrons present in the intruder gg/o and ds/, orbitals coming from
the upper oscillator shell.

The region below %Ni

The N = 40 nucleus %®Ni (Z = 28) shows some of the characteristics of a doubly
magic nucleus. It has a large E(2]) energy of more than 2 MeV [7] and a small
value of B(E2;0{ — 2]) = 265 e*fm* [8] corresponding to 3.2 W.u. However, mass
measurements have showed that the shell gap at N = 40 is weak for ®®Ni [9] and
imply that the small B(FE2) value does not indicate a sub-shell gap. One should note
that neutrons from the valence vp; /, orbital, which is completely filled in a spherical
N = 40 system, cannot couple together to form a J = 2 state, which explains the
high energy of the 2 state in ®Ni.

As protons are removed from the f7/, orbital, the energies of the 21 states
drop sharply and the B(E2) values increase. By removing only two protons from
%8Ni the energy of the 2] state drops from 2033 keV to only 573 keV in %Fe [4]. By
removing two more protons the energy decreases even further to 420 keV in %*Cr,
which is in the middle of the proton shell (Z=24). This is the lowest-lying 2] level
experimentally reported so far in the region [I0]. It is in consonance with theoretical
calculations [6], which also predict a large value for the B(E2;2% — 0%) to occur in
64Cr. Recently this value was measured at NSCL by the Coulex method to be 18(2)
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W.u. [11].

In comparison to ®Fe, the 2] energy is even lower in ®Fe [12], at 517 keV. This
behaviour suggests a rapid development of collectivity in the heavier neutron rich
Fe isotopes where the vgg/, orbit plays an important role (see for example Ref. [3]).
This is consistent with a decreasing excitation energy of the 9/2% isomers in the odd
Fe isotopes.

Detailed experimental information on the Fe isotopes is crucial for the under-
standing of the nuclear structure in the region and mapping the onset of collectivity.
Of particular interest are the transition rates, which provide stringent tests of the-
oretical models.

Our present study includes the - and ultra-fast timing spectroscopy of the
levels in 93:6%%Fe populated in the 3-decay of their Mn isobars. Since the radioactive
source was collected in a saturated mode, equilibrium was established among all
decay products from the decay of Mn isotopes, which allowed to include in the
analysis the decays of the daughter products. The Advanced Time Delayed 5yv(t)
method [13], [14] was employed to measure level lifetimes in the subnanosecond range.

The Advanced Time Delayed vv(t) method

One of the best available probes we have to gain insight into nuclear structure are
the half-lives of excited levels, as they provide with essential information about the
transition matrix elements for comparison with theoretical nuclear models. The Ad-
vanced Time Delayed (ATD) Sv7(t) method is the best suited to measure half lives
between a few picoseconds and several nanoseconds by using triple 8y coincidences.
The ATD method was invented by Henryk Mach in 1986 in the TRISTAN facility
at Brookhaven National Laboratory. Later it was further developed and published
by H. Mach, M. Moszynski and R. Gill [13], 14} [15].

As other delayed coincidence methods, it is based in the time distribution from
the population of an excited state to its de-excitation. The population of the studied
level follows the 8 decay of the parent nucleus, so the emission of the 3 particle must
be detected by an appropriate detector. The main difference of the ATD method
compared to other delayed coincidence methods is the use of a thin plastic scintillator
AE, usually a NE111A coupled to a Photonis XP2020 photomultiplier tube (PMT).
By using a very thing detector, it is ensured that all the energetic § particles deposit
a similar amount of energy, thus giving a similar time response.

The S-fed level will be de-excited by a v-ray, which must also be recorded
by a suitable detector. The time distribution between these two events (measured
with a Time-to-Amplitude-Converter, TAC) will give us the half life of the excited
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Figure 1: Left: Deconvolution technique. Right: Centroid shift technique

level. As the measured half lives are in the picoseconds range, very fast crystals are
needed. The common choice are LaBrs(Ce) crystals (truncated cone shape) coupled
to Photonis XP20D0 PMTs. These crystals further improve the energy resolution
compared to BaF, crystals and have a comparable timing resolution.

When the decay pattern is not simple enough to perform [+ coincidences, a
third detector may be used with very high energy resolution to select a specific
gamma cascade, thus the Syy(t) coincidences. HPGe detectors are chosen for its
excellent energy resolution and their high peak-to-background ratio.

When the level half-life is long enough to appear as a slope on the delayed part
of the time distribution (see left Fig. [1f), it can be obtained directly by fitting the
slope. The whole spectrum is fitted to a convoluted function:

+oo
F(t;) = 'y/ e L=t =X gy (1)
A

where v is a normalization factor, ¢ is a parameter related to the width of the
Gaussian prompt distribution and A is the centroid of the Gaussian which is related,
but not necessarily equal to, the position of the prompt.

In the case of shorter half lives, the centroid shift technique is used. This
technique relies on the precise calibrations of the timing detector for the 5, Compton
and full-energy peak events, as each of them will trigger a different time response
in the scintillators. The experimental time distribution obtained in the limit 7 — 0
is called prompt time distribution. Assuming that the time distribution of prompt
mono-energetic events in a given detector is Gaussian (which is a good approximation
down to three orders of magnitude) the centroid position of this distribution will



be defined only by its energy (for a given experimental conditions). For another
gamma of the same energy but de-exciting a non-prompt level (5 < 7 < 60 ps) the
centroid of its time distribution will be shifted by the mean-life of the parent level

(see right Fig. [1]).

Technical details

The experiment 15474 was performed on August 2010 at ISOLDE in CERN, Geneva,
by the Fast Timing Collaboration.

The first large scale and, currently, world leading ISOL facility is ISOLDE, at
CERN. Schematically, it consist of a proton accelerator chain, a heavy target where
they impact and produces the wanted isotopes, an ion source that ionizes them and
a mass separator that selects the isotopes by their mass-to-charge ratio. Among its
most notable characteristics that made the facility ideal for this experiment are: the
precise optics that focuses the radioactive beam almost to a point (key feature in
fast timing analysis), the mass separator and selective RILIS ionization, and the low
energy but high intensity of the delivered beams, fundamental for S-decay studies.

The experimental setup consisted of 5 detectors arranged in close geometry: a
very fast AE NE111A plastic, two fast LaBrs(Ce) crystals of truncated cone shape
and two HPGe detectors of 60% relative efficiency. The electronic setup consisted of
two main sections, a timing part and another one for energy signals. Fig. [2| shows a
simplified diagram of the experiment electronic setup, with only one HPGe detector
and one LaBr3(Ce).

The data were collected using a digital system which consisted of four Digital
Gamma Finder (DGF) Pixie-4 modules Revision C made by XIA [I6]. Ten para-
meters were collected in an independent ungated mode without external triggers.
Out of the five energy pulses from individual detectors, signals from the two HPGe
detectors were directly fetched to the module inputs, while the three dynode signals
from the §- and ~-scintillator detectors were too fast to be directly processed by
the XTA modules. Instead they were preamplified, amplified and reshaped with a
Linear Gate and Stretcher before they were sent to the Pixie-4 cards.

For a precise timing information four analog time-delayed (v(t) coincidence
systems were set, each started by signals from the 8 detector and stopped by a fast
signal from one of the v detectors. The analog outputs from the TAC units were
directly fed to the Pixie-4 modules. The acquisition system has also collected the
time of arrival of the proton pulse on the target.

In order to sort the coincident events recorded during the experiment, a whole
set of programmes was written. They made use of the Pixie timestamp on every
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Figure 2: Simplified diagram of the IS474 electronics setup. During the experiment
run there were two HPGe and two LaBrs(Ce) detectors, but only one of each is
included in the diagram.

collected parameter so different combinations of coincident detectors could be ar-
ranged. Total projection spectra of the sorted data were later projected after gates
were imposed on time and energy.

Calibrations

The ATD method relies on very precise time-response calibrations. These calibra-
tions are common to all the nuclei studied in this work.

The energy calibrations of the HPGe detectors were made to the precision of
+0.1 keV using the sources of %2Eu, ?*Na, #Rb and *°Ba. During the whole meas-
urement the energy shifts remained within the +0.1-keV limit. The same sources
provided relative efficiency calibrations of the HPGe detectors in the energy range
from 120 keV to 2.7 MeV. At lower energies relative efficiency calibrations were
provided by the decay of %3Co to %Ni observed in the same ISOLDE experiment.
The LaBrs(Ce) crystals were coupled to Photonis XP20D0 PMTs, a very fast pho-
totube but highly non-linear. Their energy calibration was done using the same
radioactive sources, but fitted to a 4" polynomial order function. Their stability
through the experiment run was checked and no significant drifts were observed.

The TACs connected to the HPGe detectors (slow-TACs) were calibrated using
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an ORTEC 462 Time Calibrator module, with a calibration of 240 ps per channel.
After the experiment it was found that this module did not work properly on the
shortest range of 10 ns, so the calibration of the TACs connected to the LaBrs(Ce)
crystals (fast-TACs) was done using the known half life of the 2083-keV level in
10Cs, which was precisely measured to be 3.474(10) ns [17]. This gave a calibration
of 1.8 ps per channel.

Even with all the precautions taken to minimize the plastic scintillator time
response, there is still a dependence with the deposited energy and the decay Qg of
the g particle. This is known as the S-walk curve. We have used standard procedures
to make this walk-curve flat to within a few ps. This procedure is performed for
each studied nucleus and source independently.

The time response of scintillator crystals depends on the energy of the incident
photon and, in the case of Compton events, the energy deposited inside the crystal.
At the same energy, the time response is different for a Compton and a full-energy
event. To correct the contribution to the time response of the Compton events under
the full-energy peak, a different time-response curve is needed for each kind of event.

The black curve in Fig. shows the time response for Compton events as
a function of the deposited energy. This curve is very smooth, but it presents a
very steep slope, as well. This is due to the strong working voltage and the high
light-yield of the LaBr3(Ce). An event by event procedure was performed to flatten
out the time response, see the red curve in Fig. [3

All these careful calibrations have been applied to the analysis of the 63:6%66Mn

B decays, the main topic of this Thesis. Moreover, they will be used in the future
analysis of the data collected on the other masses during the experiment.

Main results

Structure of Fe

The %Mn half-life has been precisely measured (T7/2=91.9(9) ms), confirming pre-
vious results. The ®Fe level scheme now includes 87 7 transitions and 41 excited
states (up to 4.4 MeV) and an upper limit for the direct § feeding to the ground
state has been given for the first time, see Fig. {4| for the lower section of the level
scheme. A new value of P, = 7.9(12)% has been obtained, which does not agree
with previous value of 21.0(5)% [18]. Moreover, it has been observed for the first
time that the 3-n branch populates excited states in %Fe.

The energy of the 9/2% f-decaying isomer has been precisely determined at
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Figure 3: Time response of a LaBrz(Ce) crystal as a function of the Compton energy
from the 2.7-MeV « in 2*Na. Before the procedure the difference in the centroid of
the time distribution was almost 1 ns in the 200 keV to 2 MeV range, whereas after
the procedure it is under 50 ps.

393.7(2) keV. Gamma transitions populating and de-exciting the 397.6-keV isomer
have been directly or indirectly observed.

Employing the ATD method, the half lives of 4 excited levels have been meas-
ured and upper limits have been set for a few more. The measured transition rates
allow to make spin-parity assignments to the low energy levels. The proposed as-
signments suggest that some of the first excited states arise from the coupling of the
unpaired neutron with the collective 27 and 4% states. During the analysis the 1/2~
(ground state), 3/27, 5/27 and 7/2~ were identified, but not the 9/2~ spin state.
The arrangement of these levels has been confirmed by shell model calculations that
use the LNPS effective interaction.

Positive parity states have also been observed at low energies (9/27 at 393.7 keV,
5/2% at 397.6 keV and 7/2" at 609.5 keV), with the observation supported by the
calculations. They show the importance of the positive parity orbitals across the N
= 40 subshell gap.

Structure of “Fe

The %Fe proposed level scheme confirms the results from the Fast Timing Collab-
oration preliminary run [I9]. It also expands the level scheme to a total of 73 ~
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transitions and 31 levels, see Fig. ] Additionally 13 v rays have been assigned to
the %3Mn decay, but were not placed in the level scheme. An upper limit of < 7%,
compatible with zero, has been set for the direct [ feeding to the ground state. For
the first time a neutron delayed emission branch has been observed and a value of
P, = 2.0(2)% was measured. In a very similar way to the ®*Mn $-n decay, the %3Mn
S-n decay populates excited states in %?Fe.

We have identified a level at 475.0 keV, which is expected to be the 9/2% -
decaying isomer. If confirmed, the systematic of the 9/2% states in odd-Fe isotopes
would be described as a decreasing parabola, with its minimum at ®Fe and then
increasing again for ’Fe. This would be a verification of the strong influence of the
go/2 orbital as neutrons are added.

By making use of the deconvolution technique the half-lives of three low-lying
excited states were measured. By using these results the spin-parity sequence could
be proposed. It follows the same order as in %Fe, 1/27 3/27 5/2".

Structure of Fe

Our new %Fe level scheme confirms most of the 7 transitions recently observed [20]
and expands it to include a total of 24 ~ rays and 16 excited levels (see Fig. @, plus
two other high energy gammas assigned to the ®*Mn decay but not placed in the
level scheme. The observed direct 3 feeding to the ground state (49(13)%) is in good
agreement with recently reported values. A more precise value of P,, = 3.8(8)% has
been measured for the S-delayed neutron emission branch. Moreover, the populated
excited states in %°Fe have been firmly established.

Employing the centroid shift technique, from the ATD S~7(t) method, the half
lives of two levels (including the 2] state) have been measured and two more upper
limits have been established. The measured value B(E2;2] — 0f) = 16(4) W.u.
is in agreement with previously reported results [21], 1] and it indicates a high
collectivity in the nucleus. The region of collectivity may be not centred at %°Fe, as
was recently calculated, but in %Fe.

Detailed shell model calculations using the LNPS effective interaction provide
information on the %Mn 3 decay and %Fe excited level configuration. These cal-
culations reveal the multinucleon-multihole character of the states in %Fe. Making
use of these calculations and the measured transition rates, spin-parity has been
proposed for several levels. The previous tentative identification of the 4 state [22]
is confirmed and we propose the assignment of spin-parity of 1] to the 2874.3 keV
state.
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Figure 5: The %Fe level scheme populated in the 3-decay of ®*Mn from this work.
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Conclusions and outlook

In this PhD thesis we have investigated the low energy level structure of the 3:65:66Fe

populated by the 8-decay of their Mn isobars. The results presented on %Fe confirm
the previous work and further expands the level scheme with several new gammas
and levels. For the first time a detailed study of the %Fe has been performed.
Many new transitions and levels have been observed and 4 level lifetimes have been
measured. Finally, the known level scheme of %Fe was confirmed and a B(E2;) value
was determined which is slightly lower than, although consistent with, the previous
results. The new experimental results on ®Fe and %Fe have been compared to shell
model calculations and found in a good agreement. The model calculations provide
a deeper understanding of the observed nuclear structure in the nuclei. The results
obtained in the analysis of ®*Fe have been accepted in the Physical Review C journal
for publication. The articles about the other two nuclides are in preparation.

Key information can be obtained by analysing the complete isotopic decay
chain in the masses discussed in this Thesis. The level schemes of many of these
nuclei were poorly studied and some level lifetimes have already been observed in a
preliminary analysis. Such information would be most valuable in our effort to map
the region below %Ni.

Moreover, data on many more Mn masses was collected during the 1S474 exper-
iment. The analysis of the the more stable isotopes would yield valuable information
which would help study the systematics of Fe isotopes. In addition, the study of
heavier neutron-rich Fe isotopes is foreseen with the beam-time still available, in
particular the study of ®“Fe. Recent developments at ISOLDE make it possible
to envisage the investigation of the A=68 isotopic chain populated in the decay of
68 Mn.

In parallel to the spectroscopic studies, our group has investigated new crystals
and photomultipliers with the aim to improve the performance of the fast timing
measurements. Significant improvements have already been reported, which means
that the next round of measurements in the neutron-rich Fe nuclei will be charac-
terized by a higher sensitivity ultra-fast timing measurements.
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Resumen en castellano

Uno de los pilares fundamentales de la estructura nuclear, tal y como la conocemos
de los ntcleos estables, es la existencia de nimeros magicos. Los nicleos mas estables
surgen de orbitales completamente llenos, capas cerradas, y dan lugar a los niimeros
magicos. En el valle de estabilidad dichos imeros son 8, 20, 28, 50, 82 y 126.

La constante evolucion en la produccién, separacién e identificacién de nicleos
exdticos, junto a la mejora en las técnicas de deteccién, hace posible el estudio expe-
rimental de nicleos lejos del valle de estabilidad. Estos nticleos exéticos con niimeros
supuéstamente magicos no siempre tienen las propiedades que uno esperaria. Al ir
anadiendo o sustrayendo nucleones de un ntcleo estable, las energias de particu-
la independiente se modifican y fuertes correlaciones aparecen, las cuales pueden
neutralizar los saltos de capa del campo medio esférico.

La investigacion de la evolucion de la estructura de capas lejos de la estabilidad
se ha convertido en uno de los temas mas importantes en Fisica Nuclear. Investi-
gaciones en esta area tienen ademads implicaciones en astrofisica nuclear, ya que
los ntcleos exéticos pueden jugar un papel crucial en los procesos de nucleosintesis
estelar que dan lugar a la formacién de los ntcleos presentes en el Universo.

El experimento [S474 se realiz6 en las instalaciones ISOLDE, CERN, donde
se crearon iones de %°~%Mn y se estudié su desintegracién 3. Esta Tesis Doctoral
se centra en el estudio de isétopos de hierro ricos en neutrones (los impares 5355Fe
y el par-par ®Fe) empleando espectroscopia gamma y coincidencias ultrarrapidas
(ultra-fast timing).

Introducciéon

En el potencial de oscilador arménico, N = 40 es un niimero magico. Sin embargo,
en el medio nuclear el salto de capa N = 40 se debilita por la interaccién espin-
orbita, la cual baja los orbitales con j mayor de la siguiente capa de oscilador, que
en este caso se trata del gg/». El orbital gg/» es una de las principales razones de

XV



xXVi Resumen

la fuerte colectividad en los isétopos ricos en neutrones de Fe y Cr cerca de N=40.
Al anadir protones al orbital f7/5, el desdoblamiento espin-érbita de los érbitales
de neutrones de paridad negativa pf se incrementa debido a la fuerte interaccion
tensorial atractiva neutrén-protén [I]. Por lo tanto, al ir llenando los érbitales pf de
neutrones, la excitacion de particulas a los estados intrusos de paridad positiva del
orbital gg/o se vuelven mas y mas accesibles.

Sin embargo los calculos de modelo de capas que s6lo usan el espacio de va-
lencia de neutrones pfg (1psse, 1pij2 0fs/2 ¥ 0ggj2) no son capaces de reproducir
correctamente la colectividad cerca de N = 40 [2 3], y especificamente la baja
energia del estado 573 keV 2] del %°Fe [4]. Tal y como ya se apuntaba en [5], una
descripcion adecuada de la fuerte colectividad cuadrupolar en la region requiere
también la inclusién del orbital v1ds/,. Recientemente Lenzi et al. [6] han desarro-
llado calculos de modelo de capas en un gran espacio de valencia que engloba tanto
la capa pf para protones como los orbitales 1ps/a, 1p1/2 0fs5/2, 0g9/2 and 1ds/; para
neutrones. Para ello emplean una interaccién efectiva basada en la matriz G y con la
parte de monopolo ajustada empiricamente para reproducir las energias experimen-
tales de particula independiente. De esta manera se logra una gran concordancia con
los datos experimentales disponibles, no sélo para las energias de excitacién, sino
también para las probabilidades de transicién. Se predice una fuerte deformaciéon
cuadrupolar, cercana al régimen rotacional, para los is6topos de cromo. En el caso
de los isétopos de hierro la colectividad es mayor para N = 40 (°°Fe), donde las
configuraciones de multiparticula-multiagujero juegan un papel fundamental en las
funciones de onda del estado fundamental, con hasta 4 neutrones presentes en los
orbitales intrusos gg/2 y ds/2 de la capa superior.

La regién por debajo del %Ni

El nticleo de Ni (Z = 28, N = 40) posee alguna de las propiedades de un niicleo
doblemente mégico. En efecto, el estado F(2]) [7] estd a una alta energia de exci-
tacion, por encima de 2 MeV, y la probabilidad reducida de transicién es pequena:
B(E2;0 — 27) = 265 €2 fm* [§] que corresponde a 3.2 W.u. Sin embargo, medidas
de masas muestran que el salto de capa en N = 40 es débil para el ®®*Ni [9] e implican
que el pequeno valor de la B(E2) no implica necesariamente un salto de subcapa.
Hay que hacer notar que los neutrones de valencia del orbital vp;/s, el cual esta
completamente lleno en N = 40 para un sistema esférico, no pueden acoplarse para
formar un estado J = 2, lo que explica la alta energfa del estado 2] en el 5Ni.

Al quitar protones del orbital f7/,, las energias de los estados 21 caen abrup-
tamente y los valores B(E2) se incrementan. Con tan sélo eliminar dos protones
del %Ni la energia del estado 2] baja de 2033 keV a tan solo 573 keV en el ®Fe
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[4]. Quitando otros dos protones la energia disminuye aun més hasta 420 keV en
el %4Cr, el cual se encuentra en mitad de la capa de protones (Z=24). Este es el
estado 2 de energfa mas bajo observado experimentalmente hasta el momento en
la regién [10]. Esto estd en consonancia con los calculos teéricos [6], que predicen
un valor alto para la B(E2;2% — 0%) en el %Cr. Recientemente este valor se ha
medido experimentalmente en el NSCL mediante excitacion coulombiana, arrojando
un valor de 21(5) W.u. [23].

En comparacién con %Fe, la energfa del estado 2] es incluso menor en el ®Fe
[12], con un valor de 517 keV. Este comportamiento sugiere un répido desarrollo de
la colectividad en los isétopos de Fe mds ricos en neutrones, donde el orbital vgg /s
juega un papel crucial (ver, por ejemplo, Ref. [3]). Este hecho estd en consonancia
con la disminucién de la energia de excitacion de los isémeros 9/2% en los isotopos
impares de Fe.

Disponer de informacion experimental detallada y precisa de los isétopos de Fe
es crucial para poder entender la estructura nuclear en la regién y explorar la apa-
ricion de colectividad en la region. Las probabilidades de transicion son de especial
importancia, porque ponen a prueba los modelos tedricos de manera exigente. El
presente estudio incluye la estpectroscopia gamma y de coincidencias ultrarrapidas
de los niveles en 536%%Fe poblados en la desintegracién 3 de sus correspondientes
isébaros de Mn. Puesto que los datos se tomaron en saturacién, se establecié un
equilibrio a lo largo de las respectivas cadenas de desintegracion completas de los
isotpos de Mn, lo cual permitié incluir en el anélisis todos los productos de desinte-
gracion. El método de coincidencias ultrarrapidas (Advanced Time Delayed By7y(t)
[13, 14]) se ha empleado para medir la vida media de los estados excitados en por
debajo de nanosegundos.

El método de coincidencias ultrarrapidas

Uno de las sondas mas eficaces de las que disponemos a la hora de caracterizar la
estructura nuclear es la vida media de los estados excitados, puesto que proporciona
informacion sobre los elementos de matriz de transicion, que se pueden comparar con
los modelos nucleares tedricos. El método de coincidencias ultrarrapidas Advanced
Time Delayed (ATD) Bv7v(t) es el mas adecuado para medir vidas medias en el
rango entre unos pocos picosegundos a varios nanosegundos, mediante el uso de
coincidencias triples 8yy. El método ATD fue disenado por Henryk Mach en 1986
en la instalacién TRISTAN, en el Brookhaven National Laboratory. Més adelante
fue desarrollado y publicado por H. Mach, M. Moszynski y R. Gill [13] 14}, [15].

Al igual que otros métodos de coincidencias retardadas, se basa en la distri-
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bucién temporal desde la poblacion de un estado excitado y su desexcitacién. La
poblacién del nivel estudiado se produce tras la desintegracién [ del nucleo padre,
por lo que la emision de dicha particula 5 debe ser detectada con un detector apro-
piado. La gran diferencia del método ATD en comparacion con otros es el uso de
un centellador pléastico delgado AE, normalmente un NE111A acoplado a un tubo
fotomultiplicador Photonis XP2020. Al usar un detector tan fino, se asegura que
todas las particulas 8 depositen una cantidad similar de energia, por tanto dando
una respuesta temporal muy homogénea.

El nivel poblado en la desintegracién [ se desexcitara mediante la emisién de
un rayo gamma, el cual también debe detectarse mediante un detector adecuado. La
distribucién temporal entre estos dos eventos (medida con un Convertidor de Tiem-
po en Amplitud, TAC por sus siglas en inglés) nos dard la vida media del estado
excitado. Como las vidas medias medidas estan en el rango de los picosegundos, se
precisan cristales centelladores muy rapidos. La eleccién mas comtn son cristales de
LaBrs(Ce) acoplados a PMTs Photonis XP20D0. Estos cristales mejoran la resolu-
cién en energia de los cristales de BaF, usandos anteriormente, con una resolucion
temporal similar. Cuando el patrén de desintegracién no es lo suficientemente senci-
llo para realizar coincidencias (37, se emplea un tercer detector con buena resolucion
en energia, de ahi las coincidencias 8yv(t). Se emplean detectores de Germanio hi-
perpuro (HPGe por sus siglas en inglés) por su insuperable resolucién en energia y
buena razon pico a fondo.

Cuando la vida media es lo suficientemente larga como para aparecer como una
pendiente en al parte retardada de la distribucién temporal (ver figura izquierda 7)),
esta se puede obtener directamente ajustando dicha pendiente. Todo el espectro se
ajusta a la funcién convolucionada

—+o00
Flt) =y [ et e, )
A

donde 7 es un factor de normalizacién, J es un parametro relacionado con el ancho
de la distribucién instantdnea gaussiana y A es el centroide de dicha gaussiana, que
estd relacionado, pero no es necesariamente igual, a la posicion de la distribucion
instantanea.

En el caso de vidas medias mas cortas, se emplea la técnica de desplazamiento
del centroide. Esta técnica en especial depende de precisas calibraciones en tiempo de
los detectores para los eventos 3, Compton y picos de energia total, ya que cada uno
producira un respuesta temporal distinta en el centellador. La distribucién temporal
obtenida experimentalmente en el limite 7 — 0 se conoce como distribucion temporal
instantdnea. Suponiendo que la distribucion instantdnea de eventos monoenergéticos
para un detector dado es Gaussiana (una buena aproximacién hasta tres 6rdenes de
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Figura 7: Left: Técnica de deconvolucién. Right: Técnica de desplazamiento del
centroide.

magnitud) la posicién del centroide de dicha distribucién vendra determinado tan
sélo por su energia (para unas condiciones experimentales dadas). Otra gamma
de la misma energia pero que desexcite un nivel con un vida media en el rango
5 < Ti/; < 60 ps verd el centroide de su distribucién temporal desplazado por la
semivida del nivel padre (ver figura derecha [7)).

Detalles técnicos

El experimento 15474 se realizé en Agosto del 2010 en la instalacion ISOLDE en el
CERN. ISOLDE fue la primera instalacion ISOL a gran escala, y actualmente es la
mas avanzada. Esquematicamente consiste en una cadean de aceladores de protones,
un blanco pesado donde impactan y se producen los isétopos a estudiar, un fuente
de iones que los ioniza y un separador de masas que los selecciona por su razoén
carga/masa. Entre las caracteristicas que hacen de esta instalacién la més apta para
el experimento son: la precision de su 6ptica que enfoca el haz radioactivo hasta casi
un grosor puntual (factor clave en los experimentos de coincidencias ultrarrdapidas),
la separacién de masas e ionizacion selectiva con RILIS, asi como la baja energia
pero alta intensidad de los haces que distribuye, algo fundamental en los estudios
de desintegracion f3.

El montaje experimental consisti6 en 5 detectores dispuestos en una geometria
compacta: un plastico centellador muy rapido AE NE111A, dos cristales LaBrs(Ce)
en forma de cono truncado y dos detectores HPGe de eficiencia relativa 60 %. El mon-
taje de la electronica disponia de dos secciones principales, una rama para andalisis
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Figura 8: Diagrama simplificado de la electréonica del experimento 1S474.

de tiempos y otra para las senales de energia. La figura |8 muestra un diagrama sim-
plificado de la electréonica del experimento, con solo un detector HPGe y un cristal
LaBr3(Ce), en lugar de dos de cada tipo.

Los datos se grabaron empleando un sistema de adquisicion digital que con-
sistfa en cuatro Digital Gamma Finder (DGF) Pizie-4 modules Revision C de la
empresa XIA [I6]. Se almacenaron diez pardmetros en modo independiente sin dis-
parador (trigger) externo. De las 5 senales de los detectores, las de los dos detectores
HPGe se conectaron directamente a los médulos DGF'. Las seniales de los tres dinodos
de los centelladores § y v eran demasiado rapidas para ser procesadas directamente
por los médulos XIA. En su lugar, primero fueron preamplificadas, amplificadas y

conformadas con un Linear Gate and Stretcher antes de ser enviadas a las tarjetas
PIXIE-4.

Para poder recoger un informacién temporal precisa, se disponia de 4 sistemas
analogicos de coincidencias retardadas (7(t), cada uno iniciado por la senal del
detector 8 y detenido por una senal rdpida de uno de los detectores . Las senales
de salida de las unidades TAC se conectaron directamente a los médulos PIXTE-4.
El sistema de adquisicion también grababa el tiempo de impacto de los pulsos de
protones en el blanco.

Para poder construir los eventos coincidentes entre distintos detectores, hemos
escrito un conjunto de programas informéaticos. Dichos programas emplean la marca
de tiempo que el sistema XIA asigna a cada evento para buscar las coincidencias
entre las distintas combinaciones de detectores. Imponiendo condiciones (ventanas)
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de energia y tiempo en los distintos parametros se pueden procesar los datos y
proyectarlos para su analisis.

Calibraciones de los detectores

El método ATD requiere de calibraciones muy precisas. Estas calibraciones son
comunes a todos los nicleos estudiados, y por lo tanto se emplearon durante todo
el analisis.

Las calibraciones en energia de los detectores HPGe se llevaron a cabo con
precisién de £0.1 keV empleando fuentes de '°2Eu, ?*Na, %¥Rb y !4°Ba. Durante
todo el experimento los desplazamientos en energia permanecieron dentro del limite
de +0.1 keV. Las mismas fuentes se emplearon en la calibracion de eficiencia relativa
en el rango de energia desde 120 keV hasta los 2.7 MeV. Para energias més bajas se
empled la desintegracién de %Co a ®3Ni, medida durante el experimento. Los crista-
les LaBr3(Ce) estaban acoplados a fotomultiplicadores XP20D0, que son fototubos
muy rapidos pero altamente no lineales. La calibracién en energia se hizo con las
mismas muestras radioactivas, pero se ajusté a un polinomio de cuarto orden. Se
comprobd su estabilidad a lo largo del experimento y no se observaron desviaciones
significativas en la energia.

Los TACs conectados a los detectores HPGe (etiquetados como slow-TACS)
se calibraron con un médulo ORTEC 462 Time Calibrator, resultando en una cali-
bracién de 240 ps por canal. Tras el experimento se descubrié que este médulo no
funcionaba correctamente para su rango temporal mas corto de 10 ns. Por lo tan-
to la calibracién de los TACs conectados a los cristales LaBrs(Ce) (referidos como
fast-TACs) se realizé empleando la vida media del nivel 2083 keV en el 19Cs, la
cual se ha mediado de manera muy precisa, 3.474(10) ns [17]. El resultado fue una
calibracién de 1.8 ps por canal.

Incluso con todas las precauciones tomadas para minimizar la respuesta tem-
poral del centellador plastico, este tiene ain una cierta dependencia con la energia
depositada por la particula g y el valor () de desintegracion. Este efecto es conocido
como [-walk. Se emplearon procedimientos estandar para que la curva fuese plana
en rango de unos pocos picosegundos. Esto se realizé para cada nucleo y fuente de
calibracion de manera independiente.

La respuesta temporal de los cristales centelladores depende de la energia del
foton incidente y, en el caso de los eventos Compton, de la energia depositada dentro
del cristal. Para una energia dada, la respuesta temporal del detector es distinta para
eventos Compton y fotoeléctricos. Por lo tanto, para poder corregir la contribucion
de los eventos Compton que se hayan bajo el pico de energia total, se requiere una
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Figura 9: Respuesta temporal de un cristal LaBr3(Ce) en funcién de la energia
Compton de gammas de una muestra de >*Na. Antes del procedimiento de correccién
(curva negra) la diferencia en la respuesta temporal era de casi 1 ns entre 200 keV
y 2 MeV, mientras que tras el procedimiento aplicado (curva roja) la diferencia se
encuentra por debajo de 50 ps.

curva de respuesta temporal distinta para cada tipo de evento.

La curva negra en la figura[9 muestra la respuesta temporal para sucesos Com-
pton en funcién de la energia depositada. La curva tiene una tendencia muy suave,
pero su pendiente es demasiado pronunciada, afectando a la resolucién temporal del
detector. Este efecto se debe al alto voltaje de trabajo y a la elevada produccién de
luz del cristal de LaBrs(Ce). Para corregirlo se implement6 un tratamiento evento
a evento para que la respuesta temporal fuese lo mas plana posible, como muestra
la curva roja en la figura 9]

Estas meticulosas calibraciones se han aplicado al analisis de la desintegracién
3 de los isétopos de 93:6>66\In, el tema principal de esta Tesis. Ademds, se emplearan
en un futuro andlisis de los datos tomados para otras masas en el experimento.



xXX1ii
Resultados mas relevantes

Estructura del %°Fe

La vida media del ®Mn se ha medido con gran exactitud (T;/2=91.9(9) ms), con-
firmando resultados previos. El esquema de niveles del %Fe ahora incluye 87 tran-
siciones y 41 estados excitados (hasta una energia de 4.4 MeV). Por primera vez
se ha obtenido un limite superior a la poblacién [ directa del estado fundamental
del %Fe. La figura [10] muestra el esquema de niveles (parcial) observado a bajas
energias. Se ha medido un nuevo valor para la probabilidad de emisién de neutrones
tras la desintegracién beta, con un resultado de P, = 7.9(12) %, que no concuerda
con el valor anterior de 21.0(5) % [18]. Es mds, por primera vez se ha observado que
la rama de desintegracién 3-n puebla estados excitados en el %4Fe.

Se ha determinado de manera precisa que la energia del isémero 8 9/2% es
393.7 keV. Para el segundo isémero (gamma) a 397.6 keV se ha podido observar,
bien directa bien indirectamente, transiciones que lo pueblan y desexcitan.

Empleando el método ATD de coincidencias ultrarrapidas se ha medido la vi-
da media de 4 estados excitados y se han obtenido limites superiores para varios
mas. Se han calculado probabilidades de transicion, que nos han permitido asignar
espin-paridad a los niveles de baja energia. El espin propuesto sugiere que algunos
de los primeros estados excitados surgen del acoplamiento del neutrén desapareado
con los estados colectivos 27 and 41 del core. Durante el andlisis se han identifi-
cado el 1/27 (estado fundamental), 3/27, 5/2~ and 7/2~ , pero no asi el 9/27. La
ordenacion de estos niveles ha sido corroborada por calculos del modelo de capas
empleando la interaccién efectiva LNPS [6]. También se han observado estados de
paridad positiva a baja energia (9/2" a 393.7 keV, 5/2 a 397.6 keV y 7/2% a 609.5
keV). Dichas observaciones se confirman por los célculos de modelo de capas. Estos
niveles muestran la importancia de los orbitales de paridad positiva cerca del salto
de sub-capa N=40.

Estructura del %Fe

El esquema de niveles que proponemos para el %Fe confirma los resultados de la
prueba realizada por la colaboraciéon Fast Timing para este experimento [19]. Tam-
bién expande este esquema a un total de 73 transiciones y 31 niveles (ver figura .
Ademds se han observado 13 rayos 7 que se han asignado a la desintegracion del
%3Mn pero no se han podido ubicar en el esquema de niveles. Un limite superior,
compatible con cero, se ha obtenido para la poblacién directa del estado fundamen-
tal. Por primera vez se ha observado la emision retardada de neutrones y se ha
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Figura 10: Esquema de niveles a bajas energfas del ®Fe poblado en la desintegracién
S del Mn. Todos los resultados mostrados se han obtenido durante este trabajo
excepto la vida media del estado fundamental y del isémero 9/27.
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medido un valor P, = 2.0(2) %. De manera similar a la desintegracién $-n del %Mn,
el %3Mn puebla estados excitados en el ®?Fe.

Hemos observado un nivel a 475.0 keV, que proponemos tentativamente como
el isébmero 5 de espin 9/27. Si se confirma, la sistemdtica de los estados 9/2% en los
isotopos impares de Fe describiria una pardabola decreciente perfecta, alcanzando el
minimo en el %Fe y después incrementédndose otra vez para el 5"Fe. Esto serfa una
sélida verificacién de la influencia del orbital gg/, al ir anadiendo neutrones.

Empleando la técnica de deconvolucion se ha medido la vida media de tres
estados excitados de baja energia. Usando estos resultados se propone una secuencia
de espin-paridad para los niveles a baja energia, que sigue el mismo orden que en el
%Fe: 1/27 3/27 5/27. No se han encontrado candidatos adecuados para los estados
7/27 ni 9/2”

Resultados del %Fe

Nuestro nuevo esquema de niveles para el ®Fe confirma la mayorfa de las transiciones
v observadas anteriormente [20] y lo amplia hasta un total de 24 rayos v y 16 estados
excitados (ver ﬁgura, ademas de otros dos rayos v de alta energia que pertenecen
a la desintegracién del %*Mn pero que no se han colocado en el esquema de niveles.
La poblacién g directa del estado fundamental (49(13) %) coincide con trabajos
recientes. Se ha medido un valor mas preciso de P, = 3.8(8) % para la emisién
retardada de neutrones. Ademads se ha observado claramente que hay poblacién a
estados excitados en el ®Fe.

Empleando la técnica de desplazamiento del centroide, del método ATD Syv(t),
se ha medido la vida media de dos niveles (incluyendo el estado 2;) y se han estable-
cido limites superiores para otras dos. Nuestro valor B(E2;2] — 07) = 16(4) W.u.
coincide con el obtenido en trabajos anteriores [21] e indica el caracter colectivo de
este nicleo. La zona de mayor colectividad de los isétopos de hierro parece estar
centrada en el %Fe y no en el %Fe, como se habia calculado.

Los calculos de modelo de capas de tultima generacion empleando la interac-
cién efectiva LNPS proporcionan informacién sobre la desintegracién 3 y sobre la
configuracién de los estados excitados en el ®Fe. Estos cdlculos ponen de manifiesto
el caracter multinucleén-multiagujero de los estados del 6Fe. Haciendo uso de las
probabilidades de transicién medidas y con la ayuda de los calculos se ha propuesto
el espin y paridad de varios niveles. Hemos confirmado la identification prelimiar
del estado 4 [22] y proponemos la asignacién de espin-paridad 1 para el estado
2874.3 keV.



