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Abstract

The first part of the thesis presents the investigation of fusion-evaporation reactions
in order to verify one-proton emission from the isomeric 10" state in the proton rich
nucleus %*Ni. Between the years 2006 and 2009 a series of experimental studies were
performed at the Tandem accelerator in the Institut fiir Kernphysik (IKP), University
of Cologne. These experiments used fusion-evaporation reactions to populate *Ni via
the two-neutron-evaporation channel of the compound nucleus 6Ni. The cross section
for the population of the ground state of % Ni was predicted to be in orders of microbarn.
This required special care with respect to the sensitivity of the experimental setup,
which consisted of a double-sided silicon-strip detector (DSSSD), a neutron-detector
array and HPGe detectors. In two experiments the excitation functions of the reactions
(325+2'"Mg) and (*®Si+28Si) were determined to find the optimal experimental conditions
for the population of >Ni. A final experiment employed a ?*Si beam at an energy of
70 MeV, impinging on a 28Si target. With a complex analysis it is possible to obtain a
background-free energy spectrum of the DSSSD. An upper cross section limit for the
population of the 10T state in *!Ni is established at o(®**Ni(107)) < (13.9 & 7.8) nbarn.

In the second part of the thesis the population of actinide nuclei by multi-nucleon
transfer reactions is investigated. Two experiments, performed in 2007 and 2008 at
the CLARA-PRISMA setup at the Laboratori Nazionali di Legnaro, are analyzed with
respect to the target-like reaction products. In both experiments 23¥U was used as target.
A ™7Zn beam with 460 MeV and a '3¢Xe beam with 926 MeV, respectively, impinged
on the target, inducing transfer reactions. Kinematic correlations between the reaction
partners are used to obtain information on the unobserved target-like reaction products
by the analysis of the beam-like particles identified with the PRISMA spectrometer.
~ spectra from neutron-rich actinide nuclei are obtained with the CLARA array. An
extension of the ground-state rotational band in 2*°U up to the 18" state is achieved.
The level and transition energies as well as the moments of inertia are compared with
theoretical predictions. Based on cross section distributions for various reaction channels
the perspectives and limitations for in-beam ~ spectroscopy with this experimental
method in the actinide region are discussed.






Zusammenfassung

Im Mittelpunkt des ersten Teils dieser Arbeit steht die Untersuchung der Protonenemis-
sion aus dem isomeren 107-Zustand des protonenreichen Kerns **Ni. In den Jahren 2006
bis 2009 wurde am Tandembeschleuniger des Instituts fiir Kernphysik der Universitat
zu Koln eine Serie von Experimenten durchgefiihrt, die dem Nachweis dieses seltenen
Zerfalls dienen sollten. Ziel war es, mittels Fusions-Verdampfungsreaktionen, 3Ni iiber
den Zwei-Neutronen-Evaporationskanal des Compound-Kerns **Ni zu populieren.

Der berechnete Wirkungsquerschnitt fiir die Population des Grundzustands von %4Ni
liegt im Mircrobarn-Bereich. Dies stellte besondere Anforderungen an die Sensi-
tivitat des experimentellen Aufbaus, zu dessen Bestandteilen ein segmentierter Siliz-
iumzéhler (DSSSD), ein Array von Neutrondetektoren und mehrere HPGe-Detektoren
zahlen. Um die optimalen Reaktionspartner und eine geeignete Strahlenergie zu
bestimmen, wurden zwei Experimente zur Messung der Anregungsfunktion fiir die
Reaktionen (32S+2*Mg) und (*Si+28Si) durchgefiihrt. Das finale Experiment verwen-
dete eine Fusions-Verdampfungsreaktion mit einem 2®Si-Target und einem 28Si-Strahl
bei einer Strahlenergie von 70 MeV. Durch eine aufwendige Analyse ist es moglich,
ein untergrundfreies Energiespektrum des DSSSDs zu erhalten. Eine obere Grenze
des Wirkungsquerschnittes fiir die Population des 10*-Zustands von %Ni wird mit
o(®*Ni(10T)) < (13.9 + 7.8) nbarn angegeben.

Im zweiten Teil der Arbeit wird die Population neutronenreicher Aktinidenkerne
mittels Multi-Nukleon-Transfer Reaktionen untersucht. Dazu wurden zwei Experimente,
die in den Jahren 2007 und 2008 am CLARA-PRISMA-Aufbau am Laboratori Nazionali
di Legnaro stattfanden, im Hinblick auf die targetahnlichen Reaktionspartner analysiert.
Das Targetmaterial 23¥U wurde im ersten Experiment von einem "°Zn-Strahl bei einer
Strahlenergie von 460 MeV und im zweiten Experiment mit einem '3¢Xe-Strahl von
926 MeV beschossen. Mit Hilfe der Teilchenidentifikation der strahldhnlichen Reaktion-
spartner in PRISMA ist es moglich, Riickschliisse auf die targetdhnlichen Reaktionspro-
dukte zu ziehen. Auf diese Weise werden die CLARA-v-Spektren der neutronenreichen
Aktinidenkernen selektiert und analysiert. Insbesondere die Untersuchung von neutro-
nenreichen Uranisotopen ist aufschlussreich. Die Grundzustandsbande von ?4°U kann um
drei bislang unbekannte ﬂbergénge bis zum 18*-Zustand erweitert werden. Niveauen-
ergien, Ubergangsenergien und Trigheitsmomente werden mit theoretischen Vorhersagen
verglichen. Anhand der vorliegenden Wirkungsquerschnitte werden die Moglichkeiten
und Grenzen der neuartigen, experimentellen Methode fiir die Aktinidenkerne diskutiert.
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Part |I.

Search for Proton Emission in °*Ni






Introduction

Excited isomeric states and the level scheme of **Ni were subject of an experiment
during the stopped-beam campaign of the RISING project at the GSI (Gesellschaft
fiir Schwerionenforschung)in Darmstadt in the year 2006. Beside the measurement
of the level scheme up to an isomeric state of a 107 level (with 7 = 218(4) ns) an
indirect evidence for a proton emission from the proton-rich *Ni was discovered: The
de-excitation from the 9/27 state to the ground state in %3Co was detected in coincidence
with 3*Ni. The direct detection of this proton emission was not possible because the
experimental setup did not include detectors for light and low-energy particles like
protons emitted from the target position.

The direct observation of the expected proton emission out of the isomeric 10 level in
Ni motivated an experiment at the Tandem accelerator at the Institut fiir Kernphysik
(IKP) in Cologne. The experimental setup utilized a highly-segmented silicon-strip
detector for proton detection, five neutron detectors and several HPGe detectors. The
experimental configuration was installed, tested and optimized in several steps. A first
production experiment was performed and analyzed as part of the diploma thesis [37].
In contrast to the GSI measurement, where a fragmentation reaction at relativistic
energies had been employed, the Cologne experiment was based on a fusion-evaporation
reaction between a 32S beam and a **Mg target at a beam energy of 90 MeV. The
feasibility of the setup was unambiguously demonstrated. However, a beam-correlated
background contribution prevented detection of rare proton decay at this stage of the
experiment. After several experimental improvements had been applied the experiment
was repeated and analyzed as part of the diploma thesis [T01] in 2008.

Despite the improvements the expected proton decay of **Ni was not detected because
of some background contributions due to a high beam current and oxygen reactions.
The latter was caused by reactions of the beam with an oxygen layer on the Mg target,
which as alkaline earth metal is easily oxidized. Moreover, it was not obvious whether
the isomeric level is sufficiently populated via the chosen fusion-evaporation reaction.
In order to figure out the best conditions to populate the *Ni nuclei new experiments
were performed at various beam energies and different beam-target combinations were
used. The total cross section to populate the rare **Ni-end channel was calculated to
be in the microbarn region. Two experiments were performed: first the measurement
of the excitation functions for the reactions (**S+2*Mg) at beam energies of 82, 85, 90
and 95 MeV and (**Si+?%Si) at beam energies of 66, 70, 74 and 80 MeV. The results of
these experiments are presented in this work. As an achievement of this studies a final
production experiment was performed, employing a pulsed 2*Si beam at 70 MeV on a



2GS target. In 2009 the final beam time was accomplished including all improvements.
The analysis of this experiment yielded an upper cross section limit for the emission of
a proton from the isomeric 10% state of *Ni. These results are also subject of the first
part of this thesis.



1. Physics Motivation

1.1. One-Proton Emission

Already at the beginning of the last century proton radioactivity was discussed without
any knowledge about the constituents of nuclei. This kind of phenomenon was simply
called: H-rays [68]. It was not until the 1960s that the first theoretical predictions for
cases of proton radioactivity were made by Goldanskii [41]. Especially for isotopes at
the proton drip line, he predicted the emission of one proton for a nucleus of odd Z,
whereas for nuclei with even Z two-proton radioactivity was foreseen [g].

It is important to distinguish between direct proton emission and beta-delayed proton
emission: Beta-delayed proton emission concerns the emission of a proton out of a
highly-excited nuclear state which has been populated by a S+ decay. This proton
emission can be followed by another proton emission from the populated unstable energy
level. In the case of a direct proton decay no preceding S+ decay occurs. The first case
of a direct proton emission was observed in 1970 by Cerny et al. [15, [16]. An isomeric
19/2~ state in ®*Co™ with a lifetime of (247 + 15) ms emitted a proton with an energy
of (1.59 + 0.03) MeV into the ground state of ®?Fe . After this striking discovery many
observations of proton emission in other nuclei were expected. However, only in 1981
the first observation of proton emission from the ground state of *'Lu was found in
an experiment with the velocity filter SHIP at GSI by S. Hofmann et al. [47]. In the
following years about 30 examples of proton emitters could be discovered. All proton
emitting nuclei are characterized by an odd atomic number. For even-Z nuclei the
pairing energy must be considered to cause additional hindrance. For this reason the
detection of a proton decay out of *Ni, an even-even nucleus, would be even especially
interesting. With this 5*Ni experiment proton emission is investigated in the vicinity of
the pioneering work for 3Co™.

A necessary condition for the emission of protons is a positive Q value [48].

Qp:(Mz+1—Mz—mp—me)'C2>O (11)

with My, mass of the parent nucleus, My mass of the daughter nucleus, m, proton
mass and m, electron mass.

The decay constant A for proton emission is theoretically factorized in the following
way:
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In2
A= =vx P 1.2
T (1.2)

with T}/, the half-life, v, the frequency factor and P, the transmission factor, which
contains the Gamow factor:

P = Py = e 2 (1.3)
It is
Rout
\/QHTZ / )+ Veou(r) + Vi(r) = Qpaua)*dr (1.4)
Rin

with Vj;(r) the nucleus potential, Vo, (r) the Coulomb potential and Vi(r) the centrifu-
gal potential. The integration is performed across the energetically inhibited area of
the nuclear potential with an excited proton in a quasi-bound state. The calculation
of proton emission is very similar to the description of the alpha decay. However, the
preformation of an « particle is not relevant and proton emission does not depend on
this feature.

For long half-lives proton emission competes with 5% decay [§]. The half-life is strongly
related to the available decay energy. Figure shows the half-life of proton emitters
as a function of the decay energy for different Z, estimated with spherical barrier-
penetration calculations and angular momentum transfer [ = 0. This figure shows the
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Figure 1.1.: Calculated half-lives for proton emitters as a function of the decay energy. The
upper horizontal lines mark where the competition with the B+ decay sets in, the lower line
indicates the limit of the experimentally accessible half-lives (figure taken from reference [§]).

window where the proton emission is favorable and should be detectable. The upper



1.2. Two-Proton Emission

limit is given by the hatched area, which is the region of typical $-decay half-lives and
the lower line is the limit of experimentally accessible half-lives. The window is smaller
for lighter ions than for heavier ones. This explains why ground-state proton emitter
for nuclei lighter than A = 100 have not been discovered yet.

Besides the investigation of the proton-emission process by itself, this kind of radioac-
tivity turned out to be a versatile experimental tool to investigate the preceding ~
transitions of the proton emitting nuclei. These experiments are based on the very
sensitive recoil decay tagging technique (RDT). Herewith it is possible to correlate
the interesting v transitions from the population of the proton-emitting state and the
delayed proton-emission events. A very selective tool for y-ray spectroscopy at the
drip line is given which enables spectroscopy of rare reaction channels by reduction of
tremendous background contribution. The idea of the RDT method is to implant the
recoiling nuclei after compound nucleus reactions into a highly-segmented double-sided
silicon-strip detector (DSSSD) [75]. The adjacent proton decay is correlated with the
implantation event by the identical DSSSD position. The prompt coincidence between
~ rays and implantation makes it possible to tag the v transitions and to select the
emitting parent nuclei at the production target [106]. By this means it is possible to
study the nuclei at the proton drip line with very small reaction cross sections which are
typically many orders of magnitude lower than other reaction channels or background
processes. With this method a wealth of new insights about the very neutron deficient
nuclei could be gathered. Improvements in the development of position-sensitive silicon-
detectors in the beginning of the 1990s together with the RDT method enabled the
investigation of the nuclei at the proton drip line. In case of highly-efficient y-detector
arrays like GAMMASPHERE at the production target and powerful mass separators
like the Argonne fragment mass separators, very small production cross sections down
to 100 nanobarn are achieved to detect the interesting transitions [§].

1.2. Two-Proton Emission

Due to the fact that ®*Ni is an even-even nucleus the emission of two protons is also
possible. Two-proton emission from the ground state of a neutron-deficient nucleus with
even 7 was, as mentioned above, first described by Goldanskii [41]. He predicted two
scenarios: the decay process could take place either as the emission of a correlated 2He
cluster or as the simultaneous emission of two independent protons.

The simultaneous emission of two protons is only favored when the sequential emission of
the protons is forbidden. This is possible for the mass region A=40-50. Here, additional
energy from the pairing effect makes the possible two-proton emitter with even 7 lighter
than the one-proton-emitting daughter nucleus with odd Z. Hence, one-proton emission
is forbidden and only simultaneous two-proton emission is possible.

The first evidence for the two-proton emission was discovered in “°Fe with two dif-
ferent experiments in 2002 at GANIL (Grand Accélérateur National d’lons Lourds),
Caen, France,[40] and at GSI (Gesellschaft fiir Schwerionenforschung), Darmstadt, Ger-
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many, [76]. In both experiments **Fe was produced via fragmentation of a **Ni beam
on a Be target (GSI) or a Ni target (GANIL).

The selected *Fe particles were implanted in a silicon detector, where the two-proton
emission took place. In the case of the GSI experiment four events of this emission with
an energy of (1.1 +0.1) MeV were found. The GANIL experiment measured 12 decays
with an energy of (1.14 + 0.04) MeV. Additionally, the half-life could be determined in
both experiments as T}, = (4.77571) ms [40] and T/ = (3.2775) ms [76].
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1.3. Physics Case of >*Ni

Nickel isotopes are interesting for the investigation of three doubly-magic isotopes and
a shell closure at the proton drip line - *Ni denotes the proton drip line - as well as for
the investigation of Isobaric Analogue States (IAS) in the f1 shell.