XXV1

(Anx)3

@ NP O ONGEOHROOROO® OO0OROORO0O O oo o o o _
2R weie DaDRninhpn Rw  RoOms RRRm W WA N N3
o S E Jue dDbhveeereeew beeeebek B CICEC C e 3
S
> NI 9PN DORDIINID DU DAUINNOOD D o0 o o [ _
< LA bhkx oooNNONONON owoRRoONW o JSEATIFN W N <)
> EE DU dDEEEENOENDE EPEEguedE N Ed N N g
- W g
N NN
3112.3 0.3(1)
2703.1 0.3(1)
2606.3 0.3(1)
24805 0.3(1)
2386.3 0.2(1)
2474.0 0.4(1)
2205.6 0.3(1)
1879.4 0.4(1)
1855.6 0.6(1)
1152.8 0.2(1)
2185.2 0.3(1)
1828.3 0.2(1)
1735.1 0.4(1)
9421 0.4(1)
1604.3 0.2(1)
1580.1 0.1(1)
9455 0.3(1)
1677.3 0.4(1)
1409.2 0.2(1)
11281 1.3(1)
1393.7 0.2(1)
1471.9 0.2(1)
1808.9 1.1(1)
14515 0.8(1)
1357.8 0.6(1)
1183.7 0.2(1)
1398.7 0.7(1)
1304.6 0.2(1)
849.7 0.1(1)
13803 0.2(1)
1286.6 0.1(1)
831.4 0.2(1
1534.0 0.4(1)
11769 4.9(4)
1083.0 0.6(1)
908.7 1.4(1)
853.1 3.3(2)
627.9 2.0(2)
4245 2.7(2)
401.6 0.4(1)
289.9 0.1(1)
1060.2 0.4(1)
750.3 0.5(1
1369.3 1.9(1)
1012.1 0.5(1)
918.4 0.4(1)
932.1 0.2(1)
769.2 0.7(1)
563.2 0.1(1)
820.8 1.7(1)
H—F—+——1727.0 0.41)
784.6 0.2(1)
461.8 0.5(1)
1132.5 33(2)
775.4 11(1)
681.6 3.5(3)
507.0 9.1(7)
451.1 1.2(3)
226.1 0.5(1)
752.4 0.8(1
658.6 3.7(3
906.7 1.8(1)
549.2 1.3(1)
455.4 1.6(1)
463.1 0.1(1)
323.9 1.6(1)
230.1 1.0(1)
206.3 5.0(4)
625.6 14(1)
268.3 1.2(1)
4511 16(1)
~—93.8 16(1)
3573 100
- P | el e PERPEEEDDDDN N NN w w W
8] = = NS 0101 NN PR W 9 0 (=3 (] o
1 95 ] lHﬁ wmom%gmoo |5} W W o N (2
b 3 R RERROCERE NRRRRROR R SN it (o

Resumen

Figura 11: Esquema de niveles del %Fe poblado en la desintegracién /3 del %3Mn.
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Conclusiones y trabajo futuro

En esta Tesis hemos investigado la estructura de los nticleos %3%56Fe poblada en
la desintegracién [ de sus correspondientes is6baros de Mn. Los resultados presen-
tados para el %Fe confirman el trabajo anterior y amplian el esquema con varias
transiciones y niveles nuevos. Por primera vez se ha realizado un estudio detallado
del °Fe. Se han observado numerosas transiciones y niveles nuevos, y se ha medido
la vida media de 4 niveles. Finalmente, el reciente esquema de niveles del °Fe se ha
confirmado y ampliado, y se ha determinado un valor B(E2;) el cual es ligeramente
inferior que resultados anteriores, aunque compatible con ellos. Nuestros resultados
experimentales sobre el %Fe y el %Fe se han comparado con célculos de modelo
de capas y se han encontraron en buen acuerdo. Los calculos del modelo de capas
permiten entender de manera mas profunda la estructura nuclear observada durante
el experimento. Los resultados obtenidos durante el andlisis del °Fe han sido acep-
tados en la revista Physical Review C' para su publicacién. Los articulos sobre los
otros dos ntcleos se encuentran en preparacion.

Es de destacar que se puede obtener informacion clave con el anélisis completo
de las cadenas de desintegracién para las masas tratadas en esta Tesis. Los esque-
mas de nives de muchos de estos nicleos no han sido estudiados en detalle, y un
analisis preliminar ya revela la presencia de vidas medias de estados excitados. Esta
informacion seria muy importante dentro de nuestro esfuerzo para caracterizar la
regién por debajo del ®®Ni.

Durante el experimento 1S474 se tomaron datos en otras masas de Mn. El
analisis de los is6topos mas cercanos a la estabilidad proporcionaria informacion
valiosa, que ayudaria a entender la sisteméatica de los is6topos de hierro. Ademés
esta previsto el estudio de isétopos de Fe ricos en neutrones todavia mas pesados
con el tiempo de haz que todavia hay disponible, especialmente el 5"Fe. Es maés,
con los ultimos desarrollos llevados a cabo en ISOLDE se puede ya pensar en la
investigacion de la cadena isotépica A=68 poblada en la desintegracién del %Mn.

Por 1ltimo debemos senalar que, en paralelo a la investigacién espectroscopica
experimental, nuestro grupo lleva a cabo un programa de I + D de investigacion
de nuevos cristales y fotosensores, con el obejtivo de mejorar el rendimiento de las
medidas de fast timing. Ya se han logrado mejoras significativas, lo que nos hace
esperar que en la proxima campana de medidas en niicleos de Fe ricos en neutrones se
podra lograr una mayor sensibilidad para las medidas de coincidencias ultrarrapidas.



Outline of this Thesis

The steady development of the production, separation and identification of exotic
nuclei, together with the improvement of the detection techniques, makes it possible
to experimentally explore nuclei further and further away from the Valley of Stabil-
ity. These nuclei far from stability may exhibit significantly different structure than
stable nuclei. Their investigation has strong impact in our understanding of nuclear
physics and allows models to be confronted with new observations.

The cornerstone of nuclear structure, as we know it from stable nuclei, is the
existence of magic numbers. In the framework of the nuclear shell model, each nuc-
leon (neutron or proton) is moving in the mean potential created by its interactions
with the rest of the nucleons. This potential leads to the existence of nuclear shells,
the quantum energy levels where nucleons reside. The most stable nuclei arise for
completely occupied shells, closed shells, and give rise to the magic numbers. At the
Valley of Stability their values are 8, 20, 28, 50, 82 and 126.

Experimental studies over the years have shown that this picture blurs far
from stability. Exotic nuclei with nucleon numbers assumed to be magic do not
always have the expected properties. As extra nucleons are added to (or removed
from) stable nuclei, the single particle energies are modified and strong quadrupole
correlations appear, which may neutralize the spherical mean-field shell gaps. The
quadrupole correlations make deformed intruder configurations energetically favour-
able, even to the extent of making them the ground states, thus inverting the normal
orbital sequence. Therefore, since nucleons occupy different shells than their stable
counterparts, the known magic numbers may disappear to give way to new ones.
This inversion was first observed in the N = 8 nucleus " Be [24] and has been thor-
oughly investigated in several regions of the table of nuclides, for example in the
Island of Inversion around Mg, at the neutron shell closure N = 20 [25]. These
structural changes may be due to the modification of the strength of the spin-orbit
coupling [26] and the strong proton-neutron interaction in the neutron rich nuclei [IJ.

The investigation of the evolution of shell structure far off stability has become
a major subject in nuclear physics. Research in this field has strong implications also
in nuclear astrophysics, because exotic nuclei have a crucial role in the processes of

XX1X
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stellar nucleosynthesis leading to the formation of the nuclei present in the Universe.

In this context, neutron-rich nuclei around Z = 28 and N = 40 have triggered
many recent experimental and theoretical studies, aimed at the understanding of
nuclear structure in this region with a large neutron excess. In this PhD Thesis
we investigate the structure of several exotic, neutron-rich iron isotopes (odd % Fe
and even %Fe) by means of gamma and advanced time-delayed spectroscopy. The
nuclei were produced in the 7 -decay of neutron rich Mn isotopes delivered by the
ISOLDE facility at CERN.

The interplay of spherical and collective configurations is of special interest
in the neutron-rich nuclei below Z = 28 and N = 40. In the harmonic oscillator
potential N = 40 is a magic number. Indeed, the excitation energy of the E(2])
state in %Ni is very high, above 2 MeV, and the B(E2) transition rate is the lowest
in the region. However, in the nuclear framework the N = 40 is weakened by the
spin-orbit interaction, which lowers the orbitals with the highest j in the next major
oscillator shell, the gg/, orbital in the present case.

The neutron Ogg/o orbital, near the negative parity 0fs/2, 1ps/2, 1pijs shell
(pf-shell) with much smaller j value, is the primary reason for a strong collectivity
in the neutron-rich nuclei of Fe and Cr around N = 40. The neutron 0Ogg/, orbital
is believed to be driving the shape changes in this mass region of the nuclear chart,
also leading to the appearance of isomers with half lives spanning several orders of
magnitude. Moreover, the filling of the proton 0f7/, orbital, moving from Cr to Fe
and then Ni, modifies the relative energies of negative parity pf neutron orbitals
due the strongly attractive neutron-proton tensor interaction.

Precise experimental information on the Fe isotopes is crucial for understand-
ing of the nuclear structure in the region and mapping the onset of collectivity. Of
particular interest are the reduced transition probabilities, which provide stringent
tests of theoretical models. This is the aim of this Thesis for the odd %3%Fe and
the even %Fe isotopes. Chapter [1| provides a general introduction to the shell model
and the region of interest. Chapter [2] describes the Advanced Time-Delayed [~y
method, the key timing method used in this Thesis. Chapter [3| addresses the exper-
imental tools employed, while Chapter [4] describes the general calibrations required
by the ATD method. Chapters ] [6] and [7] describe the data analysis and the results
of the investigation of %% Fe and %Fe. The conclusions and outlook are presented

in Chapter



Chapter 1

Introduction

The development of Radioactive Ion Beams (RIB) facilities has made possible to
study experimentally of nuclei far from the Valley of Stability. These nuclei may
exhibit significantly different structure than their stable counterparts. The investig-
ation of these exotic isotopes allows us to achieve a deeper understanding of nuclear
physics and the models we use to describe it.

In the nuclear shell model, each neutron or proton (nucleon) is moving in a
mean field potential created by its interactions with the rest of the nucleons. From
this potential the nuclear shells, the quantum energy levels where nucleons reside,
arise. The more stable nuclei originate for completely occupied shells, closed shells,
and give rise to the magic numbers. If both the amount of neutron and protons is
a magic number, the nucleus is called doubly magic and its ground state is strongly
bound. At the Valley of Stability their values are 8, 20, 28, 50, 82 and 126.

But experimental studies have shown that some of the magic number properties
do not hold far away from the Valley of Stability. Very neutron rich (or proton rich)
isotopes assumed to be magic do not always have the expected properties. When
extra nucleons are added to (or removed from) stable nuclei, the single particle ener-
gies are modified and strong quadrupole correlations appear, which may neutralize
the spherical mean-field shell gaps. The quadrupole correlations make deformed
intruder configurations energetically favourable, to the extent of making them even
the ground states, thus inverting the stable orbital sequence. Therefore, since nucle-
ons occupy different shells than their stable counterparts, the known magic numbers
may vanish and new ones arise . This inversion of configurations was first observed
in the N = 8 nucleus 'Be [24] and has been thoroughly investigated in several re-
gions of the table of nuclides, for example in the Island of Inversion around 32Mg, at
the neutron shell closure N = 20 [25]. These structural changes may be understood
in terms of the modification of the strength of the spin-orbit coupling [26], and the
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strong proton-neutron interaction in the nuclei with strong neutron excess [I].

1.1 The shell model

It is a common feature of the fermionic systems to create a shell structure in which
the fermions are organized in shells of increasing energy. Maybe the best known
example of such shell structure are the electrons around the atomic nucleus. In the
atomic shell model, these shells are defined by the quantum numbers that emerge
from the Coulomb potential created by the protons in the nucleus. Each of the
shells contain a number of orbitals (energy levels) and each orbital can be filled with
a definite number of electrons (according to the Pauli exclusion principle). The
chemistry properties of the atoms are determined by electrons in the non-completely
filled shell.

1.1.1 The nuclear shell model

A very similar model can be applied to the atomic nucleus. The nuclear shell model
was first developed independently by E.P. Wigner, M. Goeppert-Mayer and J.H.J.
Jensen, O. Haxel, H.D. Suess in 1949. It follows the same principle as the atomic
shell model, but there are some major differences when both are compared. In the
atomic shell, the Coulomb potential is created by point-like external source (the
nucleus) and not by the electrons themselves. In the nucleus the potential is created
by the interaction between every nucleon to each other. Furthermore, instead of
having just one type of particle (the electron) in the nucleus there are two different
nucleons (protons and neutrons) filling two independent shells, and each particle
type will follow Pauli’s principle independently.

The inner nuclear potential that binds nucleons together can be expressed as
the combination of the nuclear and Coulomb interaction:

p_éi - - e’
H= %+2Vnu0(|xi_xj’)+z— (L.1)

et — |7; — T
J<g J<g

The last term is the Coulomb potential which arises from the proton charge, and
will only be applied to them and vanishes for neutrons. From now on, whenever this
term appears, will only be referred to protons.

To simplify this Hamiltonian, we can apply the mean field theory. In this
theory, each nucleon evolves in a mean field created by all the other nucleons. This
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simplified Hamiltonian of the j** nucleon can be written as

—»

P
; Viue (| %5 1.2
] 2m2+z |‘r x]‘ +Z|l’z—l’j| ( )

1<j i<j

and the total Hamiltonian of the nucleus could be expressed as the sum of each
individual, single-particle, ones:

M= Z MY+ Z M, (1.3)

j (neutrons) k (protons)

This is a simplification, since the field created by the other nucleons depends
also on the j% nucleon (in its position, for instance). This feed-back effect is ignored
in this approximation.

The term V. arises from the nuclear force, a residual interaction of the strong
force. This force is attractive at distances of a few femtometers, but decreases rapidly
with distance and is the main responsible of the bound state of nuclei. There are
many expressions that describe the V. potential, such as Yukawa or Wood-Saxon
potential, but in first approximation it can be described as the sum of many square
wells (one for each nucleon). Each well will have a range proportional to the nucleus
radius, R ~ 1.25A'/3 fm. For a large A nucleus the depth of the well will be almost
constant, 1y = 50 MeV. When we sum many of these wells, the potential smooths
and approximates to a parabola. In this simple approximation the nuclear potential
can be written as:

T2
Viwerer =W |1 — = 1.4
(1-7) A

If we assume that the proton charge is evenly distributed in a spherical nucleus,
the Coulomb term is just that of the potential inside of a sphere of radius Ry with an
uniform charge (Z — 1)e, where Z is the atomic number which denotes the number
of protons:

(Z-De* (3 r?
‘/coulomb - RO 9 QR(Q) (15>

Thus, the mean field effective potential under the approximations described
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above is:

Vo (Z-1)e? 3(Z —1)e?
2 0
_ _ 0 VR A Lo 1.
Verg = (R% 2R8 > Vo—f-2 o (1.6)

The Coulomb term makes the proton well slightly shallower and wider than for
neutrons, due to the charge repulsion, and will be denoted as V.

The harmonic oscillator frequencies in the potential are given by

W2=2 (Y _ (Z—1)e?
~ u \RZ 2R}

>. In three dimensions the eigenvalues of such potential are:

En = hw <N + ;) — Vb (Vy for protons) (1.7)

The harmonic oscillator quantum number N can be expressed as a function of the
radial and orbital quantum numbers N = 2(n — 1) +1{. Since [ =0, 1, ..., n — 1,
the degeneration of the eigenvalues is (N + 1)(NN + 2) if the spin is included (two
particles per state). These crude approximation correctly predicts the three first
magic numbers (2, 8 and 20), but there are discrepancies for the higher ones.

1.1.2 The spin-orbit interaction

The key to solve some of these discrepancies, is taking into account the spin-orbit
interaction. The potential of this interaction can be described as h‘2%0(r)f-§, where
[ and  are the angular momentum and spin of a given nucleon. This potential is
an additional term to the mean field potential described above.

If j is the total angular momentum (spin) of the nucleon, the spin orbit product
can be calculated:

f-§:%(3—l3—33>:%2<j(j+1)—l(l+1)—2) (1.8)

where the s = % spin of the nucleon has already been taken into account, and gives
as possibles values of the angular momentum j = [ £ % Substituting in previous
equation:

- 1= for j=1+1
z-g‘:{ ;o forg=l+g (19)
—(+1)% forj=1-1

This result indicates that when the spin and the angular momentum are aligned
(j =1+ %) this term is attractive and thus the state is more strongly bound. On
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Figure 1.1:  Orbital sequence predicted by the shell model for spherical nuclei,
including the spin-orbit coupling. The magic numbers are well reproduced.

the other hand, if the spin and the angular momentum are anti-parallel ( J=1- %),
the potential is repulsive and the system will be less bound, thus rising the energy
of the orbital. Thus, the spin-orbit coupling splits the energy levels. The splitting is
directly proportional to the angular momentum [: AEF = %Q(QZ + 1). This splitting
also predicts correctly the higher magic numbers 2, 8, 20, 28, 50, 82 and 126. Fig.
[1.1] shows the orbital sequence predicted for a spherical nucleus.

In spite of the approximations and simplifications, this model can predict many
properties of the nuclei near the Valley of Stability, such as the spin-parity of the
ground state or the magnetic dipole and electric quadrupolar moments. Many of
the properties can be described in terms of those of the last unpaired nucleon. This
primary model is named independent-particle model. Many of the lowest nuclear
excited states can be described in terms of single-particle excitations, where one
nucleon is promoted from the ground state to a higher energy single particle state.
For instance, in the ground state of even-even nuclei, all the nucleons will be paired,
thus having a total spin-parity of 07, as experiments have confirmed. In the case of
an odd-A nucleus, the model predicts that it will be composed by an inert even-even
core, and its ground state properties are given by the unpaired nucleon.
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As we move away towards more exotic nuclei, some of this predictions start
to fail. When there is a large abundance of any of the nucleons, nuclei may not
be spherical and the approximations made are no longer valid. In these cases the
predicted orbital sequence may change, and the observed spin for the nuclei ground
state are not those proposed by the single-particle shell model.

1.1.3 Deformed nuclei

The fact that the independent particle shell model fails to predict the ground state
of some nuclei suggested that some of them may be deformed and the spherical
approximation is no longer valid. S. G. Nilsson proposed in 1955 [27] a modification
of the total shell model Hamiltonian

H="Ho+C(-5) + DI’ (1.10)

by replacing the Hg spherical harmonic oscillator by an anisotropic harmonic oscil-
lator Hamiltonian with a non-spherical potential

2

Ho = —;—mv2 + %m (wia® + w§y2 + w?2?) (1.11)
In the above expression for H, [-5is the spin-orbital coupling described in the
previous section, with C' = —2hwok giving the strength of the force. The orbital
angular momentum term is explicitly written as [2, with D = —hwokpu. When a
nucleon moves away from the centre of the nucleus, the attracting force increases,
which is equivalent to saying that the potential well deepens. To reproduce this
effect, this term shifts the levels with higher [-values to lower energy. The s and
1 parameters are different for every shell and they are set to fit the experimental
results.

If axial symmetry along the z-axis is assumed, we can write

4
w? = &? <1 — 562) (1.12)

where €, is the deformation parameter and w the system frequency. The parameter
€2 was introduced by Nilsson and in first order is related to the deformation para-
meter [y by [ ~ 1.05¢5. If volume conservation is imposed, the relation between
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frequencies is given by w,w,w, = @, where wy is the frequency at no deformation
(for a spherical oscillator). If we write the frequency as a function of the deformation
parameter then

wo(€) = @o (1 _ta_ —62) 1 (1.13)

Figurell.2|shows the predicted orbital sequence as a function of the deformation
parameter €. The positive values correspond to prolate shape and negative ones to
oblate, as depicted in Fig. [1.3).

The above description of nuclei help us understand collective nuclear prop-
erties, those emerging from collective nuclear motion and not from the properties
of independent particles. In nuclei, contrary to other physical systems, the energy
scale of such collective (rotational and vibrational) modes is overlapping the scale
of the single-particle motion, thus give rise to a strong interplay between them.

The magic numbers predicted in the spherical shell model points to energy
gaps between the orbitals, giving as a result very stable nuclei. Double magic nuclei
(those with a magic number of both protons and neutrons) are characterized by a
high energy 2% first excited state with a very low B(E2). This predictions work
very well along the Valley of Stability, but as neutrons are added to the nucleus its
ground state may become deformed. This may lead to an inversion in the orbital
sequence, making deformed intruder orbitals energetically favourable, eventually
becoming the ground states. In such cases the magic numbers may change or even
disappear, as nucleons occupy different shells than their stable counterpart. Such
inversion of configurations was first observed in the N = 8 nucleus ''Be [24] and has
been thoroughly investigated in the Island of Inversion around the N = 20 nucleus
32Mg, where deformed ground states emerge [25].

As underlined later, modern shell model calculations are able to treat many-
particle configurations and, together with suitable interactions and large valence
spaces, they are capable of addressing key problems in nuclear structure. Nuclear
shell model calculations have been performed in a large number of systems through-
out the chart of nuclides, up to the N = 3 major oscillator shell. Excited states and
nuclei further away from double magic shell closures can be addressed by the spher-
ical shell model, and in particular the sudden onset of collectivity in the neutron-rich
N = 40 region is successfully described.
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Figure 1.2: Nilsson diagram showing the orbital sequence as a function of the
deformation parameter (e5). Solid lines represent positive parity orbitals while neg-
ative parity is represented by dashed lines. At e; = 0 this diagram coincides with
the spherical approximation shown in Fig. [1.1]
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Figure 1.3: If the deformation parameter [y is negative the shape is called oblate
(left). When fs is positive is called prolate (right).

1.2 The neutron rich N = 40 region

Strong similarities can be expected in the mechanisms driving deformation when
the neutron-rich region is approached in the Island of Inversion around N = 20 and
in the N = 40 region below ®Ni. The nucleus ®*Ni has 40 neutrons and 28 protons,
Z = 28 being a well-established magic number. When it was first studied by Broda
and collaborators [7], they observed a high energy 2] state above 2 MeV. They
interpreted this energy as the characteristic signature of a double magic nuclei, and
thus proposed that the N = 40 sub-shell gap could be large enough to give rise to
a new magic number in the region.

The possibility of a new magic number had been already demonstrated for
Z = 40 by the well known structure of °Zr [28]. On the other hand, Lister et al.
[29] already studied the ®Zr N = Z = 40 and found it extremely deformed and no
trace of a shell closure signature.

Later, the transition rate 07 — 2] was measured in Coulomb excitation and
a low value of B(E2)=3.2(7) W.u. (265 e*fm?) was found [8]. If N = 40 was a
shell closure, this value should be much lower, because the lowest 27 state would
be produced by a 2p-2h configuration, which strictly has a limit of B(E2)=0 [3].
C. Guenaut et al. performed mass measurement with the ISOLTRAP ion trap
in nickel, copper and gallium isotopes around the N = 40 Z = 28 region. They
observed no behaviour resembling that of the already established magic numbers
either. Although they did not found a shell or sub-shell closure from the pairing
gap energy, they suggested that a competing mid-shell stabilization effect might be
present between N = 40 and N = 39, with some fine structure between them.

It has been argued that the high energy of the 2 state in ®Ni is due to the
fact that the two neutrons in the p;/, shell (which is filled in a N = 40 spherical
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nucleus) cannot be coupled to form a 27 state. Due to the different parity of pf and
o2 orbits, the 27 state in %Ni cannot have a 1p-1h neutron component [30]. It will
require the excitation of more than one particle to form a positive parity state, thus
explaining the high energy.

1.2.1 The region below ®Ni

In even-even nuclei below ®Ni (Z < 28) the 2] states energies fall abruptly and
their B (£2) values increase, as can be seen in the systematics of the F (2%) and
B (E2) in the region presented in Fig. [1.4f These nuclei are characterized by an
open proton shell that favours the development of quadrupole correlations.

Two protons below ®Ni, the energy of the 2{ state drops from 2033 keV to
only 573 keV in ®Fe [4]. This energy is even lower for %Fe with the 2] state at
517 keV[12], but higher for %Fe (746.4 keV [32]). The fact that as the number of
neutrons increases the 2] state energy is lowered, indicates a rapid development of
collectivity in the neutron rich Fe isotopes. Lunardi et al. [3] suggests that the vgg/o
orbit plays an important role. But it should be noted that the vds/, orbital is also a
key player in generating deformation by the quadrupole interaction with the vgyg/2,
within the same major oscillator shell.

Another two protons below, the 4Cr, which is in the middle of the proton
shell (Z = 24), has the lowest-lying 2 level experimentally reported at 420 keV and
the onset of collectivity in the region [I0]. This nucleus also has the largest value
for the B (E2;27 — 07) in the region, which has been recently measured at NSCL
using the Coulex method to be B (E2;2" — 01) = 21(5) W.u. [23]. Theoretical
calculations by Lunardi et al. predict a strong quadrupole deformation, coming close
to the rotational regime. The authors compare this situation to the N = 20 Island
of Inversion around *?*Mg and suggest that a similar situation can develop around
64Cr, as mentioned above.

1.2.2 The fp shell and the Ogy/» and 1d5,, intruders

The collectivity in the neutron rich region around N = 40 can be explained by the
intruder v0gy/, orbital. The spin-orbit coupling splits the g orbital according to the
spin in two configurations: the aligned gg/» is lowered towards the pf shell while the
anti-aligned g7/, is raised. This effect causes the N = 40 gap between the pf shell
and the gg/p orbital to shrink. Moreover, as protons are added to the f7,, orbital,
the relative energies of negative parity pf neutron orbitals (ps/2, p1/2 and f5/2) also
change due the strongly attractive neutron-proton tensor interaction [1]. Therefore,
as the pf orbit is being filled, the excitation to the intruder positive parity orbital
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region. Data extracted from the Pritychenko et al. evaluation [31].
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Figure 1.5: The evolution of the 9/2% isomers in the odd neutron rich Fe isotopes.
For the sake of clarity only the isomers are plotted versus the ground state energy.
See text for details on the isomer energies.

go/2 becomes more and more relevant.

The intruder gg/o orbital can be observed in the 9/2% isomers of the odd nuclei
in the region. These isotopes appear when there is an unpaired neutron in the
positive gg/» orbital without allowed transition to the negative ps/, f5/2 and pi/s.
Fig[l.5] shows the evolution of the 9/2F isomers in the odd Fe isotopic chain. It is
clear how it rapidly drops as neutrons are added, indicating how the fp-gg/» gap
closes as we move away from stability. The 5"Fe, *Fe and 'Fe values were taken
from [33], [34] and [35] respectively. For ®*Fe Lunardi et al. [3] claim to have
observed gammas populating a 9/2% isomer, but the energy of the state could not
be deduced. In an ISOLTRAP experiment a (-decaying isomer was identified in
%Fe. Spin-parity 9/27 was tentatively assigned to it and the excitation energy of
this was measured at 402(10) keV [36]. The situation with Fe is not clear, but a
pus delayed component has been observed. It has been assigned to the first excited
state by Grzywacz and collaborators [35] while Kameda et al. assigned it to the
second excited state level at 366.8 keV [37]. Daugas and collaborators claim that
an isomer is situated above 420 keV (lower limit) and feeds the lower levels through
unseen gammas [38]. Even if all these authors agree on the positive parity of the
isomer and on its vgg/, nature, its spin has not been definitely assigned, and 5/2,
7/2 and 9/2 spin values are possible. One of the objectives of this Thesis is to clarify
the location and assignments of the 9/2% isomers in the ®3Fe and %Fe isotopes.

Shell model calculations using the fpg (1ps/2, 1p1/2 0fs5/2, 0g9/2) valence space
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can predict Ni excited levels with some success, but such calculations fail when
applied to Fe and Cr isotopes. Caurier and collaborators performed and compared
shell model calculations for Fe isotopes using fpg and fpgd spaces [5]. The fpg
calculations were able to reproduce the 2 energy of Fe isotopes up to N = 36,
but overestimated the energy for more neutron rich isotopes. When the ds/, orbital
was added, the 2 energies where nicely reproduced up to N = 40. This results
were later confirmed by Ljungvall et al. [39]. They also compared calculations
using fp, fpg and fpgd spaces and they concluded that the ds/, orbital is necessary
reproduce the 2] energy and B(E2) of Fe isotopes above N = 36. Moreover, there is
the experimental observation of a sudden increase in collectivity from 5?Fe (N = 36)
to 9Fe, when the gg/» and dj/» orbitals become crucial in the calculations, further
endorsing the key role of these orbits in the region.

Recently Lenzi, Nowacki, Poves and Sieja have developed the LNPS interac-
tion, based on a G-matrix obtained from a nucleon-nucleon interaction with the
monopole part adjusted to fit the experimental single particle energies [6]. Shell-
model calculations are performed in a large valence space that encompasses the pf
shell for protons and the pfgd (1ps/2, 1p1/2 0fs5/2, 0g9/2 and 1ds,2) orbitals for neut-
rons, using **Ca as a core. They concluded that when protons are removed from the
J7/2 shell, the attractive spin-orbit monopole with the v f5/, is weakened, changing
the relative energy of the fp orbitals. This effect increases as neutrons are added,
shrinking the gap and promoting neutrons to the gg/» orbital. As more protons
are removed, neutrons are further promoted to occupy the ds/, orbital, leading to
an increase in quadrupole moments and thus deformation. With this approach a
very good agreement with the available experimental data is obtained, not only for
excitation energies but also for transition rates. A strong quadrupole deformation,
coming close to the rotational regime, is predicted for Cr isotopes around %*Cr, bear-
ing many similarities to the N = 20 Island of Inversion. The onset of collectivity
in Fe isotopes is shown to develop at N = 40 (°°Fe), with multiparticle-multihole
configurations playing a key role in the ground state wave functions, and as many as
four neutrons present in the intruder gg/o and ds;, orbitals coming from the upper
oscillator shell.

1.3 Experimental motivation

Detailed experimental information in Fe isotopes is of paramount importance for the
understanding of the nuclear structure and the mapping of the onset of collectivity
in the region. In this PhD Thesis we investigate the structure of several neutron-rich
iron isotopes: the odd-A %Fe and %°Fe and the even-even N = 40 %Fe. These exotic
nuclei were produced in the S~ -decay of their Mn parent isotopes delivered by the
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ISOLDE facility at CERN.

We have performed and experiment using gamma spectroscopy and the Ad-
vanced Time Delayed Svy7(t) method [13| [14] [15], which allows to simultaneously
obtain a detailed level scheme and level lifetimes of both odd and even nuclei. From
this experimental information reduced transition probabilities can be derived. They
are of particular interest since they allow for systematic intercomparison of nuclei
and provide stringent tests of theoretical models.

With these spectroscopic tools detailed knowledge can be gained. In the even-
even Fe isotopes the precise energies of the 2t and 4" and the location of the 0T
states can be obtained, together with the transition rates and the B(E2, 2t — 07) in
particular. These elements are key to characterize the development of collectivity as
the number of neutrons increases. For the odd-A iron nuclei the reduced transition
probabilities can help understand the low-lying structure and the identification of
new 9/2% isomers may fill the gap in the gq/ evolution in the region, which has been
shown to be fundamental in understanding the behaviour of nuclei below 5®Ni.



Chapter 2

The Advanced Time Delayed
Byv(t) method

One of the best available probes we have to know the insight of the nuclear struc-
ture are the excited level half-lives, as they provide with essential information about
the transition matrix elements for comparison with theoretical nuclear models. The
experimentally accessible range of nuclear lifetimes covers over 45 orders of mag-
nitude. The micro and nanosecond range can be measured with delayed coincidence
methods using HPGe detectors, while in the femto- and picosecond range the recoil
distance method and Doppler shift attenuation method can be employed. The Ad-
vanced Time Delayed (ATD) Sv+(t) method is the best suited to measure half-lives
between a few picoseconds and several nanoseconds by using triple coincidences 3v7.

The ATD method was invented by Henryk Mach in 1986 in the TRISTAN
facility at Brookhaven National Laboratory. Later it was further developed and
published by H. Mach, M. Moszynski and R. Gill [13| [14] [I5]. As other delayed
coincidence methods, it is based in the time distribution since the population of an
excited state and its de-excitation. The population of the studied level follows the
[S-decay of the parent nucleus, so the emission of the § particle must be detected
by an appropriate detector. This level will be de-excited by a ~ ray, which must
also be recorded by a suitable detector. The time distribution between these two
events (measured with a Time-to-Amplitude-Converter, TAC) will give us the half-
life of the excited level. When the decay pattern is not simple enough to perform
B~ coincidences, a third detector may be used with very high energy resolution to
select a specific gamma cascade, thus the 5yy(t) coincidences.

What follows is a description of the ATD [yv(t) method, the information
mainly extracted from [13, [14, [15] 40} 41] and the author personal experience while
analysing data using this method.

15
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Figure 2.1: An oversimplified scheme of the standard electronic setup for an ATD
experiment.

2.1 Experimental setup

The ATD method is based in triple coincidences between a 3 particle and two ~
rays. To measure picoseconds lifetimes, two of the detectors must be very fast. A
thin and fast plastic detector will measure the 3 particles while a scintillator crystal
with good timing resolution is used for the + rays. The second v ray is detected
by the HPGe detector, characterised by its good energy resolution. This way this
method combines good energy resolution with good timing properties.

Fig. shows an overly simplified version of the standard electronic setup of
an ATD experiment. There are two TACs, both started by the plastic scintillator.
The so called fast-TAC measures the time difference with the fast timing crystal
scintillator (thus called fast because it will be able to measure the shortest half-
lives), while the slow-TAC' is stopped by the HPGe detector (which will also be
used to measure longer half-lives). The amplified signals from these three detector
will be recorded as the energy of the events detected. While the Half-life is usually
obtained from the fast-TAC, the HPGe detector is used to select a specific gamma
cascade within the level scheme, thus acting as a filter. For a much more detailed
experimental setup specific to the 1S474 experiment see Sec. [3.2]
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2.1.1 Detector selection

The curve describing the relative time differences from recording prompt events of
the same type (5, Compton or full-energy gamma) but different energy is called the
walk-curve, which is specific for each pair of electronic-detectors. As the delayed co-
incidence methods involve two timing detectors, this correction is very complicated,
moreover in the case of § particles as its energy spectrum is continuous. Hence, the
main difference of the ATD method compared to other delayed coincidence meth-
ods is the use of a thin plastic scintillator AE. By using a very thin detector, it is
ensured that all the energetic S particles deposit a similar amount of energy, thus
giving a similar time response.

The scintillator plastic commonly used in ATD experiments is a NE111A
coupled to a Photonis XP20D0 photomultiplier tube (PMT). As mentioned above,
it is AE type by using a 3-mm thickness plastic, which not only ensures a constant
time response, but also a volume small enough so the v ray detection efficiency is
negligible. With a typical diameter of 1.3 cm and situated about 2-3 mm away from
the source, it covers a solid angle of 20 — 35% of 47. To shield it from conversion
electrons of up to 40 keV an aluminium foil is situated between the radioactive
source and the detector.

Until recently, the chosen fast timing crystal was a small BaFy with a truncated
cone shape, which has a timing resolution similar to that of a plastic scintillator,
but with much better energy resolution [42]. Recently, new inorganic scintillators
have been developed and the common choice nowadays for fast timing experiments
are the LaBr3(Ce) crystals coupled to Photonis XP20D0 PMTs. These crystals have
an improved energy resolution over the BaFy crystals and yet have a comparable
timing resolution.

The optimal shape for LaBrs(Ce) is a truncated cone of 45 mm height, 43 mm
diameter at the bottom and 32 mm diameter at the entrance window (see Fig.
for a scheme). A smaller crystal would have better timing resolution at the cost of
a much lower detection efficiency, and, vice versa, larger crystals would have better
efficiency at the cost of worse timing resolution. So the volume is a compromise
between timing and efficiency while the truncated cone shape improves the light
collection.

The crystals are encapsulated in a thin aluminium enclosure to protect them
from moisture, which also helps to stop electrons.The lateral faces are covered by
several layers of lead to avoid backscatter gammas from other detectors or the alu-
minium frame. Thanks to the truncated cone shape the crystals can be positioned
very close to the radioactive source, covering a solid angle near 7% of 4.

HPGe detectors are chosen for its incomparable energy resolution and their
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Figure 2.2: On the left a picture of the truncated cone LaBrs(Ce) crystal used in the
[5474 experiment. On the right a scheme of this same crystal with its dimensions
and that of its encapsulation.

peak-to-background ratio. But to achieve this energy resolution it is necessary to
use a 2 us shaping time in the amplifier. This limits the source intensity in order
to avoid signal pile up which would distort the measurement. They are positioned
about 5-8 cm away from the source (see Fig. for a picture on the dispositions of
the detectors during the IS474 experiment).

The system efficiency is designed for measurements of sources with an intensity
up to 50.000 Bq for about ten days. This ensures that enough data is collected so
the statistic is good enough to achieve the desired timing resolution and satisfactory
results.

2.1.2 Detector arrangement

There are two standard configurations for the detector arrangement in the ATD
method experiments: the saturated beam and the moving tape setups.

Saturated beam In this configuration an isobar beam of the selected mass is con-
tinuously implanted at the deposition point creating a saturated radioactive source.
The experimental chamber, where the ions are deposited, is an aluminium tube of
1.2 cm of diameter, 1.0 mm thickness lateral walls and a front end with a thin wall
of about 0.1 mm. The radioactive source size is given by the beam quality, which,
in the ISOL case produces very compact beams. If needed, a lead collimator can be
introduced in the aluminium tube to further shrink the beam dispersion. The dia-
meter of the collimator (of about 5 mm) is slightly smaller than the beam particle,
to minimize the changes in the source position, even at the cost of beam intensity.
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The beam size and position are fundamental for the fast timing experiments, as
each millimetre deviation means 3.3 ps time resolution broadening (approximately
the time it takes a photon to travel one millimetre), within the time precision of the
ATD method.

The B-plastic detector sees the source through the thin aluminium wall. A
small gap is left between the detector and the deposition point in order to protect
it from possible accidental movements of the beam line. It also allows to place
calibration sources in the same point where the beam is deposited, thus reproducing
for the off-line calibrations similar conditions than the on-line measurements.

The scintillator crystals are positioned above and below the g-plastic detector
and as close as possible to the radioactive source in order to increase the efficiency.
The truncated cone shape helps the compact close geometry arrangement of the
detectors. v rays are collimated to the centre of the crystals through an opening in
their lead shielding. This lead shielding not only minimize backscatter Comptons
from other detectors, it also decreases the number of Compton events, as they are
more likely to happen when the gamma impacts near the crystal walls. An alu-
minium foil stops the 3 particles emitted by the source or scattered by the other
detectors, but it is thin enough to allow v rays through without significant loose of
intensity.

Moving tape If any of the isotopes in the decay chain of the selected mass or
possible contaminants have a long Half-life (usually half-lives of several hours and
above), they can accumulate in the experimental chamber and build up an activity
such that saturates the system. To avoid this, the beam is deposited in an aluminized
Mylar tape at about 50 cm away from the detectors. After a suitable collection time
the tape is cycled moving the deposited ions to the detectors station, with a time-
step calculated to maximize the studied parent nucleus activity. The detector station
is basically the same as described in the saturation beam configuration. The beam
is deposited into the center of the setup and the tape is used to move the long-lived
activity away.

2.2 Techniques of data evaluation

Neutron rich nuclei are characterized by having large Qg values, up to 15 MeV, and
by populating excited levels up to the 2-4 MeV range. In a typical 3 disintegration
some high energy levels are populated that de-excite to the ground state through
gamma cascades that do not involve a large number of transitions. Is in this cases
when the ATD S~v7(t) method is most useful.
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Figure 2.3: The red line shows a semi-Gaussian prompt distribution while the blue
shows a convoluted time distribution with a slope in its delayed part.

The following procedures are the two different techniques used in the ATD
method to extract level half-lives. Each works for a different time range, but both
of them rely on the precise calibrations described in Sec.

2.2.1 Convolution technique

When the level lifetime is long enough to appear as a slope on the delayed part of the
time distribution (see Fig. , it can be obtained directly by fitting the slope. The
delayed part can be fitted to an exponential decay or, more accurately, the whole
spectrum can be fitted using a convoluted function. This technique makes a least
square fit via an iterating method where the exponential decay and prompt time
distribution are unfolded from the time spectrum obtained during the experiment.

The delayed time spectrum can be expressed as:

F(t;) = N/+OO P(t; — ) f(t)dt (2.1)

where the number of events observed in time ¢; are due to events at time ¢, that have
been shifted by the time jitter of the detector. N is the total number of counts in the
time spectrum, P(¢;) is the function that characterizes the prompt time distribution

and f(t) = e for t > 0 with \ being the decay constant of the level ()\ = %)

Even if the prompt time spectrum should be determined by the obtained ex-
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perimental distribution, it can be approximated to a Gaussian function. Then, the
time distribution can be expressed analytically as:

+oo
F(t;) = 7/ et e gt (2.2)
A

t=+o00

F(t;) = V™ s I <M> (2.3)

26 25

t=A

where 7 is a normalization factor, ¢ is a parameter related to the width of the
Gaussian prompt distribution and A is the centroid of the Gaussian which is related,
but not necessarily equal to, the position of the prompt. erf(t) is the Gauss error
function, a non-elementary function of sigmoid shape.

This technique works for half-lives of over 60 ps and abundant statistics. For
distributions with low number of counts or half-lives above few nanoseconds, a y? fit
underestimates the Half-life and the fit should be done using Poisson statistics. This
problem can be avoided if there is the possibility to measure the Half-life through
several gammas. The different time spectra are added together, thus increasing the
total statistics. Another alternative is compressing the time spectrum. This way the
number of counts per channel is also increased, at the cost of having less points to fit.
The fitting is repeated for different compression factors and the obtained Half-life is
slightly larger with each compression level, until a stable value is reached.

Depending on the electronic setup, the experimental prompt distribution may
show asymmetries, even an apparent slope in the delayed part. In cases where these
apparent slope is comparable to the Half-life measured, the Gaussian approximation
is invalid. Another secondary effect are small tails three orders of magnitude below
the main distribution, and they can appear at either side. They emerge due to pile-
up effects and should be excluded in centroid calculation and convolution fit, even if
its effect, when included, would be minor and they can be corrected or incorporated
in the systematic errors.

2.2.2 Centroid shift technique

In the case of shorter half-lives, below a general limit of 60 ps limit (more precisely
1/3 of the FWHM of the crystal timing resolution) and down to 5-10 ps (depend-
ing on the amount of statistic and the experimental conditions) the centroid shift
technique is used. This technique, specially, relies on the precise calibrations of the
timing detector for the 5, Compton and full-energy peak events, as each of them
will trigger a different time response in the scintillators.
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Figure 2.4: The parallel, sequential and absolute transitions analysis are encom-
passed in the centroid shift technique, which relies on measuring the shift of the
studied ~ time distribution (blue) from the prompt reference calibration (red).

The experimental time distribution obtained in the limit 7 — 0 is called prompt
time distribution. Assuming that the time distribution of prompt mono-energetic
events in a given detector is Gaussian (which is a good approximation down to three
orders of magnitude) the centroid position of this distribution will be determined
only by its energy (for a given experimental conditions). Another gamma of the
same energy but de-exciting a non-prompt level (5 < 7 < 60 ps) the centroid of its
time distribution will be shifted by the mean-life of the parent level (see Fig. [2.4)).

Depending on the level structure, one of the following analysis is performed in
the centroid shift technique.

Sequential transitions

We have two gamma transitions, 7; and 7, from the simple level scheme shown in
Fig. 2.5 If we select v, in the HPGe detector and 79 in the scintillator crystal, the
plastic detector would necesarily have detected a 5 decay to level 2, as it is the only
[ feeding level 2, whose de-excitation we have observed with the inorganic detector.
With this setting, the time distribution 77 recorded will be

2)

T1 = Té + T2 (24)
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Figure 2.5: Very simple level scheme populated by 3 decay to illustrate the centroid
shift technique. Gates combinations between the fast timing scintillator crystal and
the HPGe with the time distribution obtained are given in the table next to it.

where 75 is the mean life of level 2 and 7(52) is the prompt time response in the
scintillator by a gamma of the same energy as 5. The level 1 lifetime (73) would
not contribute to the time distribution, as the fast-TAC gives the time difference
between the plastic and the crystal scintillator and in this case the event detected
by the HPGe will necessarily arrive at a later time.

If we take the inverse gate selection, v, in the HPGe and v, in the scintillator
crystal, the TAC would record the mean lives of levels 1 and 2 plus the prompt time
response Tél) for a gamma of energy ~;.

15 = T(gl) +71+ 7 (2.5)

The centroid shift between these two time distributions give us:

T—T =741 =15 (2.6)

If v and 7, have similar energies, their prompt time responses should be very
similar, thus approximating Tél) — TéQ) ~ 0. In this circumstance we obtain directly

the mean life of level 1 as:

n=T-T (2.7)

This kind of analysis can be applied, in principle, to longer gamma cascades,
not only limited to two transitions. But in practice, when the number of gammas is
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larger, the complexity of the analysis grows considerably and the chances that the
full-energy peaks overlap in the scintillator spectrum are very high.

Parallel transitions

When we want to measure the mean life of a level whose depopulating gammas
are not in a direct cascade as in the previous example, we can make use of parallel
transitions. If in the level scheme shown in Fig. 2.5 we select 74 in the HPGe detector
and 7, in the scintillator crystal, the plastic detector would have necessarily detected
B4 and the time response T, measured by the TAC between [, and v; will be:

Ti=1"+n+m+n (2.8)

Now, if instead of choosing 74 in the HPGe, we choose its parallel transition
75, the time response T will be:

2 4+ 71+ T (2.9)

T5 = T(g

As this gamma cascade does not go through level 3 (5 goes directly from level

4 to level 1), its lifetime will not contribute to the time distribution. This way, the
centroid shift between T, and Ty distributions will give as 73:

T3 = T4 - T5 (210)

The main advantage of the parallel transitions over the sequential ones is that,
as we chose the same transition ; both times in the scintillator crystal, the prompt
time response will be the same and they will cancel out when we calculate the
centroid shift. With this technique it is not necessary to use the prompt calibration
curve, avoiding complications and sources of errors during the analysis.

Absolute comparison

The parallel and sequential transitions described above are rather ideal situations
which will not happen very often in real experiments. In most cases the level scheme
will be much more complex, with several gammas contributing to the time distri-
butions or the higher energy transitions will not have enough statistics to accur-
ately calculate the time centroid distribution in $yv(t) coincidences. In this cases
the ATD method employs the absolute comparison technique, which relies on the
prompt calibration curve. This calibration can be obtained in up to three different
ways.
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The prompt position for a given energy can be measured from the time distri-
bution of a gamma depopulating an excited state which Half-life is precisely known.
For example, we precisely know the mean life of level 2, 75, in Fig. 2.5 In this
case, we could measure the prompt response of the detector, 7'0(2), for a 7, energy,
by selecting 7, in the scintillator and 7, in the HPGe obtaining:

T=74+n (2.11)

as we know 7y, the time response is just:

) =T—mn (2.12)

By using several gammas with known lifetimes, we can construct the prompt
calibration curve, covering a wide energy range. As usually it is a very smooth curve,
if we wish to measure the Half-life of a level using a gamma for which we do not
have a prompt reference with the exact same energy, it can be interpolated from the
points in the curve.

If one of the gammas presents a clear slope in the delayed time distribution
and its level is not populated by higher energy gammas (75 in level 4, for example)
its Half-life can be obtained using the convolution analysis (see Sec. . Knowing
its mean life the prompt response can be obtained from the time response:

™ =T-n (2.13)

The third method is based on a characteristic of some nuclei in which a large
number of transitions feed a low-lying state which then de-excites to the ground
state (a simple example would be level 1 in Fig. which is fed by 72, 73, 75
and 7). If we select any of the higher energy feeding transitions 7; in the HPGe
detector, we will see ; in the fast timing crystal. All these gammas selected in the
HPGe detector will provide the same time response:

T =" +7 +7 (2.14)

Nuclear levels at high energy are characterized by femtosecond half-lives. If
we have several levels which de-excite only by transition above 2 MeV, it is safe to
assume that they do not have lifetimes above 1 ps, and much more that not all of
them have such a long Half-life. In this circumstances, for a group of transitions
with energy above 2 MeV, that provide the same time response 7; and that is the
lowest for all the gammas feeding the low-lying level, we can set 7; = 0 (it is below
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the precision of the ATD method, so it can be considered prompt) and know the

value of Tél) + 7.

In the example shown in Fig. [2.5] we would take 4 in the HPGe and v; in
the scintillator. The time response T would be given by:

Ts = Tél) + 71+ T6 (2.15)
Now assuming that level 6 is high and ~4 energy is larger than 2 MeV, it would
be safe to approximate 74 ~ 0:

1)

To=73" +m (2.16)

Now we could measure the mean lives of levels 2, 3 and 4. For example, for
the level 2 lifetime, we could use Eq. and

T2 — Tﬁ = T2 +7'0(1)

+7— (Tél) +7) =7 (2.17)

Independently of the way we obtain it, once we have characterized the time
response of the scintillator crystal, we can, hypothetically, measure any Half-life
in a given level scheme. In practice the energy resolution of the timing detector
is a limitation, as even with the help of the HPGe coincidences most peaks can
have contributions from similar energy transitions. Also, when working in [vvy
coincidences, the statistics may be so low that centroid position can not be accurately
determined.

2.3 Concluding remarks

The Advance Time Delayed $yv(t) method allows the measurement of half-lives
in a range from a few picoseconds to the tens of nanoseconds. The lower limit of
the method is caused by statistics, the time resolution of the scintillator crystals
and the uncertainties in the calibrations, while only the electronic hardware and the
TAC range set and upper limit. In ideal cases, half-lives below the picosecond have
been measured, but the statistics to do so are out of reach for the actual on-line
measurements.

The method is most reliable when applied to simple level schemes, for which
most of the different techniques described above could be used, but for most nuc-
lei only the use of a carefully calibrated prompt reference curve would allow the
measurement of lifetimes. When possible, the different techniques of the method
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allows us to measure the same Half-life in several independent ways, serving as a
verification of the goodness of the results.

Since its introduction, this method has been applied at several facilities and in
a wide number of regions of the nuclear chart, providing valuable data in the nuclear
structure and systematic evolution of numerous nuclei. The method next step is the
FATIMA experiment, which will be built for FAIR at GSI. It will be composed by
a large array of LaBrs(Ce) crystals and HPGe detectors that will cover almost a 47
solid angle. The electronic involved will stretch the ATD method to a new limit
and the consequent analysis of such complex experiment will represent a formidable
challenge in the years to come.
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Chapter 3

Technical details

The experimental study of the properties of exotic nuclei requires the use of complex
large-scale facilities as well as delicate and precise detectors and electronics. These
exotic radioactive nuclei are not found in nature, so they must be created in labor-
atories. One of the methods to create such nuclei relies on the impact of high energy
protons onto heavy targets, where different nuclear reactions occur, producing all
kinds of different isotopes. The amount of the required isotope that is created inside
the target is only a tiny fraction of the total, so it must be separated from the rest of
the by-products. If the amount of contaminants is too high, the data that is being
sought may be buried under a huge amount of random or undesired events, diffi-
culting the analysis or even rendering the collected data useless. For these reasons,
beam purity and production yield are some of the main concerns when choosing
the facility for the experiment. The data from this PhD Thesis was acquired in the
August 2010 campaign of the experiment 1S474 at ISOLDE at CERN, Geneva, by
the fast timing collaboration.

3.1 ISOLDE

The Isotope Separators On-Line (ISOL), mass separators or electromagnetic sep-
arators make use of the fact that charged particles are deflected when they travel
through a magnetic field and the angle of that deflection depends on their charge-to-
mass ratio. If all the atoms are singly ionized (thus having the exact same charge),
the radius of the curve they will describe when entering the magnetic field will de-
pend only on their masses. By placing a thin slit inside the magnetic field, only a
given mass will have the exact bent trajectory to go through, while stopping all the
others and preventing them to come out.

29
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The first large-scale and, currently, world leading ISOL facility is ISOLDE,
at CERN, in the Franco-Swiss border near Geneva. Schematically, it consists of a
device that accelerates protons, a heavy target where they impact to produce the
chosen isotopes, an ion source that ionizes them and a mass separator that select
the isotopes by their mass to charge ratio (see Fig. . Among its most notable
characteristics that made the facility ideal for this experiment are: the precise optics
that focus the radioactive beam almost to a point (a key feature in ultra-fast timing
analysis), the high isobaric separation and chemical differentiation, as well as the
low energy but high intensity of the delivered beams, fundamental for beta-decay
studies.

When not cited otherwise, all the information in this section (Sec. was
obtained from Ref. [43], a paper by E. Kugler describing the ISOLDE facility.

3.1.1 Linac 2

The protons that will impact on the ISOLDE target begin their journey at the linear
accelerator known as Linac 2. Even if not a part of the ISOLDE facility, it plays
a crucial role in its operation, as it is where the protons are produced and injected
in Proton Synchroton Booster (PS-Booster or PSB). The 50-MeV injected proton
pulses are 200 us in length, for a total maximum intensity of 180 mA [44].

The protons are generated in a hydrogen plasmatron ion source with a 90
kV extraction potential, which can generate a current of up to 300 mA. The main
accelerator is a Drift Tube Linac of standard Alvarez design. The three accelerating
tanks, accelerating the beam up to 10.3, 30.5 and 50 MeV respectively, have in
common the radio-frequency (202.56 MHz) and add up for a total length of 33.3
meters [45].

The 180 mA current generates very intense space charge forces, so very precise
beam optics are required. Pulsed electromagnetic quadrupoles placed inside the
drift tubes focus the beam to minimize emittance to below 50% of the accepted
limit [46].

At the end of the accelerating tanks, a line of over 100 m transports the beam
up to the connection point to the PS-Booster line. At the junction with the PSB,
additional magnets are installed in order to minimize the dispersion and convert the
beam to a more ordered so-called FODO structure (a focusing quadrupole followed
by a drift tube and a defocusing quadrupole). First, a bending magnet generates
horizontal dispersion. A second bending magnet deflects the beam in opposite dir-
ection. Finally, there are measurement lines for emittance and beam energy and a
number of quadrupoles to match the beam into the PSB [47].
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In recent years, it has been brought into consideration to increase the intens-
ity delivered by Linac 2, but the space charge tune shift at 50 MeV, in the PSB
injections, limits the maximum total intensity. The only way to surpass this lim-
itation is by increasing the linac energy, which can only be achieved by building a
new machine. Linac 4 has already been commissioned and it is expected to deliver
low-current long-pulse hydrogen beams at 160 MeV by the end of 2017 [4§].

3.1.2 PS-Booster and its proton supercycle

The second step in the protons acceleration is the Proton Synchrotron Booster (PS-
Booster or PSB), even if, again, it is not part of ISOLDE itself. It receives the
protons from the Linac 2 (Linac 4 in the future) at 50 MeV and accelerates them to
600 MeV, 1.0 or 1.4 GeV before delivering them to the different facilities (see Fig.
. It consists of 4 superimposed rings of 25 metres of diameter and has 32 dipoles
and 48 quadrupoles, with a stack of 4 magnets for each of the 4 rings [49]. In the
normal operation mode it delivers pulses of up 3.6 - 10'® protons, with a length of
2.4 useconds, every 1.2 seconds with an average intensity of 1.5-2 pA [50].

There are several clients for the proton delivered by the PSB every 1.2 second.
The pulses are organized in a supercycle to periodically distribute the bunches to the
different facilities. Traditionally, the supercycles were 12 or 14 pulses long, delivering
approximately every second one to ISOLDE. More important, this supercycles were
very stable and its structure did not change often over time.

With the recent addition of the LHC to the client list of the PSB, the scenario
has changed completely. Now the total length of the supercycles is not fixed, varying
in a wide range from 30 up to 50 cycles. During the 1S474 experiment the supercycle
length oscillated from 33 to 38 pulses. ISOLDE no longer receives every other pulse,
but a much more random sequence, from consecutive protons to gaps of up to 3 or
even 4 pulses apart. Now the supercycles structure changes very often, every hour
or even more often, rendering the data analysis more complex in some cases.

The CERN master timing system provides a time signal when the protons
hit the production target. This signal can be recorded during experiments to later
reconstruct protons structure and the supercycle. This information allows to meas-
ure isotope half lives, as there is a time frame reference since the creation of each
isotope. But a problem arises when ISOLDE receives a proton pulse while the DAQ
system has dead time (during write out, for example). In this case one proton pulse
would not be recorded and the isotopes created in that impact would be considered
at least 1.2 seconds (actually the time difference with the previous pulse) “older”
than they really are. When the supercycle was simple and did not suffer frequent
changes, it was easier to detect missing proton pulses (by comparing with previous
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Figure 3.1: Map of the different accelerators at CERN, Geneva. At the bottom
can be seen the Linac 2, which supplies protons to the PS-Booster. The PS-Booster
accelerates the protons to 1.4 GeV and then injects them to ISOLDE (lower black

box).
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and subsequent pulse sequences, for instance). But now that it changes so often,
the effort to reconstruct the supercycle only yields a very small gain (our estimates
suggest that the data loss is below 3%).

3.1.3 The ISOLDE target

From the PSB the protons come through the transfer line into the ISOLDE facility
itself, where they can be directed to either target (there is one for the HRS separator
and another for the GPS, explained in detail in the next section), where several types
of fission, fragmentation and spallation nuclear reactions will occur. By varying
several factors, such as the beam energy or the chemical composition or thickness
of the target, a wide range of isotopes can be produced at ISOLDE, while keeping
excellent beam properties. Currently, the facility is able to create more than 1000
isotopes of over 70 different chemical elements, with intensities ranging from 1 to
more than 10'° ions per second [51].

The target must be carefully chosen to enhance the cross section of the required
nuclear reaction (the one that will create most abundantly the isotope that will
be studied), while for nearby nucleus and possible contaminants are as suppressed
as possible. As the isotopes are created inside the target, its fast extraction is
also of critical consideration, specially for short lived nuclei, since otherwise they
would decay before arriving to the experimental area. For these reasons, the most
common target materials are oxide or metallic carbides, which have a very high
fusion temperature, thermal stability and vapour pressure at high temperatures.

The specific yield for Mn isotopes at ISOLDE is shown in Fig. [3.2] as measured
in [52]. For isotopes closer to stability, such as **Mn, the production is slightly
higher for Nb than UC, targets, but as we move away from the Valley of Stability,
the isotope production is much higher for the uranium target. The 1S474 experiment

was interested in the more exotic isotopes, and thus it was decided to use a 98.4 g
UC, (UCy/graphite) target.

Target release

The isotopes are created inside a thick target and they have to diffuse out of it. It is
a complex process as there is a large variety of boundary conditions, diffusion and
effusion at variable temperature in complex three dimensional volumes, for which
most of the coefficients are not precisely known. The release can be fitted to a semi-
empirical formula, expressed as the ion beam intensity as function of time after
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Figure 3.2: Comparison of the Mn isotope yield for 50 g/cm? Nb (red dots) and 51
g/cm? UC, (black squares) targets. Protons injected from the PSB at 1 GeV. All
data taken from [52].

proton impact. This curve was proposed by Lettry et al. in [53]:

1
Norm

P (t, A\, Af, Asy ) = (I—e™)[a-eM +(1—a) e ™. (3.1)

Each parameter, except «, is a decay constant, so some times they are given as
time constants, following the equation A = @. The parameter ¢, governs the rise
time, ¢; the fall time of the fast component, ¢, the fall time of the slow component and
« is the weight (ratio) of the fast and slow components [54]. To properly describe the
intensity of the beam, equation (3.1]) must be convoluted by the decay of the isotope.
Specially when the half life is in the miliseconds range a significant proportion of
isotopes may have decayed away before reaching the experimental area. Moreover,
decay chains need to be taken into account if the ion-beam intensity is measured by

non-selective detectors, such as S counters.

It has been noted that this parametrisation of the release curve does not exactly
describe the actual curve [55], but it is sufficient to determine yields and release
efficiencies. There are databases with these parameters for specific isotopes and
targets [56], but those numbers vary with the operation conditions (proton energy,
temperature of the target matrix, etc.) or with target sintering due to ageing and
proton impact.

In the IS474 experiment the target number 434 was employed. It was equipped
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Figure 3.3: In blue the data measured in target 434 for the release of 5"Mn during
a test prior to the IS474 experiment. In red the fit performed using Eq. [3.1]
The results of this fit are shown in Tab. [3.I] This corresponds to a yield of 5.8 -
10® atoms/uC.

Isotope Target o' tr (ms) ty (ms) 5 (s)
Mo  UC, 078(1) 72(3) 22(1) 6.2(1)

Table 3.1: Release parameters for >’ Mn isotopes in a UC, target. The parameters
were obtained with the fit shown in Fig.

with a neutron converter, but it was not used during the run; during the whole
experiment the protons impacted directly on the target. The working temperature
for the target was of 1950 °C and 1830°C for the line. A test was run before the
beginning of the experiment (see Fig. and the production yield for target 434
was of 5.8-10% atoms/uC for ®*Mn and 1.7-10° atoms/uC for 3 Mn. This corresponds
to a production of roughly 250000 %*Mn ions per second.

Radioprotection

Radioprotection is a main issue at ISOLDE and more so in the target area, where not
only radiation levels are very high during operation, but also there is a potential risk
of accidental release of radioactivity. The target area and the radioactive handling
bay are completely separated from the control room and experimental hall, where the
experiments are run. The whole zone is built 8 m underground and is surrounded by
steel and concrete blocks. It has a special ventilation system to prevent radioactive
airborne leaks and that it is kept confined to ensure that most of the activity has
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decayed away before being released [57].

Target radioactivity remains above human safety level for a long time after
their useful life has expired. To prevent stopping the facility for long periods of time
to let spent targets to cool off, all handling inside the target area is done remotely.
Moving, changing and storing of targets is done by industrial robots, which move
on rails. These robots do not contain any semiconductor or radioactivity sensitive
circuit, so that they can work in such environment. All the electronic controlling
the robots is installed on the other side of the concrete walls, were the radiation
levels are safe for humans standards.

3.1.4 RILIS

One of the main drawbacks of ISOL facilities is the isobaric contamination. Isobar
mass differences are typically very small and may be below the mass separation
power of the magnets. Due to the different number of protons, isobars are chemically
different, each with a different number of electrons and ionization energies. The
Resonance Ionization Laser Ton Source (RILIS) makes use of the photo-ionization
technique [58] to select a specific chemical species, providing a rapid and effective
Z-selective ionization process that delivers a pure Radioactive Ion Beam (RIB). The
radiation of a pulsed laser tuned to the consecutive transitions of atomic (electronic)
states can ionize the atom. The probability, and thus the efficiency, of the laser, to
photo-ionize an atom is given by the thermal population of the atomic ground state,
the transition cross-sections and the laser beam intensities used in the excitations,
as well as the spontaneous decay times of the excited states. This value, in the
appropriate conditions and for certain chemical species, can go above 10% [59].

At RILIS atoms are ionized by the repetition of a pulsed laser with a frequency
rate of 11 kHz inside a hot cavity. The cavity plays an important role, as it has to
confine the ions for a certain time in a compact volume where they can be irradiated
by the laser before they drift to the extraction region. This confinement is made
by the natural emission of electrons by a high temperature metallic surface, which
produces a negative potential well, preventing the ions to hit the wall and capture an
electron. To minimize this effect, metals with relatively low electron work function
can be used; specifically RILIS uses niobium and tantalum cavities [60]. The heating
of the cavity creates a gradient that pushes the ions towards the exit, see Fig.
3.4l As mentioned before, to provide the adequate ion confinement of the ions, the
temperature in the cavity must be very high. This can cause thermal ionization of
some atoms, particularly if the ionization potential is low. Thus, in isobars with low
ionization potential, perfect selectivity is not achieved, as was the case with gallium
during this experiment.
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Figure 3.4: Schematic layout of the RILIS ion source at the ISOLDE facility, with
the hot cavity and the General Purpose Separator. Image taken from Ref. [60].

In Fig. the RILIS operation is illustrated in an schematic way. The lasers
consist of copper vapour lasers (CVL), dye lasers, non-linear crystals and optical
elements to focus the laser beams. The three CVLs are shot simultaneously in order
to give two beams with power around 70 W. The dye lasers and the amplifiers can
be pumped by the CVLs. Varying the dye solutions, RILIS can cover a spectral
range of 540 — 850 nm [60].

RILIS was first used to ionized Mn in [62], where the %Mn isotope was seen
for the first time. Mn atoms present a very complicated atomic spectrum with many
multiplets and with a considerable amount of levels above the first ionization limit,
at 7.44 eV. The most efficient setup is a three step ionization (see Fig. , first
excited by a laser of \; = 279.8 nm, then another of Ay = 628.3 nm and finally
ionized by a laser of A3 = 510.68 nm. This needs a temperature above 2300 °C'
and has an efficiency below < 19% [63]. With the recent implementation of a
titanium:sapphire laser system at the ISOLDE RILIS the running conditions have
improved.

It was clear during the experiment that a large amount of Ga isobars were
present in our beam. Gallium has a first ionization energy of only 6.0 eV [64], so
just by thermal collision with the ion source surface, it was easily ionized. The mass
separator was unable to resolve the two masses, but the large difference in half lives
allowed us to separate them by a proper setting of time gates (for example see Fig.

7).
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Figure 3.5: Simplified scheme of the RILIS set up. CVLI1-3 are copper vapour
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3.1.5 Mass separators and beam line

Once ionized by RILIS, the isotopes are extracted into the beam line by a potential
gap of a few tens of kV between the target and the front-end of the line. Although
the typical potential is 60 kV, a value of 30 kV was used in our experiment. The
gap area is enclosed in a metallic airtight cage, which defines the ground potential in
the separators. Dry air is continuously flowing through the gap in order to prevent
sparks and avoid the formation of nitric acid due to the passage of high energy
particles. Lastly, this gap is in an underpresure state, which would prevent the leak
of radioactive material in case of accidental breakage.

The ion beam impacting on the target has an intensity of about 2 pA, which
causes an intense ionization of the air around the target. The ionization can break
down the potential gap of 60 kV, so in order to avoid this, the voltage is turned off
just before the proton impact and is not turned on until 6 to 8 ms after the impact.

When the proton pulse impinges on the target many isotopes are created, and
some are immediately ejected from the target. To avoid the ions going into the beam
line, ISOLDE has the so called beam gates, electrostatical deflectors of about 4.5
kV [65] that deflect away the ions. After a certain period of time, the beam gate is
open, allowing the passage of ions through the beam line.

The activity of the isotope under study will increase with time from moment
of opening of the beam gate as more and more ions are extracted from the target
and arrive to the experimental area. After some time, most of the ions will have left
the target or will have decayed away, which can be observed as a decrease in the
activity. At that time, any ion leaving the isotope is a potential contaminant, so the
beam gate is closed to minimize presence of other isobars in the experimental area.

ISOLDE has two independent mass separators, with a different target each.
Both of them receive the protons from the PSB and, after separating the ions by their
mass, they deliver the beam to the common central beam line, so every experiment
(permanent or temporary) can make use of either of those separators (see a schematic
layout of the ISOLDE facility in Fig. . This junction in the central beam line
consists in a parallel plate condenser, which, by increasing one polarization or the
other, will accept the beam from one of the separators. After this switch-yard, the
beam distribution systems delivers the beam to a specific experiment. Since there
is no mechanical components, fast switching is possible, but only one beam can be
in the beam line at a time. Only the mass separators have magnetic components,
the rest of the guiding beam line is made of electrostatic elements in order to make
the beam transport mass independent.

The smaller separator is the General Purpose Separator (GPS), which has a
double focusing 70° magnet with a bending radius of 1.5 m. It has a mass resolving
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Figure 3.7: Schematic layout of the ISOLDE facility. 1.4 GeV protons come into the
facility and are directed to either one of the two targets (HRS or GPS). After ionizing
and selecting a specific isotope, the ions are conducted through the beam line to
the permanent experiments, like ISOLTRAP or MINIBALL, or to the experimental
areas LA1 and LA2, where temporary “travelling” experiments are arranged. Image
taken from the ISOLDE web page [66].
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power of 2400. It has a switch-yard that allows it to select three ion beams with a
mass range of +15% (0 for central, up to —15% for the low mass and up to +15%
for the high mass line) and to transport them simultaneously to three different
experiments. This switch-yard is built up of two pairs of electrostatic cylinder
shaped deflector plates, one to each side of the central line. This lateral lines serve
mainly for collecting ions or smaller experimental setups, as solid state physics, for
example.

The second, more powerful, separator is the High Resolution Separator (HRS).
It comprises a two stages magnetic analysis (the first of 90° and the second of 60°),
electrostatic quadrupole lenses and a number of magnetic and electrostatic elements
for correction of higher order image aberrations. The two magnets bend the beam in
opposite directions, so there is no need for an intermediate focus before the second
magnet. Nominally it has a mass resolving power of M /AM = 10000, but in practice
its limit is near M /AM ~ 5000.

Nuclear structure experiments in general, and fast timing in particular, rely on
a sufficient amount of statistics of good quality. The amount of beam time is always
a constraint when running experiment on large scale, highly demanded, facilities,
and therefore a high enough intensity is the only way to achieve the required amount
of experimental data. To accomplish this, it is indispensable that as many ions as
possible that diffuse out of the target reach the experimental area. In every bend,
focusing point, mass selection segment or just due to Coulomb repulsion of the
particles, a fraction of the beam is lost. In order to monitor the beam intensity in
each section, a number of Faraday cups, moving wire scanners and wire grids are
set all along the beam line. With these diagnosis tools, the user can try to optimize
the quadrupoles intensity in the beam line and, by doing so, maximize the intensity
of the beam at the experimental area. This is typically around 90% or higher.

3.2 Experimental setup

3.2.1 The detector system

Five detectors were used in the experiment in a close geometry configuration. In
front of the beam was a fast plastic scintillator NE111A, in the horizontal plain two
High Purity Germanium (HPGe) detectors and in the vertical plane two LaBrs(Ce)
fast scintillator crystals. Fig. shows the disposition of the five detectors, as close
as possible to the beam deposition point to maximize the solid angle covered.
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Figure 3.8: Close-up phototgraph of the 1S474 experimental setup including the
five detectors.

NE111A plastic Being the § energy spectrum a continuum, the energy resolution
is not a concern when choosing a plastic detector, but timing resolution and efficiency
are. For this reason the NE111A [67] organic plastic detector was chosen as the g
detector for its very fast rise time. The EJ-232 (the current commercial equivalent
plastic detector to NE111A) has reported rise time of 7 = 0.35 ns [68]. It was placed
just in front of the aluminium stopper, with a separation of about 1 mm to maximize
the efficiency. There is no need that the g particle deposits all its energy, only a
fraction is enough to trigger the detector and start a coincidence in the TACs. For
this reason it is considered that the detector has an intrinsic efficiency of 100%, but
only covers about a solid angle of 30%. It has 1.3 cm diameter and 3 mm thickness,
for a total volume of around 400 mm? and it was coupled to a Photonis XP2020
photomultiplier. The g detector must be as thin as possible to ensure that all the
B particles deposit a similar amount of energy, and thus minimize any contribution
from the time walk of the plastic scintillator. As explained in Sec. [{.2.2] the time
response as a function of the energy deposited by the § particle was not completely
uniform and some corrections were performed.

LaBr;(Ce) crystals The traditional choice for timing crystals was the BaFy scin-
tillator, one of the fastest crystals but with a poor energy resolution. In the last
decade the LaBrs(Ce) crystals were developed with a time resolution of 107(4) ps
at ®Co energies for 1 inch crystal [69] (the time resolution is worse for 1.5 inches
crystals), comparable to that of a BaFs, but with a much better energy resolution
as low as 3% at 662 keV [70]. To maximize their timing properties they need to
be relatively small and to enhance their light collection the shape needs to be op-
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timized. In this experiment we used a new generation of LaBrs(Ce) crystals with
truncated cone shape. The crystals had 38.1 mm height, 38.1 mm diameter at the
bottom and 25.4 mm diameter at the entrance window. The crystals were coupled
to Photonis XP20D0 PMTs, optimized for fast timing. The XP20D0 were operated
at HV = 1020V. This leads to a good gain at the expense of energy linearity and in
a particular time walk. The PMTs were protected from magnetic fields with pu-metal
shielding. The energy resolution improvement of LaBrs(Ce), compared to previous
crystals such as BaF,, has a positive impact in timing measurements as well because
the peak-to-Compton ratio underneath is greatly reduced, therefore minimizing the
corrections needed (see Sec. [1.2)).

HPGe detectors Even with the large improvement that the LaBrs crystals brought
to energy resolution in crystal scintillators, it is not enough to resolve the high num-
ber of gamma peaks that an odd nucleus such as %Fe would present. In order to
select a specific gamma cascade the energy resolution of a HPGe is required. Two
HPGe detectors were used in the experiment. Xavier (labelled as Ge-1 in this ex-
periment) is P type ORTEC GEM60200 with a 60% efficiency, 1.95 keV FWHM at
1.33 MeV and a 70:1 peak-to-Compton ratio [71]. André (Ge-2) is N type ORTEC
GMX60200-S with a 60% efficiency, 2.3 keV FWHM at 1.33 MeV and a 56:1 peak-
to-Compton ratio [72]. Due to the the slow charge collection and the variable shape
of their signals, HPGe detectors have poor timing resolution (one of the best timing
resolution reported is 8 ns by Mihailescu et al. [73]). With this timing resolution
they are not suitable to measure half lives in the picosecond range, but they were
connected to TACs to measure the half lives of isomers in the range of nano to
microseconds.

3.2.2 Electronics

For the electronic setup NIM standard (Nuclear Instrument Module [74]) modules
were used. This standard was established in 1964 for the nuclear and high energy
physics experiments, with the goal to promote the interchangeability of instrument-
ation modules. It is a modular system, formed by bins (or modules) and crates, were
the bins are plugged. Each module has a specific function and dimensions of 8.75
inches tall by 1.35 inches width (2.7 inches for double modules). The crate supplies
a constant voltage for the modules. Under every crate there is an additional slot to
introduce a tray with several fans. Each module has holes in the top and bottom
faces, so the air can flow though them. Several crates can be put into a rack, one on
top of each other. As each of them have a tray with fans, a column of air can flow
through all the modules, cooling them and maintaining a constant temperature.
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Figure 3.9: Simplified diagram of the 1S474 electronics setup. During the experi-
mental run there were two HPGe and two LaBrs detectors, but only one of each is
included in the diagram to keep it simple. The electronics for the other detectors
are identical.

Our electronic setup consists of two main sections, a timing part and another
for energy signals. In the timing section very fast signals (with short rise time, in
the order of a few nanoseconds) but with worse shaping, are used. On the other
hand, the energy branch does not need fast signals (their rise times are in the order
of hundreds of nanoseconds) but their shape is much better defined. Fig. m shows
a diagram of the 1S474 electronic setup. For the sake of simplicity the diagram
only shows one of the HPGe detectors and one of the LaBrs(Ce) detectors, but the
experiment was run with two of each.

B plastic detector The [ plastic detector was coupled to Photonis XP2020 PMT,
whose base has two outputs. The signal from the last dynode is in principle more
linear than that of the anode, so it is used for the energy deposited by the [ particle.
It first goes to an ORTEC 113 Preamplifier, which integrates the signal, slightly
amplifies it and acts as a noise filter. The next step is an ORTEC 572A amplifier,
which has a built-in pile-up rejector, large dynamic range and a very fast base line
restorer. From there, the dynode signals goes through an ORTEC 542 Linear Gate
Stretcher and it is fed to the Pixie-4 module. The signal is allowed to go through
only when there is a coincidence from any of the TACs.

The anode signal has gone through an additional dynode step, so it is more
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amplified and, more importantly, it is negative, the polarity that is accepted by
the constant faction discriminators (CFD). It goes through a 10 ns cable to an
ORTEC 935 Quad CFD, where the constant fraction discrimination is achieved via
an external delay of 2.5 ns, and the walk is optimized as much as possible (for
details, see Sec. [4.2.2)). The triggered signal from the CFD goes to an ORTEC 567
TAC/SCA, where it will act as the START. Time-to-Amplitude-Converters (TACs)
work in coincidence, when the START signal arrives, it starts rising a voltage,
linearly proportional to the time elapsed, until the STOP signal arrives. The output
of the TAC is a signal whose amplitude is that of the increased voltage. The START
signal for all the TACs is the plastic detector, while the STOP is the gamma detector
associated with each TAC. The TAC output signal goes to the Pixie-4 DAQ while
the SCA output signal goes to a 418A Universal Coincidence module to deliver the
gating signal for the Linear Gate Stretcher mentioned before.

LaBr;(Ce) scintillator detectors The electronic setup for the LaBrsg(Ce) de-
tectors is very similar to the 3 plastic detector. The dynode signal is used for the
energy and it is first pre-amplified by an ORTEC 113 Preamplifier. A 10 ns cable
connects it to a Tennelec TC 247 Dual Amplifier (it receives both scintillators dyn-
ode signals) and from there to an ORTEC 542 Linear Gate Stretcher. If there is a
positive coincidence between the a § and a 7 event, the signal is allowed to continue
to the Pixie DAQ), where it is recorded.

The timing branch goes from the anode through a 10 ns cable to the same
Quad CFD as the ( plastic where the constant fraction discrimination uses a 3 ns
external delay. A 16 ns cable connects them to the TACs, where they act as STOPs
for the coincidence started by the S detector signal. As their timing range was set
to 50 nanoseconds, they were named fast-TACs.

HPGe detector The signal from a semiconductor detector is very weak, so the
HPGe detector has an integrated preamplifier already. It has two identical output
signals, but typically one is used for timing and the other for energy. This second
one can go directly to the digital DAQ (where it is recorded as the energy) and the
second one goes to an ORTEC 863 QUAD Timing Filter Amplifier. The timing
signals from the HPGe detectors need additional shaping and amplification. From
there on, the timing signal goes to Canberra 454 Quad CFD, suffers a delay before
continuing to an ORTEC GG8020 Octal Gate and Delay Generator. This module
only allows the signal to proceed if it receives a coincidence from the SCA output
of the 5-LaBrs TACs (this is is, the § plastic has detected a particle and there is a
p-HPGe coincidence). Afterwards it passes to an ORTEC 567 TAC/SCA, where it
acts as the STOP input signal (the § was the START). The TAC output signal goes
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to the Pixie-4 DAQ where it is recorded. Since their timing range is 2 p-seconds
they were labelled slow-TACs.

3.2.3 Digital Gamma Finder Pixie-4

The data acquisition system was a XIA crate with 4 synchronized Digital Gamma
Finder (DGF) Pixie-4 Rev. C cards from XIA LLC [16]. It is a digital system de-
signed for high resolution gamma spectroscopy with HPGe detectors, specially well
suited to work with 4-fold clover detectors. This system is compatible with other
types of scintillator/PMT detectors and any other kind of semiconductor detectors,
provided the processing of the signals in the module is modified. Sometimes prepro-
cessing is also required. It works as a waveform digitizer, acquiring data at rates of
75 Megasamples per second (or 75 MHz) using 14-bit ADCs [75].

For slow signals the optimal input signal for this system is directly the output
of a preamplifier integrator, with no need of further processing. The systems allows
to measure the amplitude of the incoming signal and analyse the pulse shape simul-
taneously for each channel. Fig. shows the schematic drawing of the integrated
electronic of a XITA card.

The XTA crate can accommodate 4 modules, each of them with 4 input chan-
nels. This allows the use of up to 16 different inputs, but during the experiment
only 10 were used:

e Module 1

— Channel 0: Proton impact signal
— Channel 1: HPGe-1 energy
— Channel 2: HPGe-2 energy

e Module 2

— Channel 0: LaBrs-1 energy
— Channel 1: LaBrs-1 fast-TAC
— Channel 2: LaBrs-2 energy
— Channel 3: LaBrs-2 fast-TAC

e Module 3

— Although the slot was not functional, a module had to be inserted into
the crate in order for the acquisition system to write out correctly to the
computer.



3.2. EXPERIMENTAL SETUP 47

analog gain 14bit | | FPGA - MCA.
*T1 andoffset [ ADC [T trigger. List mode glOCk-
y . rigger
pileup, memory 32)
- - FIFO ]
analog gain 14bit =5 L
“T andoffser [ ADC I : ]
DSP = Interface
logic
analog gain 14bit I
*T1 andoffset [] ADC —
‘ A = FPGA - I PCI
trigger, 39 bit o
analog gain 14bit pileup. ssvz = OO
*T andoffeet [ ADC [—] FIFO e
and offset ADC PCI
Py Veto

Figure 3.10: Diagram of the electronics of a Pixie-4 XIA card. Each card has four
input channels and can record the amplitude and process the signal shape. Image
taken from [75].

e Module 4

— Channel 0: 3 plastic energy
— Channel 1: HPGe-1 slow-TAC
— Channel 2: HPGe-2 slow-TAC

The general working procedure of the Pixie-4 digitizers is briefly described
below.

Analog signal conditioning The input of each data channels is represented in
Fig. by the analog gain and offset box. Its main function is to convert the
input signal to the range of the Analog to Digital Converter (ADC), which has a
maximum amplitude of 2 V. For this purpose, it fixes the gain so the signals are
within the voltage range of the DAQ and sets the dynamic range.

Analog to Digital Converter The next component is the 14-bit ADC, which
converts the analog signal into a digital one. It simply realizes a linear conver-
sion from the input voltage signal to a 16 bit digital word. 2'¢ = 65536, so V=0
correspond to 0 value and V' = 2 will correspond to 65535.

Real time processing unit The real time processing units are represented by
the Field-Programmable Gate Array (FPGA) boxes in Fig. [3.10, It first applies a
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filter to shape the signal, transforming it to trapezoidal one, making the analysis of
the pulse height less sensible to the variations of the signal shape.

In the next step a pile-up inspector will check if there is a second pulse too
close to the first one that may distort the height of the first pulse. In the event this
happens, both pulses are discarded. It is an effective method as long as the time
difference between the two signals is longer than the rising time of the input signal.