The simplest case for an isobaric multiplet is a pair of mirror nuclei, which contains
a nucleus with a number of protons and a number of neutrons that are mutually
interchanged in comparison with the other nucleus, like the pair 5iNiy and 53Feqs.
The total binding energy difference between the two partners of a multiplet with isospin
T transformed through exchange of k protons with k neutrons, also called C'oulomb
Displacement Energy (CDE) [7], is given by

CDE(T, TZ) = M(T,TZ) — M(T,TZHC) + kAL g (15)

with M as the atomic mass, A,y as the neutron—hydrogen atomic mass difference and
T, as the isospin projection for the larger-Z isobar.

The Coulomb field has the main influence on the mass shifts and hence on the CDE
between isobaric nuclei of orders of hundreds of keV up to several MeV. Other isospin
breaking effects, for example deriving from nuclear interaction, are expected to be small.
The energy differences of the excited states in mirror nuclei are named Mirror Energy
Differences (MED) and are defined as [7]

MEDLT = EJ,T,TZ:—T - EJ,T,TZ:T (1'6)

where typically the lowest isospin-partner states are compared i.e. T' = |T,|. By studying
the MED, the strong influence of the Coulomb field is canceled because the ground
states of the nuclei are normalized to zero excitation energy. Then the observable energy
differences are rather small: In the f : shell the MEDs are in the typical range of tens
of keV reaching rarely hundred keV and the other isospin-breaking effects become as
important as the Coulomb ones.

The f; shell between the doubly-magic nuclei 40Ca and 5°Ni is particular because here
the isospin-breaking effects due to nuclear interaction could be identified uniquely and
are clearly more pronounced than displacement energies [33]).

An isomeric 10" state in **Fe [58] with a lifetime of 7 & 525(10) ns had been known
since a long time. Hence from theoretical predictions an analog state in the mirror
nucleus 5Ni was expected. Gadea et al. [33] investigated 5*Ni up to the first 67 state
and the results were compared with the IAS in the isobars **Co as well as *Fe and
with the states in the cross-conjugate symmetric nuclei of mass A=42. As a result of an
experiment at the Gesellschaft fiir Schwerionenforschung (GSI) in 2006 the level scheme
of *Ni from Gadea et al. [33] was extended to higher levels. Further insights into the
nuclear isospin-breaking effects have been obtained [84, 49]. For this experiment a’*Ni
beam with an energy of 550 MeV /u produced by the SIS synchrotron was fragmented
in “Be target with a thickness of 12 By means of the Bp — AE — Bp technique the
fragments were selected in the FRS (FRagment Separator)[38]. After a flight time of
350 ns through the FRS the identified secondary ions *152Fe, 5253Co and %3°*5°Ni were
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stopped in a Be plate with a thickness of 4mm. This Be plate was surrounded by
15 Euroball cluster detectors measuring the v rays of delayed, isomeric de-excitation.
In 60 hours beam time 4.8 x 10° 54Ni particles could be implanted and identified. It
was possible to identify an isomeric 10 state in *Ni which is corresponding to the 10+
state in ' Fe and has a lifetime of 7 = 218(4) ns. Rudolph et al. [84] established an
extended level scheme for **Ni as it is shown in figure

Coincidence gating proved that the measured isomeric v rays are part of a single

proton emission
6457 146 10+ 6527 146 10

6311 g+ 6381 8*

1280 keV
5177 9/
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1327 ) oy

| ¥V

—
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Figure 1.2.: The resulting level scheme for >4 Ni up the 101 state from the work of Rudolph
et al. [84)]. The possible proton decay from the isomeric level into the first excited state in °°Co
1s indicated but was not observed directly via its proton decay. For comparison the relevant
transitions of the mirror nucleus * Fe are also shown (figure taken from reference [8]))).

sequence from one ~-ray cascade. However, one peak with a transition energy of
1327.3(4) keV could not be explained to be in coincidence with the other transitions.
The 1327.3(4) keV transitions do not belong to the 5*Ni level scheme. Because the
transitions were unambiguously gated on Z=28 ~ rays with this energy could only be
emitted from an excited an isomeric Ni state. The assumption that the 1327.3(4) keV
line was produced by other isotopes than ®*Ni, like 3Ni or 5°Ni, is discarded: the

10



1.3. Physics Case of **Ni

measured cross section for %3Ni was too low to explain the peak intensity, whereas
Ni has no isomeric state, which could be proven by gating on the transition to the
ground state. Other secondary nuclear reactions from other places of the experiment
were excluded because the resulting cross section was also too low in comparison to the
measured v-ray intensity.

Consequently the 1327.3(4) keV energy had to originate from a reaction populating
excited states in ®*Ni. A plausible explanation would be the decay of the isomeric 10"
state in **Ni via proton emission into the first excited state (3 ) in the neighboring
3(Co nucleus. Then the proton energy would be expected at 1280 keV. The emission of
v-ray transitions of 1327.3(4) keV energy has been explained by the transition energies
from the known (7) state to the ground state. As indicated in section [L.1] this kind of
proton emission out of an even Z-nucleus, where the pairing energy has to be considered,
would be very striking and interesting. Moreover theoretically not only the proton
emission into the first excited state but also a direct proton transition into the ground
state can be expected. In this case the proton would have an energy of 2607 keV.
Even the two-proton emission from %*Ni to ®?Fe is possible. At this point several
interesting questions remained open and could not be pursued with the technique
and the experimental setup at GSI. Here no particle detectors were included and the
predicted proton emission could not be measured directly. These results motivated
an experiment at the 10 MV FN Van-de-Graaff Tandem accelerator in the Institut
fiir Kernphysik (IKP), Cologne, which intended to measure the direct proton from
the isomeric 10" state in ®*Ni employing a new detector setup, comprising a DSSSD
particle detector together with a neutron-detector array and HPGe detectors for ~-ray

spectroscopy.

11






2. Concept, Realization and
Improvements of the Experimental

Setup

For the direct observation of the proton emission from the 10 -state of *Ni a dedicated
experimental setup was constructed at the L. 45 beam line at the 10 MV FN Van-de-
Graaff Tandem accelerator at the Institut fiir Kernphysik (IKP) in Cologne.

During 2006 and 2009 the experiment was installed and improved. Section explains

this progress with the different experimental features in detail.
experimental principle is described.

First the general

2.1. Main ldeas and the Experimental Concept

HPGe

catcher foil

S
p

CD chamber

HPGe

.

degrader foil

HPGe HPGe
5 neutron
detectors
target chamber

recoils- ‘

<—

'/

Figure 2.1.: Setup of the > Ni experiment with a two-chamber system. The beam, coming
from the right, interacts with the target in the first chamber. The recoils move through the
DSSSD, are decelerated by a degrader foil and implanted into the catcher foil.
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2. Concept, Realization and Improvements of the Experimental Setup

The basic idea of the experiment is to populate °Ni compound nuclei by fusion

evaporation. The rare two-neutron-evaporation channel of Ni populates the interesting
%4Ni, which is supposed to emit a proton from the isomeric 10" state.
A two-chamber setup is used. In the first chamber (target chamber) the beam, delivered
by the Tandem, interacts with the target nuclei. Around this target chamber ancillary
detectors are mounted to monitor the reaction channels: several High Purity Germanium
(HPGe) detectors, and the neutron-detector array, consisting of five NORDBALL
detectors [46].

Due to the half-life of the 10% state of *Ni of T3/, = 152(4) ns and due to the high
velocity of the recoils most of the proton emission is not expected in the target chamber.
Therefore a second chamber (CD chamber) is placed 30 cm downstream the beam line. At
the entrance of this chamber the particles first pass a degrader foil, which decreases the
velocity of the recoils to an appropriate value. Just behind the degrader foil, protected
against the beam, the core of the experiment, the double-sided-silicon-strip-detector
(DSSSD), is located. It is CD-shaped (see figure [2.2), and the recoils as well as the
remaining beam particles move through the detector hole in the center of the DSSSD.
Behind the detector a target wheel is pivoted, which contains two apertures for beam
focussing and, most importantly, the catcher foil. After passing the degrader foil the
4Ni nuclei have a convenient kinetic energy to be stopped and implanted in this catcher
foil. When proton emission out of ®*Ni at rest takes place, the protons can be emitted
backwards out of the catcher foil and into the DSSSD. Around the CD chamber some
more HPGe detectors are placed to inspect isomeric v decays.

14



2.1. Main Ideas and the Experimental Concept

Figure 2.2.: CD chamber, the beam coming from the right passes the detector through its hole
in the center, where the degrader foil is placed. Then it hits the catcher foil, which is together
with some focussing apertures mounted on a target wheel.

neutron
detectors

NS . ,
/% - | W% beam direction

v/ g

Figure 2.3.: The target chamber of the 4 Ni experiment, surrounded by 4 HPGe detectors.
Neutron detectors are directed to the target chamber, placed in backward direction.
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2. Concept, Realization and Improvements of the Experimental Setup

1
i

‘ target cber ‘ :

| beam direction 5

o

o -

Figure 2.4.: % Ni experiment with view onto the closed CD chamber. In front sits one of the
HPGe detectors.
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2.2. Realization of the First Experimental Setup

2.2. Realization of the First Experimental Setup

Between 2005 and 2009 the experimental setup was developed, tested and and several
experiments were performed and improved. In table an overview of the different
experiments with the features of the experimental setups is listed.

Table 2.1.: Overview of the different experiments between 2006 and 2009 at the IKP, Cologne,
with the aim to detect proton emission out of %4 Ni.

1%, 2" experiment excitation excitation 3. experiment
experiment Diploma thesis measurement measurement
Diploma thesis A. Wendt 32 24 28 s 28 oo
K Geibel S+ Mg Si+""Si
beam 2 2 2g % ¢ % ¢
beam 90 90 (pulsed) 82,85,90,95 66,70,75,80 70 (pulsed)
energy
in MeV
target
J 24 Mg 24 Mg 24 Mg 2% g % g
catcher Ni Al | e e Al
material
DSSSD \/ \/ ———————————————— \/
HPGe- 1 at target 1 triple at 4 at Horus-array 4 at target,
detector 1atCD target, target 2atCD
chamber 2 triple at CD chamber
chamber
neutron 5 Nordball 5 Nordball 5Nordball | - 5 Nordball
detector detectors detectors detectors detectors

The construction of the beam line and a first experiment which took place in 2006
was part of the diploma thesis of K. Geibel [37]. In this experiment it was the aim
to populate *Ni with a fusion-evaporation reaction of a 32S beam with 90 MeV and a
24Mg target. It turned out that a high beam-correlated background in the spectra of
the DSSSD made it impossible to isolate the signal deriving from the proton emission.
In this experiment a Ni foil was used as catcher material to stop the compound nucleus
%Ni as efficiently as possible. As an improvement a lighter catcher material than Ni
was suggested in order to suppress the backscattering of primary beam particles from
the catcher foil to the DSSSD.

An upgraded experiment, which was performed and analysed in the diploma thesis of
A. Wendt [101], worked with Al as light catcher material and with a pulsed **S beam
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2. Concept, Realization and Improvements of the Experimental Setup

(pulse length = 80ns, 7 = 400 ns) at 90 MeV instead of a continuous beam. Between two
beam pulses the emission of the proton out of an isomeric state should be measurable
without any background of scattered, prompt particles from the beam. During the
analysis a correction for the DSSSD-energy spectra was developed (see also section ,
which considers the energy loss of a charged particle (like the particles of the triple-alpha
source and the emitted proton) in the passive layers of the DSSSD. An upper limit for
the cross section for the population of the 10" state of %Ni could be determined as
o(PNi(10%)) < (101.7 £ 37.2) nbarn.

One of the main problems of these two experiments was the oxidation of the Mg target,
which led to objectionable reactions. Recoils from the fusion-evaporation reaction
(32S+190) contributed to the y-ray spectra.

The resulting upper cross section o(**Ni(107)) and the undesired oxygen reactions made
it necessary to find an improved, alternative experimental setup. To figure out which
experimental setup yields the best population for the reaction channels of interest two
further experiments were performed. The beam energy for the two fusion-evaporation
reactions (32S+2'Mg) and (**Si+28Si) was varied. The details and the results of both
experiments are described in the two following sections and [3.2]
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3. Excitation Function Measurements

3.1. The (**S+?*'Mg) Reaction

In June 2008 an experiment was performed to analyze the y-ray spectra following the
fusion- evaporation reaction (*3S+?!Mg) at the four different beam energies 82 MeV,
85MeV, 90 MeV and 95MeV (at a charge state of 97), delivered by the 10 MV FN
Van-de-Graaff Tandem accelerator. The experiment took place at the setup, which is
described in section [2.1] Additionally to the five neutron detectors, 4 HPGe detectors
were mounted around the target chamber. The DSSSD and the HPGe detectors around
the CD chamber were not in use during this experiment. The thickness of the 2*Mg
target was 0.437%. The effective beam time for a beam energy of 82MeV lasted
41h 34 min, for 85 MeV it was 26 h 32 min, for an energy of 90 MeV it took 24 h 25 min
and the beam time for a beam energy of 95 MeV it was 16 h 7 min.

Two trigger conditions were used. The first trigger condition was a coincidence of two
HPGe-v signals, the second trigger condition required the coincidence of a neutron and
a 7 signal to be sensitive to the neutron-evaporation channel.

The aim of the analysis was to compare the population of the different reaction channels.
As parameters for the normalization of the spectra the information of the beam time
length, the beam current, the rate of the data acquisition or the size of data files
were considered. Another way to compare the v spectra was the normalization to the
Compton background of the symmetrized y-v matrices. By this means the normalization
factors for the 7 spectra with the condition of a -y trigger as well as for the v spectra
with a neutron-v trigger were calculated with the program TV [95]. The two kinds of
normalization factor can vary because with different beam energies also the evaporation
probability and evaporation angle for neutrons and hence the probability for the detection
of a neutron differs.

Figures|3.1|to show the normalized v spectra generated with the - trigger for the
four beam energies: in yellow for a beam energy of 82 MeV, in green for 85 MeV, in red
for 90 MeV and the blue spectrum is for 95 MeV. In figures and the normalized
~ spectra for the four beam energies with the condition of the neutron-vy trigger are
illustrated.

The ~ spectra are analyzed with the program TV [95]. The peak energies, the
intensities and the assigned transitions are listed (without normalization factor) in

tables 3.1l and 3.2 .
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3. Excitation Function Measurements

beam energy 85 MeV
E Mn-51 beam energy 90 MeV
1es beam energy 95 MeV

counts/ 1 keV

I I I I I I I
100 150 200 250 300 350 400 450 500

energy [keV]

Figure 3.1.: v spectrum (100-500keV) for the (32S+2*Mg) reaction at a beam energy of

82 MeV (yellow), 85 MeV (green), 90 MeV (red) and 95 MeV (blue), obtained with a -y
trigger.

beam energy 85 MeV
beam energy 90 MeV
beam energy 95 MeV

Ti-46
1e5- Cr-50

ge4— 511DP

Cr-50

6e4 |
511

4e4jU

500 550 600 650 700 750 800 850 900 950

energy [keV]

counts/ 1 keV

1000

Figure 3.2.: v spectrum (500-1000keV) for the (32S+2*Mg) reaction, obtained with a -y
trigger.
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3.1. The (*3*S+**Mg) Reaction

beam energy 85 MeV
4 Ti-46 beam energy 90 MeV
9e4 beam energy 95 MeV

I I I I I I I I
1000 1050 1100 1150 1200 1250 1300 1350 1400 1450 1500

energy [keV]

Figure 3.3.: v spectrum (1000-1500keV) for the (32S+2*Mg) reaction, obtained with a -y
trigger.