After a signal has been detected and has passed the pile-up filter, it triggers a
communication with the DSP module to allow the storage of data. After that there
is a FIFO memory, which is continuously filled with information about the ADC
pulse shape and only stops to avoid over-writing of valid events.

Digital Signal Procesor This component receives the information from the pre-
vious module, reconstructs the real pulse height, assigns a time value to it, prepares
the data and transmits them to the PC. It also sends another signal to the MCA
spectra. All the information about the events and the MCA spectra is sent to the
PC through a PCI interface. The MCA spectra are histograms that only contain
information about the number of events and their energy, as recorded in each mod-
ule. The main information is recorded in list-mode format (LMD), in which the
information is written event by event, each of them containing energy information
and a time-stamp.

3.3 Sorting software

When running an ATD experiment, a large amount of data is generated, but only
a fraction will contain useful information. For the analysis of ultra-fast timing data
several levels of sorting are necessary.

In the first step of the sorting process, the so called “presorting”, all the files
of the a same mass are merged together and classified according to the detector that
recorded the event or the coincidence pattern. As explained below, Pixie arranges
the data in blocks of 32 buffers for each module. This method has the benefit of
minimizing the dead time due to data writing, but it is not manageable when comes
to analysing the data. With the proper sorting, the data is organized following some
defined conditions.
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3.3.1 Pixie data writing structure

The first step in writing appropriate sorting software for the data analysis is to fully
understand the way the Pixie-4 DAQ structures the writing of the recorded data.

First of all the Pixie-4 DAQ is composed by 4 module slots, each of them with
4 channels. Each module has 32 memory buffers and each buffer can store up to 744
events (how Pixie-4 defines an event will be explained later). Each time any module
fills one buffer with 744 events, all the modules will close their current buffer, no
matter how many recorded events they have stored, and start collecting information
on the next one. During the experiment, the energy of the HPGe detector and the
proton pulses signals were fed to the first module. Due to the higher efficiency of the
HPGe over the scintillator crystals at high energies and the fact that their energy-
signals were not run with a hardware coincidence condition, the module to which
those detectors were fetched was always the first to fill its buffer. So, in practice,
every time the first module buffer was full, the buffers of the other three modules
(still half empty) were closed and new ones started.

Once every module has closed 32 buffers (in practice only the first module
buffers were full) the system writes out the data to the PC hard drive. It writes
first the 32 buffers of the first module consecutively, then the 32 (or less) buffers of
the second module and so on. Due to this sequential reading/writing, the systems
requires the 4 modules to be plugged to the crate, because it cannot skip any before
proceeding to the next. For this reason we had to plug a module in the faulty third
slot of the crate with no input signal attached, which recorded no events at all.

The system was set to write in each file 64.000 buffers, which, for the usual
activity of a few thousand [ particles detected per second, meant a new file every
hour. This way if, for any reason, the file became corrupt, only a small fraction
of the data would be lost. All the data recorded from Pixie-4 is sent to the PC as
unformatted binary data in 16-bit words. This unformatted structure of the data
implies that the words must be read in a very specific order, since skipping just one
word could make the whole data incomprehensible.

Files do not have any kind of preamble or file header, they start directly with a
buffer header for the first buffer of the first module. Each buffer header is composed
of 6 words, as explained in Tab. [3.2] The total number of words in a buffer refers to
the total number of event words plus the total number of event headers, excluding
the six words from the buffer header. This implies that this number was zero for the
empty buffers of the third module of this experiment. It is important to consider
the extremely unlikely possibility (other than for malfunctioning reasons) of a empty
buffer, as it is easy to overlook this possibility that would cause errors in the reading
program.
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Word Variable Description
0 BUF-NDATA Number of words in this buffer
1 BUF-MODNUM Module number
2 BUF-FORMAT  Format descriptor = RunTask + 0x2000
3 BUF-TIMEHI Run start time, high word
4 BUF-TIMEMI Run start time, middle word
5 BUF-TIMELO Run start time, low word

Table 3.2: Order and meaning of the 6 words of the each buffer header.

The second word refers to the module number, numbered from 0 to 3 from left
to right in the crate slots. Even if the modules are always read out in order, this
number can be used as a check.

The format descriptor is a number that indicates what information is being
recorded. This experiment was run in mode compression 3, indicated by number
259. It only records energy and timestamp, the minimum required, thus reading
and writing faster than if more needless information was recorded as well.

The last three words store the start time of the buffer with the Pixie clock. As
they are only 16 bit long, that mean that each one of them can hold up to 65536
ticks. Pixie clock has a frequency of 75 MHz, which means that each tick is 13.3
ns and that a whole 16 bit word is ~ 0.874 ms. The standard experiment spans
through several days, so three 16 bit words are used, and the clock can run for more
than 43 days before overflowing

The Pixie DAQ system is capable of recoding coincidences for detectors plugged
within the same module with a time window of +8.107 us or 608 Pixie clock ticks.
In the IS474 experiment it implies that HPGe detectors coincidences were recorded
as a single event, because both of them were connected to the first module. There
cannot be an event containing coincidences from a HPGe and a [ detector, for they
were in different modules. Since each module has 4 channels, a single Pixie event
can have up to 4 different input signals.

Due to the fact that the number of words from an event is variable, the total
length of a buffer is not fixed (even if it was known that the buffer was filled with
the maximum 744 events) and thus the need for the first word defined in table
with the total number of words in the buffer. For this reason, the only way to read
this list mode data is by keeping track of the number of words already processed so
when the program has read BUF-NDATA words, it knows a new buffer will begin.
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Word Variable Description
0  EVT-PATTERN Hit pattern. Bit [15..0] = [gate pattern
: hit pattern : status : read pattern]
1 EVT-TIMEHI  Event time, high word
2 EVT-TIMELO  Event time, low word

Table 3.3: Three-word header at the start of the events.

Each event starts with an event header, composed by three words (see Tab.
B-3). The last two words (called high and low) are equivalent to the medium and
low time words from the buffer header. To reconstruct the time for the beginning of
the event, the high word from the buffer header, the high (actually middle in spite
of the name) and low word from the event header must be used. The main problem
is that Pixie is assuming that the high word from the buffer header does not change
for the whole buffer duration, which is not always true. This can be checked if the
total time is always increasing (as the events are written sequentially), and if it ever
decreases, it only needs a +1 in the high time word.

The first word in the event header is called the event pattern and is a way to
describe how many detectors are involved in the coincidence. It is done down to
the bit level. The 16 bit word is subdivided in 4 smaller words of 4 bits each. The
first four bits show with 1 the channels that have recorded information, else they
are 0. For example 0110 would indicate that the first and fourth channel have no
data but there was a coincidence between the second and third. The other 12 bits
of the word are not relevant for this type of data format.

After the event header comes the event information itself, called channel
header. Given the fact that each individual module has 4 input channels, up to
4 different input signals can belong to a single Pixie event. The system always
writes the coincident events in order, from first channel to fourth, but only those
that actually recorded data. In compression mode 3 (the one used in this experi-
ment) only energy and time are recorded (see Tab. [3.4)). The energy word contains
the amplitude of the signal converted to a digital number by the ADC, which is not
necessarily an energy, it can be time, as with the TACs cards. The time word, this
time called fast trigger time, is nothing else then the low time word. To construct
the timestamp of an event, one must use the high word from the buffer header, the
medium (called high) from the event header and the low (called fast trigger) from
the channel header. As explained before, the high and medium word can increase
between the moment they were recorded and the moment the event was stored, but
this can be easily corrected for.
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Word Variable Description
1 CHAN-TRIGTIME Fast trigger time
2 CHAN-ENERGY Energy

Table 3.4: The proper experimental data are these two words, containing the energy
of the event and the timestamp.

3.3.2 Presorting

In the presorting step, the main goal is to rearrange the data so it is organized by
detectors instead of modules. To achieve this, a number of computer programs have
been developed in this Thesis in FORTRANT77, partly based on previous work by
Henryk Mach. Each program was aimed to select the events recorded in one specific
detector or coincidences between a set of them, but all followed the same structure.

An input file tells the program the names of the output files we wish to create
and the location of the data files we want to merge together. In other versions of
the program the input file would also contain information about the proton pulse
pattern sent from the PS-Booster to ISOLDE (for more information about this, see

Sec. [3.1.2)).

The presorting program may be subdivided in three main parts. The first part
reads the data files and loads a buffer from each module onto the RAM memory. The
second part, which is not always called, is a subroutine that looks for coincidences
between detectors in different modules. The last part writes each event in a different
output file according to the detector that recorded it.

If we are interested just in single events, not in coincidences, each event will
contain 4 parameters. Two of them will be related to the proton supercycle, which
was not reconstructed in this experiment. Thus this two words were not used,
but a fixed number was written instead for consistency with the following sorting
programs. The other two parameters were the energy of the events and the time
elapsed from last proton pulse impact on the target (proton time from now on).
Pixie adds a timestamp, but it is referred to the system clock, which is started at
the beginning of the experiment. The time, expressed in this manner, is not used.
Instead, we are interested in the proton time, which is a much more suitable time
reference because it gives us a time frame since the creation of the isotopes. To
construct this time, the program looks for a proton pulse (channel 0 in the first
module). When it finds one, it sets it as the time reference, and then looks for the
next one. All the events found between those two protons have their timestamp
changed to the time difference between their actual timestamp and the first proton
time. Pixie clock works with steps of 13.3 ns, while the isotope half lives spans from
dozens of ms to a few seconds (longer half lives rapidly reach saturation and may be
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treated as constant background). Moreover, the proton pulse cycles is a multiple of
1.2 seconds, so the proton time is expressed in milliseconds instead of 13.3 ns ticks,
as it is a much more suitable time unit.

The coincidences may contain from 5 to 9 parameters, depending whether they
are double or triple coincidences and on which detectors are involved. Typically, the
parameters will be the energies of the detectors, the TACs associated to these de-
tectors and the proton time. The time differences between detectors in a coincidence
usually are below a microseconds and the proton time is measured in millisecond
(as explained above), so just one time is required for the multiple events. The most
common coincidences used are: HPGe-HPGe, S-HPGe, 5-HPGe-HPGe, (-LaBrs
and S-LaBrs-HPGe. As mentioned in Sec. [3.2.3] the system can only automatically
construct coincidences for detectors within the same module. From the list given
before, only the two HPGe detectors were connected to the same XIA module, so
all the other coincidences were built off-line.

Every coincidence of interest that was constructed off-line had a [ event as a
start. As explained at the beginning of this section, all the buffers from the modules
are started at the same time and, when any of them is filled, all are closed and new
ones opened. Thus, the subroutine loads parallel buffers from each module, looks
in the appropriate one for a 8 event and sets its timestamp as the beginning of the
coincidence. Then it searches in the other buffers for an event from other detector
that is within the coincidence time window (typically a little over 1 us). When
working with triple coincidences, it would continue to another buffer and look for
another one. For LaBr3(Ce) detectors, their TACs where always connected next to
them in the modules, so it was not necessary for the subroutine to look for them,
they were always recorded consecutively. For HPGe detectors this was not the case,
so an additional loop was necessary in order to find Slow-TACs in coincidence.

In order to verify the correct functioning of the subroutine, it was run to look
for HPGe-HPGe coincidences and they were compared to those directly recorded by
the DAQ system. The Pixie coincidence time window is not as strict as expected.
By default it is set at 8.107 usecs or 608 Pixie clock tics, but it still found a non
negligible number of counts after the window should be closed, see Fig. [3.11] After
discarding the counts outside the time window, the difference in the number of
coincidences found by the Pixie system and the subroutine was below 0.1% (see the
green plot in Fig. . The difference is nearly zero for the true coincidences,
while the number increases with the time difference between the coincident gammas
(random coincidences).

As mentioned before, the coincidence events constructed off-line were HPGe-
HPGe, g-HPGe, -LaBrs and p-LaBr3-HPGe. Since each detector had a different
energy calibration and each TAC a slightly different time calibration, for each co-
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Figure 3.11: Time difference of the HPGe-HPGe coincidences recorded by Pixie
(black) and the subroutine written for the analysis (red). In the edges of the random
plateau it is clear how additional coincidences show up even after the time window
should have been closed. The green plot shows the difference in the number of
coincidences found by the subroutine and Pixie within the coincidence window.

incidence type there were all possible detectors combinations, so, in the end, the
program had to produce a large number of output files.

3.3.3 Sorting

Once these pre-sorted files have been created the sorting procedures can be applied.
For this porpouse we used programs written by Henryk Mach. This second program
needs an input file that gives the number of parameters per event, provides labels
for each of them and up to three levels of gates. For example, in triple coincidences
By7y(t), typically the parameters would be:

e [ energy

o HPGe energy

TAC B-HPGe

LaBr;(Ce) energy

TAC [-LaBrs
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e Proton time

Three levels of gates (conditions) are used in the sorting. In the first level of
gates, general conditions can be defined for each parameter, which will be applied
to all subsequent gate sets. A typical example would be a gate in the [ energy.
This level of gates may or may not have subtraction of random /background events.
The second level of gates is dynamic. Another gate with the same width must
be subtracted, and is only applied to one parameter. In the previous example, it
could be employed for the HPGe energies. Dynamic means that several gates can
be defined (one for each energy peak, for example) and each one will be applied at
a time. The third level of gates is dynamic as well, but does not accept background
subtraction, and only applies to an individual parameter. Moreover it needs to be
correlated to another gate in the second level. Following the example, it would be
the LaBrs energy, and a peak in coincidence with the HPGe peak would be selected.

The final result will be an histogram of 32768 channels. To finish the previous
example, the program would project onto the -LaBrs TAC. This gives the time
difference between [ particles with an energy set by level 1 and gamma detected
in the LaBrs which energy is set in the level 3 and which is in coincidence with
another gamma of the energy set by level 2 detected by the HPGe. The program
also accepts running with 1 or 2 level gates or even none, and thus it is capable of
producing ungated spectra.

3.4 Concluding remarks

This Chapter covers three main topics. In the first part a general overview of the
ISOLDE facility was given. Emphasis was put in the isotope creation process, from
the proton acceleration in the Linac 2 and PSB to their impact at the heavy target,
and the isotope selective ionization and mass separation, the key elements in the
facility that truly allow for the measurement of the most exotic nuclei.

The second part described specific elements of the IS474 experiment. Even if
the setup was standard for ATD experiments, it was the first one to run exclusively
in digital DAQ system and one of the first to only use LaBr3(Ce) crystals coupled
to the XP20D0 PMTs. This gave rise to several new challenges, as the correction
of the steep time walk curve (described in Sec. or the need to develop new
analysis software.

The last part of this chapter covers these new programs developed for the data
analysis. A great number of programs were already written by Henryk Mach for
previous analysis, most of them aimed for analog DAQ systems. Thus, new programs
were written to sort the data taken by the Pixie system. The new subroutines are
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flexible enough to search for several different detector combinations. This way,
several different coincidence data set were constructed for the data analysis:

1. HPGe-HPGe to construct the level schemes

2. f-HPGe(-HPGe) to select HPGe energy spectra after  decay or measure
nuclear or isomeric half lives

3. B-LaBr3(Ce)-HPGe to measure short half-lives with the centroid shift tech-
nique

4. p-LaBrs(Ce) to measure longer lifetimes with the deconvolution technique by
the slope of their time distributions

The programs have been designed in a way that they can be used to sort data
generated with Pixie with different detectors layouts. This way, these subroutines
can be used in the analysis of future experiments with minimal changes.



Chapter 4

Calibrations

This chapter describes the calibration procedures common to the analysis of every
nucleus in the experiment.

On one hand the energy an efficiency calibrations of the HPGe gamma de-
tectors are carefully characterized, as the construction of the nuclear level scheme
and unambiguous identification of gamma transitions are key in the timing analysis.
LaBr3(Ce) crystals coupled to XP20D0 PMTs are non-linear at higher energies, so
their energy calibration is non-trivial and in most cases one has to rely in the HPGe
energy spectra to identify the peaks in the LaBrs(Ce) ones.

On the other hand the timing calibrations procedures are crucial for the ATD
method, which is able to measure half-lives below 10 ps in optimal conditions [13] [14].
When using the centroid-shift method to measure such short half-lives, multiple ef-
fects must be taken into account. The time response of the scintillator crystals is
energy-dependent of the gamma and in its nature (it is not the same for a Compton
and for a full-energy peak events). Moreover, even if a AE plastic detector was
chosen so every [-particle deposits the same energy, in fact there is a residual de-
pendence on the S particle energy that must be calibrated as well.

4.1 Energy calibration

An essential condition to measure lifetimes is that the level scheme of the studied
nucleus in well understood. In this experiment we relied in two HPGe detectors to
construct such level schemes, so their correct precision was of paramount importance.
The timing analysis itself is done with the LaBrg(Ce) crystals, but their energy
resolution does not allow to resolve most of the peaks. We used fine calibrated
HPGe detectors to determine the gamma peaks and then be able to identify them

57
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in the LaBrs(Ce) energy spectra.

4.1.1 LaBr3(Ce) energy calibration and stability

The Photonis XP20D0 photomultiplier tube (PMT) was designed to match the light
output of the LaBr3(Ce) at the cost of a strong non-linearity at high energies. Newer
Hamamatsu R9779 PMT are best suited for fast timing with LaBrs(Ce), but at the
time of the experiment their properties had not been tested to the extend they are
now [76]. To best describe this lack of linearity, several sources were used in the
calibration, to cover the widest energy range possible. *Na, 88Rb, *°Ba and '%2Eu
gammas were included (see Tab. [4.1] except for ®*Co, which was only used for the
efficiency) for an energy range of 160 keV to 2.7 MeV.

PIXIE-4 DAQ uses 16-bit words for a total of 64k channels. That produced
too broad LaBrs energy peaks, so the scintillator crystal spectra were compressed
offline by a factor of 4 (or even more, sometimes). Due its strong non-linearity,
it was decided to fit the energy calibration to a fourth order polynomial. This fit
produced an offset of several hundred of keV that strongly distorted the calibration,
especially at lower energies. For this reason, it was decided to fix the offset to zero.
The result of the fit for both detectors can be seen in Fig. and the resulting
parameters are:

e LaBrs-1: E(keV) = 0.16(3) -chan+5.3(16) - 10~*- chan® — 2.7(7) - 1077 - chan® +
5.2(12) - 10~'* . chan*

e LaBr;-2: E(keV) = 0.41(3)-chan+2.8(19)-10~*-chan® —1.5(10) - 1077 - chan® +
3.6(17) - 10~ - chan®

The resulting calibration gives energies with a dispersion of ~ 2% from the
literature values, but it can be larger for very low energies, as expected for the
energy resolution reported for this crystals. This calibration was enough to identify
peaks in a LaBrs(Ce) energy spectrum, given that they were previously known from
a HPGe spectrum.

Changes on temperature or small fluctuations on the power supply are known
to cause changes in the gain of the electronic systems. This may lead to drifts in the
energy or timing calibration of the detectors and thus the importance to monitor its
stability. Fig. shows the position of the 363.7-keV peak (the most intense in the
%Mn decay) for each file recorded by the DAQ (approximately one hour duration).
As can be seen there is a random fluctuation, but it is below £+ 0.5 keV, lower
than the energy resolution of a LaBrs(Ce) at that energy. With no apparent shift
observed, no correction was done to the LaBrs(Ce) crystals.
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Figure 4.1: Comparison of the energy calibration of both LaBrs(Ce) detectors. The
fit was done to a 4" order polynomial, due its clear non-linearity.

= LaBr(Ce)-1

® LaBr(Ce)-2
n
364,6 -
[ |
— u - - ]
E 364,4 - = u g
= u
5 " "
B mg®
.g - L ]
S 364,2 ° o u
] ® o0 = u
S ° ° YY)
S ° °
€ o0
5 ° ® =, ° o°
O 364,0 0% ° om
[ 1 °
363,8 -—r 77
105 110 115 120 125 130 135 140
File number

Figure 4.2: Centroid position of 363.7-keV peak in LaBrs(Ce) detectors during the
A=65 mass measurement. The oscillation is within 0.5 keV, whereas the resolution
of the detectors at that energy is about 10 keV, so they can be considered very
stable. LaBrs(Ce)-1 was shifted 0.5 keV so both detectors could be plotted in the
same figure.
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Figure 4.3: Energy calibrations of the HPGe detectors. It was done using ?*Na,
8Rb, 1°Ba and '"2Eu sources.

4.1.2 HPGe energy calibration and stability

The gamma and level energies and intensities informations were obtained from the
HPGe, so a careful energy calibration was performed for the semiconductor detect-
ors. The same sources used for the energy calibration of the LaBrs(Ce) detectors
were used now. Fig. shows how linear the detectors are, so the fit was done to
a straight line. The resulting parameters are:

o HPGe-1: E(keV) = 0.222020(5) - chan + 0.40(3)

e HPGe-2: E(keV) = 0.262370(9) - chan + 0.74(5)

To check the quality of the HPGe detector energy calibration, it was compared
to the literature energies of several transitions. Fig.[4.4]shows the difference between
the recorded and tabulated energies. If we take the absolute value of the difference
between literature and experiment, the average deviation is 0.1(1) keV.

The same procedure followed for the LaBrs crystals was used to check the
stability of the HPGe detectors. As can be seen in Fig. [£.5] during the A=65 mass
run the drift of the 363.7 keV peak was below +0.05 keV, under the 0.4 keV energy
resolution of HPGe detectors at that energy.
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Figure 4.4: Difference between the measured energies and the tabulated in the
literature. The random distribution and their close value to zero are a good indicator
of the high quality of the energy calibration.
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Figure 4.5: Stability of the 363.7 keV peak in the HPGe detectors during the A=65
measurement. The energy oscillation is around +0.05 keV.
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4.1.3 HPGe efficiency

The relative efficiency () of the HPGe detectors was measured using several radio-
active sources: 2Na, Rb, 14°Ba and ?Eu (a list of the gammas is in Tab. [4.1]
With these sources, an energy range from 121 keV up to 2.7 MeV was covered. This
sources covered very well the intermediate region, with plenty of gammas around
1 MeV and down to 500 keV and provide a reasonable number of points for higher
energies (even if they have larger error bars and are not as reliable). But there is
a lack of points below 120 keV. That region is precisely where the HPGe detector
present a bend in their efficiency, with a steep drop. In order to characterizes this
low energy region, an analysis of the %3Co peaks was made, as it is a well studied
nucleus with an intense transition of 87.13 keV [77].

As the analysis only requires relative efficiencies and not an absolute calibra-
tion, in a first step only the peaks from the %2Eu decay were analysed. To expand
the energy range the other radioactive sources were included in the calibration.
Every gamma in a given source was analysed, and for the ones within the %2Eu
energy range its distance to the interpolated efficiency curve calculated. As every
point of each source would give a slightly different result, every source was vertically
displaced an intensity-weighted average to match the »2Eu source (including the
83Co points). In Fig. all the displaced points from every source can be seen.

Fig. [4.6| (specially for HPGe-1) clearly shows the bending in efficiency below
150 keV. There are several equations in the literature to fit this kind of curves
(specifically for HPGe effiency curves [79, 80, 81, 82]) but none of them probed to
be accurate enough and usually gave too large errors. It was decided to fit the two
regions of the curves (before and after the bending) independently, using a second
order polynomial (after taking the logarithms of both energy and efficiency). Fig. 4.6
shows the fitted curves for both detectors. The parameters of the fitted curve are:

e HPGe-1 :

— Low energies: log(e) = -14 + 16 - log(E) - 3.8 - log?(E)
— Medium energies: log(¢) = 4.3 + 0.21 - log(E) - 0.15 - log?(E)

e HPGe-2 :

— Low energies: log(e) = -2.3 + 6.8 - log(E) -1.7 - log?(E)
— Medium energies: log(e) = 5.1 - 0.20 - log(E) - 0.097 - log?(E)

The transition from low to medium energies is not exact, but neither critical.
Both parabolas have an intersection point, and even if their behaviour is not exactly



4.1. ENERGY CALIBRATION

63

Isotope | Energy (keV) | Intesity (%)
52Gd 344.2 26.6(5)
152G 411.1 2.237(25)
192Gd 778.9 12.96(14
1528 121.8 28.67(15)
1528 244.7 7.61(4)
1528m 443.9 3.158(27)
1529m 867.3 4.26(3)
15281 964.0 14.65(7)
1529 1112.1 13.69(7)
1528 1408.0 21.07(1)
7Na 1368.6 99.994(15)
N 2754.3 99.855(5)
St 8933 14.68(13)
83y 1836.0 22.73(15)
88y 2677.9 2.123(21)
05, 162.66 6.22(9)
10, 304.9 4.29(6)
1408, 423.7 3.15(5)
10B, 537.3 24.39(22)
MO 328.7 20.3(3)
MO 487.0 45.5(6)
MOL o 815.8 23.28(19)
EUP 925.2 6.9(1)
10T 1596.2 95.40(8)
10 2521.4 3.5(4)
53Co 87.13 19(3)
63Clo 081.7 2.11(15)

Table 4.1: Table sumarizing all the gammas used in the efficiency calibration of the
HPGe detectors. Energies and intensities taken from NSR database [78], except the

%3Co values, taken from [77].
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Figure 4.7: Difference between the intensities in the literature and the ones obtained
for the calibration sources. Every source has been normalized independently to its
most intense peak.

the same and their derivatives do not perfectly match at that point, their values
around 170 keV are close enough so that the results are pretty much the same if one
curve or the other is used in that energy range.

To verify the goodness of the fit and estimate a possible systematic error in
the efficiency, the relative errors for the intensities of the calibration sources were
calculated. As the efficiency curve is relative and not absolute, the most intense
transition in every nuclei was used as reference and the intensity of every other
gamma was normalized using the value from literature. The plot in Fig. shows
those relative errors for both detectors. Except for the low energy regions, the
distribution seems random and with a similar behaviour for both detectors, as shows
that the average value of the errors is —1(2)%, compatible with zero.

The average of the absolute value of the deviations is 4% for detector 1 and
5% for detector 2. Calculating a weighted average using the relative error from the
literature intensities, thus giving more weight to the better known transitions and
lessening those of the peaks with higher uncertainties. In this way the weighted
error are 2.4% for HPGe-1 and 1.4% for HPGe-2 (the normalization peaks were not
taken into account in this calculus, as they have an error of 0 and it makes not sense
to include them). In both cases they are reasonable deviations, within the expected
intensity error for this experiment.
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4.2 Timing calibration

As mentioned before, careful time calibrations and corrections are of paramount im-
portance to achieve the picoseconds precision with the ATD method. When meas-
uring picosecond lifetimes, a number of effects can induce systematics errors. The
electronic modules used to determine fine time differences, the TAC in particular,
have an intrinsic time resolution. The time response of the plastic detector to the
[B-particles, even if it is a correction of a second order, must be calibrated. The time
response of a crystal for a Compton event is not the same as for a full energy peak,
so their different contributions to the time distribution must be taken into account.

4.2.1 TAC calibrations

The 4 TACs of the experiment were calibrated using the ORTEC 462 Time Calib-
rator. This module emits START and STOP signals with a very precise frequency
(£0.005% [83]) with adjustable period and range. When the calibrator is connected,
the TAC spectra present several consecutive equidistant sharp peaks. The period
of the calibrator divided by the distance in channels between those peaks gives the
time calibration of the TAC in picoseconds per channel.

For the slow-TACs (5-HPGe), the calibrator was set for a range of 5.12 us and
a period of 0.64 us, which yielded the following calibration:

e SlowTAC-1: 241.4(2) ps/chan

e SlowTAC-2: 240.5(2) ps/chan

The same calibrator was used for the fast-TACs (f8-LaBrs) but with a period
of 10 ns. As it turned out, the calibrator did not work correctly at the lowest range.
(There was an electronic problem with the module at this range, which was repaired
in the mean time.) So for the calibration we used the half-life of the 2083.26(3)keV
level in *9Cs, which was one of our calibration sources and was precisely measured
as 3.474(10) ns [I7]. The fit to the half-life of the 2083.26(3) keV level in 19Cs
(shown in Fig. was used to provide calibration. The resulting calibrations were:

e FastTAC-1: 1.81(3) ps/chan

o FastTAC-2: 1.78(4) ps/chan
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Figure 4.8: Exponential decay fit to the half-life of the 2083.26(3)keV level in °Cs
for the fast TAC-1. Knowing the half-life, the calibration was 1.813(33) ps/chan.

4.2.2 B-walk

The NE111A plastic detector time response depends on the energy deposited by
the § particle. In order to minimize this effect, a very thin plastic of only 3 mm
was used, so every particle deposited a similar amount of energy. Fig. 4.9 (bottom)
shows an example of a # energy spectrum, shown in channels as the detector was
not calibrated. In g decay, the [ particles reaching the plastic detector follow a
continuous energy distribution whose end-point is the ()3 value of the decay to the
populated levels.

Since the detector is very thin, only a fraction of the incident energy is de-
posited in the plastic. But not all of the § particles are impinging on the detector
perpendicularly, so the effective thickness can be much higher. Furthermore, once
inside the plastic the 8 particle can suffer a different number of collisions. Addi-
tionally the digital processing of the signals affects the low and high energy parts of
the spectrum. All these effects contribute to produce a [-energy spectrum as seen
in Fig. 4.9| (top).

Even with all the precautions taken to minimize the plastic time response,
there is still a residual dependence on the deposited energy and the Qg of the /8
particle. This is known as the [-walk and is a second order contribution to the
system time response that can be corrected.

In triple coincidences (77, the [-energy spectrum was divided into several
gates and projected on to the TAC. Fig. (top) shows the result after setting
gates on the 363.7 keV in %Fe. It is clear that there is a residual dependence of
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Figure 4.9: Example of a 8 energy spectrum. It was taken in coincidences with the
HPGe detectors during the A=65 mass run. On top can be seen the time response
of the plastic detector before the [-walk correction and in the middle the same
response after the correction.

the time response with the [ energy. To correct this effect the TACs were displaced
event by event as a function of the 3 energy, to give a constant response. Fig. 4.9
(middle) shows the same time response after the correction of the f-walk. Now it
is constant for almost every energy. At lower and higher energies the correction did
not work so well, so these regions were not used in the further timing analysis. They
represented only a very small fraction of the total statistics.

As every [ decay has a very different Qg and energy distribution, this correc-
tion must be made independently for each nucleus and calibration source studied.

4.2.3 Compton-walk

The time response of scintillator crystals depends on the energy of the incident
photon and, in the case of Compton events, the energy deposited inside the crystal.
At the same energy, the time response is different for Compton and full-energy
events, so a different response curve is needed for each kind of event in order to
correct the contribution of the Compton events under the full-energy peak.

When we select an energy gate on a peak the time distribution obtained from



4.2. TIMING CALIBRATION 69

LaBr (Ce)-1
LaBr (Ce)-2

1200

1000

800

600

Centroid (ps)

400

200

T T T T T T T T T 1
0 500 1000 1500 2000 2500
Energy (keV)

Figure 4.10: Compton walk curve for both LaBrs(Ce) crystals. Both detectors
present a very smooth curve, but too steep, worsening time resolution.

this gate will have two components, one from the full-energy peak and the other from
the Compton events of higher energy transitions. When measuring the intensity of
a transition in an HPGe, for example, the nearby Compton can be subtracted as
it is safe to assume it has the same behaviour of that underneath the peak. But
when measuring lifetimes this is not possible, as the Compton events next to the
full-energy peak do not trigger the same time response as those underneath it. For
this reason one needs a Compton-walk curve, so we can measure the relative time
difference of the Compton events at different energies.

The curve was obtained using the ?*Na calibration source. A gate was set in
the 1368-keV HPGe peak and projected on to its LaBrg(Ce) coincidences. The res-
ulting projection was a spectrum with the 2.7-MeV photopeak and its long Compton
background. This Compton was divided in 15 gates of around 200 channels each
and projected on to the TAC.

The results for both detectors are shown in figure |4.10] in which the curves
were shifted so the end point was zero. Both detectors show a very smooth curve
(the small bump in the anihilation peak at 511 keV was removed) but they present
a very steep slope, as well.

This steep slope of the time response affects negatively the time resolution of
the crystals. During this experiment, an energy resolution of 2.5% at 898.03 keV
(38Rb decay) was observed for the LaBrz(Ce) crystals. When setting an energy gate
in these detectors, the gate may be a few tens of keV wide. When the time response
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Figure 4.11: Time walk over the LaBrs(Ce) energy spectrum. It can be seen how
the time response of the detector changes over 30 ps from the lower energy point of
the full-energy peak to the higher energy.

curve is so steep, the time difference between both ends of such a broad gate can be
of 20-30 ps instead of the usual 2 or 3 ps (see Fig. 4.11]). This causes broader time
spectra, worsening the time resolution of the detector.

To minimize this effect, a correction is performed in two steps. The Compton
walk curve of each detector was independently fitted to a 4 order polynomial,
which yielded a fair result (lower order were not able to reproduce the curve). In
this first step, the TACs were displaced as a function of the energy, event by event,
by an integer amount shift = 5000 — (int + A -ch+ B -ch®+ C - ch® + D - ch"), where
ch is the uncompressed energy in channels. This way it should yield a very flat walk
curve around channel 5000 (this channel was chosen arbitrarily). Fig. shows
the result of this first correction. The time difference now in the analysed energy
range is under 60 ps, compared to the ~ 1.2 ns before the recalibration, but still it
is not smooth enough, so a second one was performed.

In the second step another shift was made to the TACs, but this time in a
similar way to the one made to the S-walk. The Compton continuum produced by
the 2.7-MeV transition in ?*Na was taken, segmented (using the same energy gates
as before) and calculated its distance to channel 5000, to shift every TAC event
within that energy range by that amount. The high non linearity of the LaBrz(Ce)
makes the energy window width quite different from one to the other, but they range
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Figure 4.12: Compton walk curve from 2.7 MeV peak in ?*Na after the 4" polyno-
mial order correction. Even if it is clear that the curve is not as steep as before, the
dispersion of the points around a flat line is still too large.

from 100 keV in the lower ones to 200 keV in the higher ones. Fig. shows the
result after the second correction. There is still some deviation from a flat line of
the points, but it is much smaller than in the previous step (an average of around
5 ps versus the previous 15 ps). The large negative bump near the 511-keV energy
is due that this point was not taken when fitting the time response (as it cannot be
reproduced) and thus is over-subtracted.

The Compton walk curve is different depending on the energy of the incident
gamma, thus for each photopeak studied, a different Compton walk curve should
be corrected. This is a minor correction, well below the precision of the current
experiment. For this reason, this calibration was performed to all the masses run in
the experiment using the curve obtained from the ?*Na source.

4.2.4 Prompt curve

As mentioned above, the time response of a scintillator crystal is different for a
Compton than for a full-energy event, so it is necessary to make a different calibra-
tion for prompt full-energy peaks. The sensitivity of the ATD Method is near a few
picosecond, so any transition which half-life is lower than 1 ps is considered prompt.
For this calibrations, when the half-life is close but not below 1 ps, the centroids are
shifted by the mean life so they fit in the prompt curve. Tab. summarizes the
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Figure 4.13: Compton walk curve from 2.7-MeV peak in 2*Na after the the second
correction. Above 511 keV the time response is really flat, but below it is clear that
it did not worked that well, mainly because the fit to the polinomy was not that
precise at lower energies.
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Figure 4.14: Time response of the LaBrs(Ce) crystals as a function of the gamma
energy. Before the correction the difference in the centroid of the time distribution
was almost 1 ns in the 200 keV to 2 MeV range, when after the correction it is under
50 ps.
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Isotope | Energy (keV) | Intesity (%) | Half-life (ps)

2Mg 1368.6 99.994(15) 1.33
Mg 2754.3 99.855(5) 0.022
SESr 898.3 14.68(13) 0.78
SESr 1836.0 22.73(15) 0.143
0 Ce 328.7 20.3(3) 1.3
0 Ce 4325 2.9(3) 1.3
0 Ce 751.6 13(4) 0.15
(e 8158 23.28(19) 1.3
TH0Ce 025.2 6.9(1) 0.9
(e 1596.2 95.40(8) 0.1

Table 4.2: Sumary of all gammas used in the promt walk calibration of the LaBrs(Ce)
detectors. Mg and ®Sr values from [78], °Ce half-lives from [84].

transitions used for this calibration.

Each time the mass or the calibration sources are changed, the position of the
new radioactive source is not exactly the same as the previous one and, furthermore,
any of the detectors may have been slightly displaced from its original position. Each
millimetre shift in the relative radioactive source-detector position means 3.3 ps time
difference, within the time precision of the ATD method. Every nucleus presents
the same relative time response (after correcting the different S-walk curves) but
each will be shifted a constant time due to this geometrical effect.

It must be noted that, even if the absolute position of the prompt curve changes
from one measurement to another, its characteristic shape is the same for a given
experimental conditions (all nuclei measured during the same experiment will give
parallel curves). For this reason this curve can be used as a relative prompt calib-
ration curve, and time distributions can be shifted until they match a point from a
calibration source or the interpolated line between two of them. This characteristics
is what allow us to measure most of the mean lives in an experiment but it is as well
the largest source of uncertainty when using the centroid shift technique, specially
when the walk-curve is very steep.

Firstly the transitions of the Ba source (*°Ba— 4La — '4Ce) were ana-
lysed. The other two sources, ?*Na and ®Rb, each present two prompt or near-
prompt transitions, one of them within the energy range of the “°Ba and the other
outside. Both pair of points were shifted until the lower energy transition was in
the interpolation of the °Ba prompt curve. This way the energy range was from
328.7 keV up to 2754.3 MeV.
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Figure 4.15: Prompt time response as a function of the v energy of LaBrs(Ce)-1
(up) and LaBrs(Ce)-2 (bottom), as the difference with their respective Compton
walk curve.

Fig. |4.15| shows the prompt response curve of both crystals as the difference of
the time response of a photopeak respect to Compton of its same energy. As can be
seen, below 511 keV the photo-electric events are faster (thus negative in the plot),
but for intermediate energies above the electron mass they are slower. Depending
on the crystal, for higher energies of around 2 MeV the photopeaks become slower
again.



4.3. CONCLUDING REMARKS 75
4.3 Concluding remarks

This chapter has described the careful calibrations performed for the analysis of the
data collected in the IS474 experiment.

Special emphasis has been put in the relative efficiency calibration of the HPGe
detectors, as this curves will be used to measure the intensity of the gammas and
their transitions rates, one of the most useful probes we have to understand the
nuclear structure.

The other key element in the reduced transition measurements are the level
lifetimes. The ATD method is a powerful tool to measure half-lives in the picosecond
range, but it needs careful timing calibrations. The steep time walk curve of the
timing detectors was a new challenge for our analysis. The correction applied to
flatten the curve was not as successful as expected, only yielding a small improve-
ment in time resolution. On the other hand this procedure removed some of the
systematic errors of the timing analysis.

All these calibrations will be applied to the future analysis of the data collected
on the other masses during the experiment.



76

CHAPTER 4. CALIBRATIONS



Chapter 5

Structure of °Fe

In this chapter we describe the study the low energy structure of the %°Fe nucleus
populated in the °Mn 8 decay by means of +- and fast-timing spectroscopy.

A new level scheme was constructed including over 35 new levels and over 80
new transitions, including the direct § population to the ground state and a P,
value for the neutron delayed emission branch. Moreover, the first evidence of that
this B-n branch populates excited levels in %‘Fe was observed.

The two isomers previously observed were identified. An improved value of the
~v-decaying isomer lifetime was measured and for the first time the precise energy
value of -decaying one was deduced.

Finally we were able to measure some of the lower energy level lifetimes in
the sub-nanosecond range, which were used to calculate B(XL). By comparing the
level scheme with shell model calculations that use the LNPS interaction, tentative
spin-parity were assigned to some of the levels.

5.1 Information on “Fe from previous studies

Prior to this study, there was scarce information on the 3 decay of °Mn and on
the levels in ®Fe. The half-life of the °Mn ground state has been measured several
times and the adopted value [85] is 92(1) ms. A P, = 21.0(5) % for the -n branch
of %Mn was reported by Hannawald and collaborators [18], who concluded that all
the delayed neutron intensity directly feeds the ground state of %4Fe.

The first information on the excited states in %Fe came from the study of
Grzywacz et al, [35] who reported a 430(130)-ns isomer at the excitation energy
of 364 keV de-excited by a 364 keV ~ ray to the ground state. Later, Daugas et

7
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al. [80], 38] established that the isomer is in fact at the energy of 396.8 keV as
it feeds the 363.3(5)-keV level by a previously unobserved 33.5(5)-keV transition.
They made a new measurement of the isomer half-life as 77/, = 420(13) ns. They
assigned the 33.5-keV transition an E1 character[87]. A tentative and partial level
scheme of ®*Fe following the 3 decay of ®*Mn was proposed by Gaudefroy et al. [8S].
They have identified ten transitions in the 8 decay of ®*Mn and placed five of them
in a tentative level scheme. Since no 7y coincidences were observed two new levels
at the excitation energy of 455 and 1089 keV were proposed based on the energy
matching. The 455-keV level was proposed to be de-excited by the 455- and 92- keV
transitions, while the 1089-keV level by the 752- and 1089-keV lines. The 397-keV
level was not observed in 8 decay, while the S feeding was proposed to be <10%,
47%, 13% and 15% to the ground, 364-, 455-, and 1089-keV states, respectively.

A second isomer in %Fe was identified in mass excess measurements using
Penning trap mass spectrometry. The excitation energy of this f~-decaying state
was first reported at 402(5) keV [89] and then corrected to 402(10) keV [36]. Its half-
life was estimated to be longer than 150 ms. Precise vy-spectroscopic measurements
established that the two (-decaying states in %Fe populate two sets of mutually
independent level schemes in %Co [90]. The half-lives of the 3-decaying states were
measured as T} o = 1.12(15) s for the 402(10)-keV (9/2%) isomer and T}/, = 0.81(5) s
for the (1/27) ground state [90].

Studies of the multinucleon transfer reactions on a 23U target [3] revealed two
transitions in %Fe with energies of 771.6(7) and 1118.2(10) keV. It was suggested
that they form a high spin yrast cascade with the sequence started by the less intense
v ray, 1118.2 — 771.6 with the proposed spin sequence 17/2% — 13/27 — 9/2F.
These transitions are not expected to be observed in the 3 decay of ®*Mn.

5.2 Results

The identification of v rays belonging to the 3 decay of °Mn was made using three
lines of evidence. First, a two-parameter data set, which included the energies of
events recorded in the HPGe detector and the time elapsed between the event and the
last proton pulse, was analysed. The short-lived activity of ®*Mn was enhanced in the
off-line sorting by selecting a time window from 10 to 450 ms after the proton pulse.
Longer-lived components, including those arising from the ®*Ga contaminant, have
been subtracted. The subtracted spectrum was obtained by selecting an equivalent
time window above 800 ms, which contained virtually no Mn activity.

Figs. and show an energy spectrum recorded in an HPGe detector
sorted from the two-parameter data set involving HPGe events and the time elapsed
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between the event and the last proton pulse. Time gate was set on the proton
time spectrum in order to enhance the °Mn activity and longer lived activities were
subtracted. For a better display, the higher energy spectrum was further compressed.
Fig. shows an equivalent energy spectrum observed for one of the LaBrs(Ce)
detectors.

Next, using the same data set gates were set on the full energy peaks in the
HPGe spectrum and projected on the proton time spectrum. The v rays were
identified as belonging to the Mn decay if their time spectrum was consistent with
the decay half-life of 92 ms. As the third line of evidence the identification of a
line from the decay of *Mn was made based on firm coincidences with the Mn lines
already identified in the first two steps.

5.2.1 5Mn half-life

The %Mn half-life was obtained by fitting a time spectrum sorted out from the
aforementioned two-parameter data set. It was gated by the 363.7-keV v ray, the
strongest transition in ®Fe, and projected onto the time elapsed from the last proton
pulse. The time spectrum is shown in Fig. [5.4, A portion of the spectrum, from
400 to 1200 ms, was fitted to an exponential decay plus a constant background.
At 400 ms after the proton pulse the beam gate was closed and radioactive sample
was left free to decay, while 1200 ms marks the shortest period set between two
consecutive proton pulses. The fitted slope yields the half-life of 77, = 91.9(0.9)
ms, in very close agreement with the adopted half-life of 92(1) ms [85]. A similar
analysis was performed on the next five strongest lines in %°Fe, namely 455.6, 569.1,
683.3 (a summed doublet), 725.2 and 1002.9-keV lines. The weighted average of
these five v rays gives T/, = 92.0(1.3) ms in agreement with the former result.

5.2.2 ~7v coincidences

The identification of weak 7 transitions in ®Fe was based on the ¥y coincidence
relations with the known transitions in %Fe. The v coincidences were sorted out
from a 3 parameter data set, which included a pair of coincident v rays recorded in
HPGe-1 and HPGe-2 within a time resolution of £0.5 us and the time elapsed from
the last proton pulse. Gates were set on the full-energy peaks in one of the HPGe
detectors and projected onto the other HPGe and vice-versa. Fig shows v rays
in coincidence with the 363.7-keV line. In order to enhance the °Mn activity a gate
was also set on the proton time spectrum between 10 to 450 ms.

A detailed level scheme for the 3 decay of %Mn to °Fe was determined for the
first time. It includes 85 transitions and 41 excited states. These are summarized in
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LaBr3(Ce) ®°Fe peaks

104 |

363.7 keV

Counts
455.6 keV

519.8/528.1 keV

103 |

T 319.7 keV
560.8/569.1 keV

683.3 keV
== 7252 keV

882.5 keV 85Co
= 1002.9 keV
= 1088.6 keV

102 1 1 1
200 400 600 800 1000 1200

Energy (keV)

Figure 5.3: LaBr3(Ce) energy spectrum obtained in an equivalent way to the HPGe
energy spectra. The most intense transition energies in ®Fe are labelled.
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Figure 5.4: Time spectrum for the time elapsed since the last proton pulse for the
HPGe events gated by the 363.7-keV transition. The fit between 400 and 1200 ms
gives the half-life of %°Mn; see text for details.
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Figure 5.5: ~7 coincident spectrum gated on the intense 363.7 keV line in a HPGe
detector and projected onto the second HPGe; see text for details.

Figs.[5.6/and [5.7]and Tabs.[5.1]and 5.2} We have also identified a level scheme in ®*Fe
populated in the -n branch, see Tab. The relative intensities were obtained
from the singles v ray spectra, except for the v rays that were part of multiplets
or were too weak to clearly show up in the singles spectrum. In those cases their
energies and intensities were obtained from the v coincidences. There are a few
high energy transitions without coincidences that define a level by themselves in
65Fe. Even if they are firmly assigned to the ®Mn decay, there exists the possibility,
albeit minor, that these gamma-rays belong in the %4Fe scheme. Without a detailed
64Fe level scheme, this possibility cannot be completely excluded.

Out of 10 transitions for the decay of °Mn to ®Fe identified by Gaudefroy
et al. [88] we confirm 7 lines at the energy of 92, 363, 455, 684, 724, 1004, and
1089 keV. It is not certain whether the 214-keV line listed in Ref. [88] is our 215.8 keV
transition, but we definitely did not identify transitions of the energies 1550 and
1843 keV as belonging to the decay of *Mn. Based on our 7y coincidences we
confirm the very tentative and partial level scheme proposed in [88] where the energy
matching of strong transitions were used.
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E, (keV) | El%d  (keV) Elﬁ;ﬁﬁl (keV) Igel Strongest vy  coincidences
(keV)

33.9(2) 307.6(2) 363.7(1) MOAE

92.0(1) 455.6(1) 363.7(1) 0.8(1) |228.1, 363.7, 439.5, 683.8,
1103.6

114.5(3) | 683.3(1) 569.1(1) | 0.2(1)" | 205.7, 363.6, 569.3

163.1(1) 561.0(2) 455.6(1) 0.7(1) | 363.7, 456.0, 528.5

197.6(3) 561.0(2) 363.7(1) | 1.4(1)b | 363.7, 528.2, 2371.7

205.3 (2) 569.1(1) 363.7(1) 0.3(1) 363.7, 455.0, 520.4, 633.3,
725.9, 1318.3

215.8(1) 609.5(3) 393.7(2) 2.9(2) | 757.5, 763.4, 1123.0, 1392.5

227.7(1) |  683.3(1) 455.6(1) | 2.5(2) | 92.8,363.7, 374.0, 405.9, 455.8

319.7(1) 683.3(1) 363.7(1) 4.4(3) 363.9, 374.6, 405.9, 683.8,
724.6, 875.8, 1319.0

363.7(1) 363.7(1) g.s. 100|924, 163.5, 197.7, 205.9,
997.9, 319.9, 374.4, 4058,
439.3, 531.5, 659.7, 683.7,
693.9, 725.4, 875.4, 969.1,
1002.9,1195.2, 1318.3, 1330.1,
1368.7, 2372.1

374.1(1) | 1057.3(1) 683.3(1) 1.0(1) | 227.8, 319.6, 363.9, 455.9,
683.5, 796.7, 2341.5

405.6(1) | 1088.7(1) 683.3(1) 1.8(1) | 227.9, 320.0, 363.9, 455.9,
683.6

439.2(1) 894.8(1) 455.6(1) 3.5(3) | 92.2,363.5, 455.9, 472.4, 958.7

455.6(1) 455.6(1) g.s. 24.4(1.8) | 227.9, 374.1, 405.8, 439.4,
472.3, 601.9, 633.5, 683.7,
875.8, 911.0, 958.6, 1001.6,
1103.2

472.0(1) | 1366.6(2) 894.8(1) | 0.9(1) | 92.9, 363.7, 439.4, 455.9

488.3(2) | 1057.3(1) 569.1(1) 0.2(1) | 569.2

501.3(5)¢ . . 0.2(1) |-

519.8(1) | 1088.7(1) 569.1(1) 4.3(3) | 205.9, 569.4

528.1(1) | 1088.7(1) 561.0(2) 0.9(1) | 163.6, 197.6, 363.7, 561.1

531.1(1) 894.8(1) 363.7(1) 1.1(1) | 363.8, 472.0, 837.7, 958.5

560.8(1) 561.0(2) g.s. 2.7(2) | 5284, 806.2, 811.6, 1163.2,
1559.4, 2444.8, 3535.1

569.1(1) 569.1(1) g.s. 8.4(6) 114.4, 488.2, 520.0, 796.8,
989.7 1123.9, 1163.7, 1731.9,
1950.7, 2371.2

601.7(1) | 1057.3(1) 455.6(1) 0.9(1) | 92.5, 363.8, 455.9

633.2(1) | 1088.7(1) 455.6(1) 2.2(2) | 92.3, 363.9, 455.9

659.7(1) | 1057.3(1) 397.6(1) 0.8(1) | 363.9

)
Continued on next page
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Table 5.1 — Continued from previous page

E, (keV) | El%¢ . (keV) Elfel"‘;fél (keV) I;‘BI Strongest vy coincidences
(keV)

683.3(1)¢ 683.3(1) g.s. 3.6(3) 92.4, 228.1, 319.9, 363.7,
374.5, 405.8, 455.9, 683.5,
875.9

683.3(1)4 1366.6(2) 683.3(1) 2.6(2) See above

691.5(5)¢ 1088.7(1) 397.6(1) 0.2(2) 363.5

693.7(1) 1057.3(1) 363.7(1) 2.2(2) 363.7

725.2(1) 1088.7(1) 363.7(1) 8.8(7) 363.7

757.2(2) 1366.6(2) 609.5(3) 0.2(1) 215.9

763.0(3) 1372.6(3) 609.5(3) 0.2(1) 215.8

772.6(2) 1228.2(2) 455.6(1) 0.4(1) 92.3, 363.5, 455.9

796.4(4) 1853.5(4) 569.1(1) 0.9(2) 569.4

796.9(1) 1366.6(2) 1057.3(1) 0.5(1)° | 693.9

805.9(2) 1366.6(2) 561.0(2) 0.3(1) 163.5, 197.8, 363.7, 560.1

811.6(1) 1372.6(3) 561.0(2) 0.3(1) 197.5, 561.9

837.6(5) 1732.5(4) 894.8(1) 0.6(1)° | 439.9, 455.2

875.7(1) 1558.9(5) 683.3(1) 0.8(1) 115.6, 227.9, 319.9, 363.9,
455.9, 683.4

911.1(2) 1366.6(2) 455.6(1) 0.3(1) 92.8, 364.3, 455.9

958.5(2) 1853.5(4) 894.8(1) 0.9(1) 364.4, 439.4, 455.9, 531.5

969.1(1) 1366.6(2) 397.6(1) 0.8(1) 363.8

989.7(1) 1558.9(5) 569.1(1) 0.7(1) 205.4, 363.4, 569.3

1001.6(5) 1457.2(5) 455.6(1) 0.8(1)® | 92.0, 363.9, 455.8

1002.9(1) 1366.6(2) 363.7(1) 4.8(4) 364.0

1051.5(5)¢ - - 0.2(1) |-

1057.2(1) 1057.3(1) g.s. 0.7(1) |-

1088.6(1) 1088.7(1) g.s. 16.9(1.3) | -

1103.2(1) 1558.9(5) 455.6(1) 1.4(1) 92.5, 363.4, 455.8

1123.0(2) 1732.5(4) 609.5(3) 0.6(1) 216.3

1124.6(5) 1693.7(1) 569.1(1) 0.2(1)° | 569.0

1132.4(5) 1530.0(5) 397.6(2) 0.2(1) 363.5

1161.5(3) 1558.9(5) 397.6(1) 0.5(1) 364.0

1163.6(3) 1732.5(4) 569.1(1) 0.2(1)® | 569.0

1195.2(2) 1558.9(5) 363.7(1) 0.6(1) 364.0

1296.2(2) 1693.7(1) 397.6(1) 0.6(1) 364.0

1318.7(2) 2002.0(3) 683.3(1) 0.6(1) 319.9, 363.7, 683.8

1330.0(1) 1693.7(1) 363.7(1) 1.2(1) 364.1

1366.2(4) 1366.6(2) g.s. 0.3(1) |-

1368.9(3) 1732.5(4) 363.7(1) 0.6(1) 363.8

1392.4(4) 2002.0(3) 609.5(3) 0.2(1) 215.9

1397.8(3) 1853.5(4) 455.6(1) 0.2(1) 92.1, 364.0, 455.0

Continued on next page
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Table 5.1 — Continued from previous page

E, (keV) | Elv¢  (keV) El]?i"‘;fél (keV) IQ‘BI Strongest vy coincidences
(keV)

1432.8(3) | 2002.0(3) 560.1(1) 0.3(1) | 205.5, 363.7, 569.6

1449.1(4) | 1449.1(4) gs. 04(1) | -

1472.0(6) |  1472.0(6) g.s. 0.1(1) |-

1559.4(4) |  1558.9(5) g.s. 0.1(1) |-

1674.2(7) | 1674.2(7) g.5. 0.1(1) |-

1693.7(4) | 1693.7(1) g.s. 0.3(1) | -

1732.5(4) | 1732.5(4) g.5. 0.3(1) | -

1951.1(4) |  2520.2(4) 569.1(1) 0.4(1) | 205.6, 363.6, 569.4

2301.3(8) | 2301.3(8) gs. 0.1(1) |-

2341.4(7) | 2341.4(7) g.s. 0.1(1) |-

2371.7(4) 2932.6(4) 561.0(2) 0.6(1) | 197.6, 363.8, 561.1

2444.8(7) | 3013.5(7) 560.1(1) 0.3(1) | 205.5, 363.6, 569.0

2534.8(8) 2898.5(8) 363.7(1) 0.3(1) | 363.3

2561.8(7) | 3245.1(7) 683.3(1) 0.4(1) | 320, 364, 683

2638.9(8) 2638.9(8) g.s 0.1(1) |-

2690.4(8) |  2690.4(8) g.s. 02(1) |-

2780.2(8) | 2780.2(8) g.s. 0.2(1) | -

2839.8(8) |  2839.8(8) g.s. 0.3(1) |-

3013.1(6) | 3013.5(7) g.s. 0.5(1) | -

3035.6(5) | 3399.3(5) 363.7(1) 0.3(1) | 363.3, 569.3

3306.09) | 3306.0(9) g.s. 0.3(1) | -

3373.9(8) 3373.9(8) g.s. 0.2(1) |-

3420.9(9) | 3420.9(9) g.s. 0.3(1) |-

3535.0(4) 4096.0(4) 561.0(2) 0.6(1) | 561

4438.2(9) |  4438.2(9) g.s. 0.3(1) | -

Table 5.1: A list of y-ray energies, relative intensities, placement and the strongest
~7 coincident transitions from the 3 decay of %°Mn.

@ Total intensity obtained from the time-delayed component of the 363.7-keV transition.

b Intensity obtained from ~+ coincidence spectra.

¢ ~ rays assigned to the °Mn decay but not placed in the level scheme.

4 Doublet in %°Fe, the intensity is obtained from coincidences with 374.1- and 405.6-keV transitions.

¢ Only observed in the delayed coincidences of the 363.7-keV transition.
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Figure 5.6: Lower energies ®Fe level scheme populated in the S-decay of °Mn.
Measured half lives and tentatively assigned spin-parities are shown next to each
level. All results are from this work except for the half-lives of the [S-decaying
states.
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Figure 5.7: %Fe level scheme populated in the S-decay of %°Mn.
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H Eiever (keV) ‘ [G-feeding ‘ log(ft) ‘ Ty o ‘ Jr H

0 <88 >6.0 | 0.81(5) s 1/27)

363.7(1) 42(5) 4.63(7) 93(3) ps (3/27)

393.7(2) 1.12(15) s (9/2+)

397.6(2) 0.1(6) 437(55) ns (5/27)

455.6(1) | 8.1(1.1) | 5.33(5) | 350(10) ps (5/27)

561.0(2) 1.5(2) | 6.06(8) | 350(50) ps | (3/2%,3/27,5/27)

569.1(1) 0.9(4) | 631(5) | <12ps (1/2,3/2)

609.5(3) 1.0(1) 6.2(6) (7/27)

683.3(1) 2.1(3) | 5.86(8) | 24(12) ps | (3/2%,3/27,5/27)

894.8(1) 1.4(2) | 5.99(8) | <27 ps (7/27)

1057.3(1) 2.9(2) | 5.64(6)

1088.7(1) 20.7(9) 4.78(5) (3/27,5/27)

1228.2(2) 0.2(1) | 6.76(23)

1366.6(2) 6.3(3) 5.23(5) (5/27)

1372.6(3) 0.3(1) | 6.55(15)

1449.1(4) 0.3(1) | 6.31(10)

1457.2(5) 0.5(1) | 5.59(5)

1472.0(6) 0.1(1) | 7.0(5)

1530.0(5) 0.2(1) | 6.74(22)

1558.9(5) 2.4(1) | 5.61(5)

1674.2(7) 0.1(1) | 7.0(5)

1693.7(1) 1.3(1) | 5.84(6)

1732.5(4) 14(1) | 5.8(6)

1853.5(4) 1.2(1) | 5.84(6)

2002.0(3) 0.7(1) 6.04(8)

2301.3(8) 0.1(1) | 6.8(5)

2341.4(7) 0.1(1) | 6.8(5)

2520.2(4) 0.2(1) | 6.45(23)

2638.9(8) 0.1(1) 6.7(5)

2690.4(8) 0.1(1) 6.7(5)

2780.2(8) 0.1(1) 6.7(5)

2839.8(8) 02(1) | 6.4(2)

2808.5(8) 02(1) | 6.4(2)

2032.6(4) 0.4(1) | 6.04(12)

3013.5(7) 0.5(1) 5.92(10)

3245.1(4) 0.3(1) | 6.07(15)

3306.0(9) 0.2(1) | 6.23(23)

3373.9(8) 0.1(1) | 6.5(5)

3399.3(5) 0.2(1) 6.2(23)

3420.9(9) 0.2(1) | 6.2(23)

40960(4) 0.3(1) 5.81(15)

4438.2(9) 0.2(1) | 5.87(23)

89

Table 5.2: A list of level energies, level half-lives, S-feeding, logft, and spin/parity
assignments for the levels populated in the S-decay of %Mn to ®Fe.
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Figure 5.8: ~~ coincident spectrum gated by the 215.8-keV transition, the only
ray directly feeding the S-decaying isomer at 393.7 keV.

5.2.3 The exact energy of the f-decaying isomer

The 215.8-keV transition is in firm mutual coincidences with the 757.2-; 763.0-,
1123.0-, and 1392.4-keV ~ rays (see Fig. . They all belong to the decay of *Mn.
The 215.8 keV line is placed feeding the isomeric level at 402(10) keV reported by
Block et al. [89]. Indeed if the energy of the isomer is 393.7(2) keV, then one defines
a new level at 609.5 keV de-excited by the 215.8-keV transition, and then all four
coincident lines de-excite levels already assigned to the level scheme based on other
~vv coincidences. These levels are at 1366.2, 1372.6, 1732.5, and 2002.0 keV. The
possibility of 215.8-keV transition feeding directly the ground state was discarded,
as it would involve the creation of 5 new levels instead of one. Our data precisely
determine the energy of the 5-decaying isomer at 393.7(2) keV.

By knowing the exact energy of the state we have looked for a ground state
transition of the energy 393.7-keV. No such transition was found and an upper limit
of intensity was established at 0.15 relative to 100 for the 363.7-keV transition.
In the following discussion we will use the term “relative intensity” to define an
intensity normalized to 100 for the 363.7-keV line. On the other hand, as absolute
intensity we define the intensity per 100 3 decays of %°Mn expressed in %.
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5.2.4 The 420-ns isomer

Using our coincidence data we have identified at the energy of 397.6 keV the
420(13) ns 396.8-keV isomer reported previously in [86]. In the analysis we have
examined a four-parameter data set involving 57(t) coincidences using 3 and HPGe
detectors. The first two parameters were the energies of the § and v rays. The
third parameter was the time difference between events in the 5 detector (which
started the time counting) and the HPGe, which provided the STOP signal. The
forth parameter was the time elapsed between the v ray event from the last proton
pulse, where a gate was set between 10 to 450 ms in order to enhance the %°Mn activ-
ity. The p~(t) time spectrum gated by the 363.7-keV transition in HPGe, shows
a large prompt peak and a sloping delayed component with a half-life in the ~400
nanosecond range. This implies a direct 33.9-keV transition between the 397.6- and
363.7-keV levels. Indeed a 33.5-keV line feeding the 363.7-keV level was reported in
[87, 86l [88]. Unfortunately, we do not observe this transition as the energy threshold
of both of our HPGe detectors was above this energy.

Using the same data one can estimate the intensity of the 33.9-keV ~ ray re-
lative to the intensity of the 363.7-keV transition. Using the 7(t) time spectrum
we first subtract the constant background from the delayed and prompt parts. The
area of the delayed component corresponds to the intensity of the 33.9-keV trans-
ition. The area was determined using the sloping part outside of the prompt area
and increased to account for the delayed part under the prompt peak. The total
area of the combined prompt and delayed parts represent the total intensity of the
363.7-keV line. The total intensity of the 33.9-keV transition was estimated to be
4(1) in relative units. As it is an indirect measurement, any possible conversion
electron is included, independently of the multipolarity of the transition.

We have then examined a four-parameter data set involving time-delayed y(t)
coincidences using two HPGe detectors. The four parameters were: the energies of
~ rays in the detectors, the time-difference between events in the HPGe-START and
HPGe-STOP, and the time elapsed for the coincident event and the last proton pulse.
Fig. shows the coincident HPGe spectrum gated by the 363.7-keV transition with
two additional gates. One gate was set on the proton time between 10 to 450 ms
to enhance the *Mn decay, while the second gate was set on the ~400-ns slope
part (outside of the semi-prompt region) of the yy(t) time-delayed spectrum where
the 363.7-keV transition was selected in the HPGe-STOP detector. The transitions
shown in the spectrum are those which are feeding the 420-ns isomer from above
and have started the time measurement. The spectrum in Fig. shows coincident
transitions of energy 163.1, 659.7, 969.1, 1132.4, 1161.5, and 1296.2 keV, which
feed the 397.6-keV level and are coincident to the 363.7-keV line via the 33.9-keV
transition unobserved by us.



92 CHAPTER 5. STRUCTURE OF %FE

8 180
160 -
70 - 140 |
o 1201 T1/2 = 437(55) ns
S 100 -
60 | 5
o sof
O et
nor 40 - i
= 20+
= .,
8 aor 800 -400 0 400 800 1200 1600 2000 2400
O 3 Time (ns)
30 - ~ .
8 g
= > 3 >
20 - % 8 %J- ‘uz (%’-
: 3 @ 5
10 é = S
o A o M L n.”.wh.uﬁmw.&.hn At b el ‘.‘\.Mn.m.hl\..i il b P
600 700 800 900 1000 1100 1200 1300
Energy (keV)

Figure 5.9: Time-delayed coincidence HPGe v spectrum gated by the 363.7-keV
transition in %°Fe. These 7 rays populate the 397.6-keV isomer and are in coincid-
ence with 363.7-keV transition through the 33.9-keV line. The insert shows the time
spectrum (time differences) between the v rays feeding the isomer and the coincid-
ent 363.7-keV transition. The fitted slope shows a half-life of 437(55) ns, in good
agreement with the known 77/, = 420(13) ns for the isomer; see text for details.

By resorting the data and constructing a time spectrum started by these ~y
rays and stopped by the 363.7-keV line, one obtains a spectrum shown in the inset
of Fig. 5.9} The slope in the time spectrum gives a half-life of Ty, = 437(55) ns in
agreement with the known half-life of the isomeric state. All the coincident v rays
feeding the isomer de-excite established levels in %°Fe. From the energy relations
the energy of the isomer is determined to be 397.6(2) keV, and the energy of the
de-exciting transition is then 33.9(2) keV. The intensity sum of the observed =y
rays feeding the isomer is 3.9(2) in relative units, which compared to the estimated
relative total intensity of the 33.9-keV transition of 4(1) implies that this isomer is
weakly, if at all, directly populated in 3 decay of ®*Mn.

No indication of any other ~ ray de-exciting this isomer was found by us.
In particular no v ray of energy 397.6-keV that would feed the ground state was
identified, neither in 7 ray singles nor in 77 coincidences. An upper limit of intensity
for the 397.6-keV transition is 0.15 in relative units.
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5.2.5 Absolute § and v intensities

The A = 65 measurement was run for 18 hours in a saturation mode, in which the
beam was deposited onto an Al foil and no old activity was removed from it. As
a consequence an intensity balance was established in the A = 65 decay chain all
the way down to the stable °Cu. An intensity balance also took place in the 3-n
branch along the A = 64 chain. The saturated mode allows to measure the absolute
decay branches for the decay of °Mn using absolutely calibrated ~ transitions from
other members of the decay chain. We assume here that only one S-decaying state
of °Mn is present in this measurement and that the ion source does not surface
ionize other atoms in the -decaying A = 65 chain (Fe, Co, Ni and Cu) owing to
the larger ionization potential. In the following analysis we use unrestricted ~-ray
spectra observed in the HPGe detectors.

In order to determine the ground state  feeding and the (-delayed neutron
emission probability, we divide the total intensity of the 8 decay of *Mn into four
decay branches. These branches include: [-delayed neutron emission branch, §-n,
direct 3 feeding to the ground state of %Fe, 39*, 3 feeding to the low-spin levels in
5Fe, which then directly or indirectly feed the low-spin ground state in 55Fe, glegels,
and the portion of the 3 feeding that ends up in the second 3 decaying state in *°Fe

at 393.7 keV, Bicuels,

Two of these branches, 9% and B¢ end up feeding the J™=(1/27) g.s. in
%5Fe, which then follows by 3 decay into %°Co. The absolute intensities in this 3
decay have been recently measured by Pauwels et al., [00], but for internal coherence,
we used the intensities measured during this experiment (see Appendix . This
decay has no direct 3 feeding to the ground state of *Co. 100% of the /3 intensity
is carried out by three v rays of the energy of 882.5-, 1222.7-, and 1996.6-keV. We
observe these transitions in our measurement with their relative intensities summed
to [ = 164(6). On the other hand, the intensity of the 3¢ feeding is simply the
sum of intensities of 7 rays directly feeding the ground state in %Fe and is equal
to 162(14) in relative units. The difference between these intensity values gives the
direct g.s. feeding in %Fe, which is 1.5(14.8) in relative units.

The B-n branch feeds the ground state and the excited states in ®*Fe. The
ground state of %Fe 3 decays to %Co, which then decays to %4Ni. The 3 decay of
1Co has been recently investigated by Pauwels et al., [91], who precisely determined
the absolute v and f transitions in this decay. The strongest ~ transition is the
1345.8-keV line, which represents 7.54% of the total decay intensity. In our HPGe ~
spectrum we observe a transition at 1345.1 keV with the intensity of 1.3(1) relative
units. This transition includes an impurity component from the decay of %°Ga to
%5Ni with the energy of 1343.9-keV and the intensity of 0.18(2). The intensity was
determined using the known lines in the decay of ®*Ga of the energy 115.1-, 152.9-,



94 CHAPTER 5. STRUCTURE OF %FE

751.7-, and 1228.6 keV and the branching ratios listed in [85]. The resultant relative
intensity of the 1345.8-keV transition in %4Ni is 1.1(1), which gives for the S-n branch
the relative intensity of 14.6(21).

The last component to be determined is the [ intensity feeding the isomeric
state at 393.7 keV. We have identified only one v ray, which directly feeds this state.
The relative intensity of this 215.8-keV transition is 2.9(2). In any case the feeding of
this state must be very weak due to the spin/parity differences between the isomer,
with the expected J™ = (9/2%) and the ground state of ®Mn with J™ = (5/27). We
could assume that there may be a few more transitions feeding the isomer yet these
lines were too weak to be observed in our measurement. Thus the total intensity
might be higher by factor of 2-3 than the observed one. This way we could expect
that the feeding of this state is of the order of 6(3) in relative units. Even if the
feeding of this state would be twice as high, still the overall results obtained in this
section would not be significantly affected.

The 393.7-keV isomer 8 decays to levels in ®*Co, which are different than those
observed in the ground state decay of ®Fe [90]. In the following analysis we use the
absolute intensities re-evaluated by the A = 65 Nuclear Data Table [85]. In our
~ ray singles spectra we observe transitions of energy 1412.7, 1642.2, 2443.7 and
2558.0 keV, which we associate with the lines in %Co. The summed intensity of
these lines is 4.5(3) in relative units. The total intensity for these v rays is 62(8)%
of the isomer decay, giving the intensity of 7(1) in relative units for the population
of the isomer in %Fe. Independently, we looked into the intensities from the decay
of %Ni to ®Cu. Using the intensities of the 366.2-, and 1481.5-keV transitions (the
latter corrected for a 4% impurity contribution from the 1479.0-keV line in ®*Cu), we
obtain the total feeding intensity to the 3 decaying levels in %°Fe as 172(10) relative
units, which must be compared to the individual contributions of 164(6) and 7(1)
for the ground state and isomer, respectively, giving together 171(6) in excellent
agreement with the Cu data.

Thus the total g feeding in relative units of the four components is: 15(2),
164(6) (sum of two components) and 7(1), giving a total relative intensity of 186(6),
which is equal to 100% of the decay intensity. Thus we have to renormalize the
relative intensities for the § and 7 rays by a factor of 0.539(0.019) in order to get
the absolute intensities. Then the §, branch is 7.9(12)% and a direct ground state
feeding is <8.8%. We note an excellent agreement with the preliminary value of
<10% for the ground state  feeding reported in [88].

The absolute [-feeding to each level was calculated as the difference of ~
transition absolute intensities feeding and depopulating the level. Thus for weak
branches they should be taken as upper limits since only observed v transitions
were taken into account. Two of the levels, at 363.7 and 1088.7 keV, get a very
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strong f3 feeding which together amounts to more than 60%. A significant  feeding
goes also to the levels at 455.6, 683.3, 1057.3, 1366.6 and 1558.9 keV. Further 21
levels are very weakly populated with the feeding at or below 0.3%. A summary of
the properties of levels in %°Fe is given in Table

5.2.6 [3-n branch directly feeding the g.s. of %Fe

The total S-delayed neutron emission branch in the decay of ®*Mn is 7.9(12)%. Our
data show that a significant portion of the g-n feeding goes to the excited states.
We observe a 746.4(1)-keV transition (see Fig. in the decay of %Mn, which
was already assigned to %4Fe from a reaction study of [92] and the 8 decay work of
[4]). Moreover, this line is in coincidences with the 1017.4-keV 7 ray (seen in [92])
and the 1105.8- and 1370.7-keV transitions both already placed in the level scheme
of 64Fe [I8]. A fit to the time decay slope following the proton pulse, see an inset
in Fig. m, firmly assigns the 746.4-keV line to the S-n decay of °Mn. Tab.
provides a summary on the information of these transitions. The absolute intensity
of the 746.4-keV transition is 2.4(1)%. There must be other ground state transitions
as well in this S-n decay that remain unobserved by us. This leads to a conclusion
that a direct S-n feeding to the g.s. of %*Fe is less than 5.5%.

Our P, value of 7.9(12)% contradicts the value of 21.0(5)% reported by Han-
nawald et al. [I8] for the neutron delayed emission of %Mn as our result is about
three times lower. Our results on the direct g.s. feeding are even more different,
since in ref. [I§] the entire S-n intensity of 21.0% was assigned to directly feed the
ground state of %Fe, while in our work a significant portion goes to the excited
states. Thus for the direct ground state feeding our intensity is almost four times
lower.

| E, (keV) | Eivel ) (keV) | Bl (keV) [ T | 4y coincidences (keV) |

initial

746.4(1) | 746.4(1) g s. 4.4(2) [ 10174, 1105.8, 1370.7
1017.4(3) | 1763.8(3) 746.4(1) | 0.4(1) 746.4
1105.8(5) |  1852.2(5) 746.4(1) | 0.5(1) 746.4
1370.7(5) | 2117.1(5) 746.4(1) | 0.2(1) 746.4

Table 5.3: ~ rays assigned to %Fe from the 3-n decay of °Mn. The intensities
are normalized to the 363.7 keV intensity of 100. The 764.4(1)- and 1016.7(1)-keV
transitions were observed in ref. [92], where the 746.4- and 1763.8-keV levels were
assigned spin parities of 2] and 47, respectively. The 746.7-, 1017-, 1105-, and
1370-keV transitions were observed in the S-decay of ®*Mn by [18].
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Figure 5.10: Left: A portion of the singles v ray spectrum enhancing the short-
lived decay of °Mn, showing the 746.4-keV peak due to a line in ®*Fe from the S-n
branch. Inset: Decay time spectrum of the 746.4-keV events after the proton pulse.
Fitting the slope gives the half-life of 99(9) ms consistent with the 8 decay of Mn.
Right: A level scheme of *Fe populated in the 8-n decay of %°Mn.

5.3 Ultra-fast timing measurements

Level lifetimes in %°Fe have been measured with the Advanced Time-Delayed method
[13, 14, 15]. The shape deconvolution technique was used for the half-lives above
80 ps when time spectra have shown a slope on the delayed side, while the centroid
shift analysis was applied for shorter lifetimes. A summary of lifetime measure-
ments is given in Tab. [5.4 Besides the § detectors, there were two HPGe and
two LaBrs(Ce) detectors in the fast timing setup. The contribution from the HPGe
detectors were summed together, while those from the LaBrs(Ce) detectors were
analysed separately since their time responses were different.

Our preliminary analysis of the level lifetimes in ®Fe indicated that only three
levels have sufficiently long lifetimes to be measurable by the deconvolution method.
These levels are at 363.7, 455.6 and 561.0 keV. The lifetimes were deduced from a
four parameter data set, which included the energies of the fast-response [ and
LaBr3(Ce) ~ detectors, a time difference between their signals recorded in the TAC
unit with 50-ns range, and the time elapsed between the 57(t) event and the last
proton pulse. Fig. shows a LaBrs(Ce) energy spectrum with a gate set in
the delayed part of the fast-TAC, cutting away the semi-prompt part. Under this
conditions only transitions from levels with lifetimes over ~ 100 ps are enhanced,
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Figure 5.11: LaBr3(Ce) energy spectrum with a gate in the delayed part of the
fast-TAC. This way only transitions with half lives over 100 ps are enhanced, while
shorter lifetimes are suppressed.

which corresponds with the previously listed ones.

The first two levels are de-excited by strong ~ rays, which are well separated
in the f(t) spectra where a LaBrs(Ce) v detector was used, see Fig. We
start the analysis with the 455.6-keV level, since the v time spectrum gated by
the 455.6-keV transition shows only a single time component due to the lifetime
of the 455.6-keV level. On the other hand the time spectrum gated by the 363.7-
keV transition includes as the main component the slope due to the lifetime of the
363.7-keV level and a smaller component due to the lifetime of the 455.6-keV level
present in the spectrum due to the 92.0-keV transition connecting these levels. For
the 561.0-keV level, the de-exciting 560.8-keV transition cannot be resolved in the
LaBr3(Ce) energy spectrum, but long-lived contributions from the higher lying levels
are excluded in the analysis.

5.3.1 Half-life of the 455.6-keV level

A narrow gate was set on the 455.6-keV peak in the LaBrs(Ce) spectrum to ensure
that the contribution from the 439.3-keV transition is minimized. In any case,
the 894.8-keV level has a very short half-life (see results below) so that a small
presence of the 439.3-keV ~ ray in the energy gate does not influence the present slope
measurement. The g~ time spectrum gated by the 455.6-keV transition is shown in
Fig. |5.12] Fitting the slope to an exponential decay yielded the half-life of 350(10)
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Figure 5.12: Time-delayed [v(t) spectrum gated by the 455.6-keV transition. Its
slope is due to the half-life of the 455.6-keV level. A fit to the exponential decay
yields Ty = 350(10) ps.

ps. This result is the weighted average of the two lifetimes obtained independently
using each of the LaBrs(Ce) detectors. The half-life value of 350 ps for the 455.6-
keV level was confirmed by using the triple coincident gy data with the addition
of a HPGe detector in coincidences. By gating in the HPGe detector on the v ray
transitions feeding the 455.6-keV level from above and on the 455.6-keV transition
in the LaBrg(Ce) detector one obtained time spectra with the characteristic slope
of about 350 ps although with much lower statistics.

5.3.2 Half-life of the 363.7-keV level

Using the same (v data set, a time spectrum was generated by gating on the 363.7-
keV transition in the LaBrs(Ce) detector. The spectrum, shown in Fig. [5.13| has
two lifetime components. The longer one, with a half-life consistent with 350 ps is
due to the level half-life of the 455.6-keV state that feeds the 363.7-keV level via
the 92.0-keV line. The time distribution was fit to a prompt Gaussian plus two
exponential decays. The shorter component gives 93(3) ps for the half-life of the
363.7-keV level. One should note that on a much longer scale, not relevant to this
analysis, this time spectrum has also a 420 ns component due to the 397.6-keV
isomer feeding the 363.7-keV level via the 33.9-keV transition. Over a few ns range,
this long component provides merely a flat background contribution.

In the analysis of the fast timing triple coincident S+~ data, we have gated in
the HPGe detector on a few transitions feeding the 363.7-keV level from above and
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Figure 5.13: Time-delayed (7(t) spectrum gated by the 363.7-keV transition. Its
shorter slope is due to the 93(3) ps half-life of the 363.7-keV level in ®*Fe; see text
for details.

on the 363.7-keV line in LaBrs(Ce) detector. The deconvolution of the coincident
By(t) time-delayed spectrum gives 71/, = 105(15) ps consistent with the earlier
result.

We have also used the centroid shift method, the fast timing Sy data and the
v ray cascade of two consecutive transitions of energy 725.2-363.7 keV. By gating
on the 363.7-keV line in HPGe and the 725.2-keV peak in LaBr;(Ce) one obtains a
time spectrum, whose centroid shift defines a reference position. By reversing the
gates in the HPGe and LaBrs(Ce) one obtains the time spectrum, whose centroid
shift represents the reference position plus an extra shift due to the mean-life of
the 363.7-keV level. The difference between these centroids corrected for the time
response of the LaBr3(Ce) to the full energy peak events at 725.2- and 363.7-keV,
yields the half-life of the 363.7-keV level as 81(16) ps in agreement with the previous
results.

5.3.3 Half-life of the 561.0-keV level

In the LaBrg(Ce) energy spectrum of the fv data set, the 561.0- and 569.1-keV
can not be resolved. Thus, the time spectrum generated by gating that peak will
present a combination of the half lives of both levels (561.0- and 569.1-keV). This
time spectrum shows a long slope in its delayed part. The 569.1-keV ~ ray is 3
times more intense than the 561.0-keV, but its half-life is short enough to appear as
a semi-prompt time distribution (as shown in the following section). Consequently
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the observed half-life was assigned to the 561.0-keV level. Employing the deconvo-
lution technique, a fit was performed for a two component exponential decay. The
fast component (nearly semi-prompt) accounted for the 569.1-keV transition con-
tribution while the longer one yielded the 561.0-keV level half-life. The weighted
average of both detectors gave T4/, = 390(30) ps.

None of the 561.0-keV level de-exciting transitions feeds the 455.6-keV level
and the energies of their v rays are sufficiently apart. Despite the similarity of their
half lives, the possibility that they are related was discarded in the analysis.