-1 Ti-46
Cr-50 beam energy 85 MeV
u beam energy 90 MeV
3e4-| beam energy 95 MeV
>
]
X
— 2e4*){
3 (b | Ti4s
ye ' Mn-53 Mn-53
S -
2 Q
V)
led4
5e37]
0~ \ ‘ \ ‘ \ ‘ \ ‘ \ ‘ T
1600 1800 2000 2200 2400 260
energy [keV]

Figure 3.4.: v spectrum (1500-2650keV) for the (32S+2*Mg) reaction, obtained with a -y
trigger.
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3. Excitation Function Measurements
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Figure 3.5.: v spectrum (100-500keV) for the (32S+2*Mg) reaction at a beam energy of

82MeV (yellow), 85 MeV (green), 90 MeV (red) and 95 MeV (blue), obtained with a n-y
trigger.
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Figure 3.6.: v spectrum (500-1000keV) for the (32S+2*Mg) reaction, obtained with a n-y
trigger.
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3.1. The (*3*S+**Mg) Reaction
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Figure 3.7.: v spectrum (1000-1500keV) for the (32S+2*Mg) reaction, obtained with a n-y

trigger.
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3.1. The (**S+**Mg) Reaction

Besides the fusion-evaporation channels from the (325+2*Mg) reaction also the reaction
products of the fusion evaporation of the (*35+!60) reaction appear and *°Ti and “°Ti
as well as ¥V are visible. These reactions are caused by the reaction of the beam with
an oxide layer on the Mg target, which as an earth alkali metal oxides rapidly. The
transitions from (32S+1°0) reactions are visible in the ~ spectra, which are Doppler
corrected for the (32S+2*Mg) reaction, at too small energies. For these transitions in
tables [3.1] and [3.2] below the fitted energies, also the Doppler-corrected energies for the
oxygen reactions are listed.

To compare the population of the different reactions channels for the four different beam
energies some selected transitions per nucleus are analyzed and their intensities are
determined. These transitions are listed in table [3.3]

Table 3.3.: Selection of transitions to determine the relative intensities for the different beam
energies.

nucleus | energy [73] | transition | evaporation channel
(keV) (Ji = Jp)
IMn | 2373(2) | 2 =3 alp
Bri | 202.77(5) | 3T - 37 2pln
Y 423.5(1) | 5T — 3+ Ipln
0Cr 783.32(3) | 2T = 0" a 2p
“Mn | 869.9(2) | 7" — 6" 3pln
BT | 889.277(3) | 4T — 2F 2p
Mn | 1441.2(1) | & — 17 3p
BFe | 13282(3) | § — 1 2pln
(or) 1011.2(2) | &7 — 2~

The nuclei *°Cr (a2p), **Mn (alp), **Mn (3p) and *°Ti(2p) are populated either by the
evaporation of only protons or by the evaporation of alpha particles and protons. *°Ti
(2p1n), ¥V (1pln), 5?Mn (3pln) and 53*Fe (2pln) are also produced by the evaporation
of at least one single neutron.

For this reason the intensities of transitions in °Cr (a2p), 5*Mn (alp), **Mn (3p)
and °Ti(2p) are determined in the spectra generated by the -7 trigger, while for *Ti
(2pln), “°V (1pln), ®*Mn (3pln) and 5*Fe (2pln) they are determined in the spectra
triggered by a neutron-vy trigger. For each transition in table the relative intensity
of a transition measured with the respective beam energy is calculated with respect to
the highest intensity obtained with a specific beam energy. Table shows the relative
intensities for these transitions in the normalized v spectra for the four beam energies.
In the upper part of the table the intensities with the y-v trigger are specified for the
nuclei %°Cr, ®'Mn, 53Mn and “°Ti. In the lower part the relative intensities for the nuclei
4574, 46y | 92Mn and 53Fe are determined in the v spectra triggered by a neutron-y
trigger .
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3. Excitation Function Measurements

The relative intensities for the different reaction channels are displayed in figure [3.9

The figure shows a part of the chart of nuclides for the region of interest. Marked in
yellow are the two compound nuclei, **Ni for the reaction (3?S+2*Mg) and **Cr for
the reaction (32S+1°0). In shades of magenta the observed reaction products of the
fusion evaporation of the beam with the target (32S+2*Mg) are illustrated and in green
the products of the fusion evaporation of the beam with the oxide layer on the target
(32S+160). The colour depth is correlated to the intensities of the transitions listed in
table 3.3l The darker the colouration the higher is the relative intensity I, of these
transitions in the normalized spectra. A trend in the intensities of the observed reaction
channel is obvious. The higher the beam energy of *2S the more intense is the population
of the lighter reaction products, like *°Cr or ®’Mn. Decreasing the beam energy heavier
particles like %3Fe are populated stronger. The same trend is observed for the products
of the (335+160) reaction. *Ti shows a higher intensity for a high beam energy, like
95 MeV, whereas the relative intensity of 4°V is smaller.
The main disadvantage of the 2*Mg target is the immediate oxidation in contact with
air. An alternative reaction to the reaction of a 32S beam on a 2*Mg target is the fusion-
evaporation reaction between a 2®Si beam and a 28Si target. The investigation of the
excitation function of this alternative reaction is described in the next section.

32



3.1. The (*3*S+**Mg) Reaction
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Figure 3.9.: Part of the chart of nuclides with the products of fusion evaporation between
beam and target (*2S+**Mg) and also between beam and ozidation layer (32S+'0). The color

depth is chosen with respect to the intensities of the transitions listed in table[3.3 The relative

intensities are given in table 3.4



3.2. The (**Si+?8Si) Reaction

3.2. The (**Si+?**Si) Reaction

For the (32S+%!Mg) reaction a major background contribution was caused by reactions
with the fast oxidizing target material Mg. In order find an alternative reaction the
fusion evaporation with a 28Si beam on a *Si target was investigated. This reaction
forms the same compound nucleus. To understand the final distribution of evaporation
channels another excitation function measurement was performed in order to identify
the reaction channels close to ®*Ni. For this experiment the 47 Horus array [64] at the
Cologne Tandem accelerator was employed to detect the emitted ~ rays. Horus, ((H)igh
efficiency (O)bservatory For v-(R)ay (U)nique (S)pectroscopy) consists of 14 HPGe
detectors with BGO shields and has an efficiency of 1.8% at an energy of 1332keV.
Figure [3.10| shows on the left side a view with respect to the beam direction into the
Horus array. The right part of Figure [3.10] indicates the position of the 14 HPGe
detectors.

Figure 3.10.: HORUS array at the Institut fir Kernphysik (IKP), Cologne. left: the side
view into the array with the target chamber in the center; right: position of the 1/ HPGe
detectors; figures taken from reference [67)].

Four different energies were used for the 2®Si beam with a charge state of 87: 66 MeV
(effective beam time: 22h 20min), 70 MeV (22h 30min), 74 MeV (25h 30 min) and
80 MeV (18h). The thickness of the self-supporting **Si target was 0.096=%. The
spectra are normalized to a common background level. The intensities of the peaks are
compared between the four different runs.

The resulting y-ray spectra are shown in figures to [3.14] The peak energies,
intensities and related transitions are summarized in table (without normalization
factors).

In the (32S+2'Mg) experiment the exit channel *?Mn was detected and no evidence for
Fe was found. In the (?8Si+?Si) experiment the *Fe channel is observed especially at
smaller beam energy but the *?Mn channel is not identified.

The relative intensities of the selected transitions, see table|3.3], are compared for the four
different beam energies in the same way as described in section for the (32S+2Mg)
experiment. To compare the population of >*Fe, two-proton-evaporation channel, the
transition 27 — 01 at an energy of 1408.1(2) keV [73] is chosen. The relative intensities
are listed in table and the results are displayed in figure [3.15, The color code is the
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3. Excitation Function Measurements

same as in figure but in this experiment no fusion-evaporation reactions with an
oxide layer occur.

Similar tendencies as in the previous experiment are observed: A smaller beam energy
like 66 MeV enables the population of more proton-rich reaction channels like >3Fe and
even *‘Fe, while for higher beam energies like 80 MeV the evaporation of nucleons is
favored populating lighter isotopes like °Cr.

The most relevant difference and improvement by using (?8Si+28Si) reactions is that

the resulting v spectrum shows no impurities from the reaction with oxygen, like the
population of 4% 46T,
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3.2. The (**Si+?8Si) Reaction
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Figure 3.11.: v spectrum (100-500keV) for the (*8S8i+28Si) reaction at a beam energy of
66 MeV (yellow), 70 MeV (green), 74 MeV (red) and 80 MeV (blue).
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Figure 3.12.: v spectrum (500-1000keV) for the (*88i+28Si) reaction.
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Figure 3.13.: v spectrum (1000-1500keV) for the (*Si+%Si) reaction.
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Figure 3.14.: v spectrum (1500-2650keV) for the (**Si+%Si) reaction.
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3.2. The (**Si+?8Si) Reaction
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Figure 3.15.: Part of the chart of nuclides with the products of fusion-evaporation reaction
formed by the symmetric beam and target combination (*8Si+288i). The color depth is chosen
with respect to the intensities of the transitions in table[3.3. The calculation of the relative
intensities is illustrated in table .



4. Final Experiment for the Search of
Proton Emission of °*Ni

4.1. Preparation of the Final Experiment

After the investigation of the reactions (3?S+2*Mg) and (*®Si+%*Si) at four different
beam energies the decision was made to perform the final experiment for the search of
the proton emission with the (?¥Si+2?8Si) reaction. This reaction has shown only small
impurities of oxygen reactions and populates the nuclei close to the compound nucleus
for low beam energies. Especially the verification of the **Fe population made this kind
of reaction even more promising.

To estimate the optimal beam energy the cross sections were calculated with the
program Cascade [78]. Figure shows the calculated cross sections for Ni with the
reaction (*®Si+2%Si) for beam energies from 67 MeV to 79 MeV.

10 1

cross section for the
population of >*Ni [pbarn]

0 | | | | | |
66 68 70 72 74 76 78 80

beam energy of 28Si[MeV]

Figure 4.1.: Cross section for the population of 5*Ni in dependence of different beam energies.
The cross sections are calculated with the program Cascade [78].

It was important to find a compromise between a low beam energy due to the results
of section and an energy which ensures the population of the 10* state of *Ni at
around 6.5 MeV.
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4. Final Experiment for the Search of Proton Emission of *Ni

This compromise was found with a beam energy of 70 MeV. Considering the energy
loss of the beam on its way to the center of the target, which is calculated to be
approximately 2 MeV, and the local maximum of the cross section of ¢ = 11.7ubarn for
the population of 3Ni around 69 MeV, this seems to be an appropriate choice.

The excitation energy of the compound nucleus °Ni was estimated with the program
Pace, which is part of Lise++ [65] as E., = 45.9 MeV in the laboratory system. The
assumption was used that the neutron separation energies of S,,(°Ni) = 16.6 MeV and
S, (°Ni) = 14.2 MeV are an upper energy limit to emit two neutrons from the compound
nucleus. Additionally each separated neutron carries away an average kinetic energy
of 2MeV to 4 MeV. This leads to a total energy loss of Ej, s = 34.8 — 38.8 MeV from
the excitation energy F.., so that the remaining excitation energy of the two neutron
evaporation channel **Ni is still Fe, s = 6.5 — 10.5 MeV and thereby high enough for
populating the 10T level.

The second advantage of choosing a (*®Si4?3Si) reaction was the collision of two
nuclei of the same mass, with a large transferred angular momentum to reach higher
spin population.

The final experiment for the direct observation of proton emission out of **Ni took
place in April 2009 and the effective beam time was ¢ = 240h = 8.64 - 10°s. The setup
operated with a 2®Si beam of 70 MeV in a charge state of 97 and a beam intensity of
I =1.37x 1010%. A pulsed beam was provided with a pulse length of 5ns and a periodic
time of 800 ns. The idea was to measure the proton emission of the isomeric 10" state
with a lifetime of 7 = 152(4) ns in the beam pauses with only low background. The
beam impinged on a 2*Si target with the thickness of 0.332%. The recoils passed with
a velocity of v/c = 3.663% the degrader foil in the CD chamber, made of 4.722% thick
tantalum and were implanted in a depth of 0.468 % into the catcher foil made of Al
with a thickness of 1.22%. When proton emission took place the protons were supposed
to be re-emitted out of the catcher foil and be detected by the silicon-strip detector (see

section [4.3-1]).
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4.2. Peculiarities of an Experimental Setup for Reactions with Microbarn Cross Section

4.2. Peculiarities of an Experimental Setup for
Reactions with Microbarn Cross Section

The main difficulty and challenge in this setup was to verify a reaction with a cross
section in the order of a few microbarn. This required a setup, which was shielded from
any mechanical perturbation. The influence of parasitic electronic induction had to be
suppressed. This was realized as follows:

Vacuum

The vacuum system consisted of two pumping stations, one in front of the target chamber
and the second one next to the end cup. Both were equipped with booster-, turbo- and
getter pumps. When a vacuum of 10~ mbar was reached, the booster- and turbo-pumps
were switched off. The vacuum were only stabilized by the getter pumps which do not
vibrate and do not emit high-frequency signals. To keep a vacuum only by getter pumps,
the setup needed to be sealed very well.

Due to the thin foils which were used in the experiment a nitrogen ventilation system
had to be created which prevented the destruction of the foils. The nitrogen gas reduced
secondary reactions with air molecules. This was of high importance especially for the
usage of alkali or earth alkali metal targets, like Mg [37, [TOT].

Electrical Grounding

The most important experimental condition was a low-noise electrical environment.
There are two philosophies about efficient grounding. The first method is two provide
one, very strong ground for the whole setup including all electronic modules and to
separate it from external influences by using isolation transformers. The second idea is
to isolate the reaction area (i.e. the target ladder in the first chamber and the DSSSD
suspension, the catcher foil as well as the target wheel in the second chamber) and to
allocate a different ground to the rest of the devices. This second way was realized in
the setup and good resolutions of the signals could be achieved [37].
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4. Final Experiment for the Search of Proton Emission of *Ni

4.3. Detectors
4.3-1. Double-Sided Silicon-Strip Detector DSSSD

The most crucial device of the experiment was the CD-shaped double-sided silicon-strip
detector (DSSSD), produced by RADCON [79], which was used to detect the emitted
protons. The DSSSD is on the one side subdivided into 32 ring segments and in the other
side into 64 strip segments. This allows a position determination with 2048 segments.
The inner diameter of the detector is 32 mm, the outer is 85.04 mm. The thickness of
the detector is 310 pum. The DSSSD was processed with a voltage of 60 V.