5.3.4 Half-life of the 569.1-keV level

The half-lives of the 569.1-, 683.3-, and 894.8-keV levels were obtained by the
centroid shift method using the triple coincident fast timing S+ data. For the
569.1-keV level we have used the two-v ray cascade of 519.8-569.1 keV transitions.
The centroid of the time-delayed S(t) spectrum gated by the 519.8-keV ~ ray in
LaBrs(Ce) detector with an additional HPGe gate at 569.1 keV, gives a time refer-
ence spectrum. By reversing the gates and taking the 569.1-keV line in LaBrs(Ce)
and the 519.8-keV transition in HPGe, one obtains a time spectrum, whose centroid
is shifted from the reference point by the mean-life of the 569.1-keV level. In all
centroid-shift analysis we make standard corrections for the Compton continuum un-
der the full-energy peaks in the LaBrs(Ce) spectrum and the energy dependent time
response for the full-energy peaks (the RD-corrections) [I5]. For the first LaBrs(Ce)
detector the centroid shift gives the value of T4/, = 0(11) ps, and for the second the
value of 9(10) ps, giving the average value of T/, = 4(7) ps or a limit of <12 ps.

5.3.5 Half-life of the 683.3-keV level

For the 683.3- and 894.8-keV levels we do not have easily defined reference points for
the centroid shift analysis. Therefore, we define an approximate prompt position at
363.7 keV. First we construct three $7(t) time spectra gated by the 697.7-, 725.2-,
and 1002.9-keV transitions in the HPGe detector, respectively, and by the 363.7-
keV line in the LaBrs(Ce). These time spectra are shifted from the prompt time
position by AT = 7y + Tyoprever + T363, Where 7y is a constant shift from the prompt
due to setting of the electronics, Tygprever is the mean life of the top level, which in
this case is either the 1057.7-, 1088.7-, or 1366.6-keV level, respectively, while 7363
is the meanlife of the 363.7-keV state, which has a known value of 134(4) ps (132 =
93(3) ps) measured by us. The three time spectra for the first LaBrs(Ce) detector
differ by less than 3 ps from their average position, while for for the second detector
they differ by less than 1.6 ps. It means the lifetimes of the top levels are the same
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within a few ps. Since these state do not have lifetimes manifested by slopes, and
it is very unlikely that all of them have the same lifetime of tens of ps, therefore
the equality of their centroids really means their lifetimes are short with T}/, below
a few ps. Consequently, as a correction we arbitrarily assume for these levels a
half-life of T3/, = 0(8) ps, which effectively increases the uncertainty in the lifetime
determinations due to the our inability to determine the lifetimes of the "top levels”
assumed here to be below a few ps.

Using the triple coincidence fast timing 5+ data, a gate was set on the HPGe
detector on the 363.7-keV transition and a 7 ray peak was selected in the LaBrs(Ce)
detector at 319.7 keV. The centroid of the selected fast timing S~ spectrum is equal
to 79 + Tes3. The difference from the approximate prompt position at 363.7 keV in
the half-life units is 31(12) ps for the first LaBrs(Ce) detector and 18(12) ps for the
second one. The weighted average of these results with the subtracted correction for
the reference levels of 0(8) ps, gives the half-life of the 683.3-keV equal to 24(12) ps.

5.3.6 Half-life of the 894.8-keV level

In a similar way we have measured the lifetime of the 894.8-keV state. Using the fast
timing Sy data, a gate was set in the HPGe detector on the 455.6-keV transition
and a v ray peak was selected in the LaBr;(Ce) detector at 439.2 keV. The centroid
of the selected fast timing v spectrum is equal to 7y 4+ 7gg4. The difference from the
approximate prompt position at 363.7 keV in the half-life units is 8(18) ps for the
first LaBrs(Ce) detector and 16(16) ps for the second one. The weighted average of
these results with the subtracted correction for the reference levels of 0(8) ps, gives
the half-life of the 894.8-keV equal to 12(15) ps, thus the adopted value for the level
is T1/2 §27 Ps.

5.4 Discussion

As the starting point for the spin/parity assignments to levels in %Fe we take the
assignments adopted by the evaluators in the Nuclear Data Sheets for A = 65 [85]
for the following S-decaying states: J™ = (5/2)~ for the ground state of ®*Mn and
J™ = (1/2)" and (9/2)" for the ground state and the 393.7-keV states in ®Fe,
respectively. We do not adopt other assignments proposed in [85] as our new results
correct them.

Ground state, J™ = (1/27): The tentative spin parity assignments of
(5/2)~ and (1/2)~ to the ground states of ®*Mn and °Fe would imply a very weak
direct [ feeding between these states as the feeding would go via a second forbidden g
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transition. Our limit on a direct 3 feeding is <8.8 %, supporting these assignments.

363.7-keV level, J™ = (3/27): This state receives a very high direct [
feeding with an intensity of 42(5)% and logft = 4.6, which implies an allowed
transition between the (5/2)~ g.s. of ®Mn and the 363.7-keV state, the same parity
for the states, and the spin/parity assignments of (3/2)~, (5/2)~ and (7/2)".

The first excited state has a half-life of 93(3) ps and it decays to the ground
state by the 363.7-keV line. If this v ray would have an E2 multipolarity its
B(E2) value would be 62(2) W.u., thus about three times higher than the collective
B(E2;2{ — 0f) values in the neighbouring even-even Fe isotopes. Consequently
this rate is too high and the 363.7-keV transition is not an £2. Based on the lifetime
measurement this transition could be either E1 or M1 in character, with the B(F1)
value of 9.3-107° W.u. or B(M1) = 4.9-10~ W.u. Due to the parity considerations,
this transition could be only M1 in character, limiting the spin/parity for the level
to (3/2)~. The lifetime of the level does not exclude a small £2 component in the
transition. If we assumed a small E2 component in the 363.7-keV transition with
B(E2) of 5 W.u. then the branching ratio for E2 would be 8% while for M1 it would
be 92%.

393.7-keV level, J™ = (9/27%): The second excited state in ®Fe is a 8
decaying isomer with 77, = 1.12(15) s. In this work we could precisely determine
its excitation energy and we could then also investigate a possible y-decay branches
to the lower-lying states: the ground state and the 363.7-keV state. The isomer has
a weak direct and indirect § feeding, which accounts to only 3.9(5)%, out of which
1.6% goes via a single 215.8-keV ~ ray feeding the state. There are likely a few more
~ rays feeding the isomer that remain unobserved in our measurement. Direct
feeding is probably much smaller owing to the spin/parity differences between J™ =
(9/27) for the isomer and J™ = (5/27) for the ground state of ®Mn.

We do not observe any v ray connecting the S-decaying states in %°Fe. The
upper limit on intensity for the 393.7-keV transition is 0.15 in relative units, while the
relative intensity in the §-decay channel is 7(1). Thus using the « branch of < 0.021
one obtains for a M4 transition the B(M4) < 3900 W.u., which is consistent with
no observation of any « transition, since it means that the true v branching is much
lower than the measured limit. The other possible parity changing multipolarities
are K1, M2 or FE3. Yet, they have exceptionally low and unrealistic rates except
perhaps for the E3 multipolarity

This isomer may also decay to the 363.7-keV level by a 30.0-keV transition,
which would be E3 in character. But even with the B(E3) value of ~10 W.u. the
total intensity of this transition would be negligible.

397.6-keV level, J™ = (5/27): The 397.6-keV state is also an isomer with
the half-life of 420(13) ns. It decays to the (3/27) state by the 33.9-keV line, for
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which an F1 multipolarity was proposed by Daugas et al., albeit no evidence was
provided for this assignment [87]. The observed ~ intensity feeding the isomer is
3.9(2) in relative units, while the total intensity of the 33.9-keV transition is 4(1).
This intensity balance implies that the isomer is weakly, if at all, directly populated
in the S-decay of ®®Mn. We do not observe any direct ~ transition to the ground
state at the energy 397.6 keV, for which an upper limit of intensity was established
to be 0.15 in relative units. Another possible branch of decay is a 3.9-keV transition
to the (9/27) state at 393.7 keV.

The 33.9-keV transition must be a dipole either E'1 or M1 in character making
the spin of the 397.6-keV state either 1/2, 3/2 or 5/2. The B(E1) and B(M1) values
would be 1.2-107®> W.u. and 7.9-10~*W.u., respectively. The transition cannot be
E2 since then its B(E2) value would be 64 W.u., a transition rate too collective for
the case of %°Fe. Moreover, its electron conversion coefficient of 29.5 would make this
transition virtually undetectable in low-intensity experiments and yet the transition
was previously observed.

If the unobserved 397.6-keV transition would be a dipole E'1 or M1 transition
then the B(F1) and B(M1) rates would be < 6-1071° W.u. and < 3:107® W.u.,
respectively. These rates are too low to be realistic, therefore we reject these op-
tion. Consequently, this transition must be either £2 or M2 in character. The
corresponding B(E2) and B(M2) rates are < 3-107* W.u. and < 1.7-1072 W.u., re-
spectively. The B(E2) rate is exceptionally low, while the B(M2) rate is just about
the average value one could expect for this nucleus [93], 94]. Consequently, the most
likely spin/parity assignment for the 397.6-keV state is (5/27). The difference in
the parity between this state and the ground state of °Mn explains very weak, if
any, direct § feeding to this state.

The proposed spin/parity assignments would imply that the unobserved 3.9-keV
transition is £2 in character. By assuming that its B(E2) value is below 20 W.u. it
would imply the total intensity for this transition to be less than 0.05 in relative
units, thus negligible. On the other hand, if the 3.9-keV transition would be M1 or
E1 in character, a significant portion de-exciting the 397.6-keV level would feed the
state at 393.7-keV. That portion would be detectable via missing intensity in the
33.9-keV line. The balance of intensities feeding and de-exciting the 397.6-keV level
excludes this possibility. Thus the 397.6-keV level is de-excited almost exclusively
by the 33.9-keV transition, which supports the proposed spin/parity assignments to
this level.

455.6-keV level, J™ = (5/27): This level receives a strong § feeding with
logft = 5.3 from the (5/27) ground state in %Mn, which implies a spin/parity of
(3/27), (5/27) or (7/27) for the 455.6-keV state. On the other hand, this level has a
relatively long half-life of 350(10) ps and is de-excited by 7 rays to the (1/27) ground
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state and the (3/27) 363.7-keV state. The 455.6-keV ground state transition can be
either M1 with B(M1) = 6.4(8)-10~*W.u., or E2 with B(E2) = 5.2(6) W.u., while
the 92.0-keV transition can be M1 with B(M1) = 2.5(4)-1073 W.u. The 92.0-keV
ray cannot be E2 since then its B(E2) would have an unrealistic value of 500 W.u.

The transition rates allow for a choice of only two spin/parities: (3/27) or
(5/27). We adopt the second alternative, since it allows for a B(E2) value for the
ground state transition consistent with a core coupled state.

This level can also decay by a 58.0-keV transition to the (5/2%) state at
397.6 keV. Assuming a typical B(E1) value of about 1-107> W.u. for this transition
its total relative intensity would be only about 0.2.

561.0 keV, J™ = (3/27,5/27,3/27%): This level has a small 3-feeding of
1.5% giving a log ft = 6.1 and populates levels of spin (1/27) and (3/27) and (5/27),
but not the 9/2% S-isomer nor the (5/27) state. One of the v transitions must be
parity changing E1. If the 163.1-keV line is E1 then the possible spin/parity for
the 561.0-keV level is either (3/27), (5/27) or (7/27). Taking the measured T/, we
obtain a B(E1) value of 4-107° W.u., the 197.6-keV line must be M1, with a B(M1)
value of 2.2:107% W.u., as an B(E?2) rate of above 93 W.u. would be too high and
unacceptable. The 560.8-keV transition could be then M1 (B(M1) ~1.8:10~* W.u.)
or £2 (B(E2) ~1.0 W.u.), but M3 is firmly excluded. This scenario allows only for
the spin/parity of (3/27) and (5/27) for the 561.0-keV state.

If the 197.6-keV line is E1, then the 163.1-keV v ray could be M1 (B(M1)~
1.9-107* W.u.), but E2 is excluded. While the 560.8-keV transition could be F1
(B(E1) ~3-107% W.u.) but M2 is excluded. This scenario allows only for the
spin/parity of (3/2%).

569.1 keV, J = (1/2,3/2): This level receives a very low -feeding of 0.9%
with logft = 6.3, which may indicate a forbidden transition from the parent % Mn.
It de-excites to the ground state and the first excited state. With the half-life limit
of < 12 ps, the 569.1-keV ground state transition can be either E1 with B(E1)>
1.8-107* W.u. or M1 with B(M1) >9.6-10"3W.u. The M2 and E2 multipolarities
are excluded for this transition. A similar situation is for the 205.3-keV line. Thus
the spin for the 569.1-keV level can be either (1/2) or (3/2) with either parity,
although a negative parity would be favoured.

Due to the very short lifetime limit and energy factors, even a moderately fast
171.5-keV transition to the (5/2%) 397.6-keV level would be undetectable in our
experiment, regardless of whether it would be M1 or E1 in character.

609.5 keV, J™ = (7/2%): This level is the only one that is known to de-
excite to the [-isomer at 393.7 keV. It has very weak [ feeding if any, with the
intensity of <1.0%. It is mainly v fed from higher energy levels. The only reasonable
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spin/parity assignment would be (7/2%). A lower spin or negative parity would
make transitions possible to other levels beside the (9/27) isomer (the (5/27) at
455.1 keV, for example). A higher spin would cause the levels, whose transitions
feed the 609.5-keV level, to directly v feed the [-decaying isomer. We found no
evidence for that.

There is no observation in singles or coincidence spectra of a 211.9-keV trans-
ition to the (5/2%) v ray isomer. An upper limit of intensity for this transition is
0.2 in relative units.

683.3 keV, J™ = (3/27,5/27,3/2%): The 683.3-keV level is weakly /3 fed.
It de-excites to four levels with three of them having spin/parity (1/27), (3/27)
and (5/27), respectively. All of the de-exciting v rays could be only of either E'1 or
M1 type, with the exception of the ground state transition which can be also E2 in
character. This makes the possible spin/parity assignments for this level as (3/27),

(5/27) and (3/2%).

894.8 keV, J™ = (7/27): This level seems to get some [-feeding, which
would imply negative parity. Moreover it feeds two excited states of spin/parity
(3/27) and (5/27), but it does not feed the ground state, which is energetically
favoured. The transition rates imply that each of the de-exciting transitions could
be either £'1 or M1 in character, but the 531.1-keV transition could be also of the
E2 type with B(E2) >8 W.u. The lack of any ground state feeding almost defin-
itely excludes the (1/27) and (3/27) cases, and makes even the (5/27) assignment
unlikely. As a result the most likely spin/parity assignment for this level is (7/27).

1057.2 keV, J™ = (3/27,5/27): This level has a 3 feeding of 2.9% and
logft =5.6, which favours negative parity for this state. It populates six states
mainly of negative parity but also the (5/27) state. As discussed before, our evidence
indicates that the half-life of this state is very short in the range of a few ps, thus it
was used as an internal ”semi-prompt” reference. We have placed a rather arbitrary
limit of <8 ps on the half-life of this level. A check on the lifetime limit is provided
by the B(E1) value which we expect to be in the range of about 5-107° W.u.

Indeed the half-life limit gives the 659.7-keV E1 transition a B(FE1) value of
>2.5-107% W.u. and firmly excludes this transition to be M2. The E1 nature of
this v ray feeding the (5/2%) state limits the possible spin/parity assignments to
the 1057.2-keV level to (3/27), (5/27) and (7/27). However, a direct feeding to the
(1/27) ground state definitely excludes the (7/27) case. The 1057.2-keV transition
could be either M1 (B(M1) >2.8:10~* W.u.) or E2 (B(E2) >0.42 W.u.), but not
Ms3.

The most intense transition is the 693.7-keV one feeding the (3/27) state.
This transition can be either M1 with B(M1)> 3.1-1072 W.u. or E2 with B(E2)>
11 W.u., or a mixture of both. On the other hand the fastest transition is the
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374.1-keV line, which could be either F1 (B(E1) >1.7-107* W.u.) or M1 (B(M1)
>1.6-1072 W.u.) but for sure not E2 in character. The transition rates for v ray
de-exciting this state are thus consistent with the proposed spin/parity assignment.

1088.7 keV, J™ = (3/27,5/27): This level has the second highest § feeding
and the second lowest log ft value. This rules out a positive parity for this state and
limits the spin/parity to (3/27), (5/27) and (7/27) as the [ transition is clearly
allowed. In similarity to the 1057.3-keV state this level was also used as “semi-
prompt” reference and a limit of <8 ps was set on its half-life. With this limit
the 1088.6-keV transition feeding the (1/27) ground state can be either M1 or E2,
with the corresponding B(M1) >1.0-1072 W.u. and E2 with B(E2) >1.4 W.u., but
definitely not AM3. This limits the spin/parity assignment for this level as 3/2~
or 5/27. All transition rates for other 7 rays de-exciting this level are consistent
with this assignment. The strong S-feeding to the (3/27) levels in ®Fe makes a
(3/27) the most reasonable choice for the 1088.7-keV state, but (5/27) cannot be
completely discarded.

Level (keV) Ty (ps) | E, (keV) | Multipolarity | B(XL) W.u.
363.7 93(3) 363.7 M1 4.9(2) - 1073
397.6 437(55) ns | 33.3 E2 9.2(71) - 10
455.6 350(10) 92.0 M1 2.6(4)- 1073

455.6 E2 5.1(6)
561.0 390(30) 163.1 M1 6.4(8) - 10~*
El 3.9(4) - 107
197.6 M1 2.2(3)- 1073
El 7.7(1)- 1077
561.0 M1 1.8(2)-1074
E2 11(1)
569.1 <12 205.3 M1 >79-1073
El >1.5-1074
569.1 M1 >9.6-1073
El >1.8-107*
683.3 24(12) 227.7 M1 1.8(9) - 1072
El 3.5(18) - 1074
319.7 M1 1.2(6) - 1072
El 2.2(11) - 1074
683.3 M1 9(5)-1074
El 1.8(3) - 107°
894.8 <27 439.2 M1 >7.1-107°
El >1.4-1074
531.1 M1 >1.3-1073
El >2.5-107°
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Table 5.4: Table that summarizes the different half lives and transition rates meas-
ured in %Fe.

1366.6 keV, J™ = (5/27): This level has a significant § feeding of 6.3%
with a small logft = 5.2, which implies an allowed transition making the possible
spin/parity assignments of (3/27), (5/27) and (7/27). This state was also used as
a “semi-prompt” time reference and a limit of <8 ps was set on its half-life. The
v rays feeding the (5/2%) and (7/2%) states are E1 in character with the B(E1)
values of >4.3-107¢ W.u. and >2.3-10~% W.u., respectively, while the M2 character
is definitely excluded. This allows only the J™ assignments of (5/27) and (7/27). On
the other hand, the ground state 1366.2-keV transition can be either M1 (B(M1)
>3.0-107° W.u.) or E2 (B(FE2) >2.7-1072 W.u.), but definitely not M3 in character.
This excludes the J™ assignment of (7/27), leaving (5/27) as the only alternative.
The absence of a transition linking this state to the (9/2%) further supports this
assignment.

5.5 Calculations

Shell model calculations were performed by A. Poves [95] using the Lenzi-Nowacki-
Poves-Sieja (LNPS) effective interaction [6]. This interaction works in a large shell
model space, employing *Ca as a core and including pf orbitals for protons and
pfgd (1p3/2, 1p1/2, 0fs/2, 0gg/2 and 1d5/2) orbitals for neutrons. The two-body matrix
elements that involve the 1ds /5 orbit were calculated from the G matrix, based on the
Kahana-Lee-Scott potential [96]. The monopole Hamiltonian was adjusted using the
experimental B(E2) value in ®Zn and the 0gg/5—1d5/2 gap systematics for Zr isotopes
(Z=40). The quadrupole-quadrupole interaction of the neutron 0gg/, and 1d;/, was
increased by 20% to describe the observed shape evolution in the Z = 20 — 28,
N = 36 — 42 mass region. For further details, refer to [6].

For the beta-decay calculations the ®®Mn 5/2~ ground state was constructed
with the ingredients described above. The Gamow-Teller operator was applied in
order to connect to the states in %Fe, and the log ft value was calculated. The decay
pattern obtained in the calculations is plotted together with the experimental results
in Fig. for energies below 1.6 MeV. Very good agreement is obtained for the
3/2~ and 5/27 states when compared to the experimental results, easily identifying
the first 3/27 and 5/2~ with the 363.7 and 455.6 keV levels seen in the experiment.
The logft values help identifying the assigned spins and parities. The calculated
7/27 states are above 1.5 MeV with logft > 6.5. States with spin-parity 1/2~
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Figure 5.14: A comparison of the experimental and calculated levels (see text for
details). Logft and spin/parities were calculated for the lower energy levels.

were not calculated as there would not be allowed [ transitions to them. Sizeable
Gamow-Teller strength above 4 MeV is reproduced in the calculations for the beta-
decay to the negative parity states in %Fe, corresponding to the tail of the giant
resonance. For the lowest lying negative 1/27 (g.s.), 3/2~ and 5/2~ states similar
configurations are obtained, supporting their interpretation as the coupling of the
single particle p;/» neutron orbit to the 0* and 2% states of the core.

The positive parity states have been also calculated for spins 3/2, 5/2, 7/2 and
9/2. They are in reasonable agreement with the experimentally measured states that
have been assigned positive parity, although they are predicted at slightly higher
energies. This fact arises from the dimension limitations of the calculations, which
slows down the convergence of the energy values. The calculations show a level
with spin parity 3/2% at 930 keV, which would be above the y-decaying isomer (at
720 keV in the calculations). This level has not been identified in the experiment,
nor their expected 3/2% — 5/2% and 3/2% — 5/2% transitions observed.
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5.6 Conclusion

The ®Mn half-life have been precisely measured (T1/,=91.9(9) ms), confirming pre-
vious results. The %Fe level scheme now comprehends 87 7-transitions and 41
excited states (up to 4.4 MeV) and an upper limit for the direct S-feeding to the
ground state has been given for the first time. A new value of P, = 7.9(12)% was
obtained, which can not agree with previous values. Moreover, it has been observed
for the first time that the Sn branch populates excited states in ®*Fe, contrary to
what previously was believed.

The 9/2% (-decaying isomer energy has been precisely determined at 393.7
keV. Gamma transitions populating and de-exciting the 397.6 keV isomer have been
directly or indirectly observed.

Employing the ATD method, the half lives of 4 excited levels have been meas-
ured and upper limits have been set for two more. The measured transition rates
allowed to make spin/parity assignments to the low energy levels. The proposed
assignment suggests that some of the first excited states arise from the coupling of
the unpaired neutron with the collective 27 and 4% states. During the analysis the
1/2~ (ground state), 3/27, 5/27 and 7/2~ were identified, not so a 9/2~ spin state.
The arrangement of these levels have been corroborated by shell model calculations
using the LNPS effective interaction.

Positive parity states have also been observed at low energies (9/2 at 393.7
keV, 5/27 at 397.6 keV and 7/2% at 609.5 keV), observation supported by the
calculations. They show the importance of the positive parity orbitals across the
N = 40 subshell gap.
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Chapter 6

3 decay of Mn and structure of
63Fe

In this Chapter we detail the study of the low energy structure of the nucleus %*Fe
populated in the %3Mn 3 decay, using v spectroscopy and fast-timing spectroscopy,
in a similar way as described for the %°Fe 3 decay (Chapter 5.

The existing %Fe level scheme has been extended by including more than
20 new levels and 65 new transitions. An upper limit for the direct [-feeding to
the %3Fe ground state has been established and a new P, value for the neutron
delayed emission branch has been measured. In addition a new candidate for a
long-lived isomer has been found. Using the ATD Sv+(t) method we have been able
to measure lifetimes of the lower energy levels, which were then used to calculate
reduced transition probabilities.

6.1 Previous knowledge of %Fe

The information on the 3 decay of ®*Mn and on the excited levels in %Fe prior to this
study is very limited. The Mn ground state 3 decay half-life has been measured
a number of times. The most precise value, T;/,=275(4) ms, was measured by
Hannawald and collaborators [4]. In this same work a P, = 30.5(5) % value for the
$-n branch of 3Mn was reported.

Other, less precise, reported half-life values in literature are 322(23) ms [97, 32]
and 250(40) ms by Bosch and co-workers et al. [98], who produced %Mn isotopes for
the first time in a multinucleon transfer reaction at GSI, along with other nuclides.
The first gamma-ray at 356(10) keV was assigned to the ®*Mn decay in the latter
work [98].

111
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In the work by Gaudefroy et al. [88] the 357-, 451-, 505-, 626-, 775-, 995-
and 1132-keV transitions are assigned to %Fe following the 3 decay of ®*Mn. The
limited statistics did not allow them to observe v+ coincidences, but a tentative level
scheme of %Fe is proposed, where six transitions are placed and the ground state
spin-parity is proposed as 5/27.

Studies of the multinucleon transfer reactions on a 238U target by Lunardi et al.
[3] show the line at 356.2(2) keV in ®Fe, tentatively assigned as the 3/2~ — 5/2~
ground state transition, and two more gamma-rays in coincidences with energies
819.0(4) and 1404.1(5) keV, which are suggested to form a high spin yrast cascade
with the sequence 17/27 — 13/2% — 9/27 isomer. We do not expect to observe the
high spin states in the S~ -decay of %*Mn.

The most detailed information about the levels in ®3Fe populated by the %3Mn
B decay comes from a test performed at ISOLDE by H. Mach and the Fast Timing
Collaboration [19], in preparation for experiment IS474. During this brief test several
new gamma-rays in %Fe were observed, and a new level scheme with 10 excited states
and 21 gamma transitions was proposed, confirming the tentative placement of the
six transitions from [88]. In addition the half-lives of the first two excited states
at 357 and 451 keV were measured to be 110 and 780 ps and a new spin-parity
sequence was proposed for the low-lying states, including a new J™ value of 1/2~
for the ground state.

6.2 Experimental results

The production yield of ®*Mn at ISOLDE facility was much higher than for masses
65 and 66 (as expected for an isotope closer to the Valley of Stability), leading
to abundant statistics to perform the analysis. Due to this large yield (~ 250000
ions/second, see Sec. , in order to limit the count-rate in our detectors, the
beam gate was left open only for 40 ms after the proton impact in the target, time
enough to build up sufficient %3*Mn activity to collect the desired amount of data.
This also had the advantage of preventing any significant amount of %3Ga ions to
arrive to the experimental set up, so the amount of this contaminant during the
analysis was negligible. On the other hand, mass A = 66 was run before masses 65
and 63 and %Ga has a T, /2 ~ 9.5 hours, thus a significant amount of it was still
present.

During experiment 1S474 data on A = 63 isotopes was collected in saturation
for around 19 hours. The analysis is conducted in a similar manner as previously
detailed for the *Mn 3 decay.
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Figure 6.1: %Mn 3 decay half-life fitted to an exponential decay. The spectrum
was obtained by gating 357.3-keV transition in %*Fe.

6.2.1 53Mn half-life

As explained above, the beam gate was kept open for 40 ms after the proton impact
on the target, thus leaving ample time for the %Mn to decay before the next proton
cycle at 1200 ms. By selecting the 357.3-keV gamma (the most intense in the %Mn
3 decay) and projecting on to the time since last proton impact, the %Mn half-life
was measured (see Fig. [6.1).

To measure the half-life the fitting range should be selected from the closing
of the beam gate (40 ms) to the end of the first proton cycle (1200 ms), in order
to maximize the available statistics. The result should be independent of the region
fitted, but that was not the case for ®*Mn: the value varied slightly depending on the
time-range selected. The half-life value was as high as 320(2) ms for the earlier part
of the decay while it went down to 290(1) ms for the later one. Since any contribution
from other half-lives would show the opposite behaviour, a shorter half-life at the
beginning and a longer one at the end, this possibility has been ruled out and other
explanations have been sought for. One of them is a wrong setting of the beam gate
or ion leaking due to some malfunction of the beam gate. If this leaking is larger at
the beginning (because there is a larger amount of Mn ions being released from the
target) but becomes smaller as time passes (because the beam gates slowly closes or
just because the Mn ions have decayed away and there are fewer of them) it could
explain why longer Half-lives are observed just after the beam gate is closed.



114 CHAPTER 6. STRUCTURE OF %FE

As no concluding explanation has been obtained for the dependence of the
63Mn half-life with the fitting range, the presented value is an average of the results
obtained by fitting the different regions, T;,,=305(15) ms. The error takes into
account the time dependence of the fit. This result was verified by fitting %Mn
activity with gates in other intense gammas, such as 451.1 and 1132.5 keV, in %Fe.

6.2.2 9%Fe levels and transitions

The 1S474 experiment was considerable longer than the previous brief test [19], so
much higher statistics were obtained this time. For the identification of transitions
a two-parameter data set with the energy of either HPGe detector and the time
elapsed between the event and the last proton pulse was analysed. The short-lived
activity of %Mn was enhanced in the off-line sorting by selecting a time window
from 10 to 1200 ms after the proton pulse, but due to the specific Half-lives of the
A = 63 isotopic chain, the spectrum could not be completely cleared. Figs. [6.2]
and shows the energy spectrum from both HPGe detectors summed together.

In a second step, by setting gates on the full energy peaks in the HPGe spec-
trum and projecting onto the proton time spectrum, v rays were identified as belong-
ing to the Mn decay if their time spectrum was consistent with the decay half-life
of 305 ms.

Finally, a three-parameter data set was used, with the coincident energy of
both HPGe detectors and the time since last proton impact. The identification (or
further confirmation) of other lines in %Fe was made based on firm coincidences
with the already known gammas (within a ~ +0.5 us time gate).

Table|6.1]lists the gammas assigned to the %Mn decay in our work, while levels
in %Fe are listed in Table . Compared to [19] we have added 21 new levels and
65 new transitions, carrying about ~ 9.2% of the relative gamma intensity. Their
gamma relative intensities have been normalized to 100 for the 357.3-keV transition.
Several gammas with weak intensity (all of them add up to 2.4 in relative units)
belonging to the %Mn decay could not be placed in the level scheme due to the
lack of coincidences. It is very unlikely that they belong to the 5-n decay branch to
62Fe, since the most intense gamma-ray in the 2Mn 3~ decay to %?Fe at 877.2 keV
is observed with only 0.9 units of intensity.
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Figure 6.2: Energy spectra of both HPGe detectors added with the %3Mn activity
enhanced. Peaks assigned to the *Mn are identified. The oversubtraction is due
to the decay products, for which their specific Half-lives did not allow to obtain a
perfectly clean energy spectrum.
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Figure 6.3: Energy spectra of both HPGe detectors added with the %3Mn activity
enhanced. Peaks assigned to the ®3Mn are identified.
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Energy., (keV) | Energyiee (keV) L Multipolarity
93.8(1)" 451.1(1) 16(1) M1
206.3(1) 681.3(1) 5(4) M1
226.1(1) 1132.6(1) 0.5(1)

230.1(1)" 681.3(1) 1(1) El
268.3(1)" 625.6(1) 1.2(1)
289.9(1) 1534.3(2) 0.1(1)
323.9(1)T 681.3(1) 1.6(1) M2
357.3(1)7 357.3(1) 100(7) M1
401.6(1) 1534.3(2) 0.4(1)
424.5(1)1 1534.3(2) 2.7(2)
451.1(1)H 451.1(1) 16.1(1) E2
451.1(1)* 1132.6(1) 1.2(3)
455.4(1)T 906.6(1) 1.6(1)
460.8(1) 1142.0(1) 0.5(1)
463.1(1) 820.4(1) 0.1(1)
507.0(1)1* 1132.6(1) 9.1(7)
549.2(1)T 906.6(1) 1.3(1)
563.2(1) 1244.5(1) 0.1(1)
625.6(1)" 625.6(1) 14(1)
627.9(2)* 1534.3(2) 2(2)
658.6(1)" 1109.8(2) 3.7(3)
681.6(1) 1132.6(1) 3.5(3)
727.0(1) 1178.1(1) 0.4(1)
750.3(2)* 1431.6(2) 0.5(1)
752.4(1)* 1628.0(2) 0.8(1)
769.5(1)% 1244.5(1) 0.7(1)
775.4(1)1 1132.6(1) 11(1)
784.6(1) 1142.0(1) 0.2(1)
820.8(1)" 1178.1(1) 1.7(1)
831.4(2) 1737.7(1) 0.2(1)
849.7(1) 1756.0(3) 0.1(1)
853.1(1) 1534.3(2) 3.3(2)
877.2(1)° B-n 0.9(1)
906.7(1)* 906.6(1) 1.8(1)
908.7(1)"* 1534.3(2) 1.4(1)
918.4(1) 1369.4(2) 0.4(1)
932.1(1) 1289.4(1) 0.2(1)
942.1(1) 2185.8(3) 0.3(1)
945.5(1) 2055.3(2) 0.1(1)
1012.1(1) 1369.4(2) 0.5(1)
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1060.2(1) 1511.3(1) 0.4(1)
1083.0(1)1 1534.3(2) 0.6(1)
1128.1(1) 2034.7(1) 1.3(1)
1132.5(1)f 1132.6(1) 33(2)
1152.8(1) 2330.7(3) 0.2(1)
1176.9(1)" 1534.3(2) 4.9(4)
1183.7(1) 1808.9(2) 0.2(1)
1286.6(3) 1737.7(1) 0.1(1)
1304.6(1) 1756.0(3) 0.2(1)
1357.8(1) 1808.9(2) 0.6(1)
1369.3(1) 1369.4(2) 1.9(1)
1380.3(1) 1737.7(1) 0.2(1)
1393.7(1) 1844.8(1) 0.2(1)
1398.7(1) 1756.0(3) 0.7(1)
1409.2(1) 2034.7(1) 0.2(1)
1451.5(1) 1808.9(2) 0.8(1)
1471.9(1) 1829.3(1) 0.2(1)
1534.0(1) 1534.3(2) 0.4(1)
1580.1(2)% 2055.3(2) 0.1(1)
1604.3(1) 2055.3(2) 0.2(1)
1677.3(1) 2034.7(1) 0.4(1)
1735.1(1) 2185.8(3) 0.4(1)
1808.9(1) 1808.9(2) 1.1(1)
1828.3(3) 2185.8(3) 0.2(1)
1855.6(1)% 2330.7(3) 0.6(1)
1879.4(1) 2330.7(3) 0.4(1)
1959.0(1) - 0.1(1)
2140.8(1) . 0.1(1)
2185.2(7) 2185.8(3) 0.3(1)
2205.6(1) 2831.2(2) 0.3(1)
2235.0(1) - 0.2(1)
2243.2(2) - 0.1(1)
2386.3(3) 2837.7(3) 0.2(1)
2474.0(2) 2831.2(2) 0.4(1)
2480.5(2) 2837.7(3) 0.3(1)
2526.6(2) - 0.2(1)
2606.3(3) 3057.4(3) 0.3(1)
2703.1(2) 3328.7(2) 0.3(1)
2729.4(2) 0.1(1)
2735.0(2) 0.1(1)
2775.4(1) 0.6(1)
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2817.9(2) - 0.2(1)
2841.0(2) - 0.2(1)
3057.4(2) - 0.2(1)
3112.3(3) 3563.5(3) 0.3(1)
3656.3(2) - 0.2(1)
3903.2(3) - 0.1(1)

Table 6.1: Summary of the observed transitions in the %Mn decay. T: Gammas
already observed in [19]. #: No coincidences observed, placed above the 475.0-keV
level because they fit with previously established levels. *: Intensity obtained in co-
incidences, see text for details.®: No coincidences were observed with this transition,
so no other gamma could be assigned to the 5-n decay.

In our level scheme the order of transitions 424.5 and 658.6 keV is inverted
compared to [19], and the 1542.6-keV ~ line has not been observed. The transition
451.1 keV is assigned as a doublet because it shows clear coincidences with the
206.3- and 323.9-keV lines, while neither of these had coincidences with 93.8 keV.
The relative intensity was obtained by the ratio of the areas for 451.1 and 853.1 keV
in the 323.9-keV coincidences energy spectrum. The peak of 507.0-keV transition
was too close to the annihilation peak 511 keV, so its intensity was obtained from
coincidences as well. The full-energy peaks of pairs 625.6—627.9, 750.3—752.4 and
906.7—908.7 keV could not be completely separated, so their intensities were ob-
tained from coincidences. The possibility that the 681.6 keV is a doublet and also
de-excited the 681.3-keV level to the ground state was studied. None of the gammas
populating the 681.3-keV level shows significant coincidences with the 681.6-keV
transition. The most intense of such gammas, at 853.1 keV, would set an upper
limit of 0.1 for the intensity of this hypothetical transition. For this reason, and the
fact that the energies do not exactly match (they are 0.3 keV off), it was decided to
discard the presence of a doublet in the 681.6-keV peak with a significant intensity.

The 1580.1- and 1855.6-keV transitions showed no coincidences. They were
tentatively placed above the 475.0-keV level (to see how this level was established
see Sec. because their energy fitted with previous independently established
levels. The 289.9- and 942.1-keV transitions were clearly in coincidences with the
769.5-keV gamma, but were not in coincidences with anything else. Placing the
769.5-keV transition above the 475.0-keV level made it to fit with the 1244.5-keV
level. Intensity-wise, the 289.9- and 942.1-keV transitions were placed above the
769.5-keV one, and they matched with the 1534.3- and 2055.3-keV levels, respect-
ively. In this arrangement, 289.9- and 942.1-keV transitions should be in coincidence
with the 563.2-keV gamma (decays from the same level than the now placed 769.5-
keV), but due to their weak intensities these coincidences are in the background
level.
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Figure 6.5: 9%Fe level scheme populated in
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the 3 decay of ®*Mn from this work.
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Table [6.2| summarizes the populated levels in the ®*Mn 3 decay. The /3 feeding
has been calculated as the intensity difference between the transitions populating
and de-exciting each level. The normalization factor for the absolute intensities is
174(8), obtained by the sum of the intensities of all the gammas feeding the ground
state and the 475.0-keV level (see below). For this calculation and the log(ft) values
the direct ground state feeding has been considered negligible (see Sec. . For
the mass difference a Q3 = 8748.6(5.5) keV [99] value was used in the calculations.

Level (keV) | p-feeding | log(ft) Ty J7
0 <7% | >5.7 |305(15) ms (1/27)
357.3(1)7 34(4) 5.0(1) | 125(20) ps (3/27)
451.1(1)f 9(1) 5.5(1) | 805(30) ps (5/27)
475.0(1)* (9/2%)
625.6(1)f 2.3(7) | 6.1(1) (1/2)
681.3(1)" 1.1(3) | 6.4(1) | 1.4(2) ns
820.4(1) 0.1(1) | 7.4(5)
906.6(1)T 0.5(2) | 6.6(2)
1109.8(2) 2.5(2) | 5.9(1)
1132.6(1)1 33(2) 4.8(1) (3/27), (5/27)
1142.0(1) 0.4(1) | 6.7(1)
1178.1(1)" L1(1) | 6.2(1)
1244.5(1) 0.1(1) | 7.3(5)
1289.4(1) 0.1(1) | 7.2(5)
1369.4(2) 1.6(1) | 6,0(1)
1431.6(2) 0.3(1) | 6.7(2)
1511.3(1) 0.2(1) | 6.9(2)
1534.3(2)1 8.9(3) | 5.2(1)
1737.7(1) 0.3(1) | 6.6(1)
1756.0(3) 0.6(1) | 6.3(1)
1808.9(2) 1.5(1) | 5.9(1)
1829.3(1) 0.1(1) | 7.1(5)
1844.8(1) 0.1(1) | 7.1(5)
2034.7(1) 1L.1(1) | 6,0(1)
2055.3(2) 0.2(1) | 6.7(2)
2185.8(3) 0.5(1) | 6.3(1)
2330.7(3) 0.3(1) | 6.5(2)
2831.2(2) 0.4(1) | 6.2(1)
2837.7(3) 0.3(1) | 6.3(2)
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3057.4(3) | 0.2(1) | 6.4(2)
3328.7(2) | 0.2(1) | 6.3(2)
3563.5(3) | 0.2(1) | 6.2(2)

Table 6.2: %Fe populated levels in the %Mn 3 decay. T: Levels already observed in
[19]. *: No ~ is observed to de-excite this level, see Sec. for details.

6.2.3 The 475.0-keV isomer

The 206.3-keV ~ ray shows very clear coincidences with the 451.1- (doublet), 461.8-,
563.2-, 750.3- and 853.1-keV transitions, but no coincidences with neither the 93.8-
nor the 357.3-keV lines within the £0.5 us time gate. This situation suggests that
the 206.3-keV gamma de-excites the 681.3-keV level to a new 475.0-keV level that
has no observed gammas de-populating it. The 475-keV level is confirmed by 3 more
populating gammas, de-exciting already established levels.

The level at 475.0 keV can only de-excite via 23.9-, 117.7- and 475.0-keV
gamma transitions to the 451.1-keV, 357.3-keV and ground state, respectively. In
total, this level is fed by 6.4 units of relative intensity (disregarding any hypothetical
direct [ feeding), which, even shared about these three transitions, would be easily
observable in the HPGe energy spectra. None of these three peaks are observed in
the HPGe ungated energy spectrum. The 23.9-keV transition is certainly below the
CFD threshold, but the other two, if existed, should be observable. Table [6.3| shows
the total conversion coefficients o of this three transitions as a function of their
possible multipolarities. The 475.0-keV transition would have a very low conversion
coefficient, even for high multipolarity as M4, so this does not explain why it is
not observed. The 117.7-keV line has a significant o, but only multipolarities E4
and M4 would explain why it is not observed. The 23.9-keV transition is absolutely
converted, which would make a direct observation of this gamma unachievable in
any case. Nevertheless, these coefficients play an important role in the calculation
of a hypothetical half-life.

Even if unseen in the HPGe energy spectra with restricted coincidence condi-
tions, these transitions might show themselves as a delayed component in the lines
de-exciting the levels they would populate (see Sec. for an example of such
a case in %Mn). If all the intensity coming into the 475.0-keV level is de-excited
through the 23.9-keV transition, it would entail that approximately ~ 20% of the
451.1-keV transition counts should be delayed. The left plot in Fig. shows the
slow-TAC (8-HPGe) spectrum gated by the 451.1 keV in the HPGe, in logarithmic
scale and with a compression of 2.4 ns/channel. The peak on the left side is due to
prompt transitions (in this context that means lifetimes below 1 ns) while the flat
plateau is due to random coincidences. A delayed feeding of the 451.1 keV would
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Energy (keV) ar(E1) ar(E2) ar(E3) ar(E4)
175.0(1) | 4.52(7)E-04 | L.60(23)E-03 | 5.03(7)E-03 | 1.52(22)E-02
17.7(1) | 2.58(4)E-02 | 2.63(4)E-01 | 2.27(4)E+00 | 1.91(3)E+01
23.9(1) | 3.14(6)E+00 | 1.05(22)E+02 | 3.79(10)E+03 | 1.77(6)E-+05

Energy (keV) ar(M1) ar(M2) ar(M3) ar(M4)
475.0(1) | 7.58(11)E-04 | 2.50(4)E-03 | 7.73(11)E-03 | 2.37(4)E-02
117.7(1) | 2.29(4)E-02 | 2.09(3)E-01 | 1.84(3)E+00 | 1.64(25)E+01
23.9(1) | 1.93(4)E+00 | 7.83(17)E+01 | 2.60(7)E+03 | 9.50(3)E+04

Table 6.3: Total conversion coefficients ag of the possible transitions depopulating
the 475.0-keV level as a function of their multipolarity. Data obtained from the
evaluation [100].

appear as a slope between the prompt peak and the random plateau, which is clearly
not the case. Thus, if exists, the 23.9-451.1-keV coincidence would have to be either
in the picosecond range or in the hundreds of milliseconds.

A similar approach was followed for the 357.3-keV level. If this level is fed
from the 475.0-keV level through the unseen 117.7-keV transition, the 206.3- and
357.3-keV should be in coincidence and their time difference would show a delayed
component (see Sec. for an example of such a case in ®*Mn). Right plot in
Fig. shows the time difference made with the PIXIE clock while gating 206.3- and
357.3-keV full-energy peaks in the HPGe-HPGe coincidences spectra with a £8 us
time window. The resulting spectrum should show a decaying slope from zero (if the
475.0-keV level has a half-life in the ns-us range) or a prompt peak (if such half-life
is in the ps range or below). What is shown in the plot is a random distribution with
a net area of zero. This is a clear indication that there is no coincidences between
the 206.3- and 357.3-keV transitions below the ms range. Under these conditions a
delayed gamma transition from the 475.0-keV level seems unlikely.

The unobserved 475.0-keV transition to the ground state rules out the pos-
sibility that this level has negative parity or a positive parity with low spin, such
as 1/2% or 3/2%. Tab. shows the partial half-lives of the possible de-exciting
transitions for different multipolarities, assuming a higher spin and positive parity
for the 475.0-keV level. In view of those values, the possibility that this level has
a spin-parity of 5/2% can be discarded, since if the level had a half-life in the pi-
cosecond range, the 117.7-keV would compete with the 23.9-keV transition. The
possibility of fast coincidences between 23.9- and 451.1-keV transitions could not be
discarded, but the lack of fast coincidences between 206.3- and 357.3-keV gamma
rays discards 5/27 as a possible spin-parity.

Should this level have 7/2% spin-parity, there should be fast (in the order of pi-
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Figure 6.6: Left: slow-TAC spectra with a gate in the 451.1-keV transition. Right:
time difference between coincidences of transitions 206.3 and 357.6 keV. See the text
for details.

coseconds) coincidences between the 206.3-keV gamma and the 93.8- and 451.1-keV
transitions. The 451.1-keV transition is a doublet, so there is a number of coincid-
ent events between the 206.3- and 451.1-keV gammas, but the ratio of areas shows
that the coincidence is with the gamma depopulating the 1132.6-keV level, not the
lower 451.1-keV one. The 93.8-keV gamma does not show any coincidence with the
206.3-keV transition.

In this scenario the most probable spin-parity configuration is 9/2%, which
corresponds to the [-decaying isomer that has been identified in other odd-A Mn
isotopes (see Fig. in Sec. 1) and arises from a neutron promoted to the gg /5 single
particle orbital. The most likely situation is therefore that this level at 475.0 keV
decays by S~ emission to %Co, with a half-life in the order of a few seconds (to
compete with the 3Fe ground state) and possibly populates high spin or positive
parity states, similarly to ™Fe (see Sec. . The alternative de-excitation of
the level is a M2 gamma transition to the 451.1-keV state, with a lifetime in the
order of milliseconds (which would explain why no delayed component is observed
in the coincidences gate). It would yield a B(M2) value of B (M2) < 103 W.u. for a
half-life T/ > 1 ms and thus it cannot be completely excluded.
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475.0 keV J™ | Ereva  J7 E,  Multipolarity 7, (s)
0 1/2= 475.0 M4 4E5

9/27F 357.3 3/2— 117.7 E3 5
451.1 5/2= 239 M2 2E-2

0 1/2= 475.0 E3 S8E-4

7/2+ 357.3 3/2 117.7 M2 6E-4
451.1 5/2_ 23.9 E1l TE-12

0 1/2= 475.0 M2 SE-7
5/2+ 357.3 3/2~ 117.7 El 3E-13
451.1 5/2_ 23.9 E1l TE-12

Table 6.4: Partial Half-lives of the hypothetical transitions de-exciting the 475.0
keV level as a function of its possible spin-parities. 1 W.u. is assumed for the electric
transitions and 0.1 W.u. for the magnetic ones.

6.2.4 Ground state feeding

In order to measure the direct ground state 3 feeding in the ®*Mn decay, the daughter
decays in the isotopic chain were studied. To avoid correction due to the different
[-decay half-lives in the isobar chain the comparison of different isotopes intensities
was performed without any condition in the time since last proton cycle.

There is scarce information on the *Fe 3 decay to ®*Co. Runte et al. published
a study [77] where they assigned 80% of the 8 decay feeding directly the ground
state. They provided no uncertainties, but the evaluators estimated them to be
~ 34% [10I]. The only strong ~ transitions are at 994.9- and 1427.1-keV, with
absolute intensities of 14(19)% and 4.6(63)%, respectively. Even with the large
error bars suggested by the evaluators, the intensities we observe for these peaks are
not in agreement with the reported values. See Fig for a comparison of 994.4 keV
in %3Co and 1132.5 keV in %Fe. The coincidence study and the decay half-life did
not show any sign that this peak at 994.4 keV could be a doublet. Because of these
discrepancies with the intensities, it was decided not to use ®3*Co transitions values
from the literature for the measurement of the direct ground state [ feeding in the
53Mn decay.

The next step in the isobar chain is the *Co 3 decay into ®3*Ni, which was
studied by Jongsma and collaborators [I02]. Transition intensities are given with
high precision in this work, and they can be used to get the direct ground state
feeding in the %*Mn decay. For this purpose, we have compared the 87.1-, 155.6-,
981.7- and 1069.1-keV (absolute intensities add up 53.8%) in 9Ni to the 357.3- and
451.1-keV transition in %*Fe (absolute intensities add up 66.8% normalized using
only the transitions directly populating the ground and isomeric states). Since the
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Figure 6.7: Comparison of the 994.9-keV full-energy peak in *Co with the 1132.5-
keV peak in %Fe (absolute intensity 19(1)%). The peak at 1039.2 keV is from the
long lived contaminant %Ga.

ratio of their areas show no missing intensity in the %Fe transitions, an upper limit
was set of < 7% for the direct ground state [-feeding, and it has been neglected
in the calculations. The limit may be further improved if the %Ni total intensities
were measured with our own 15474 data for internal coherence.

The ®Ni to %Cu decay, which is the next in the chain, has a very small
Qp = 66.945(5) keV, so no excited level are populated. Since there are no observable
transitions, the direct ground state feeding value obtained could not be verified with
the grand-daughter decay.

6.2.5 [(-delayed neutron emission branch

The 877.3-keV transition was observed in the %Mn decay, with no coincidences
with other gammas. This transition was already assigned to the 2Mn /3 decay into
2Fe [103], so its observation was interpreted as a $-n branch from %Mn populating
excited states in ?Fe (see Fig. [6.8). A relative intensity of 0.9(1) (normalized to
100 for the 357.3-keV transition in ®3Fe) has been measured. No other transitions
already assigned to ®2Fe were observed.

Since the possibility that the S-n branch directly populates the %?Fe ground
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Figure 6.8: 877.3-keV transition in the %Mn S-delayed neutron emission decay.

state exists, the ®2Co decay into ®Ni has been analysed in order to obtain the P,
value. With this goal, the gamma-rays at 1172.9 and 2301.9 keV in 92Ni, whose
total intensities add up to 97.9% [104], were compared to the 357.3- and 451.1-keV
transitions in %Fe, whose total intensities add up to 66.8%, where 100% [ decay
branch is assumed. The ratio between the areas of these peaks yielded P, = 2.0(2)%.

By comparing the intensity of the 2Ni gammas with the area for the 877.3-
keV peak, there is clearly a large quantity of missing intensity. This difference is
attributed to direct S-n ground state feeding, with 24(3)% going though the excited
level and the rest directly to the ground state, or unobserved transitions.

The ®2Fe decay into 52Co was not used for this calculations because the only
gamma assigned to this decay is at 506.1 keV [105]. Even with a 5 keV difference,
this peak was not completely separated from the 511 keV annihilation peak, so its
area presented a large uncertainty.

6.3 Fast-timing measurements

Excited level lifetimes in %Fe have been measured with the Advanced Time-Delayed
method [13], 14} 15] described in Chapter 2] In the present work only half-lives above
80 ps, obtained by the shape deconvolution technique, are presented. Shorter half-
lives might be measured using the centroid shift technique in a future analysis.

In a preliminary analysis of the level lifetimes in 3Fe it was observed that
only three levels have sufficiently long lifetimes to be measurable by the deconvolu-
tion method, namely at 357.3, 455.1 and 681.3 keV. For the measurement of these
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Figure 6.9: Half-life of the 451.1 keV obtained using the deconvolution technique.
The spectrum was generated by gating the 357.3-keV full-energy peak in the HPGe
detector and the 93.8 keV in the LaBrs(Ce) crystal.

lifetimes a four parameter data set including the energies of the fast-response [
and LaBrs(Ce)-vy detectors, a time difference between their signals recorded in the
TAC unit with a 50 ns range, and the time elapsed between the Sv(t) event and
the last proton pulse. In the analysis the contribution from the HPGe detectors
were summed together, while those from the LaBrs(Ce) detectors were examined
separately since their time responses are different.

6.3.1 451.1-keV level half-life

When gating on the 93.8- or 451.1-keV peaks in the LaBrs(Ce) crystal (both de-
populate the same level) their time distributions presented a clear, long slope in the
delayed part (see Fig. . Using the deconvolution technique the slope was fitted,
obtaining results in good agreement between the two transitions and both detectors.

Triple coincidences using the 93.8-keV transition in the LaBrs(Ce) detector
and the 357.3-keV full-energy peak in the HPGe detector produced a much cleaner
spectra, with an improved peak-to-background ratio, at the cost of much lower
statistics. The fit of the slope yielded values slightly lower than the gv did, but
within the error bar.



130 CHAPTER 6. STRUCTURE OF %FE

4
10 4
] Mn-63: 357.3 keV level
N
104
a Tyo=125(20) ps
c 2
> 10 3
o
@)
N
105 |
100 T L T T T T T T T T T T T T T T T Ih “1 T T
-1000 0 1000 2000 3000 4000 5000 6000 7000 8000 9000

Time (ps)

Figure 6.10: Fit of the 357.3-keV level half-life. The time spectra was generated in
triple coincidences 77, selecting the 357.3-keV peak in the LaBrs(Ce) crystal but
leaving the HPGe ungated.

The final result is the weighted average of the different results, giving T/, = 805(30) ps
for the 451.1-keV level. This result is in very good agreement with the previously
reported value (T;/, = 780 ps) by the Fast Timing Collaboration [19].

6.3.2 357.3-keV level half-life

The time distribution of the 357.3-keV gamma also showed a slope on its delayed
part, but much shorter than in the previous case. This level is fed by several gammas,
all coming from levels with no apparent half-life, with the exception of the 93.8-keV
transition. When the 357.3-keV line is gated in the LaBrs(Ce) crystal without
selecting a specific gamma cascade with the HPGe detector, its time distribution
presents the half-lives of both levels, 357.3 and 451.1 keV (see Fig.[6.10]). The fit to
its time distribution was made to a double exponential decay, with the half-life of
the 451.1-keV level fixed.

This fit was repeated by excluding the contribution of the 451.1-keV level half-
life using triple coincidences. The 357.3-keV peak was selected in the LaBrs(Ce)
crystal, while all the gammas feeding this level, except the 93.8-keV transition, were
selected in the HPGe detector. The resulting time spectra were added together
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Figure 6.11: Time distribution of the 206.3-keV transition in -LaBrs(Ce) coincid-
ences. The fit was done to a double exponential decay to account for the significant
Compton distribution. The resulting half-life, T/, =1.4(2) ns, corresponds to the
681.3-keV level.

to increase statistics and the fit was done to a single exponential decay using the
deconvolution technique. The result was slightly longer and with larger error bars
than in the previous result, but still in good agreement.

The final result, a weighted average between both methods and the two de-
tectors, is Ty, = 125(20) ps. This result also confirms the previously measured
value by H. Mach and the Fast Timing Collaboration (T4, = 110 ps) [19].

6.3.3 681.3-keV level half-life

A gate on the 206.3-keV transition in the LaBrs(Ce) detector energy showed a long
slope on the delayed part. As the relative intensity of this gamma is only of 5.0(4)
units, a fit was done in f7 coincidences. Under these conditions the Compton
background is significant, so the fit was performed to a double exponential decay
(with all the parameters free) to account for its contribution. The fit (see Fig.
yielded a value of T4/, =1.4(2) ns, with both detectors in good agreement.

This result was further confirmed in triple coincidences y~v. By setting an
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additional gate on the 853.1-keV peak in the HPGe detectors, we can minimise the
Compton background and discard possible contributions from other levels half-lives.
This is at the cost of much lower statistics. The result confirmed a half-life longer
than one nanosecond, even if the values had much larger error bars.

6.4 Discussion

The observed transitions in the %Mn decays allow us to assign possible spin-parity
configurations to some of the lower energy levels in %Fe. The multipolarities of
some of these transitions based in the measured Half-lives are discussed as well (see

Tab. .

Ep (keV) Ty (ps) | Ey (keV) | B(E2) W.u. | B(M1) W.u.
3573 125(20) | 3573 52(8) | 3.9(6)-10°
1511 805(30) | 938 | 3.2(2)-10° | L7(1) 102

451.1 1.2(1) | 1.2(2) - 107
681.3  1.4(2)ns | 2063 18(7) | 1.2(2)-10°°
230.1 5(1) 1.7(3) - 104
323.9 1.6(2) | 1.0(2)- 10~

Table 6.5: Table that summarizes the different Half-lives and transition rates meas-
ured in %Fe.

Ground state, J™ = (1/27): It is expected that the ground state spin-
parity configuration is determined by the fp shell, so the possible spins are limited
to (1/27), (3/27) and (5/27). There is very weak, or none, direct S-feeding to the
ground state, which suggests a forbidden transition. The ground state of %Mn is
tentatively assigned (5/27) based on systematics [101], and therefore (1/27) is the
most likely configuration for the ®*Fe ground state, as already discussed in [19]. This
configuration arises from the coupling of the unpaired neutron with the 0% state of
the even-even core.

Runte et al. [77] proposed a spin-parity of (7/27) for the ®*Co ground state
and a direct 3 feeding of 80% from the decay of %Fe. Our tentative assignment
of (1/27) for the ground state of ®3Fe contradicts these results. As explained in
section [6.2.4] (and already mentioned in [19]), we were not able to reproduce the
reported absolute intensities for Co from [77], so their measured direct 3 feeding
to the ground state is not consistent with our data.

357.3-keV level, J™ = (3/27): Following the previous reasoning, the first
two excited states are expected to be the coupling of the 2] of the even-even core
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with the unpaired neutron, resulting in |2t ® 1/27) = 3/27, 5/27. If this first level
is the (5/27), its de-excitation to the ground state would be of E2 character, with
B(E2)=52(8) W.u., an unreasonable value, twice the B(E2) value of the 2 — 07
of #Fe and three times that of ®Fe. On the other hand, if this transition has a
M1 multipolarity, its value is B (M1) = 3.9(6) - 103 W.u., in good agreement with
the results obtained for similar levels in ®Fe. The strong 3 feeding and low log( ft)
suggest an allowed [-transition, supporting the spin assignment of (3/27).

451.1-keV level, J™ = (5/27): This leaves the 451.1-keV level as a can-
didate to be the first (5/27). The level receives a strong (3 feeding with logft = 5.5
from the (5/27) ground state in ®*Mn, which implies a spin/parity of (3/27), (5/27)
or (7/27) for the 455.6-keV state. With the measured relatively long lifetime and
assuming (3/27) spin-parity, both transitions would have M1 character, the 93.8-
keV transition to the first excited state with B (M1) = 1.7(1) - 1072 W.u. and the
451.1-keV gamma to the ground state B (M1) = 1.5(1) - 10~* W.u. A factor of 100
between two transitions depopulating the same levels seems very unlikely.

Should the 93.8-keV gamma have a pure E2 character, it would have a B (E2) =
an unrealistic value that rules out the possibility of that multipolarity for the trans-
ition, and thus a spin-parity of (7/27) for the level.

On the other hand, if this level has a spin-parity of (5/27), the 451.1-keV
transition would have B (E2) = 1.2(1) W.u. (assuming a pure E2 character). This
value is in concordance with the values measured for other E2 in the region. This
spin sequence 1/2~ — 3/27 — 5/2~ for the first states is in agreement with the
results previously reported in [19] and our results in %Fe.

This level is also strongly populated in S decay, but not as much as the
357.3-keV level, which suggests that the %Mn decay favours the population of states
with spin (3/27) over those with spin (5/27).

475.0-keV level, J™ = (9/2%): This level has already been discussed in
Sec. and it is a firm candidate to be the (9/2%) isomer state, observed in other
odd-A neutron-rich Fe nuclides up to 5Fe.

625.6-keV level, J™ = (1/2): This level populates the ground and the first
excited states, but there is no gamma observed to the 451.1-keV level. If this level
had (3/27) or (5/27) spin, a 174.5-keV line should be observed with an intensity
of ~ 0.3 in order to have a similar B(M1) value than the other transitions. Such
intensity is well within the detection limit of our system for A = 63, which places an
upper limit for its intensity of ~ 0.05, so we can discard (3/27) and (5/27) spins.
The exact same argument rules out the possibility of a (3/2%) spin-parity. In this
case all three transitions would have E1 character, and it would be necessary, again,
an intensity of ~ 0.3 for the unobserved 174.5-keV line.

3.3(2) - 103 W
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Upon inspection, the time distribution in the fast-TAC of the 625.6-keV trans-
ition shows no delayed slope. This allows us to safely place a conservative upper
limit for the 625.6-keV state half-life of T/, < 100 ps. This limit does not allow to
assign a spin to the level, but allows us to rule out the possibility of a (5/27), as in
this case the 625.6-keV transition would be of M2 type and the level would have a
half-life in the order of tens of ns, which is clearly not the case.

That only leaves a possible spin assignment of (1/2), with either parity. 625.6-
and 268.3-keV transitions would be either M1 or E1 in character with very similar
strength. In this case the half-life of the level would be below the ps limit, further
supporting this assignment.

681.1-keV level: This level has weak (3 feeding with an intensity of 1.1%
and is mainly y-fed from higher energy levels. It has a half-life of T/, = 1.4(2) ns.
The strongest de-excitating transition of 206.3 keV feeds the tentative (9/27) state,
although less intense transitions to the (3/27) and (5/27) levels are also present.

Should the 206.3-keV transition have K2 character, it would yield an
B(E2)= 48(7) W.u., an unrealistic value for this region which discards (5/2%) as a
possible spin. On the other hand, a multipolarity of M1 would yield
B(M1)=1.2(2) - 10~* W.u. in very good agreement with the M1 systematic for the
Mn isotopes. But if (7/27) spin is assigned, the 323.9-keV transition would be of
M2 character, with B(M2)= 82(1) W.u., a value that completely rules out such
possibility.

Under these conditions, no tentative spin can be assigned, and further analysis
is required in order to disentangle this level.

1132.6-keV level, J™ = (3/27),(5/27): This level has the lowest log(ft)
value, so an allowed transition is expected and in principle spins (3/27), (5/27) and
(7/27) could be assigned. Its strong transition to the (1/27) ground state rules out
the possibility of a (7/27) spin. In lower energy levels it was clear that the %Mn
decay favours populating (3/27) states over (5/27) (a similar trend was observed as
well in the ®*Mn decay), so spin (3/27) seems more likely than (5/27), but without
a half-life to calculate the transition rates, this possibility cannot completely be
discarded.

6.5 Conclusions

The level scheme proposed for %3Fe confirms the results from the short test reported
in [19]. Tt also expands it to a total of 73 « transitions and 31 levels. Additionally,
13 ~-rays have been assigned to the ®3Mn decay, but were not placed in the level
scheme. An upper limit of < 7%, compatible with zero, has been set for the direct
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B feeding to the ground state.

A [-delayed neutron emission branch has been observed and a value of P, =
2.0(2)% was measured, in contradiction with the value of 30.5 % reported earlier by
Hannawald [I8]. In a very similar way to the Mn B-n decay, the ®*Mn S-n decay
populates excited states in %?Fe, in particular the 2% state.

The observed level at 475.0 keV is proposed as the (9/2%) 5 decaying isomer.
If confirmed, the systematics of the energy of 9/2% states in odd-Fe isotopes would
describe a perfect decreasing parabola, with its minimum at ®Fe and then increasing

again for S"Fe (see Chapter [§).

Using the deconvolution technique of the ATD method, the half-lives of three
different excited states have been measured. Making use of the lifetimes of the first
two excited levels, a spin-parity sequence for the lowest lying states is proposed. It
follows the same order as in ®Fe, 1/2= — 3/2~ — 5/27. No suitable candidates
has been found so far for 7/27 or 9/2~ states.
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Chapter 7

Structure of °Fe

In the last years the structure of %Fe has been the subject of a large number of
studies, both theoretical and experimental. Being only two proton holes away from
%8Ni it is an extremely interesting nucleus, which can provide valuable information
on the collectivity of the region below %8Ni.

In this Chapter we report on the investigation of the low energy structure
of ®Fe, populated in the B decay of %Mn. Our study via +y and fast timing
spectroscopy adds several new transitions and levels up to 3.6 MeV to the recently
available level scheme. In addition the direct S-feeding to the ground state and the
P, value has been measured. Lifetimes or lifetime limits of some of the lower energy
levels have been obtained using the ATD method, including the half-life of the 27
state, which is in good agreement with the previous result.

Tentative spin-parity assignments are proposed and compared with the shell
model calculations of the the ®*Mn 3 decay and ®Fe excitation structure, based on
the LNPS interaction.

7.1 Existing information on “Fe

Prior to this study, the half-life of the Mn 3~ decay into ®*Fe had been measured
a number of times, with an adopted value of T;/,=65(2) ms [85], which is taken
as the weighted average of several measurements [4, 32 38, 97, 106, [107]. A recent
measurement [20] yields a more precise value of 60(3) ms.

The first gamma and the 2] level were identified at 573.4 keV for the first time
by Hannawald and collaborators [4]. In this study they also observed a gamma of
840.5 keV in coincidence with 573.4 keV and tentatively assigned a spin-parity of
4% to the 1414-keV level. The 27 — 0 transition was also observed at 574.7(10)

137
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keV in [3].

In a one- and two-proton knockout from cobalt and nickel experiment, Adrich
et al. [12] observed a gamma of 832(9) keV depopulating a level at 1407 keV in %Fe,
which was assigned J™ = 4*. They also observed transitions of 957(10) and 1310(15)
keV, but they could not placed them in the level scheme. The multipolarity of the
transitions was not assigned either. Later, Fioretto and collaborators [22] populated
excited %Fe levels in a %Ni +%2® U reaction at Ej; = 400 MeV. The 2T — 0t
574-keV transition, 47 — 21 834-keV transition and 67 — 47 957-keV transition
were observed.

The 2] half-life was measured for the first time by Rother et al. [21] using
the recoil distance Doppler-shift technique applied to projectile Coulomb excitation
reactions. They obtained a value of 7 = 39.4(40) ps with B(E2) = 21(2) W.u.,
corroborating the enhanced collectivity of the neutron rich iron nuclei. By means
of Coulomb excitation, Crawford and collaborators recently measured a transition

rate of B(E£2) = 18(2) W.u. [L1].

Very recently Liddick et al. have published a ®Mn 3-decay study [20] where
the low-energy levels scheme of °Fe has been constructed up to 3.3 MeV, including
a total of 17 gammas and 9 levels. They have also measured a (-delayed neutron
emission branch value of P, = 4(1)%.

7.2 Experimental results

In the IS474 experiment beam time A = 66 data was collected for ~ 30 hours.
As described in Chapter [3] the RILIS selectively ionized Mn atoms, but due to its
low ionization potential Ga atoms were surface-ionized too. The GPS resolving
power is not enough to resolve the Mn to %°Ga masses. Since *Ga is much closer
to the Valley of Stability than the %Mn, its production yield is much higher (see
Fig. for a plot with the production yield of Mn isotopes as a function of its
mass), and therefore ®*Ga was present as a contaminant during the whole experi-
ment. Fig. shows the high abundance of °®Ga in the deposition point during the
experiment, roughly ~ 30 times the activity of Mn isotopes. The long half-life of
Ga (T1/2 = 9.49(3) h) allowed to subtract its peaks from the Mn decay, which
was enhanced by selecting a time window of 10 to 600 ms after proton impact.

Fig. shows a HPGe energy spectrum with enhanced %Mn decay with the
gammas in %Fe identified. The subtraction was calculated to remove the abundant
86Ga. This caused some of the decay products of the neutron rich chain to be over-
subtracted, creating negative peaks. Intense peaks arising from high energy intense
transitions in %Fe can be seen. The first and second escape peaks of some of these
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Figure 7.1: HPGe singles energy spectrum with no time gates set. The most intense
gamma following the decay of %Mn (573.5 keV 33% absolute intensity) and ®Ga
(833.5 keV 5.9%,1039.2 keV 37% absolute intensity [85]) have been identified.

gammas are observed too.

The small volume of the LaBrs(Ce) crystals chosen to maximize their tim-
ing properties (see Chapter |3)) hindered their efficiency at higher energies. In this
particular decay this entails that the high energy portion of the %Mn decay is not
observed in these detectors (see Fig. for an example of a LaBr;(Ce) energy spec-
trum). Moreover, XP20D0 photomultiplier tubes coupled to the LaBrs(Ce) crystals
have very good timing properties, at the cost of high non-linearity for higher ener-
gies [108]. The non-linearity is evident in the spectrum, together with the apparent
improved energy resolution at high energies due to over-compression. The spectrum
bins in Fig. are already corrected for non-linearity.

7.2.1 Measurement of the “Mn and °Fe half-lives

In order to maximize the amount of ®*Mn ions arriving to the experimental area, the
ISOLDE beam gate was set to close 400 ms after proton impact on target. Due to its
short half-life (72 = 65(2) ms), over 90% of the %*Mn ions that have arrived to the
experimental setup have already decayed when the beam gate is closed and therefore
this data is not optimized to measure the Mn half-life. Only a small fraction of the
total statistics can be used and under these conditions the result heavily depends
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Figure 7.2: HPGe energy spectrum with the %Mn activity enhanced and the %Fe
transitions identified. Long lived contaminants were subtracted. *: The 2363.3-keV
peak is the first scape from 2874.3-keV in %Fe.
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Figure 7.3: LaBr3(Ce) energy spectrum taken in 3vv coincidences with the ®Mn
decay enhanced and the most intense ®Fe transitions identified. Long-lived con-
taminants were subtracted, thus the S-shape of the 511-keV peak. The spectra has
been linearised for representation.

on the fitting range. In any case the fit always yielded a T}/, value consistent with
the measured value, so the half-life could be unambiguously distinguished from the
other isotopes in the decay chain. Fig. shows an example of one of the fits
performed.

Concerning the daughter decay, the precision of the tabulated value for the
%Fe decay half-life is not very high (T;/,,=440(60) ms [85]). The more recent and
more precise value by Liddick et al. [I09] is considerably shorter, T4 /,,=351(6) ms.
Thus we have preformed a fit to measure the %Fe half-life. With this aim a gate was
set in the 470.8-keV gamma in %Co, and then projected on to the proton impact
time. To let most of the %Mn decay away and maximize the time range, the fitting
limits were set to the second proton cycle (specifically from 1250 to 2390 ms after
proton impact).

For this fitting range was considered that the remaining %Mn activity would
be negligible, so the fit was performed to an exponential decay plus a constant
background. The same way the Mn half-life did, the result greatly depended on
the fitting range and, this time, on the value set for the constant background. Our
final result (T, = 530(170) ms, see Fig. is the average of the different values
obtained, with an error greatly increased to account for the large dispersion we
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Figure 7.4: Fit to a exponential decay plus a constant background of %Mn half-life
through a gate in 574.5-keV gamma in %Fe. The blue markers represent the fitting
limits, after the beam gate closure and before the next proton impact. The error
takes into account the large dispersion of the results obtained.

observed. Our result yields a half-life of several hundreds of milliseconds, so it can
be unambiguously distinguished from the %Mn decay, but far from previous results.

7.2.2 5Fe level scheme

Similarly to the previous Fe isotopes, the assignment of gammas to the °Fe was
based on their parent decay half-life and their coincidence relations with previ-
ously assigned gammas. Fig. shows the HPGe-HPGe coincidences gated on the
573.5-keV gamma-ray. Most of the gamma-rays observed in the ®*Mn decay are in
coincidence with this one. Only the 1881.2-, 2874.3- and 3284.7-keV transitions were
not observed in coincidence, and thus were placed in the scheme based on its mother
nucleus half-life. Some other high-energy gamma-rays with not enough statistics to
be observed in v coincidences, but with a short parent half-life, were assigned to
the %Mn decay, although they could not be placed in the %Fe level scheme.

A more detailed level scheme for the 3 decay of %*Mn to %Fe has been construc-
ted. The new level scheme now comprehends a total of 16 levels and 24 gammas, as
shown in Fig. [7.7] Details on the transitions, intensities and main coincidences are
given in Tab. [7.2l The relative intensities were obtained from the singles spectra
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Figure 7.5: Fit to a exponential decay plus a constant background of ®Fe half-
life through a gate in 470.8-keV gamma in %Co. The blue markers represent the
fitting range, which have been limited to 1250 to 2390 ms. The ®*Mn half-life was
considered negligible as it had already decayed in the fitted time range.

(unless otherwise indicated) and normalized to 100 units for 573.5 keV. The in-
tensities of the gamma-rays that could not be unambiguously separated from other
peaks in the spectra were obtained from ~v coincidences (see footnotes on Tab. .
The total intensity is expressed as the % of Mn 3 decays for which the gamma is
observed, normalized to 100% ([~ decays, where the direct ground state feeding is
taken into account, but not the S-n branch (see discussion below).

Transitions 1778.0 and 2130.9 keV, which were not placed in the level scheme
reported in [20] have now been placed on the scheme. However, the 2362.0-keV
transition (with an absolute intensity of 2%), which also was reported as unplaced,
has not been observed, even if intensity-wise it would be near the detection limiﬂ.
They also reported a ~-ray of 175.2 keV with an absolute intensity of 3.6(6)% as
placed, but it is not present in their level scheme. This transition was not observed
in our experiment even if, once again, intensity-wise it should be observable.

!The 2245.8-keV transition is observed with a relative intensity of 0.8(2)%.
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Figure 7.6: HPGe-HPGe coincidence energy spectrum with a gate on the 573.5-
keV transition in %°Fe. The 511-keV from pair annihilation and 2751.8-keV ~ ray
from the %Ga decay are still visible after subtraction, while a fraction of them is
oversubtracted. The net area of these two peaks is zero.

Energy | Beta-feeding (%) | Log(ft) | Ti,o JT
gs. 19 (13) 5.1 (1) 0F
573.5 (1) 3.1 (20) 62 (5 | 3509 | 27
14075 (1) 2.6 (2) 619 (5) | <15 | (49
1414.0 (1) 112) 6.57 (5) (0F)
18811 (1) 2.6 (2) 6.11 (5) (27)
2121.0 (1) 18 (4) 6.15 (8) | <30 | (0,3)7
23515 (2) 1.2 (1) 6.36 (5)
2563.7 (3) 03 (1) 7.0 (2)
2663.5 (1) 05 (1) 6.6 (1)
9704.3 (1) 2.7 (2) 5.03 (4)
9819.3 (2) 0.8 (2) 64 (1)
28743 (1) 21 (1) 194 (3) | 1709 | (1)
9801.4 (2) 1.6 (1) 6.14 (4)
39544 (2) 52 (4) 554 (4)
32846 (3) 10 (3) 5.65 (3)
3470.6 (4) 11 (1) 6.19 (5)
3647.2 (4) (1) 6.33 0.8

Table 7.1: Summary of the levels populated in the 3 decay of Mn to ®Fe.
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E, (keV) L, E; (keV) | Ef (keV) | Main coincidences (keV)

573.5 (1) | 100 (7) | 573.5 (1) g5 | 770.7 834.1 840.9 1010.7 1067.5
1133.3 1307.7 1349.4 1460.1
1547.8 1778.1 2090.2 2131.2
2246.0 2300.5 2681.1 2711.2
2874.2 2896.0 3075.2 3283.3

7704 (1) | 3.1 (2) | 28914 (2) | 2121.0 (1) | 573.8 1548.1

8341 (1)" | 88 (7) | 14075 (1) | 5735 (1) | 573.7 1156.3

8106 (1) | 6.2 (5) | 1414.0 (1) | 5735 (1) | 573.8 14605

1010.2 (2) | 1.8 (2) | 2801.4 (2) | 1881.1 (1) | 573.9 1307.3 1881.7

11331 (2) | 3.0 (2) | 32544 (2) | 2121.0 (1) | 574.0 1547.9

1156.2 (3) | 0.8 (1) | 2563.7 (3) | 1407.5 (1) | 573.7 833.9

1307.7 (1) | 6.1 (5) | 1881.1 (1) | 573.5 (1) | 573.9 1010.7

13495 (2) | 0.6 (1) | 3470.6 (4) | 2121.0 (1) | 574.0 1547.9

14604 (2) | 2.8 (2) | 2874.3 (1) | 1414.0 (1) | 573.6 840.7

1526.3 (3)* | 1.0 (1) | 3647.2 (4) | 2121,0 (1) | 573.8

1547.6 (1) | 13 (1) | 2121.0 (1) | 5735 (1) | 573.7 770.3 1133.5 1350.0

1778.0 (1) | 3.5 (3) | 23515 (2) | 5735 (1) | 573.8

18812 (1) | 3.6 (3) | ISSL.1 (1) | gs. | 1010.6

2090.1 (2) | 1.6 (2) | 26635 (1) | 573.5 (1) | 573.8

2130.0 (1) | 8.4 (7) | 2704.3 (1) | 5735 (1) | 573.6

22158 (2)° | 25 (7) | 2819.3 (2) | 5735 (1) | 5735

2300.8 (1) | 17 (1) | 28743 (1) | 5735 (1) | 573.3

2681.0 (2) | 13 (1) | 32544 (2) | 573.5 (1) | 573.7

2711.1 (2) | 5.3 (5) | 3284.6 (3) | 573.5 (1) | 573.9

98743 (1) | 45 (4) | 28743 (1) | gs. |-

9897.2 (4) | 2.8 (3) | 3470.6 (4) | 573.5 (1) | 573.6

3073.7 (5) | 2.2 (2) | 3647.2 (4) | 5735 (1) | 574,0

32847 (2) | 7.0 (1) | 32846 (3) | gs. |-

4230.9 (4)T | 1.5 (2) - - -

5105.9 (3)T | 0.4 (1) - - -

Table 7.2: Summary of the observed gammas in the 3 decay of %Mn to ®Fe. E,
stands for the parent level while E; stands for the final level of the transition. *:
Intensity obtained from  — 7 coincidences. T: Gammas assigned to the %Mn decay
but not placed in the level scheme.
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Transition (keV) Icoincidences Isingles
833.9 (1) 10 (1) |88 (7)
840.6 (2) 5(1) |6.2(5)
1307.7 (1) 7(1) | 6.1(5)
1547.6 (2) 13 (1) | 13 (1)
1778.4 (3) 4(1) |35(3)
2090.5 (4) 2(1) | 1.6(2)
2131.0 (2) 10 (1) | 8.4 (7)
2300.6 (2) 18 (2) | 17 (1)
2681.0 (2) 14 (2) | 12 (1)
2711.4 (5) 6(2) |53(5)
2904.2 (7) 3(1) |28(3)
3074 (1) 2(1) | 2.2(2)

Table 7.3: Relative intensities obtained in HPGe-HPGe coincidences with a gate in
the 573.5-keV peak. The intensities have been normalised to 13(1) for the 1547.6-
keV transition.

The ( feeding to the levels was calculated as the difference of the v transitions
feeding and de-populating a specific level. They should be taken as upper limits
since only observed transitions were taken into account. With a large mass difference
(Qp = 13.32 MeV [99]) several unobserved high energy transitions can be expected.
See Tab. for a list of levels, their calculated log(ft) and f feeding.

In order to verify the measured relative intensities obtained from the singles
spectra, the intensities were calculated again in the coincidence spectra gated by
the 573.5-keV v ray. The intensities were normalized to an intensity of 13(1) for the
1547.6-keV gamma, as shown in Tab. [7.3] All the intensities agree within the error
bars, thus confirming the results obtained in singles.

7.2.3 Direct beta-feeding to the ground state

The experiment was run in saturation, and therefore data on the complete A = 66
decay chain was collected. The absolute intensities of transitions in %Co from the
%Fe 3 decay are available from a recent publication [109]. To obtain the direct beta-
feeding the total intensities of the 470.7 keV (15(3)%) and 806.8 keV (5(2)%), some
intense gammas in %Co, were compared to the intensity obtained for the 573.5-keV
gamma in Fe (64(5)% if no direct S-feeding to the ground state was assumed?’
The excess of intensity in the %Co transitions indicated the presence of a direct

2The transition at 881.5 keV 8(3)%) was not used because of the 881.8-keV gamma in %°Co
being present due to the S-n decay branch neither 510.5(5) keV 14(2)% due to 511 keV annihilation
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Figure 7.7: 9®Fe level scheme populated in the § decay of %Mn from this work.
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%Mn S feeding to the %Fe ground state of 49(13)%. The main source of error in
this value are the uncertainties of the ®*Co total intensities. This value is larger but
in agreement to the recently published value of 36(6)% [20].