4.3-2. Neutron Detectors

Because **Ni is produced in the two-neutron-evaporation-channel of the compound
nucleus °°Ni, the neutron detection became an important tool for gating on the correct
reaction. Five neutron detectors of the NORDBALL-array [46] were installed with focus
on the CD chamber, at an angle of 37° to the beam line in forward direction. The
efficiency of the neutron detector array is 9.75%. The detectors are filled with organic
liquid scintillator (type BC-501). The inner side of the stainless steel container is coated
with TiOy paint for a better reflection property. The backside of the scintillator is
optically connected with a pyrex window to a photomultiplier (XP2041). They worked
with voltages of £3000 to 4500 V. As well as to the neutron signals the detectors were
also sensitive to v signals. But because of the different pulse shapes of v and neutron
signals the two types could be separated well. For this purpose neutron-vy discrimination
modules were developed by the electronics workshop of the IKP, Cologne, [82].

4.3-3. HPGe Detectors

To observe the v energies at the target and CD chamber, 6 standard High purity
Germanium detectors (HPGe) were used. Four detectors monitored the reactions at
the target and another two detectors were placed next to the DSSSD to measure the
isomeric decays. The operational voltage was 4500-5000 V.
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4.4. Electronics

4.4-1. Signal Processing

e A charge pulse from the DSSSD was transformed, shaped and amplified by
preamplifiers, which were constructed in the electronics workshop of the IKP,
Cologne. As main amplifier Mesytec modules Type STM-16 [70] were used, which
provided the energy, time and multiplicity signals of the DSSSD.

e Only the time signals from the neutron detectors are of interest. After they
were separated from the 7 signals, which were also detected by the NORDBALL
counters, they were used for the trigger conditions (see below) and are also
digitized.

e Energy and time signals from the HPGe detectors are needed. The energy channels
were connected with the main amplifier ORTEC modules [74]. The time signals
were processed by the time-to-amplitude converter (TAC) and the constant-fraction
discriminator (CFD). The logic OR from the time signals were also used for the
trigger.

All analog signals were digitized by V785 ADC or a V775 TDC, produced by CAEN [13].
They were driven by a VME based CPU together with the trigger module (Triva5) [96].
The data acquisition program and the analysis software is part of the program
MAR,B@U [67].

Figure demonstrates the signal processing.

4.4-2. Trigger Processing

Based on the experience of the previous beam times a system of three different triggers
turned out to be most promising:

e a single trigger from the DSSSD time signal: trigger 1

e a coincidence trigger from the neutron-time signals and the y-time signals at the
target chamber: trigger 2

e a coincidence trigger from the neutron-time signals and the y-time signals at the
CD chamber: trigger 3

To achieve a coincidence the fast neutron signals were delayed and broadened, so that
the slower v signals could match into the coincidence gate.
In figure the circuit diagram for the trigger processing is shown.
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Figure 4.2.: Diagram of signal circuit.
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Figure 4.3.: Diagram of trigger circuit.
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4. Final Experiment for the Search of Proton Emission of *Ni

4.5. Analysis

In the sections 4.5-1| to 4.5-4] the analysis of the final beam time in April 2009 is
described.

4.5-1. ~ Spectra

In this section the v spectra of the HPGe detectors at the target chamber as well as
at the CD chamber are investigated to screen the population of the reaction channels
during the beam time. They were triggered by a neutron-v trigger and calibrated with
a 2%Ra source, respectively *?Eu, before and after the beamtime.

~ Spectra at the Target Chamber

Figures to illustrate the v spectra of the HPGe detectors around the target
chamber (here as an example from the two HPGe at 90° to the beam axis). They show
the well-known recoils of the compound reaction with a large amount of **Fe, which
confirms the dominant population of heavier recoils close to the compound nucleus,
compare section [3.2] and the enrichment of the neutron-evaporation channel due to
neutron-y discrimination. Table lists the energies, intensities, the transitions and
the half-life of the related states. Besides the additional observation of ¥'Ta and 27Al
energies the v spectra demonstrate consistency with the results of section [3.2]

5e47]
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>4e4*
(U]
x —
~
-&36‘4*
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S Ta-181
seq-] Mn-51  Fe-54  Mn-51

Mn-52 | Mn-51
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le4]

100 150 200 250 300 350 400 450 500

energy [keV]

Figure 4.4.: v spectrum (100-500 keV) at the target chamber.
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Figure 4.5.: v spectrum (500-1000 keV) at the target chamber.
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Figure 4.6.: v spectrum (1000-1500 keV) at the target chamber.
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Figure 4.7.: v spectrum (1500-3000 keV) at the target chamber.

Table 4.1.: Energies, intensities, transitions and half-lives for the ~ spectra at the target
chamber.

energy intensity nucleus Jini — Jtin T 1
(keV)
56.49(40) | 17039(823) | ™'Ta X-rays Ka
74.24(32) | 46514(1598) | 2°°Pb X-rays Ka
136.0(5) 20957(593) 181 97 I | 39.5ps
145.7(5) 9623(900) 54Fe 10t — 8+ | 364ns
166(2) 36690(2226) 181 T 597 1 16ps
197.1(7) 10670(899) 54Fe 9t = 10% | 4lps
236(1) 41508(1602) 51Mn I —=2" | 141ps
272.4(8) | 17601(4627) 0Cr 14t — 137 | 0.26ps
286.7(5) | 111655(1203) 53Fe LT, 8
301.2(3) 10794(514) 181y e I 16ps
346(1) 29553(5119) 51Mn 47597 | 0.5ps
377.2(9) 10054(1135) 53Mn, 27 17 | 117ps
K K »2Mn 2T — 67 21 min
411.0(3) 12478(470) 51Fe 6t — 4t | 1.215ns
433(2) 27559(1902) 51\n 7 5 57 | 1.43ns

*due to the peak shape
*with Doppler correction
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chamber.

Table 4.1.: Energies, intensities, transitions and half-lives for the v spectra at the target
energy intensity nucleus Jini = Jfin T 1
(keV)

457(2) 18335(2426) 51Mn 273 | <0.7ps
542.2(8) | 11785(2821) e o= L

608.8(9) | 30639(2644) S0Cr 11+ — 107 | 0.49ps
648.3(8) | 19076(10276) »Fe 3717 | 28ps

663(1) 8717(1106) S0Cr 127 — 117 | 0.111ps
681.4(9) | 37527(1021) Fe it 58 2.8 ps
700.8(5) 5737(478) »Fe 7 U7 | 2.54min

722(2) 18981(4296) 5IMn 7 87| 1.43ns
740.42(12) | 27681(361) Fe -5 1 63 ns

780(2) 56533(1233) S0Cr 2t — 07 | 9.08ps

804(2) 24433(7762) 5Mn 7t — 5t

834(1) | 106093(11669) 53Fe, L™ 47 ] <132fs

” ” 5IMn BT, 2

845(2) | 130041(8405) 2TAl 1t 58

870(2) 20069(2783) 52Mn 7t — 67 | 0.12ps

932(1) 31427(1090) % Fe BT 47

961(1) 168268(1269) »Fe BT 27

1010(1) | 177071(1268) % Fe 2o 53 fs

1096(1) 18564(2082) S0Cr 4+ — 2% | 2.22ps

1120(1) 8553(403) 53Mn BT 4 | 10.7ps
1129.4(8) | 14509(459) Fe 4+ — 27 4ps
1226.7(9) 2052(368) 12Ca 4t — 0t 3fs

1247(2) | 54225(6308) 5Mn, =1 | 05ps

K K >3Mn L=, U= 2.7ps

1281(2) 8647(2502) 0Cr 6 =4+ | 069 ps

1328(1) | 265132(1470) »Fe 1 17 ps
1407.1(9) 4537(341) Fe 2t — 0F 0.8 ps

1434(2) 19582(1209) 3Fe BT 4

1443(2) 15629(931) 5Mn D7 —=I7 ] 06ps
1459.7(9) 1955(291) 12Ca 67 — 4+ 85 fs
1523.1(9) 1129(266) 2Ca 27 — 07 | 0.82ps

1580(2) not fittable® Cr 8t — 67 | 0.28ps

1595(2) not fittable* 0Cr 10" — 8% | 0.76 ps

1612(2) 16183(2837) »Fe -1

1689(2) 9764(841) 3 Mn Y™ 857 ] 0.16ps

*due to the peak shape
*with Doppler correction
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4. Final Experiment for the Search of Proton Emission of *Ni

Table 4.1.: Energies, intensities, transitions and half-lives for the v spectra at the target
chamber.

energy intensity nucleus Jini = Jfin T%
(keV)
1768(2) 7418(775) SMn BT 27
1931(2) 16722(2109) 1817 — 7F
1936(3) 7540(1392) 5 Fe 3t —2*F
2041(2) 9362(2982) 3 Fe 3717 | 0.24ps
2208.2(9) 5640(423) 51Mn L
2299(1) 7107(821) 0Cr 147 — 12% | 0.267ps
2335(1) 22547(1230) 53Fe 1 53fs
2443(2) 12520(1384) 53Fe =59
2626(4) 26401(2835) 5IMn "3
2821(4) 27357(2283) SIMn =

*due to the peak shape
*with Doppler correction

~ spectra at the CD chamber

Figures [4.§] to show the ~v spectra from the two HPGe detectors around the CD
chamber. They show the isomeric states which were already expected from the v spectra
at the target chamber, with 5Fe as a dominant reaction channel. Also ¥ Ta, the
material of the degrader foil, contributes to the v spectra especially in the low energy
part, and 27Al, of which the catcher foil is made, is detected. Table lists the details
of the the detected nuclei, i.e. the energies, intensities, transitions and half-lives.
Besides these reactions also the Doppler-shifted v rays deriving from the target can be
observed in the v spectra. Because the spectra in figures to are not Doppler
corrected these transitions occur at too high energies. The corresponding Doppler-
corrected energies are also listed in table for these transitions.

The most interesting question is whether it is possible to find an evidence for the
population of isomeric **Ni, which should be implanted into the catcher foil.

If the 10" state just de-excites by « decay to the ground state of ®*Ni the transition
27 — 07 should be visible in the v spectrum at an energy of 1392keV. But no hint of
a peak at this energy can be found. If a proton emission has taken place an indirect
evidence of this proton emission could be the detection of the %_ — 17 transition in
(o as it was observed in the RISING experiment at GSI, see section . However, on
the one hand ®*Co also could have been populated directly by the fusion-evaporation
itself and on the other hand this transition at 1327keV is similar to the g_ — %_
transition in the mirror nucleus **Fe, which in this spectrum is populated intensively.
Hence, the evidence for the population of *Ni is not given.
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Figure 4.8.: v spectrum (100-500 keV) at the CD chamber.
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Figure 4.9.: v spectrum (500-1000 keV) at the CD chamber.
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Figure 4.10.: v spectrum (1000-1500 keV) at the CD chamber.
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Table 4.2.: Energies, intensities, transitions and half-lives for the v spectra at the CD chamber.

energy intensity nucleus transition T%
56.71(11) 93515(935) | ' Ta, X-ray Ko
136.35(45) 155417(653) 181y 97 5 I | 39.5ps
165.38(10) 38376(399) 181y U 597 1 16ps
301.50(14) 20425(328) 181y s I 16ps
377.21(46) 3738(199) 52Mn 27— 6% | 2lmin
” ” 5 Mn 57— 17 | 117ps
411.15(30) 6231(219) 4 Fe 67 — 4% | 1.215ns
436.48(61) 2631(212) 2Ca 67 — 4% | 5.36ns
700.86(38) 5894(181) 53Fe D7 U7 1 2.54min
740.45(11) 20183(206) 3Fe -1 63 ns
762.53(13) — DP**:741 3184(173) Fe -1 63 ns
808.84(13) — DP**:783 | 3009(152) 50Cr 2t = 0" | 9.08ps
845.36(52) 7162(322) 2TAl T3 35ps
864.31(15) — DP**:836 | 2611(241) Fe BT U7 <132fs
996.90(31) — DP**:963 | 4366(416) 53Fe LT 27
1011.77(10) 3187(127) Fe 24 53 fs
1013.61(57) 3065(120) 2TA] 3T 3T | 1.49ps
1044.36(91) — DP**:1011 | 4765(212) 3Fe 24 53 fs
1129.22(35) 4200(143) 4 Fe 4+ — 2% 4ps
1226.79(69) 1403(96) 2(Ca 47 — 0F 3fs
1291.60(38) — DP**:1250 | 1865(378) 51Mn, ST =17 | 0.5ps
Mn 20 4| 27ps
1327.95(61) 3156(194) 53 Fe 1 17ps
1373.19(11) — DP**:1328 | 6980(365) 53Fe R 17ps
1407.30(36) 3752(103) 4Fe 2t — 0t | 0.8ps
1432.83(11) 892(89) 3Fe B u-
1459.74(51) 2659(117) 2Ca 67 — 4+ 85 fs
1486.83(28) — DP**:1441 | 2147(251) 53Mn L7 I7 1 0.6ps
1523.72(77) 1294(94) 2Ca 27 — 0t | 0.82ps
1669.81(40) — DP**:1614 | 1466(218) 3Fe =1 17ps
1720.00(50) not fittable* 2TAL 4+ — 2F 130 fs
1879.90(71) — DP**:1818 | 1938(706) 1 Mn, 37527 | >0.7ps
2036.81(47) 248(91) 3Fe 37517 | 0.24ps
2108.80(24) — DP**:2039 19(20) »Fe 3717 | 0.24ps
2214.70(20) 9194(1823) 2TAl 0T | 9661

*due to the peak shape
**DP: with Doppler correction
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Table 4.2.: Energies, intensities, transitions and half-lives for the v spectra at the CD chamber.

energy intensity nucleus transition T%
2339.48(26) 515(78) 53Fe -1 53 fs
2418.09(88) — DP**:2339 | 2120(699) 53Fe -1 53 fs
2527.80(14) — DP**:2445 | 1491(797) 53Fe B9
2614.02(13) 911(81) 208p 37— 0%t | 16.7ps
2646.22(16) 809(86) 2TAl 97 LIV | <14fs

*due to the peak shape
**DP: with Doppler correction




4.5. Analysis

4.5-2. DSSSD Spectra
Calibration and Dead-Layer Correction

The most important and interesting spectra are the energy spectra from the DSSSD,
where the proton emission with an energy of 1280 keV should be visible. For a proton
decay into the ground state of **Co also the energy of 2607 keV could be expected. The
DSSSD spectra were calibrated with the triple-alpha source consisting of 23Pu, 24! Am
and 2**Cm before and after the beam time, see table [4.3]

In the next step it is important to consider the energy loss of the particles in the passive
layers of the detector, shortly named ‘dead-layer correction’. The dead-layer correction
was developed in the diploma thesis of A. Wendt [101]. In figure the composition
of the DSSSD is sketched. Before a particle is detected in the active material, it crosses
layers of SiN, or Si0O,y, Al and p-type silicium.

Proton
L
ol I I
SiN, oder SiO, Al Si(p**-Typ)  Aktives Si
(500nm) (350nm) (300pm)

(20nm)

Figure 4.12.: Dead layers of the DSSSD, before a charged particle is detected in the active
silicium material, it looses a part of its energy in the passive layers of SilNy or SiOq, Al and
p-type Si, figure taken from [101)].

Not only the expected proton thereby loose part of its energy in the passive layers, but
also the particles of the calibration source are decelerated. The dead-layer correction is
processed in two steps: The first step is the calculation of the energy loss of the alpha

energy FWHM,
Ring 0 (inner ring) || Ring 31 (outer ring)
before ‘ after before ‘ after
5.155 MeV 1.60(2)% | 1.44(1)% || 1.70(2)% | 1.80(1)%
5.486 MeV 1.42(2)% | 1.30(1) % || 1.64(2)% | 1.7(1) %
5.805 MeV 1.32(2)% | 1.26(1)% || 1.55(3)% | 1.46(1)%
FWHM, pus | 1.45(2)% | 1.33(1)% || 1.63(2)% | 1.65(1)%

Table 4.3.: Relative FWHM, measured with a triple alpha-source, for the inner and outer
ring segments of the DSSSD before and after beam time.
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4. Final Experiment for the Search of Proton Emission of *Ni

particles in the passive layer; the second one considers the energy loss of the expected
protons in the dead layer.

1. The energy loss of the alpha particles from the calibration source for every ring
is estimated, after this a linear function in dependence of the measured energy
E,cqs 1s fitted:

E=a%FE s+ (4.1)

With this function every ring is recalibrated.

2. The expected protons loose their energy in the passive layer during beam time.
Therefore it is important to calculate the kinematics of the **Ni particles, which
is performed with Lise++ [65] as follows:

e cnergy loss of 28Si with an energy of 70 MeV to the center of the 28Si target
(total thickness 0.337%), at a depth of 0.1652°% is 2.0147 MeV

e resulting residual energy E,..; of 22Si is 67.99 MeV
e the compound nucleus energy at the target center: 33.995 MeV

e energy loss of *Ni through 0.1652% **Si: 4.648 MeV
remaining energy of ®*Ni E,.,; = 29.346 MeV

e energy loss of ®Ni in '8'Ta degrader (thickness 4.722%): 26.766 MeV
residual energy F,.o = 2.5804 MeV

e %Ni intrudes into the *"Al catcher: 0.46825 which equates to 1.73 +0.03pm

When protons are emitted from **Ni they have to move out of the 27Al catcher
and cross the dead layer of the DSSSD. The effective path length through the
dead layer depends on the entrance angle into the DSSSD corresponding to the
ring number.

Now for every angle of the 32 different rings the energy loss for a proton with 7
different initial energies (0.5, 1, 2, 3, 4, 5 and 6 MeV) is calculated.

The initial energy E;,; of the proton is fitted with following function in dependence
of the measured energy F,,..s for every ring:

Cc

Eini = Emeas d b - 5
a*( * )+ +Emeas+d

(4.2)

This dead-layer correction is not useful for the strip side of the DSSSD, because a
strip segment is hit by the particles at diverse angles and so the energy loss varies
accordingly. This is the motivation for using only the calibrated energy information of
the ring side of the detector.

To demonstrate the operational reliability of the dead-layer correction three alpha
spectra of the same ring are shown in figure
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4.5. Analysis

1. The upper figure is the uncorrected spectrum of an alpha calibration; the three
energies of the source are expected to be at 5.155 MeV, 5.486 MeV and 5.805 MeV.

2. The figure in the middle includes the energy loss of the alpha particles in the dead
layer. The measured energy is decreased and the spectrum is shifted to lower
energies.

3. In the lowest figure the correction for the energy loss of the protons during the
beam time is considered. The initial energy of the protons will be reduced by
crossing the dead layer of the DSSSD. To determine the energy before the energy
loss the measured energy has to be shifted to higher energies.

For the expected proton of about 1 MeV also the deviation of the dead-layer correction
is estimated. The dead-layer correction can vary between 20 and 40 keV depending on
where the compound nucleus was produced in the target and on which ring was hit.
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Figure 4.13.: Spectrum of DSSSD ring segment, at the top: calibrated spectrum of triple
alpha source, in the middle: correction for the energy loss of the alpha-calibration particles in
the dead layer, at the bottom: additionally considering the energy loss of the protons during
beam time.
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Analysis of Beam-Time DSSSD Spectra

After calibration and dead-layer correction in the next steps the events in the DSSSD
are analyzed, which were detected during the beam time.

A reasonable physical event - in contrast to electronic noise for example - is supposed
to be detected once on the ring side as well as once on the strip side of the DSSSD.
For this reason the multiplicity of the signals on the strip side and the ring side of the
DSSSD is defined as M (strip signals, ring signals)”. As a condition for a useful event
M = (1,1)7 is claimed.

As explained in section [4.5-2| only the exact energy information of the events in the
ring side of the DSSSD is of interest and will be used in the next analysis steps. In
figure the energies detected in the strip segments on the y-axis versus the calibrated
energies of the ring segments are shown, which are corrected for the passive layers
with the condition M = (1,1)T imposed. On the diagonal line the correlation between
physically reasonable events on the ring and strip side are obvious. These are the events
which deposited nearly the same amount of energy in the front and the back side of the
detector.

For the further analysis those events are investigated which derive from the field in
figure bordered by the two brown, diagonal lines.
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Figure 4.14.: Correlation between the energy signals of the strip segments (y-axis) and the
ring segments (z-axis). The signals of the ring side are corrected for the energy loss in the
dead layer. Additionally the condition M = (1,1)T is imposed. The brown, diagonal lines
mark a region of interest where the required energetic relation between ring and strip segments
are evident.

Figure shows the projection of the spectrum for the marked region between
the brown lines. This spectrum contains all events from the ring side of the DSSSD after
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4.5. Analysis

calibration and dead-layer correction, with the condition M = (1,1)T and additionally
a reasonable, energetic relation between the front and the back side of the DSSSD
is claimed. Due to the huge amount of background it is necessary to find additional,
proper analysis conditions.

7000 |
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counts/ 1 keV

3000 |
2000

1000 }

500 1000 1500 2000 2500 3000
energy in ring segments / keV

Figure 4.15.: Resulting energy spectrum for rings with the conditions from figure .
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4.5-3. Investigation of the Time Conditions

The investigation of an isomeric event, like the 10" state of % Ni benefits from time
correlations in the data.

The experiment was performed with a pulsed beam with a pulse width of 5ns and a
periodicity of 800ns. During the beam gaps, prompt events should not be detectable.
[someric events are supposed to be measured distinctly. In order to analyze the isomeric
events the time information between the beam pulse and the measured events in the
detectors is needed. A useful time information is given by the time difference between
the trigger signals (see section and the delayed beam pulse. The time signal
of the beam pulse is used as delayed stop signal, because a trigger signal starts the
data acquisition and cannot be applied as stop signal. Figure shows on the y-axis
the time difference between the trigger signals and the beam pulse. On the x-axis the
energy signal of the DSSSD ring segments is plotted. For the energy signal all former
conditions, mentioned in section [4.5-2] are considered. Additionally, the detection of
at least one neutron is required to be more sensitive to the two-neutron-evaporation
channel, which leads to ®*Ni. In this spectrum two accumulations of events are visible.
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Figure 4.16.: The time difference between triggers and beam pulse versus the energy in
DSSSD-ring segments is shown; additionally, the detection of at least one neutron is required.

In order to understand this structure, the time spectrum has to be investigated in detail.
Three different triggers are applied, see section [4.4-2] These are a single trigger from the
DSSSD-time signal (trigger 1), a coincidence trigger from the neutron-time signals and
the v-time signals at the target chamber (trigger 2) and a coincidence trigger generated
by the neutron-time signals and the y-time signals at the CD chamber (trigger 3).

Trigger 1 provides the time information of the particles, especially of the expected
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4.5. Analysis

protons, in the DSSSD . The time between the trigger-1 signal and the delayed beam
pulse signal is shown in figure This spectrum is most important. It describes the
time difference between the beam, measured just before the reaction with the target,
and the detection of an event in the DSSSD. It is characterized by a broad distribution
at channel 2300-2800, which indicates the prompt events in the DSSSD.

500 1000 1500 2000 2500 3000
time difference / a. u.

Figure 4.17.: Time difference between trigger 1 (time signal from the DSSSD) and delayed
beam pulse. The broad distribution at channel 2000-2800 are produced by prompt events.

The time spectra in figures and are started by the neutron- coincidence
trigger and stopped by the delayed beam-pulse signal. The spectrum in figure [4.18]
which is generated with trigger 2, shows two peaks. The double-peak structure arises
from the cases that either the neutron started the trigger or the v event. The time
signals of the four HPGe detectors signals around the target chamber had the same
delays. This is the reason why only one double peak is observed. In the time spectrum
started by trigger 3, see figure [4.19] two of those double peaks are visible. The two
HPGe-detector signals at the CD chamber did not have the same delays. Hence, the
effect, that the trigger is started by the neutron or the v signal, occurs twice.

Trigger 2 and 3 were used for the analysis of the v spectra. For the further analysis

of the DSSSD spectra only the time information of the beam pulse in combination with
trigger 1 is needed (figure |4.17)).
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Figure 4.18.: Time difference between trigger 2 (v event at the target chamber in coincidence
with a neutron) and beam pulse. The two peaks are caused by the effect that either the v ray
or the neutron started the trigger.
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Figure 4.19.: Time difference between trigger 3 (v event at the CD chamber in coincidence
with a neutron) and beam pulse. The double-peak structure is caused by the effect that either
the v ray or the neutron started the trigger. Due to the different delays of the two HPGe
detector signals, this effect occurs twice.
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4.5. Analysis

The spectrum in figure is reproduced requiring that trigger 1 started the data
acquisition, see figure m (a). The time spectrum is calibrated, considering that the
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Figure 4.20.: (a) Time difference between trigger 1 and beam pulse versus the energy in
DSSSD-ring segments; additionally, the detection of at least one neutron is required. (b)
Projection of figure (a) onto the x axis for the time interval At =150ns - 660ns. No significant
events either at the energy of 1280keV for a proton emission into the first excited state of
% Co - or at the energy of 2607keV - for a proton emission into the ground state of ®>Co - are

detected (see figure .

prompt signals are detected at At = Ons and the TDC range of 4096 channels equates to
1.2us. The DSSSD is shielded against the primary beam. Nevertheless a large number
of prompt events is measured. A possible explanation for this background are scattered
particles. At about 150 ns after the beam pulse, after one half-life of the 10" state of
4Nj, still around half of the **Ni nuclei are supposed to be detectable. The short-living
background of the beam pulse has disappeared.

Figure m (b) shows the projection of the time spectrum onto the x-axis for the time
interval between 150 ns and 660 ns. The background in the DSSSD spectrum is reduced
very well by 4 orders of magnitude in comparison with the initial DSSSD spectrum
in figure [£.15] No significant events either at the energy of 1280keV - which would
verify the proton emission into the first excited state of **Co - or at the energy of
2607 keV - which would be a hint for the proton emission into the ground state of 33Co
- are detected. The isomeric 10" state in !Ni is not or too weakly populated in this
fusion-evaporation reaction. The predicted cross section for the population of 3Ni, see
section has to be downscaled, which is done in the next section.
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4.5-4. Estimation of the Upper Limit of the Cross Section for the
Production of the isomeric 10" State in 5*Ni

Based upon the results of section the upper cross section for the proton emission
out of the isomeric 10T state of **Ni is determined:

With respect to the background events the number of the collected protons C), in the
energy spectrum of the DSSSD in figure £.20|(b) is (C, < 3 £ 1). This spectrum is
a projection from figure [£.20] (a) and is taken between 150ns and 660ns after the
fusion-evaporation reaction. The life time of the 10" state in *Ni is 7 = 218(4) ns.
Hence, in this chosen time interval 45% of the events are supposed to decay and in the
entire time spectrum for the number of emitted protons C, < (6.7 + 2.2) is expected.
The cross section for the proton emission out of the 10" state in Ni, o(**Ni(10")p), is
calculated as follows:

o(**Ni(10%)p) < TN .SDPSSSD o (4.3)
with
e counts of the measured protons in the DSSSD: C, < (6.7 £+ 2.2)
e beam intensity: [ = (20 + 1)nA = (2.2 4+ 0.1)pnA = (1.39 £ 0.07) - 101°1
e surface density of the target:
d(em) * p(=5) - A
y - dlem) ?\(4“3) z (4.4)
_ (0.3340.01)7(5%) - 6.022- 10% 55 (71+02). o L (4.5)

28.09-5 cm?

e cfficiency of neutron detectors: ey = (9.75 £ 1)% see [101]

e cfficiency of DSSSD: epgssp = 93%

e solid angle of the DSSSD with respect to the catcher foil: Q2 = 17% see [101]
o beam time: t = (243.5 &+ 4)h= (8.766 = 0.144) - 10°s

The upper limit of the cross section for the proton emission from the isomeric 10"
state is:

— o(**Ni(10%)p) < (5.0 & 2.8)nbarn (4.6)
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With the proton-vy branching ratio of % = 36(2)% [84] the upper limit of the cross
section for the population of the 10* state of Ni is:

(o(*'Ni(10%)) < (13.9 + 7.8)nbarn| (4.7)

The errors are calculated with Gaussian error propagation.
In comparison to the results of the diploma thesis of A. Wendt [I01] the cross sections
(**Ni(10%)p) and o(**Ni(10")) could be downscaled by a factor of seven, see table [4.4]

diploma thesis final experiment
A . Wendt [101] April 2009

o(®Ni(10M)p) < | (36.6 = 13.4)nbarn | (5.0 + 2.8)nbarn
o(®Ni(107)) < | (101.7 & 37.2)nbarn | (13.9 + 7.8)nbarn

Table 4.4.: Upper limits of the cross sections o(% Ni(10%)p) and o(* Ni(107)) compared for
the different experiments

As it is shown in section the cross section for the population of the ground state

of ®Ni, calculated with the program Cascade, is about 10 — 12ubarn and by this about
3 orders of magnitude higher than the determined cross section o(**Ni(10")) of the
isomeric 10" state.
The program Pace, which is part of of Lise++ [65], predicts for the population of **Ni
a higher cross section of ¢ = 155ubarn. So the difference between the experimentally
determined cross section for the population of the isomeric 107 state and the theoretically
predicted cross section for the population of the ground state of **Ni is about four orders
of magnitude.
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5. Conclusion and Outlook

The efforts and results of the series of experiments between 2006 and 2009 with the aim to
observe the proton emission of the isomeric 10* state in **Ni, underscore the difficulties
to provide evidence for a physical event with a predicted cross section of a few microbarn.

In order to maximise the sensitivity of the setup particular attention was paid to a
clean electrical grounding of the experimental setup. While the first experiments still
had to struggle with a high beam-correlated background in the DSSSD spectra, the
enhancement of the experimental setup and of the analysis conditions enabled it to
obtain background-free DSSSD spectra in the last experiment. The most important
improvements were the choice of a pulsed beam, light material (aluminium) for the
catcher foil and the development of the ‘dead-layer correction’.