In order to try and verify this result, the %®Co decay in to ®*Ni was analysed.
During the analysis it was noticed that the reported total intensities [I10] for the
transitions in the ¢Co to ®Ni are not in agreement with our results by a very large
factor, of the order of 5 to 7. One possible explanation is that the cited work did
not account for any possible direct ground state S-feeding, since at that time a (37)
spin had tentatively been assigned to the ®Co ground state [I11], whereas a more
recent publications gives (11) [I09]. This would imply strong direct /5 feeding to
the %Ni ground state (as an even-even nucleus it has 0T spin) and could explain
the difference in the observed total intensities. In conclusion this method cannot be
used to check the direct beta-feeding to the %Fe ground state. A future complete
analysis of the %Fe to Co in our data will be required.

7.2.4 [(-delayed neutron emission branch

In our work a small 8-n branch is observed in the Mn decay. Fig. shows a HPGe
spectrum where the 363.6-, 455.4- and 560.7-keV transitions, already assigned to the
%5Mn 3~ -decay to °Fe (see Table, can be observed. The small energy differences
are within the error bars. Tab. summarizes the levels in ®Fe populated in the
66Mn $-n decay. The relative gamma-ray intensities in Fe from the *Mn -n decay
have been normalized to 100 units for 573.5 keV in ®Fe.

Since the level population from the 3-n decay from %Fe differs from the direct
population from the 8~ decay from %Fe, in order to get a reliable P,, value the ®Fe
decay to %Co was analysed. For internal consistency, the %°Co intensities measured
in this experiment were used (see Sec. The 882.1-keV transition in °Co could
not be used because of the presence of the 881.5-keV line in ®Co. Instead, transitions
1222.9 keV (13(1)% absolute intensity) and 1996.6 keV (23(2)%) were used. Their
ratio to 573.5 keV in %Fe (33(2)%, taking into account the ®Fe ground state direct
S feeding), yielded a value of P, = 3.9(8)%.

This value was further confirmed by analysing the %Ni 8~ decay to 65CUEL
where the intensity of the 1481.8-keV gamma in %°Cu, with absolute intensity of
23.6(2)%, was used. Using only this gamma a P,, = 3.7(8)% value was obtained, in
good agreement with our previous result.

The final result, an average made with all three gammas (both from °Co and

peak.
3The %5Co to 5°Ni decay was not used because over 90% of the 3 decays directly populate the
ground state [90]
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Figure 7.8: HPGe singles energy spectrum with a time gate that enhances the *Mn
activity. The 363.6-, 455.4- and 560.7-keV transitions were already observed in the
65Mn 3~-decay to %°Fe. In this case they have been assigned to the ®*Mn 3-n branch.

%5Cu), yielded P,, = 3.8(8)% for the neutron delayed branch of the %Mn decay. This
value is in excellent agreement with the recently published value of P,, = 4(1)% [20].

In Tab. the fn-feeding of the levels has been normalized to add up 100%
for the whole g-n branch. The direct feeding to the ground state, calculated as the
excess of intensity in the observed %°Co transitions, amounts to 33(12)% of the total

[£-n branch.
Eiever [f-n feeding Transition | Relative
(keV) | (% from total) (keV) intensity
g.s. 33(12) - -
363.6(1) 51(4) 363.6(1) 5.2(3)
455.4(2) 6.6(9) 1554(2) | 0.7(1)
560.7(2) 9(1) 560.7(2) 1.0(1)

Table 7.4: Summary of the levels populated in the An-decay of Mn to %Fe and

their observed transitions.
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7.3 Fast-timing analysis

Level lifetimes in %Fe have been measured with the ATD method discussed in
Chapter 2] A first analysis of every time spectrum using the deconvolution tech-
nique [13] revealed that none of the levels had a long enough half-life long enough
to show a slope in the time distribution. Thus the centroid shift technique has been
used. The analysis is described below.

The centroid shift technique requires an absolute prompt reference to shift the
measured time centroid to the prompt curve. Unfortunately, for the A = 66 run
there was no suitable candidate found within the Mn decay, so it was decided to
use another transition from a different nucleus measured in the same data set.

The most intense gamma in the ®Ga decay to %Zn is the 1039.2-keV transition,
which de-excites the 2] 1039.2-keV state. This state has a T}, = 1.68(3) ps, which
has been obtained as the weighted average of over 10 different experiments [85]. This
combination of a short and precise half-life with high intensity makes this gamma
a perfect candidate for the absolute prompt reference calibration. Nevertheless
care needs to be taken, since ®Ga decays via f7/FEC and with a different Qg
window of 5175(3) keV. Using this transition the shift of the prompt curve at 1039.2
keV has been measured independently for the two LaBrs(Ce) detectors, using [+
coincidences. The shift for LaBrs(Ce)-1 was 628.1(8) channels, while for LaBrs(Ce)-2
the shift was 627.1(7) channels.

To verify the result, the analysis was repeated using the data 5+ coincidences,
with an extra condition on the HPGe detectors. Selecting 833.5 keV in the HPGe
and 1039.2 keV in the LaBrs(Ce) the shift was 627.6(14) channels for detector 1 and
627.9(15) channels for detector 2. These values are in good agreement with the S~
results, thus confirming the absolute prompt calibration.

It must be noted that this 1039.2-keV level is also populated in the ®*Cu decay
to ®Zn. Obviously it will present the same level half-life regardless of the parent
decay, but the g-walk may vary slightly for the two decays modes, thus giving
an overall different time response. This contribution has been neglected since the
activity of %Ga is over 30 times larger than the neutron rich side of the isobar chain
(see Fig. [7.1)), making the %Cu mostly populated by the Ga decay.

7.3.1 Half-lives measured via (v

Due to the low production yield for ®*Mn the amount of data was not enough to
perform a reliable S+ analysis, so 8-LaBrs(Ce) coincidences were used. Gates were
set on the observed peaks in the LaBrs(Ce) spectra (see Fig. and projected on
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to the fast-TAC. The results were corrected by the Compton event contributions and
then shifted to the prompt curve using the absolute prompt calibration 1039.2-keV
gamma in %Zn discussed above.

Tab. shows the half-lives obtained in the -y coincidences analysis for the
%Fe. The energy difference of the 834.1- and 840.6-keV transitions is below the
resolution of the LaBrs(Ce) crystals, so they cannot be separated. Thus, the time
response obtained by gating in the the 834.1/840.6-keV peak is a combination of
their two half-lives together.

Level (keV) E, (keV) | Ty2 (ps)
573.5 573.5 35(9)
1407.5/1414.0 | 834.1/840.6 <12
2121.0 1547.6 <30
2874.3 2300.8 <30
2874.3 17(9)

Table 7.5: Table that summarizes the different half-lives measured in -7 coincid-
ences in %Fe.

7.3.2 Half-lives measured via vy

Even if the low statistics did not allow obtaining precise values from [§-LaBrs(Ce)-
HPGe coincidences, they were used as a check of the § — ~ results. Tab. shows
half-lives obtained in triple coincidences vy with a condition on the 573.5-keV
transition in the HPGe detectors. These results were obtained shifting the time
centroids with the 1039.2-keV gamma from the %Ga decay. Once again the 834.1-
and 840.6-keV gammas could not be separated, so the result is the combination of
both lifetimes. The values are in very good agreement with the double coincidence
results.

7.3.3 Check via centroid shift

In previous sections, the combined half-life of the 1407.5- and 1414.0-keV levels have
been measured, but it was not possible to separate the contribution of each level.
Making use of the parallel transition technique [13] (described also in Chapter [2)),
we can estimate the relative difference between the lifetimes of these two levels.

If the 834.1-keV transition is selected in the HPGe detector and the 573.5-keV
gamma in the LaBr;(Ce) one, the resulting time distribution will carry the half-lives
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Level (keV) | Gamma (keV) LaBrs(Ce) | Ty (ps)

1407.5/1414.0 834.1/840.6 < 16
2121.0 1547.6 26(20)
2874.3 2300.8 < 18

Table 7.6: Half-lives obtained in triple coincidences S-y-y by gating the 573.5-keV
gamma in the HPGe detectors.

of both levels:

T = Ts73.5 + Tia07.5 + To (7.1)

If now the 840.6-keV transition is selected in the HPGe detector and again the
573.5-keV gamma in the LaBrs(Ce) one, we will obtain the following time distribu-
tion:

T5 = Ts73.5 + Tia14.0 + To (7.2)

Subtracting both equations will yield the relative difference of both half-lives.

Ty — Ty = Tra07.5 — T1a14.0 < 40 ps (7.3)

Eq. suggest that the 1407.5-keV level half-life is longer than that of the
1414.0-keV level. In B+ coincidences an upper limit of Ty, < 15 ps was obtained
for the combined half-lives of 1407.5- and 1414.0-keV levels, so it is assumed that
the main contribution to this time difference is from the 1407.5 keV half-life and the
lifetime of 1414.0-keV level is even shorter.

Making use of this result, an extra verification for the half-life of the 573.5-
keV level has been independently obtained by the relative comparison technique with
sequential transitions [13]. Setting gates in 573.5 keV (LaBr3(Ce)) and 834.1 keV
(HPGe) gives a combination of both half-lives in the project TAC time spectrum.
Inverting the gates to 573.5 keV in HPGe and 834.1/840.6 keV in LaBr3(Ce) only
the combined half-lives carried by 834.1/840.6 keV is obtained and, as seen above,
the main contribution to this time distribution is from the 1407.5-keV level, which is
depopulated by the 834.1-keV transition. Subtracting the first time response from
the second produces the half-life of the 573.5-keV level. The result obtained in
this manner does not rely on the absolute prompt reference for the centroid shift
analysis, made using the 1039.2-keV transition from the %®Ga decay, and thus it is
an independent confirmation of the centroid shift analysis. The technique yields a
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half-life value T4 /,=44(25) ps, in very good agreement with the result obtained by
the B~ analysis.

7.3.4 Half-lives results

In conclusion, Tab. summarizes the final half-lives values for the levels that
could be obtained in this work, and the transition rates calculated for the de-exciting

transitions. The transitions rates have only been calculated for parity conserving
E2 and M1 transitions.

Level E(keV) | Ty/2 | Transition E(keV) | E2 (W.u.) M1 (W.u.)
5735(1) | 35(9) 573.5(1) 16(4) 3.3(8) - 102
14075(1) | <15 834.1(1) > 6 >25-107°
2121.0(1) | < 30 1547.6(1) >013 | >1.9-10°
9874.3(1) | 17(9) 1460.4(2) L4(7)- 102 | 1.8(9)-10°°

2300.8(1) 9(4) - 1073 | 2.8(15) - 10~
2874.3(1) 7(4)- 1073 | 3.8(20) - 10~

Table 7.7: Summary of the transition rates obtained in the timing analysis.

7.4 Shell model calculations

To help characterize the %Fe nuclear structure, shell model calculations were per-
formed by A. Poves [95] using the Lenzi-Nowacki-Poves-Sieja (LNPS) effective in-
teraction [6]. The calculations are performed in a large valence space, including the
complete pf shell for the protons and the 0f5/2, 1p3/2, 1p1/2, 0g9/2, and 1ds /5 orbitals
for the neutrons. The effective interaction is based on a G matrix obtained from a
realistic nucleon-nucleon potential including an empirical correction to the monopole
part in order to reproduce the experimental single-particle energies. Details of the
interaction are provided in [6]. With this approach a very good agreement with the
available experimental data is obtained, not only for excitation energies but also for
transition rates. A strong quadrupole deformation, coming close to the rotational
regime, is predicted for Cr isotopes. The onset of collectivity for Fe isotopes is shown
to develop precisely at %°Fe (N = 40), with multiparticle-multihole configurations
playing a key role in the ground state wave functions, and as many as four neutrons
in the intruder g9/, and ds/, orbitals.

In our work the calculations use “°Ca as a core, but the v0 fr72 and vlps/o
orbitals are also blocked, thus leaving 8 neutrons in the 0fs/2, 1p1/2, 0gg/2 and 1ds 9
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orbitals and 6 protons in the 0f7/2, 1p3/2, 0f5/2 and 1p; /2 orbitals.

There are two sets of independent calculations. In the first one the a 17 %Mn
ground state is calculated and then the Gamow-Teller operator is applied in order
to obtain the energy of the levels fed by the § decay and their log(ft) values. Only
allowed transitions are enabled and therefore only 0, 17 and 2% states in %Fe
are populated. Levels up to an excitation energy of 4 MeV have been calculated.
In the second shell model calculation, the %Fe level energies (obtained as binding
energy) and the weights for the wave function components are calculated. The
orbital occupations for every calculated state are then derived. In this structure
calculation positive parity levels with spin up to 4" are obtained. No negative
parity states have been calculated. Importantly, reduced transition probabilities are
calculated for all the transitions between the levels, thus allowing comparison to the
experimental values discussed above.

The energies obtained in both sets of calculations are equal within the precision
of the calculations; when both were available the 3 decay level energy has been
chosen. Fig. shows a comparison of the combined theoretically calculated levels
with the experimental energies.

Table[7.8|shows the obtained levels in both calculations, their log(ft) and their
dominant and average particle occupation for the v(0f5/2, 1pi/2, 0go/2, 1ds/2) and
7(0f7/2, 1pssa, 0fs/2, 1p1/2) orbitals. As expected the proton orbitals play a minor
role in the %Fe level structure, and there is almost no proton excitation in any of
the calculated levels. In fact, the dominant proton configuration is always {6000} .
The %Fe excited levels are explained by the occupation of the neutron 0f5/2, 1p1 /o,
0gy/2 and also the 1ds/5 orbital. As seen from the Tab. , the Ogg/o orbital plays a
dominant role with most of the levels showing an “inverted” configuration with an
average neutron occupation around 3, except for the 0" state calculated at 2530 keV,
for which 0f5/2 and 1p;/; are dominant. The inclusion of the higher-lying 1ds/; is
duly justified as seen from its occupancy in the calculated levels.

Table [7.9] shows the calculated M1 and E2 transition rates. The transition
energies have been calculated as the difference of the level energies. When possible,
more than one multipolarity has been calculated and the 52(%) mixing ratio is
given.
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Figure 7.9: Comparison of the shell model calculations and the experimental level
scheme. The calculated values are a combination of the ®Mn 3 decay to 0T, 17 and
2+ states and the %Fe structure calculations including positive parity levels up to
4+,
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E (keV) | J™ | log(ft) | Avg. proton | Avg. neutron | Dom. neutron | Prob.
fry2 P3/2 f5/2 P1/2 fs5/2 P1/2 99/2 d5/2

0 |07 ] 503 |54030300391.02803] {42/02/40} | 0.17
610 |2+t | 549 | 54030300 37083104 {40/24/20} | 0.13
1280 0t 5.4 54030200,401.22404 {4220} 0.23
1472 4+ 53040300 |360.6330.5 {4040} 0.18
1730 2+ >7 |55030200|401.32304 {4220} 0.27
1910 2+ 6.9 54030300 (41122402 {4/52/120} | 0.17
2470 2T | 6.35
2522 3t 5403030.0(4.01.2250.3]| {5/41/220} | 0.16
2530 0t | 528 [57010100]531.7080.1 {6200} 0.53
2800 2T | 5.39
2820 |1+ | 6.6 |540.3030.0]35083205 ] {4/30/140} | 0.12
2900 2T | 6.26
2955 3t 540303001]401.1260.3 {5120} 0.27
3210 1* 6.6 53040300 13209340.5 {3140} 0.2
3410 2T | 6.74
3510 0F | 4.42
3760 2T | 5.15
3770 1t 6.6
3790 0" 6

Table 7.8:  Calculated ®Fe level structure for the v(0f5/2, 1pij2, 0gos2, 1ds)2)

and w(0f7/2, 1psj2, Ofss2, 1pis2). Nome of these orbitals are blocked. The Aug.
columns are the average particle occupation for the calculated orbitals. Dom. neut-
ron column stands for the dominant neutron configuration and Prob. column in-
dicates its weight. When there are two numbers in one orbital it is because two
different occupations were equally probable. The dominant proton configuration is
not shown since it is always {6 0 0 0}.
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Eiever (keV) | J7 | E, (keV) | Ef (keV) | Mult. | B(l;¥A) (W) | 62
610 2+ 610 0 E2 18
1280 0t 670 610 E2 0.36
1472 4+ 862 610 E2 27
1730 2t 258 1472 E2 0.79
450 1280 E2 14
1120 610 E2 1.8
1730 0 E2 0.12
1910 2+ 180 1730 E2 7.3
438 1472 E2 0.25
630 1280 E2 0.06
1300 610 E2 3.4
1910 0 E2 0.53
2522 3t 612 1910 E2 24 0.19
M1 0.06
792 1730 E2 0.10 0.01
M1 0
1050 1472 E2 1.5 0.03
M1 0.06
1912 610 E2 0.77 0.1
M1 0
2530 0t 620 1910 E2 0.09
800 1730 E2 0.22
1920 610 E2 0.01
2820 1" 290 2530 E2 0
298 2522 E2 0.21
910 1910 E2 3.0 0.02
M1 0.06
1090 1730 E2 1.7 0.06
M1 0
1540 1280 M1 0.06
2210 610 E2 0.01 0.0
M1 0.11
2820 0 M1 0.11
2955 3t 135 2820 E2 0.10
433 2522 E2 0.37
1045 1910 E2 0.23 0.02
M1 0
1225 1730 E2 0.47 0.21
M1 0
1483 1472 E2 0.15 0.1
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M1 0
2345 610 E2 0.16 0.17
M1 0
3210 1" 255 2955 E2 1.25
390 2820 E2 0.27
410 2800 E2 0.27
680 2530 M1 0.00
688 2522 E2 0.16
1300 1910 E2 0.16 0.04
M1 0.00
1480 1730 E2 0.33 0.02
M1 0.00
1930 1280 M1 0.06
2600 610 E2 0.13 0.01
2600 610 M1 0.06
3210 0 M1 0.06

Table 7.9: Calculated M1 and E2 reduced transition probabilities. The level energy
has been taken from the -decay calculation when possible and the transition as the
level energy difference. If possible, both M1 and E2 multipolarities were calculated
for the same transition and their § mixing ratio is showed next to them.

7.5 Discussion

Using the experimental information obtained in this experiment for the energy levels
and the transition rates, and with the guidance of the theoretical calculations, we
can have good insight into the %Fe nuclear structure.

Ground state, J™ = 01: As expected for an even-even nuclei, the spin-
parity for the ground state is 07. A high direct S-feeding to the ground state was
observed in our experiment; this would confirm the tentative assignment of 17 for
the ®Mn ground state, which was assigned based on systematics. According to
the calculations, the dominant configuration is an admixture of {4220} and {4040},
thus 2 holes in the fp shell and 2 particles in 0gg/» (2h2p) and 4 holes-4 particles
(4h4p). The excitation of 3 neutrons on average to the Ogg o orbital indicates that
the intruder configuration drops below the normal one, endorsing the deformation
of the nucleus %Fe. The proton orbitals do not seem to play any role, since none is
promoted above the f7/5 in the most dominant configurations and only 0.3 particles
on average are excited to the ps/ and f5/, orbitals.
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573.5 keV, J™ = 2T: The 2] was obtained at 610 keV in the calculations,
in good agreement with the experiment. Its configuration is the same as that of the
ground state, an admixture of (2p2h) and (4p4h). Our level half-life measurement
T1/2=35(9) ps yields a reduced transition probability of B(E2)=16(4) W.u., which
can be compared to the value B(E2)=21(2) W.u. by [2I]. This is in agreement with
the calculated rate of B(E2)=18 W.u. The calculation suggests that it should have
log(ft)= 5.5, indicating a certain amount of direct S-feeding, but the experiment
shows that the level is weakly populated in § decay in spite of being an allowed
transition.

2874.3 keV, J™ = (17): This level has a direct S-feeding of 21(1)% and the
lowest log(ft) of the present scheme, which suggests an allowed transition from the
1" parent and thus 0T, 17 or 2" spin-parity. The intense transition to the 0 ground
state rules out the possibility that the 2874.3 keV itself has a 0T spin. If it had 2*
spin-parity it should de-excite to both the 0 and the 4" levels around 1.4 MeV
(see following subsections) with similar intensity, while it only clearly populates
one of them. If 1T spin-parity is assigned, it would only populate the 0" level at
~ 1.4 MeV, while there should be no observable transition to the 4%, as seems to
be the case.

In the experiment we have measured a half-life of 17(9) ps for this level at
2874.3 keV. With this half-life the transition probabilities are low for both M1 and
E2, bu none of them can be discarded. Thus, the measured half-life does not rule out
by itself neither the 17 or 2% assignment for the level. If one assumes 17 spin-parity
and the de-exciting 2874.3-, 2300.8- and 1460.4-keV transitions are assigned M1
character the transition rate (see Tab. ratios would be 2.1(14):1.6(10):1. In the
calculations the 17 state is at 2.82 MeV and it is depopulated by three M1 transitions
(the E2 transitions are clearly too weak to be observed) whose transition rates follow
the ratio 3:3:1 (from lower final level to higher), see Tab. in agreement with the
measured MI1.

1407.5 keV, J™ = (41): This level populates the 2] but not the 0" ground
state and is not populated by the the 1] at 2874.3 keV, which suggests a spin of
3" or higher. We have set an upper limit of < 15 ps for the lifetime of this level.
The resulting transition rates B(E2)> 6 W.u. and B(M1)> 2.5- 1072 W.u. does
not allow us to characterize the multipolarity of the transition, as both of them
are reasonable values. Reaction experiments tentatively assign spin 47 to a level at
1407(6) keV. Our calculations suggests that the 4] state is around 1.4 MeV, while
the 37 is over 2.5 MeV, so we confirm the previous assignment of 4] for this level.
Its apparent (3 feeding may be explained by high energy gammas not observed in
the experiment, because if such assignment is correct, the g decay would be via a
forbidden transition.
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1414.0 keV, J™ = (0%): This level only populates the 2 and is populated
from the 17 level, so a spin of 3 or lower is expected. A spin of 1% or 2+ would
strongly populate the 0% ground state, so they can be discarded. Once again the
calculation does not obtain a level with spin 37 until 2.5 MeV, so 0" is the most
likely spin. Calculations gives 05 at 1280 keV, in relatively good agreement with
the experiment, but predicts a log(ft) of 5.4 while in the experiment log(ft)=6.57(5)
was observed. The shell model calculations predict a 2h2p structure, similar to the
ground state, so the lack of direct 8 feeding to it remains unexplained.

1881.1 keV, J™ = (271): Calculations predicts the second and third 2*
states at 1.7 and 1.9 MeV respectively. The 1881.1-keV level has two transitions
to the 0f_ and the 21 state, but there are no observed transitions to the 1407.5-
and 1414.0-keV levels (of spin (47) and (07), respectively). If 2% spin is assigned to
this level, the unobserved transitions would be E2 in character and their intensity
would be less than 0.1 due to the energy factor of the transition rates, below the
observation limit for this mass. On the other hand, if a 2% spin was assigned to this
level, an M1 transition of 993.2 keV with a relative intensity of 2 from the 17 at
2874.3 keV is expected. This transition is not observed, even if it would be within
the precision limit of this experimentﬂ According to the calculations both 27 states
have very similar configurations and are very weakly or not at all populated in
decay, as is the case for this level.

2121.0 keV, J™ = (0,37"): This level only feeds the 2] state and is fed by
several higher energy levels. The calculation predicts 2% states at 1.91 MeV and 2.47
MeV, a 3" at 2.52 MeV, and the third 0% at 2530 keV. If spin of 2% was assigned
to this level, an intense E2 transition of 2121.0 keV to the ground state should be
observed, so it can be rejected. On the other hand, if we assumed that this level
had 31 spin-parity, it would explain why it does not populate the 0" states below
it, but a transition of 713.5 keV to the 1407.5-keV 4] with a relative intensity of the
order of 1 would be missing. As this intensity is very near to the detection limit for
this mass, the 3% spin can not be completely discarded. With a similar argument,
0" spin can be assigned to this level. It would explain why it does not populate the
ground state or the 03 and the 47, while the transition from the 1T would have a
relative intensity below 0.5, which explains why is not observed. If this is the case,
gamma transitions to the ground state from three levels above 3 MeV that populate
this level at 2121.0 keV and the 2] remain unobserved, but it is worth noting that
the calculations single out this 03 state as normal, non-inverted configuration, with
a dominant 0 particle-0 hole structure, {6200}.

The half-life limit set as < 30 ps yields transitions rates limits of
B(E2)> 0.13 W.u. and B(M1)> 1.9 -10~* W.u., which does not help to select any

4For example 1010.2 keV gamma in 56Fe was observed with a relative intensity of 1.8.
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of the possible spins for this level.

7.6 Conclusions

The %Fe level scheme constructed confirms the ~ transitions previously observed
and expand it to include a total of 24 y-rays and 16 excited levels. Two other high
energy gammas are assigned to the Mn decay, but could not be unambiguously
placed on the level scheme. The observed direct [-feeding to the ground state
(49(13)%) is in good agreement with the recently reported work. An improved
value of P, = 3.8(8)% has been obtained for the neutron delayed emission branch.
Moreover, population to the excited states in %Fe has been clearly observed.

Employing the ATD Syv(t) method, the centroid shift technique specifically,
the half-lives of two levels (including the 2] state) have been measured and upper
limits have been set for two more levels. The measured half-life for the 2] state is
in agreement, but less precise, with the previously measured value. Our transition
rate B(E2;2] — 0f) = 16(4) W.u. is in agreement with previously reported works
and it indicates a high collectivity in the nucleus, but it is smaller than the value of
22(2) W.u. for ®Fe [21]. This point to the onset of collectivity being centred around
64Fe, not around Fe as the theoretical calculations predicted (see section [L.2).

Extensive shell model calculations using the LNPS effective interaction have
been performed, proving information on the %Mn 3 decay and %Fe excited level
configuration. These calculations confirm the multinucleon-multihole character of
most of the states in ®Fe. They also are able to reproduce the energy of the 2
state state and B(E2) of its transition to the ground state.

Making use of the experimental level scheme and the measured transition rates,
and with the comparison to the shell model calculations, spin-parity has been pro-
posed for several levels. We confirm the previous tentative identification of the 47
state and propose the assignment of the (1) at 2874.3 keV.
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Chapter 8

Conclusions and outlook

A detailed knowledge of the nuclear structure of the iron isotopes is critical to
understand the evolution of the shell structure in the N=40 region far off stability,
and the onset of collectivity in this neutron rich region of the nuclide chart. Of
particular interest are the reduced transition probabilities, which put theoretical
models to demanding test. In this PhD Thesis we have investigated some of the
key neutron-rich iron isotopes: the odd-A %Fe and %Fe and the even-even, N=40
nucleus, %Fe.

The data analysed in this work was obtained in the 1S474 experiment per-
formed by the Fast Timing collaboration at the ISOLDE facility at CERN. In the
experiment **~%Mn ions were selectively produced in order to study their 8-decays
and explore the region below ®®Ni. Our present study concentrates on a subset of
the data from the experiment on %3Fe, °Fe and %Fe isotopes, which were populated
in the decay of their f~-decay Mn parents. At the time of this manuscript the
results obtained in the analysis of the %Fe have been accepted for publication and
the articles on the other two nuclides are in preparation.

Summary of most relevant results

The study has been undertaken by using a setup that combines two high-resolution
HPGe detectors with three fast-response scintillators: a fast-timing plastic S de-
tector and two state-of-the-art 7-ray LaBrs(Ce) crystals. This allows for precise
v spectroscopy and ultra-fast timing spectroscopy using the Advanced Time Delayed
By (t) method. The global results are described below.
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Level schemes. The use of 7y coincidences between the HPGe detectors, together
with the information on the decay half-lives, has allowed to build the level schemes
of the isotopes of interest, including the transition intensities and the population by
[-decay. For the first time the level of the %°Fe has been constructed. The existing
partial %3Fe level scheme has been considerably extended, and the recently published
%6Fe has been completed with new levels and transitions.

Direct p-feeding to the ground state. In our experiment the ions were depos-
ited on a collection foil creating a saturated source that included the short-lived and
long-lived decay products from the decay of Mn and also their daughters. There-
fore an intensity balance was established in the decay chains. Using the observed
~v-transitions in the Fe nuclei and decay daughters, for the first time upper limits
have been set for the ground state feeding of ®*Fe and %Fe, both of them compat-
ible with zero. A strong -feeding to the %°Fe ground state from %*Mn has also been
confirmed.

Neutron delayed emission. The (-delayed neutron emission from the parent
Mn isotopes has been studied in detail. Delayed neutron emission probabilities have
been determined for the three Mn isotopes, using 7 transition intensities in the
decay chains. Relatively small P,, values have been obtained, and -n population
to excited levels is observed in the three cases. The unobserved (S-n intensity can
be assigned to direct ground state feeding (but it would in some cases violate the
decay selection rules for the assigned spin-parities) or to unobserved ~-rays.

Level lifetimes and transition rates. Using the ATD Svv(t) method, either
by the deconvolution or by the centroid shift technique, half lives of the lower-lying
states have been determined in the three %35°Fe, %Fe isotopes. For the even %Fe the
21 half-life yielded a transition rate of B(E2;2{ — 0f) = 16(4) W.u., in agreement
with the value obtained from the lifetime measured via recoil distance Doppler-
shift of 21(2) W.u. and the 18(2) W.u. transition rate measured using Coulomb
excitation. For the odd-A isotopes the B(FE2;5/2] — 1/27) are also collective,
yielding 1.3(1) and 5.1(6) W.u. for %Fe and %®Fe respectively, while the B(M1)
transition rates are of the order of 10 W.u. These results show the collectivity of
the neutron rich Fe nuclei in the region, and point that the onset of collectivity is
centered in around the %*Fe and %Fe isotopes.

Spin-parity assignments. Based on the apparent $-feeding and on the transition
rates of the de-exciting transitions, spin-parity assignments have been made for the
lowest lying states in the three Fe isotopes. In the odd-A %3Fe and %Fe the negative
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Figure 8.1: Evolution of the 9/2% isomer along the Fe isotopic chain. Red levels
(namely A=63,65) are from this work.

parity structure built on the coupling of the 0" ground state and the collective 2%
state in even-even core to a single neutron in the pf shell has been identified. Higher-
lying strongly beta-fed states are tentatively given 3/2~ spin-parity. Positive parity
states have also been identified. In %Fe, the recent spin-parity assignments have
been confirmed, including the tentative identification of the 4] state. Candidates
for the 11 and 03 are proposed.

Identification of the 9/2% state. Search for the location of the 9/2% state in
3Fe and %°Fe has been conducted. For the first time the S-decaying isomer energy
in %Fe has been precisely measured at 393.7 keV. A candidate for such state has
also been found in %Fe at 475.0 keV. If confirmed, the energy evolution of the 9/2"
states would follow a parabola in the neutron-rich odd-isotopes from A=57 to A=67,
with its minimum at %Fe, as shown in Fig. .

Shell model calculations. The results for %Fe and %Fe have been compared
to state-of-the-art shell model calculations based on the LNPS effective interaction,
with a very good agreement to the experimental results. The calculations confirm
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the importance of the gg/, orbital, and the need to include the ds;; to match the
experimental transition rates.

Results for ®Fe

We have performed the first detailed study of the 5~ decay of ®*Mn to ®*Fe. The
55TFe level scheme consists of of 87 -transitions and 41 excited states up to 4.4 MeV.
The half-life of the ground state in ®*Mn has been measured to be T/, = 91.9(9) ms
confirming the previous value. An upper limit for the direct S-feeding to the ®Fe
ground state has been set in 8.8% of the [-decay.

The [-delayed neutron branch has been measured to have P, = 7.9(1.2)%,
which is about three times smaller than the value previously reported. We have
identified a substantial 5-n feeding going to four excited states in %4Fe.

We have made the first precise energy determination of the 9/2% (S-decaying)
isomer in %Fe at 393.7 keV. The half-life of T}/, = 437(55) ns measured for the
397.6-keV ~-isomer is in good agreement with the previously reported values.

By employing the ultra-fast timing method 4 new level half-lives and a few
lifetime limits in the picosecond range have been determined for the excited states in
%Fe. The measured transition probabilities allow us to give spin-parity assignments
to low energy levels. A 1/27, 3/27, 5/2~ sequence arises from the ground state to
the first excited states. Positive parity states with spins 9/2%, 5/2% and 7/2% are
proposed at low excitation energy.

The experimental excitation energies of positive and negative parity states
below the excitation energy of 1.6 MeV and logft values have been compared to
the shell model calculations obtained with the LNPS effective interaction. The
calculations reproduce quite well the observed level structure, support the spin-
parity assignments, and show the importance of the positive parity orbitals across
the N = 40 subshell and N = 50 shell gaps.

Results for “Fe

We have built a new %Fe level scheme, which confirms the previous results by our
collaboration and expands it to a total of 73 « transitions and 31 levels. Additionally,
13 more ~-rays have been assigned to the Mn decay, but not placed in the level
scheme.

An upper limit of < 7%, which is compatible with zero, has been measured
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for the direct -feeding from %Mn to the %Fe ground state. The delayed neutron
emission probability has been determined to be 2.0(2)% in conflict with the earlier
reported value of 30.5 %. We have established that sizable S-n feeding populates
excited states in ®?Fe, and the 2] in particular.

A level at 475.0 keV is proposed as the (9/2%) S-decaying isomer. If confirmed,
it would complete the systematics of the 9/2% states in odd-Fe up to the N = 40
subshell.

Subnanosecond half lives of three excited states have been measured by means
of the ATD Svv(t) method. Using the transition rates derived from these meas-
urements and the feeding pattern, spin-parities 1/27, 3/27 and 5/2~ are proposed
for the ground state and the two lowest lying levels. Possibly more half lives will
be measured by using the centroid shift technique in this nucleus, which surely will
help to assign more spin-parities to higher energy levels.

Results for “Fe

We have constructed a %Fe level scheme that confirms the previously observed
transitions, and expands it to include a total of 24 ~-rays and 16 excited levels. A
high direct S-feeding of 46(12)% is observed, also in agreement with the previous
work. The f-delayed neutron branch has a probability of P, = 3.8(8)%. Population
to the excited states in °Fe has been clearly observed.

Employing the centroid shift technique within the ATD Sv7(t) method, the
half lives of two levels (including the 2 state) have been measured. Upper limits
have been established for two more levels. The measured half life for the 2] state
is in agreement but less precise than the previously measured value. Making use
of the experimental level scheme and the measured transition rates spin-parity has
been proposed for several levels. We confirm the previous tentative identification of
the 4] state and propose the assignment of 1] to the 2874.3-keV level.

Modern shell model calculations using the LNPS effective interaction provide
information on the %Mn 3-decay and %Fe excited level configuration. These cal-
culations confirm the multinucleon-multihole character of the most of the states in
%Fe and the importance of the gg/» and dj/ orbitals.

Outlook

Our results yield precise experimental information on several Fe isotopes that help
understand the interplay of single-particle and collective modes in this interesting
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region of the Table of Isotopes. In particular, reduced transition probabilities have
been obtained by measuring level half lives.

The analysis of the IS474 experiment is rather complex and still ongoing. Many
new results are still expected, as we have only started to scratch the surface of the
large amount of data obtained during the 2010 campaign.

As mentioned before and hinted in the Appendixes, key information can be
obtained by analysing the complete isotopic decay chain in the masses discussed
in this Thesis. The level schemes of many of these nuclei are poorly studied and
some level lifetimes have already been observed in a preliminary analysis. Such
information would be most valuable in our effort to map the region below %Ni.

Data on the decay of Mn isotopes with masses from 59 to 66 were collected
during the IS474 experimental campaign. The analysis of the more stable isotopes
would yield valuable information which would help study the systematics of Fe
isotopes. In addition, the study of heavier n-rich Fe isotopes is foreseen with the
beam-time still available. In particular the study of %“Fe populated in the beta
decay 5"Mn is planned. The N = 41 “Fe isotope is already one neutron over N=40
sub-shell gap, and it could yield very important information on the evolution of the
go/2 orbital.

Recent developments at ISOLDE make it possible to envisage the investigation
of the A=68 isotopic chain populated in the decay of ®*Mn. Not only will this study
give access to the important even-even ®Fe, providing independent confirmation of
the recently measured B(E2;2 — 07) value, but also critical lifetimes in the key
nucleus ®Ni will become accessible.

In parallel to the spectroscopic studies our group has investigated new crystals
and photomultipliers with the aim to improve the performance of the fast timing
measurements. Significant improvements have already been reported, which means
that the next round of measurements in the neutron-rich Fe nuclei will be charac-
terized by a higher sensitivity ultra-fast timing measurements.



Additional half lives

The aim of the 1S474 experiment was to study the exotic neutron-rich nuclei pop-
ulated in the 5~ decay Mn isotopes. Since the radioactive ions were collected in a
saturated source, plentiful of data were collected on the decay products of the Fe
isotopes main subject of this Thesis. The information on these other nuclei was not
the prime goal, but it was partially analysed and some useful results were obtained.
This Appendix present the preliminary level lifetimes found in nuclei other than
iron.

%Co preliminary results

In order to study the direct 3 feeding of %°Fe, its decay to %°Co was analysed and
some preliminary results are shown here for completeness. For internal coherence,
the measured intensities shown in table[[lwere used in the calculations of the absolute
intensities in %Fe.

While inspecting the %°Co peaks in S-LaBrz(Ce) coincidences a delayed com-
ponent in the 882.5-keV peak (see Fig. was observed. The time response in
the fast-TAC (see Fig. [2) shows a semi-prompt component (~ 90% of the counts)
and a delayed one (~ 10% of the counts). The presence of a delayed component
and a semi-prompt one indicates that most likely the observed lifetime is due the
transition of a higher energy level populating the 882.5-keV level and that the half
life of this level is much shorter.

The time distribution was fit two a double exponential decay (one to account
for the semi-prompt component and the other for the long-lived one) using the
deconvolution technique and yielded a preliminary value of T4/, = 1.3(1) ns. So far
this lifetime cannot unambiguously be assigned to any of the %Co excited levels.
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E, (keV) | B (keV) | EFY (keV) | It

127.4(1) 1222.9 10955 | 2.1(2)
212.7(1) 1095.5 882.8 13(1)
340.2(1) 1222.9 8828 | 51(4)
736.4(1) 1959.3 12229 | 26(2)
773.7(1) 1996.4 12229 | 4.1(3)
863.9(1) 1959.3 1095.5 | 1.4(1)
882.8(1) 882.8 g.s. 100

901.0(1)* |  1959.3 10955 | 0.9(1)
960.5(2) 2183.5 12229 | 16(1)
1076.3(1) | 1959.3 882.8 11(1)
1088.4(1) | 2183.5 10955 | 3.0(2)
1113.5(3) | 1996.4 882.8 14(1)
1222.8(1) | 1222.9 g.s. 20(1)
1996.4(1) | 1996.4 g.s. 38(3)

Table 1: A list of y-ray energies, relative intensities and placement from the 3 decay
of ®Fe. *: This transition was not placed in the previous level scheme [90].

£ Lifetimein Co-65
10
N
10 -
] T,,,=1.3(1) ns
N 12 (1)
S 1074
(@) ]
@) 2
107
N
10
o]
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Time (ps)

Figure 2: Time-delayed $7(t) spectrum gated by the 882.5-keV transition in 9°Co.
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Figure 3: Fit to the 2672 keV level half life in ®*Co. The fit was done to a double
exponential decay to account for the significant Compton background contribution,
since the data was taken from §-LaBrs(Ce) coincidences.

Preliminary half life in ®Ni

The 2 — 0 1426-keV transition (T;/2=0.8 ps) in the %*Co decay to %Ni was in-
spected as a candidate for the absolute prompt reference calibration of mass A = 66.
However, the 87 time distribution of this gamma had a clear slope on the delayed
part suggesting a half life in the range of hundred of picoseconds.

The %Co 8~ decay mainly populates the 2672 keV level (I3 = 69(5)%), which
is only de-excited by one gamma of 1246 keV to the the 1426 keV level and this one
to the ground state [I10]. Setting a gate on 1246 keV in S-LaBrs(Ce) coincidences
and projecting onto the TAC revealed the same half life (see Fig. |3). This slope was
not present in the Compton background inspected next to each of the peaks (1246
and 1426 keV).

As 1246 keV is above in the level scheme, the half life was assigned to the
2672 keV level and the slope observed in the 1426 keV transition was a contribution
from the feeding 1246 keV gamma (the direct S-feeding for the higher energy level
is three times bigger). Thus, the half life has been measured twice, directly in the
1246 keV gamma and then carried into the 1426 keV transition. Both detectors and
gammas give results in good agreement, with a weighted average of T}/, = 170(7) ps.
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