Two experiments were performed to determine the best reaction partners and the
optimal beam energy.

The final experiment used the (?*Si+28Si) reaction at 70 MeV. The ~ spectra confirm
the population of the expected reaction channels and demonstrate the operational
reliability of the neutron-vy discrimination. To distinguish physical events from electronic
noise in the DSSSD, correlations between the signals of the front and the back side of
the detector are required for further use.

The additional condition of the detection of at least one neutron in the NORDBALL
detectors makes the DSSSD spectra sensitive to the two-neutron-evaporation channel
Ni. The time correlation between beam pulse and DSSSD events is necessary to
select the isomeric events in the DSSSD spectra. Especially after a time of 150 ns the
short-living nuclei do not contribute to the DSSSD spectrum, while the isomeric events
like an proton from the 107 state of *!Ni with a half-life of T} 5 = 152(4) ns are supposed
to be visible. The resulting DSSSD spectrum in figure [4.20] (c) is very clean, but does
not provide evidence for the detection of the emitted protons of >Ni at an energy of
1280keV for the proton emission into the first excited state of >*Co or at an energy of
2607 keV for the proton emission into the ground state of **Co. The isomeric 10" state
in %4Ni is not or too weakly populated in this kind of fusion-evaporation reactions.

The upper limit of the cross section for the proton emission of the 107 state is determined
as o("Ni(10")p) < (5.0 & 2.8) nbarn. With the branching ratio of % = 36(2)% the

upper cross section limit for the population of the 10* state in *Ni is calculated as
o(®*Ni(10T)) < (13.9 + 7.8) nbarn.

In comparison to the former experiment of A. Wendt [L01] both cross sections could be
downscaled by a factor of seven.
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One possibility to increase the efficiency is a higher detector efficiency, for example
with a 4m-neutron-detector array or a silicon-detector array. The other option is to
increase the production rate with a higher beam intensity like it is supported in large
research facilities. But in comparison to the life time of the 10 state in >Ni with
7 = 218(4) ns the lengths of the flight paths in most of the facilities are too long. The
most promising option to increase the population of **Ni and to investigate the isomeric
10" state in ®*Ni is, to perform this kind of experiment with a fragment separator, like
the FRS at GSI, as it had already been done in the former experiment of Rudolph et
al. [84].
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Part Il.

Multi-Nucleon Transfer Reactions in
the Actinide Region
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6. Introduction

Studies in the actinide region (89 < Z < 103) are extremely challenging due to a lack
of targets and a significant background from fission, which is dominating all nuclear
reactions with excitation energies above the fission barrier. Neutron-deficient nuclei are
producible by fusion-evaporation reactions and information even close to the proton
dripline can be gathered. However neutron-rich heavy nuclei were, for a very long time,
only accessible by decay studies. The investigations of these hard-to-reach nuclei have
become practicable only with the development of new highly-selective experimental
techniques and sophisticated experimental setups [I1]. Géggeler et al.[36] managed to
populate light actinides with the ¥Ca+2**Cm deep-inelastic transfer reaction in 1986
[19] and this technique was favoured to study neutron-rich nuclei for low lying states
as well as for high-spin states, [93], [107]. Therefore since the early 1990s the focus of
heavy-ion transfer reactions also moved towards to neutron-rich nuclei. Investigating
the influence of isospin effects on the nuclear potential and on the effective interactions
promised insights into shell effects and magic numbers [11]. While at that time those
experiments were performed with gamma-detector arrays in combination with one
particle detector like a parallel-plates avalanche counter (PPAC), the development
and improvement of large-acceptance spectrometers like PRISMA at LNL (Laboratori
Nazionali di Legnaro, Italy) or VAMOS (VAriable MOde Spectrometer) at GANIL
(Grand Accélérateur National d’Tons Lourds, France) combined with the construction of
highly-efficient gamma-detection arrays made this kind of research much more versatile
especially for nuclear structure investigations [22].

In the second part of this thesis two multi-nucleon transfer (MNT) experiments, that
took place at the LNL in Legnaro in 2007 and 2008, are analyzed and compared for
the target-like fragments. In both experiments 28U was used as target, in the first
measurement a '°Zn beam with 460 MeV and in the second experiment a 3¢Xe beam of
926 MeV was delivered. Primarily, both experiments were designed for the investigations
of the beam-like fragments and the analyses for the beam-like particles were already
performed by Jose Javier Valiente Dobon [98] and Francesco Recchia [83]. Usually MNT
experiments are used to populate the neutron-rich, beam-like fragments because of the
tendency to create N/Z equilibrium (see [7.2]). However, the results of this extended
analysis for the target-like nuclei demonstrate that this reaction type is also suitable
to obtain information on target-like fragments in the region of neutron-rich actinides.
In particular, the analysis of the data for neutron-rich uranium and thorium isotopes
provides interesting, new results.
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7. Multi-Nucleon Transfer Reactions

A transfer reaction is a direct process, in which one or more nucleons are exchanged
between two nuclei [69]. If more than one nucleon is transferred, the process is called
‘multi-nucleon transfer’ (MNT). In contrast to indirect reactions, direct reactions are
characterized by very small transition time scales (tyqns < 107225) with a minimum
of rearrangement processes within the nuclei. Typical features of transfer reactions
are asymmetric angular distributions and increasing intensities in forward directions
showing a diffraction pattern.

If a nucleon is transferred from the projectile to the target, a ‘stripping’ reaction has
taken place. A ‘pickup’ reaction has occurred, if a nucleon is received by the projectile
from the target. There is a crucial difference between transfer reactions with light and
heavy ions. Whereas light ions with rather simple reaction mechanisms are well-suited
to study particle-particle interactions in the nuclear matter, reactions with heavy ions
show more complexity. These reactions are subject of ongoing investigations in order to
understand reaction mechanisms, especially the transition between the quasi-elastic and
deep-inelastic regimes and fusion [22].

7.1. Classification of Reactions with Heavy lons

To distinguish between the different reaction types with heavy ions, the following
classification is typically used.
Within the optical model the total reaction cross section for the reaction can be

defined as [69]: ,
o= (%) 2(25 +1)-T; (7.1)

with
A: wave length of the incident particle
l: angular momentum
T: transmission coefficient (the probability for absorption of the partial waves).
As a first-order approximation T is equal to 1 for all reactions except for those at the
surfaces of the nuclei:
T_ { 1 for 1<

0 for [>1

with the angular momentum at the surface [;.

7



7. Multi-Nucleon Transfer Reactions

The angular momentum allows a classification of heavy ion reactions :

e Complete Fusion (CF): For small angular momenta, i.e. more or less central
collisions, accretion of the reaction partners occurs and the identity of the original
nuclei disappears. This system can generate an evaporation residue (ER) or
in the case of higher angular momentum can be fissioned symmetrically (SF).
This angular momentum is restricted to values smaller than the critical angular
momentum /.., where the fission barrier is strongly suppressed.

e Deep Inelastic Collision (DIC): For [, < [ < [, (with [, the grazing angular
momentum) the centrifugal forces are dominant and no long-lived reaction product
is possible. The nuclei interpenetrate their surface zones. The kinetic energy
is transformed into inner excitation energy. Because of the overlap parts of the
masses can be transferred.

e Quasi Elastic Collision (QEC): For angular momenta higher than the grazing
angular momentum (! > ;) the kinetic energy of the reaction partners remains
nearly the same. Transfer of one or more nucleons as well as Coulomb excitation
occurs.

fusion

CF N

deep inelastic

DIC > S
9

quasielastic

QEC J

Figure 7.1.: Reaction mechanisms with heavy ions at energies above the Coulomb barrier:
complete fusion (CF), deep inelastic collision (DIC) and quasi elastic collision (QEC) (figures
modified from reference [11]).
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7.2. N/Z Equilibration
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Figure 7.2.: Dependence of the transmission coefficient and differential cross section on
the angular momentum. The heavy-ion reactions can be classified according to the angular
momentum, ER = evaporation residue, SF = symmetric fission, DIC = deep inelastic collision,
QEC = quasi elastic collision (figure from reference [69]).

7.2. N/Z Equilibration

To populate neutron-rich nuclei, it is important to understand the mechanism of transfer
concerning the N/Z ratio [11]. In the work of Freiesleben and Kratz [30] the results of the
research on this topic are summarized extensively. In transfer reactions an equilibration
between the two N/Z ratios of the projectile and target is always preferred. That means
lighter reaction partners, which have a small N/Z ratio, tend to pick up some neutrons
while heavier nuclei, with a higher N/Z ratio, show the tendency to pick up protons.
Using an U target with a light projectile (like Zn or Xe) - as it was done in the two
analyzed experiments - the population of neutron-rich Cu and Ni isotopes is expected
for the Zn beam and neutron-rich I, Te and Sb isotopes for the Xe beam. Consequently,
for the target-like reaction products significant cross sections for Np and Pu isotopes are
anticipated. The results of the analysis of the experiments will be shown in chapter [11]
Swiatecki et al. [92] describe the equilibration process as minimization of the liquid
drop energy of two touching spherical nuclei. Further investigations of Krolas et al. [61]
explained the process with the assumption of two distant, non-touching nuclei. The
reaction is supposed to be affected by strong dynamical deformation at the scission
point.

The process of charge equilibration is quite complex. Several studies were performed to
understand the mechanism in order to find the proper conditions for new experiments
populating very neutron-rich isotopes [L1]. Iwata et al. [53] point out the influence of the
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7. Multi-Nucleon Transfer Reactions

velocity of the reaction partners at the collision. To suppress the charge equilibration
the velocity of the two nuclei must be above the velocity corresponding to the proton or
neutron Fermi momenta, so that there is less time for rearrangement processes during
the collision. This can be achieved by increasing the beam energy. Also the importance
of a small mass asymmetry between the two nuclei A; /A, for the suppression of the
N/Z equilibration is described.
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8. Collective Properties of Actinide
Nuclei

The actinides are the elements with 89 < Z < 103, which follow the element actinium in
the periodic table. They are unstable, though the lifetimes of the isotopes 232Th, 23°U,
238U and 2**Pu are long enough to show natural abundance of these nuclei in nature.
Other isotopes which occur naturally are the Pa isotopes. They are members of the
decay chain of 2*°U and #*®U.

Neutron-rich actinide nuclei are located far away from shell closures and are therefore
characterized by effects of strong collectivity. Most notably vibration effects, like oc-
tupole vibrations and the interplay of vibration and rotation are the focus of interest
like in the lanthanide region.

8.1. Theoretical Descriptions and Predictions for the
Actinide Region

Based on the liquid-drop model Bohr and Mottelson [9, [10] found an expression for the
radius of a vibrating nucleus in dependence of the angles 6 and ¢:

R(©,9) = Ro[l+ Y Y axYu(6,9)] (8.1)

>=1pu=—X\

with the standard deformation parameter ay, and with Y ,(©, ¢) as normalized spherical
harmonics. The order of the excitation is given by the parameter A, with A = 1 for the
translation of the centre of mass, A\ = 2 for the quadrupole excitation and A = 3 for
the octupole excitation. p describes the different vibration modes. For shapes of axial
symmetry all deformation parameters with p # 0 disappear. The remaining deformation
parameters ayo are defined as S\ = a,o. A typical level scheme of an octupole-vibrating
nucleus features a low-lying band of negative parity, which characterizes the asymmetric
shape under reflection, next to the rotational band of the ground state. This is also
known from rotational spectra of reflection-asymmetric molecules like HCI. The stronger
the octupole coupling forces are the more collective the vibration is. This causes a low
lying excitation energy of the first negative-parity band. When the states of the ground-
state rotational band and the octupole band alternate, the system has a permanent
intrinsic octupole deformation.

In search of appropriate indicators for octupole vibration/deformation Ahmad et al.

81



8. Collective Properties of Actinide Nuclei

found strong E1 transitions as experimental evidence [2]. But E1 transitions are also
sensitive to single-particle states. Therefore a clear distinction of the source of the
E1 strength is difficult. A better indicator for octupole collectivity is the E3 moment
and respectively the E3 transition strength. In the region N ~ 88 and N ~ 134 an
E3 transition strength of 30 to 50 Weisskopf units is supposed to be the result from
octupole collectivity [59].

A wealth of theoretical predictions regarding the different shapes of nuclei in the actinide
region are available:

Microscopic-Macroscopic Approach

With microscopic-macroscopic calculations Sobiczweski et al. [88] make detailed pre-
dictions about the region of heavy and superheavy nuclei for 88 < Z < 112 and
134 < N < 170. The probability for a decay, the deformation energy and the exci-
tation energy of the 2% states are also calculated for 2262%6Th and 226-23%U isotopes.
The maximum of deformation energy and the minima of excitation energy of the first
2% states within the respective isotopic chain are predicted for 23¢Th and #**U. Also
moments of inertia, assuming the nuclei as ideal rotors, are calculated in the cranking
approximation.

Cluster Model

Shneidman et al. [85] 86, [87] interpret the low-lying alternative parity bands in the
actinide region in the cluster model. They assume that reflection-asymmetric shape
is a consequence of cluster effects in the nuclei. The reflection-asymmetric shapes
are produced by the collective motion of nucleons between the two clusters or as the
motion in the mass asymmetry coordinate. The mass asymmetry coordinate is given by
n= ‘21;‘25 with A; and A, as the mass number of the heavy and the light nucleus of
the dinuclear system consisting of two touching nuclei or clusters. Due to Shneidman et
al. only the « cluster contributes significantly to low-energy states. For the a-clustering
configuration is [n®| = 424 =1 — & (with 4; + Ay = A and A; = 4).

Predictions for the low-lying alternating parity bands in the heaviest nuclei are made
for the first time within this cluster model. The parity splitting and electric dipole,
quadrupole and octupole transition moments are calculated. Especially for the lightest
N=148 isotones including ?*°U detailed results for the ground-state rotational band and
the vibrational band of negative parity are listed.

A first comparison of the predictions in [86] with experimental results on 24°U is given

in chapter [12]

Mean-field and beyond Mean-Field

Delaroche et al. [25] make extended predictions with mean-field and beyond mean-field
methods for about 55 even-even actinides from Th to No. As part of the analysis
the structural properties of 226236Th and 228 2*2U of normal and isomeric potential
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8.1. Theoretical Descriptions and Predictions for the Actinide Region

deformations are investigated and tensors of inertia and potential energy landscapes were
calculated with Hartree-Fock-Bogolyubov (HFB) mean field methods. Figures
and show the kinetic moments of inertia for even ?26-236Th and 224242U isotopes
as a function of the rotational frequency w for normal elongations. The results of the
cranking HFB calculations in black dots are compared with collective model calculations,
which are based on adiabatic approximation, marked with red circles. In both isotopic
chains an increase of the moments of inertia with increasing rotational frequency are
theoretically predicted. These upbending and even backbending effects are due to the
gradual decoupling of nucleon pairs by coriolis forces and are for the #26236Th and
228-2421J jsotopes expected at rotational frequencies between 0.15 MeV and 0.3 MeV.
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Figure 8.1.: Theoretical predictions for some even-even Th isotopes (a) and U isotopes (b)
from Delaroche et al. [25]. Kinetic moments of inertia in dependence of the rotational frequency
are shown: cranking HFB calculations in black curves are compared with calculations within a
collective model in red circles and experimental data (obtained from [29, (50, [51]) in blue stars.

The comparison with experimental results [29, 50], [51], plotted as blue stars, is
performed up to the limit where experimental data have been available. The results of the
two experiments, analyzed in section will extend this limit and the kinetic moments
of inertia will be compared in section [12| with the new experimental insights in 24°U .
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8. Collective Properties of Actinide Nuclei

Relativistic Mean-Field

With relativistic mean-field methods Vretenar et al. [99] make predictions for the iso-
topic chains of Th, U, Pu, Cm, Cf, Fm, and No. The binding energies, ground-state
quadrupole and hexadecapole moments are calculated with a nuclear energy density
functional in relativistic Hartree-Bogoliubov (RHB) calculations.

Jian-You Guo et al. [43] describe shape evolution from spherical to octupole deformed

shapes with the reflection asymmetric relativistic mean-field theory in even-even Th
isotopes. The details of the method can be obtained from Geng et al. [39]. Deformations,
matter-density distributions and potential-energy surfaces are calculated. It is predicted
that Th isotopes undergo two types of shape transition:
In figure [8.2] the potential energy landscape for the even-even Th isotopes 2'¥246Th is
plotted versus the quadrupole deformation parameter 5, and the octupole deformation
parameter 5. The isotopes evolve from spherical shape in 2'*Th to octupole deformed
shape in 22°Th and finally to quadrupole deformed shape in 24Th.

(@

-0.2-0.1 0.0 0.1 0.2 0.3 -0.2 -0.1

B,

Figure 8.2.: The potential energy surface of even-even Th isotopes from 2?1246 Th versus
the quadrupole deformation parameter Bo and the octupole deformation parameter B3. Shape
transitions from spherical shape in *'$Th to octupole shape in ?*°Th and finally to quadrupole
shape in “4°Th are predicted by [{3].
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8.2. Actual Status of Experimental Results in U and Th nuclei

8.2. Actual Status of Experimental Results in U and Th
nuclei

Cocks et al. [20] investigated the high-spin structure of Rn, Ra and Th isotopes via
multi-nucleon-transfer reactions of ¥%Xe+232Th at 833 MeV successfully. The aim was
to verify the interleaving bands with opposite parity which was demonstrated up to high
spins (I ~ 28) with high quality Gammasphere spectra for 218:220222Ry 222,221,226 2283 5
and 228239234} jsotopes. A trend from octupole vibration to deformation was observed
for Ra, Rn and Th. These investigations demonstrate the feasibility of this kind of
transfer experiments.

In 2005 Ishii et al. [51] managed to populate neutron-rich uranium nuclei via grazing
reactions with an 80 beam at an energy of 200 MeV on a 28U target. The experiment

was performed at the tandem booster of the Japan Atomic Energy Research facility
(JAEA).
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Figure 8.3.: a) Sum of y-y coincidence spectra, which are gated on transitions (at 163keV,
216keV and 264 keV) of the ground state rotational band b) ~y-singles spectrum of the negative-
parity band of 4°U, obtained by gating on the total energy of 1°0 E(1°0) = 189 — 183 MeV;
c) resulting level scheme for U (figures taken from reference [51]).
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8. Collective Properties of Actinide Nuclei

By gating on high, deposited energy of the projectile-like particles in a Si AE — E-
detector, the population of °U was proven. By coincidence gating on the 163-, 216-,
and 264-keV energies the ground-state rotational band was established up to the 127
state at 1100 keV, see figure a). Even the first negative parity band could be observed
up to the 9~ state at 1276 keV, see figure b). The transitions with 748-, 775-, 483-
and 559-keV 7 energies could only be confirmed to be coincident with the ground-state
band transitions and not with intraband transitions due to low statistics. Figure c)
shows the resulting levelscheme for 24°U.

The same group [52] observed v-singles spectra of 23¢Th and ?*2U at the JAEA facility
with an (180, Ne) reaction. To populate *Th an 23U target was bombarded at an
beam energy of 200 MeV. For 2*2U the 80 beam at 162 MeV impinged on a ?*4Pu target.
They discovered for the first time possible transitions in the ground-state rotational
band of Th up to the 107 state (see figure and in the ground state rotational band
of 222U up to the 8" state. The 7-singles spectra were obtained by setting gates in the
AFE — FE spectra of the projectile-like nuclei measured in a Si detector as it was already
done in the previous experiment [51]. Figure a) shows a 2*Th v-singles spectrum
by setting a gate on the kinetic energy of 5-11 MeV in the two-proton-transfer channel
2Ne. In figure 8.4/ b) the resulting, preliminary level scheme of ?3Th is pictured.
Using the results of a series of their experimental studies Ishii et al. [52] investigate
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Figure 8.4.: a) vy-singles spectrum for **Th, obtained by gating on the kinetic energy of
5-11 MeV in the AE — E spectrum of *°Ne; b) resulting level scheme of **Th, figures from
57)].

/

the excitation energy of the 2% state in the ground-state bands of Th, U, Pu and Cm
in dependence of the neutron number N. Local minima of the excitation energy of
the 2% state at N ~ 146 for U and Pu isotopes and possibly for Th and Cm isotopes
are regarded. With the assumption that mid-shell nuclei are characterized by strong
collectivity, a spherical shell closure in the neutron shell at N=166 is expected (N=126
marks the shell closure at small N). Regarding the proton numbers Z the hs orbital
is fully occupied at Z=92 and hence a subshell closure at Z=92 may exist. A doubly
magic shell closure for 2°°U with Z=92 and N=164 is predicted by this group.
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9. Experimental Setup

To study the feasibility of multi-nucleon reactions for actinide spectroscopy two experi-
ments have been analyzed and their results have been compared. The experiments were
performed at the Laboratori Nazionali di Legnaro (LNL) in Italy using the Tandem-ALPI
and the Piave-ALPI complex. The Tandem accelerator is a van-de-Graaff accelerator
with a terminal voltage of 15 MV. The ions delivered by the tandem can be re-accelerated
by the superconducting resonant cavity post-accelerator, called ALPT [66]. For heavier
ions the tandem is replaced by another injector, the Piave positive-ion injector, which is
based on superconducting radio-frequency quadrupoles. Piave is designed to accelerate
ions with A/Q < 8.5 up to an energy of 1.2 MeV /u.[77].

The first experiment, performed in the year 2007, was a multi-nucleon transfer ex-
periment with a "°Zn beam impinging on an 28U target. The °Zn beam, delivered
by Tandem-ALPI, had a beam energy of 460 MeV. The second multi-nucleon-transfer
experiment, which took place in 2008, ran with a '3¢Xe beam, provided by Piave-ALPI.
The ¥Xe beam with an energy of 926 MeV was also directed on an 28U target.

The details of the experimental setups can be found in table 9.1} The beam of light
ions reacts with the heavier target and transfer reaction take place. The beam-like light
particles enter the magnetic spectrometer, PRISMA (see section , which is placed at
the grazing angle of the reaction. The HPGe-detector array CLARA measures the ~
rays at the target position. Typically, MNT experiments at the LNL have been designed
for the investigation for the beam-like fragments. Also the former analyses of these two
experiments, performed by J.J. Valiente Dobon and F. Recchia, were done concerning
the beam-like nuclei around °Zn [98] and '3%Xe [83].

In this analysis the target-like fragments around 238U, are the focus of interest.

With the information on the beam-like particles in PRISMA, knowledge about the
binary reaction partners, the target-like nuclei, is obtained. The velocity vector deduced
from PRISMA allows a proper Doppler correction of the v spectra for the moving
target-like nuclei. These v spectra, Doppler corrected for the target-like fragments, are
analyzed.

In the following sections the different components of the experimental setup are
described.
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9. Experimental Setup

Table 9.1.: Parameters and settings of the two performed experiments at the LNL, Legnaro.

88

Figure 9.1.: PRISMA Spectrometer with CLARA, figure taken from reference [17].

15! experiment

274 experiment

07 4238 7 136X g 4238
accelerator Tandem+ALPI | Piave+ALPI
beam 7n 136Xe
beam energy / MeV 460 926
current /pnA 2-2.5 2.5-3.5
duration/h 192 120
target 1%2‘58U 0.55;‘1—%2‘58U
PRISMA angle / ° 64 / 61 A7
Dipole magnetic field strength / T 0.715/ 0.726 0.836
Quadrupole magnetic field strength/ T | 0.652 / 0.663 0.768
MWPPAC gas C4H10 C4H10
MWPPAC gas pressure / mbar 7 6.5
IC gas CH,4 CH,4
IC gas pressure / mbar 79.6 74.0




9.1. The CLover ARrAy- CLARA

9.1. The CLover ARrAy- CLARA

To observe the v rays emitted after the reactions at the target position the CLover
ARrAy, CLARA, was used. From March 2004 to 2008 CLARA consisted of 25 Euroball
Clover HPGe detectors. It was mounted around the target position where afterwards
in May 2011 the AGATA demonstrator was installed. Each Clover detector was anti-
Compton shielded with Bismut-Germanium-Oxalat (BGO) and consisted of 4 HPGe
crystals. Each of the crystals had a diameter of 5cm. The efficiency of CLARA was
about 3% for E, = 1.3MeV, the ratio of peak-to-total approximately 45%. The energy
resolution was around 1% for v/c = 10% [31]. A Doppler correction is performed for the
v spectra of the target-like fragments using the velocity vectors provided by PRISMA.

9.2. The PRISMA Spectrometer

PRISMA is a large-acceptance magnetic spectrometer designed for heavy ions. A
schematic drawing is shown in figure PRISMA is placed at the grazing angle of the
reaction, so that the beam-like particles after multi-nucleon reactions are analyzed in
PRISMA. PRISMA provides for the beam-like projectiles the mass (A), atomic number
(Z), energy, charge state (q) and the trajectory.

Following the trajectory of the ions the beam-like projectile first pass a micro channel
plate (MCP) detector at the entrance of the PRISMA spectrometer. Then the nucleons
are focused and deflected by two magnets (a quadrupole and a dipole). At the focal plane
the ions are detected by the multi wire parallel plates avalanche counter (MWPPAC)
and an ionisation chamber (IC). The distance between the start detector and the focal
plane is 6.5 m. PRISMA covers a solid angle of 80 msr (A© = 12° in plane and A© = 22°
out of plane). It is characterized by the following quantities [6]:

e first order resolving power Aip = 2000

. . A
e dispersion = 4’572”?7’

e cnergy resolution &~ =
e nuclear charge (Z) resolution ~ &

on A L
e mass resolution ~ 500

e rate capability ~ 100 kHz
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Figure 9.2.: Schematic drawing of the PRISMA Spectrometer with CLARA.

9.2-1. Micro Channel Plate (MCP) Detector

A position-sensitive entrance detector is placed 25 cm downstream the target. It consists
of 2-dimensional rectangular micro channel plates (80 x 100 mm? ), mounted in a
chevron configuration [71]. It provides a timing resolution of less than 400 ps; its fast
time signal serves for time-of-flight (TOF) measurements and it is used as the delayed
TOF stop signal. The entrance angle resolution is smaller than 0.5° in the dispersion
plane. The x (along the PRISMA dispersion plane) and y coordinates give a position
resolution of 1mm in each axis. In typical experiments with heavy-ion beams the
efficiency reaches nearly 100% [71].

9.2-2. Magnets

Behind the MCP magnetic lenses, a quadrupole singlet (Q) and a dipole magnet (D),
are located. The quadrupole lens is placed 50 cm behind the target for focussing the
ejectiles. Its aperture diameter is 32 cm, while its effective length is 50 cm. 60 cm behind
the quadrupole the dipole is installed with 60° bending angle and 1.2 m curvature radius
[72]. The incoming charged particles are bent on different trajectories by the dipole due
to their magnetic rigidity.
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9.2. The PRISMA Spectrometer

9.2-3. Focal Plane Detectors

Multi Wire Parallel Plates Avalanche Counter (MWPPAC) In the focal plane
(327.9 cm behind the dipole) the isobutane gas-filled multi-wire parallel plates avalanche
counter (MWPPAC) is mounted [6]. The detector needs to cover a large area because
of the large solid angle and a large optical dispersion of the ions. The total active area
in the focal plane is 13 x 100 cm?. On their way through the MWPPAC the ions cross
a three electrode structure composed of gold plated tungsten wires: at the entrance a
x-position sensitive anode, which is divided in 10 sections, in the center a cathode, also
subdivided into 10 sections, and at the end of the detector a y-position sensitive anode,
which covers the entire width of the MWPPAC .

The tasks for the MWPPAC are to give information about the x and y positions of
the ions and to provide a timing signal. The timing signal is used as start signal for
the time-of-flight measurements (with a delayed stop signal from the MCP). Due to its
sharp shaping time (300-400 ps resolution) it also serves as trigger signal for the data
acquisition.

lonisation Chamber (IC) 60 cm behind the MWPPAC the ions are completely stopped
in the ionisation chamber (IC) and their energy and energy loss AE on their way through
the ionisation chamber are detected. The active volume of the IC is 120 x 120 x 13 cm?
(depth x width x height respectively). It consists of 68 pads (10 sections x 4 pads +
28 side pads), which all work as independent AF sections [6]. The entrance window
is made of 1.5 pum thick Mylar foil, which is constructed to hold pressures of 100 mbar
with a maximum deformation of 3mm. The detector is filled with methane gas of 99.9%
purity, because methane has a high electron drift velocity.
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9. Experimental Setup

9.3. PRISMA Data Analysis

In this paragraph the path of processing data, which derive from the PRISMA detectors,
is shortly described. The PRISMA data analysis has already been performed by Jose
Javier Valiente Dobon and Francesco Recchia from the LNL for the analysis of the
beam-like reaction products for the two experiments. It is used as a starting point for
the analysis of the target-like nuclei (see chapter .

9.3-1. Trajectory

The first analysis step after the calibration of the MCP and the alignment of the
MWPPAC is the reconstruction of the trajectories (with length D) of the ions in
PRISMA. The ions follow bent trajectories due to the Lorentz force with
Av?

R

where q is the charge, v the velocity, Bgipoe the magnetic field strength of the dipole,

A the mass and R the radius of the circular path.
The reconstruction is performed by an iterative process, supposing that the radius
R=120cm as a first guess. The velocity v is calculated as v = % of the assumed
trajectory. The values of v, A/q and R are varied until the difference of the calculated
position in the MWPPAC to the experimentally determined position is smaller than 1
mm and reasonable values of v, A/q and R and thus D are found.

qudipole - (9].)

9.3-2. Atomic Number Z

The ions are stopped in the IC and the total kinetic energy FEy;, is deposited in the IC.
The energy E;c and the energy loss AFE¢ of the particles are measured.
The energy loss in dependence of the path length of the trajectory, z, is given by the
Bethe-Bloch-formula:
dE(z) AZ?
7 X5 B (9.2)
where A is the mass and Z the atomic number of the particle in PRISMA. The relation
between energy loss and the energy respectively and Z?2 is used to graphically determine

Z by setting polygon gates in two-dimensional plots. There are three methods to select
Z:

1. Z can be derived from the AFE;c — Ejc-matrix.

2. Z can be obtained by using the relation between energy loss AE;c and the range
r of the ions in the IC. The range is calculated with

r(E) = /0 (—@)—%zE. (9.3)

In this case Z is selected in a AE—range plot.
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9.3. PRISMA Data Analysis

3. The third method combines 1. and 2. The deposited energy Ejc is plotted
versus the calculated range, see equation (9.3). Again a separation of Z is visible

and polygon gates are set. Two of these plots are shown in figures for the
("Zn+238U) experiment and for the (**Xe+2*¥U) experiment.

9.3-3. Charge State q

When the projectile-like particle is stopped in the IC the entire kinetic energy is deposited
and is given by

1
Ekzin = EAUQ = ch. (94)

Together with equation (9.1)) a correlation between the deposited energy Ej¢ and the
charge state q of the particle is exploited:

Eic x qRv (9.5)

with R, the radius of the trajectory , and v, the velocity of the particle. In the 2d plot of
the energy Ejc versus Rv the different charge states are separated and can be selected
with polygon gates.

9.3-4. Mass A

Rewriting equation (9.1 results in

R
A= quipole;- (96)

Now the velocity v, the radius of the trajectory R and the charge state ¢ of the projectile-
like particles in PRISMA are known to calculate the mass A and to create mass spectra.

Figures and show the mass distributions for the ("°Zn-+2?*¥U) experiment and
for the (13Xe+2%U) experiment.

Further information about the PRISMA data analysis can, for example, be found in
Ref. [90].
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10. Calculations

10.1. Q value

For a nuclear reaction A(a,b)B the sum of the kinetic energies T; before and after the
reaction can vary due to different binding energies of the reaction partners [44].
The Q value is defined as the difference of the kinetic energies in the initial and the

final state:
Q= (Tp+Ty) — (Ta+T,) (10.1)

Due to the conservation of energy the Q value is also the difference of the rest energies
before and after the reaction:

Q = [(moa + moa) — (Mop + may)]c? (10.2)

with the rest masses my;.

The reaction is exothermic, characterized by a net energy release, when ) > 0. In
this case the sum of the rest masses of the reactants is larger than those of the products.
For () < 0 the reaction is endothermic and requires additional energy.

Table lists the calculated Q) values for the proton and neutron-transfer channel for
the ("°Zn+238U) reaction and for the (!3Xe+28U) reaction. The Q values are calculated
with the mass information from the atomic mass data center [3]. The calculation covers
the experimentally observed nuclei, see section [I1.2] up to the limit where the mass
information for the very neutron-rich nuclei is available.

Figures [10.1(a)] to [10.1(¢)] picture the calculated Q values from table [10.1]
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10. Calculations

Q values for 2p-pickup channel (related to beam)
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10.1. Q value

Q values for 1p-stripping channel (related to beam)
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Figure 10.1.: Calculated Q values due to table for the (70 Zn+238U) reaction in blue and
for the (330 Xe+238U) reaction in red color.
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10. Calculations

Table 10.1.: Q values for the ("°Zn+238U) reaction and for the (35 Xe+238U) reaction.

("Zn+?%U) reaction

(135X e+231U) reaction

transferred nucleons products Q value products Q value
(related to beam) [keV] [keV]
+2p-2n 28Th+"Ge | -4318(283) || 2*®*Th+'%Ba | -2854(283)
+2p-1n BITh+"Ge | -2550(359) || 2"Th+3"Ba | -1597(359)
+2p 26Th+"™Ge | 3876(196) 26Th+13Ba | 2691(196)
+2p+1n B5Th+Ge | 4787(50) 235Th+139Ba 1542(51)
+2p+2n BATh+™Ge | 10552(5) 23Th+'Ba | 3541(11)
+2p+3n 233Th+™Ge | 10867(4) 233Th+-'41Ba 1876(11)
+2p+4n Z2Th+Ge | 15509(4) 22Th+2Ba | 3259(10)
+2p+5n BITh+7Ge | 15141(4) 231Th+143Ba 1002(15)
+2p+6n 2Z0Th+Ge |  18743(5) 20Th+ 1Ba | 1789(15)
+1p-3n 20Pa+%Ga | -11973(298) || *Pa+'31Cs | -9028(298)
+1p-2n 29Pa+9Ga | -6265(196) || Pa+!35Cs | -4871(196)
+1p-1n 28Pat+0Ga | -4115(60) || 2*®Pa+'3Cs | -3546(61)
+1p 2TPa+™Ga | 243(100) BTPa+137Cs | -212(100)
+1p+1n 26Pa+Ga | 987(200) 20Pa+138Cs | -1575(200)
+1p+2n 25Pa+Ga | 5113(50) B5Pa+139Cs | -746(51)
+1p+3n 24Pat+™Ga | 5453(7) BAPa+119Cs | -2406(12)
+1p+4n 283Pa+™Ga | 8719(4) 23pa+14Cs | -2129(13)
+1p+5n 232Pa+70Ga 8093(8) 22Pa4-12Cs | -4549(15)
-4n 2U+57Zn | -11976(201) || 22U+132Xe | -8456(201)
-3n U570 | -10572(298) || M U+33Xe | -7670(298)
-2n 24017 4-687n -4964(6) 20U 4- 131X e -3707(9)
-1n BIU+597n -4412(3) 29U 4135Xe -3273(9)
+1n 2BTU+"Zn -321(11) BIY+137Xe -2129(10)
+2n 236U +77Zn 3429(7) 26U +138Xe -1412(44)
+3n 2350+"37n 2234(40) 25704139 e -4393(22)
+4n 240+™7n 5307(47) 2347 410X e -4272(61)
-1p-5n 2MNp+91Cu | -20033(298) || 2MNp+19T | -15386(298)
-1p-4n HINP+95Cu | -14867(32) MNP+ | -11546(33)
-1p-3n H2Np+9Cu | -13416(200) || *2Np+'32T | -10835(200)
-1p-2n INp+57Cu | -9199(71) 2INp+1331 -7491(71)
-1p-1n 20Np+%Cu | -9003(16) 240Np+131 -7358(19)
-1p Z9Np+99Cu | -5832(4) Z9Np+13°1 -4639(11)
-1p+1n BENp+Cu | -6736(4) 28N p+1361 -7073(51)
-1p+2n BINp+TCu | -4418(4) BINp+137] -7487(29)
-1p+3n Z6Np+"Cu | -5852(51) ZONp+138T | -10165(97)
-1p+4n ZBNp+7Cu | -4314(5) ZBNp+1%9T | -11323 (32)
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10.1. Q value

Table 10.1.: Q values for the ("°Zn+238U) reaction and for the (**6Xe+238U) reaction.

("Zn+2%U) reaction (135X e+28U) reaction
transferred nucleons products Q value products Q value
(related to beam) [keV] [keV]
-2p-Tn TPu4CINi | -27031(298) || 2"Pu+'*"Te | -19831(298)
-2p-6n 246pu+92Ni | -20904(16) 26pu+12Te | -15519(17)
-2p-5n 25Pu4-9Ni | -19849(15) M5Pu4129Te | -15219(16)
-2p-4n 2MPu4-%INi | -14885(6) 244Py4-130Te -11570(9)
-2p-3n MPpu+ONi | -10967(4) || *Pu+'Te | -11662(8)
-2p-2n 22Py49Ni | -10968(4) 22py 4132 -8652(10)
-2p-1n 2Py +6TNi | -11470(4) 2Py +133Te | -9128(26)
-2p 240P4-58Nj -8919(4) 240py4-134Te -6684(13)
-2p+1n 29Pu+9Ni | -10867(5) BIPpu4135Te -9878(90)
-2p+2n 28Pu+TONi | -9271(346) || 2*Pu+3%Te | -10856(46)
-2p+3n BTPu+TINi | -12145(368) || 2"Pu+'3"Te | -14648(123)
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10. Calculations

10.2. Cross Section

The cross sections o for the reactions ("°Zn+23¥U) at 460 MeV and (136Xe+23U) at
926 MeV are determined using the GRAZING code.

The GRAZING code calculates cross sections for the reaction of two colliding heavy
nuclei at moderate energies concerning mass, charge, kinetic and excitation energy and
angular momentum [I05]. The GRAZING model treats the two reaction partners as
nuclei with independent nucleons [103] 104, 22]. For the reaction between the two nuclei
the Coulomb forces and strong interaction are considered. Surface vibrations are taken
into account via macroscopic approximation. The transfer of nucleons is described as
successive mechanism and is calculated in microscopic approximation: single-particle
states of the two colliding nuclei are characterized with microscopic form factors. The
single-particle states which contribute to the exchange process are described by average
single particle level densities. The trajectories of the particles are calculated solving the
system of classical, coupled equations for variables of relative motion and deformation
parameters [2I]. The entire formalism, which forms the basis for the GRAZING code,
can be found in references [103] [104].

Figures |10.2(a)| to [10.2(j)| illustrate the results of the GRAZING calculations for the
target-like nuclei with 90 < Z < 94 for ("Zn+23U) at 460 MeV and the (!3Xe+28U)
experiment at 926 MeV. Table lists the calculated cross sections on the left side
in blue color for the ("Zn+2*®U) reaction and on the right side in red color for the
(136X e+238U) reaction. This calculation considers the evaporation of nucleons. From
former experimental experiences with PRISMA [32] an approximate sensitivity limit
of 0 =0.1 mbarn for the detection of the beam-like fragments in PRISMA is deduced.
In order to determine the lower sensitivity limit for the detection of the target-like
fragments with CLARA by gating on the beam-like fragments in PRISMA one has
to consider the efficiency of CLARA. Assuming kinematic coincidences and supposing
the CLARA efficiency to be approx 3%, the lower sensitivity limit for the detection
of target-like fragments is o > %:3 mbarn. The assumed sensitivity limit is
marked in the figures as dashed lines. The results of the analysis of the v spectra in
section will be discussed with respect to these GRAZING calculations and the
Q-value calculations of section [10.1]
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10.2. Cross Section
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10. Calculations
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Figure 10.2.: Calculated cross sections on the left side in blue for the ("°Zn+>*¥U) reaction
at 460 MeV beam energy and on the right side in red for the (*3¢Xe+238U) reaction at
926 MeV. The calculation are performed with the GRAZING code [105] for the isotopic chains
of 90 < Z < 94. The assumed lower sensitivity limit of o >3 mbarn for the detection of the
target-like fragments are marked with dashed lines.
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10.2. Cross Section

Table 10.2.: Cross sections of the target-like nuclei for the (" Zn4-238 U) reaction with 460 MeV
beam energy and for the (36 Xe+23U) reaction with 926 MeV beam energy. Calculated with
the GRAZING code [105].

(""Zn+%38U) reaction | (1*9Xe+*8U) reaction
target-like o o
nucleus (mbarn) (mbarn)

244Th 1.31-10798
243Th 1.41-10796
242 6.36-107%
241 7.95.107%4
240 7.43.10793
29Th 2.10-10792
28T 4.49.107% 9.43.10792
BTTh 3.78-10793 1.83-107%
26T 3.77-10702 6.29-10%1
235 2.50-10702 5.17-107%
24T 3.35-10792 6.14-10791
23T 1.90-10792 3.47-107%
22T 2.24-107°2 3.45.107%
BIThH 9.05-10793 1.63-107%"
230 5.31-10793 1.26-107%1
229Th 1.80-10793 5.31-10792
28T 8.41.107% 3.69-10792
22TTh 1.88-107% 1.53-107°2
226 5.00-107% 5.82:10793
225 5.54.10796 2.05-10793
24T 5.81-107%
TPy 2.48-10719
246py 4.22.10707
245py 2.46-107%
244py 4.32.10704
243pg 2.82.1079
242py, 1.22-10792
21py 5.92.107% 1.13-107%
240py 7.01.107% 3.68-10791
239Pg 1.04-107% 1.85

28pg 8.47.10" 4.55

BTPa 5.60 2.15-10101
6Py, 2.90 9.20

235py 1.89 1.01-10101
234py 1.24 4.61

233Pa 8.33.107™ 3.45

22pgy 3.31-.107™% 1.87
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10. Calculations

Table 10.2.: Cross sections of the target-like nuclei for the (" Zn+238 U) reaction with 460 MeV
beam energy and for the (*36 Xe+238U) reaction with 926 MeV beam energy. Calculated with
the GRAZING code [105].

104

(""Zn+%38U) reaction | (1*°Xe+*8U) reaction
target-like o o
nucleus (mbarn) (mbarn)
21py 1.97-107% 9.01-107%¢
230py, 6.96-10792 3.78-107%
229Ppy, 3.73-10792 1.50-107%
228py, 1.12-10792 6.02:10702
22TPpy, 5.62-10793 2.67-10702
226py 1.49-10793 6.38-10703
225Pg, 2.0248-10793
24y 2.07-107% 1.67-10792
2431y 4.27-107% 6.54-10702
22y 2.90-10792 7.20-107%
21y 2.74.107% 2.81
24077 5.17 2.16-10101
B9y 9.86-10101 1.84-10192
287 3.48-10793 4.61-10793
27y 2.48.10102 2.33.10102
267 8.31-10701 1.19-10192
2357 3.74.10701 4.40-10701
24y 2.19-10%1 2.76-10101
237 7.64 1.14-10701
227 4.18 5.15
21y 1.39 1.33
20y 7.17-107% 5.75-107%1
29y 2.19-1079 1.53-107%
28U 1.03-107% 6.51-10792
21y 3.24.10792 1.58-107°2
22677 5.34.10793
NP 6.77-10 8
28N, 3.32.1006
247N, 4.88-10705
246N, 4.01-10%
25Np 2.29-107% 5.80-107%3
24Np 1.87-107% 2.39.10702
243Np 6.17-1079 1.92-107%
202N, 9.46-10~02 6.95-10701
241N, 1.08 491
240Np 9.24 1.21-101%1
239Np 6.33-10101 5.45.10101




10.2. Cross Section

Table 10.2.: Cross sections of the target-like nuclei for the (" Zn4-238 U) reaction with 460 MeV
beam energy and for the (36 Xe+23U) reaction with 926 MeV beam energy. Calculated with
the GRAZING code [105].

(""Zn+%38U) reaction | (1*9Xe+*8U) reaction
target-like o o
nucleus (mbarn) (mbarn)

Z8Np 3.67-10101 2.75-10101
Z7Np 2.75-10101 3.05-10101
236Np 1.64-10701 1.91-10101
235Np 1.28-10101 1.02-10101
B4Np 5.63 4.97

23 Np 3.60 2.79

B2Np 1.37 8.69-10~%
BINp 79810701 4121070
23ONp 3.02-107% 1.19-107%
229N 1.02-10°9 5.23-10702
228Np 3.31.10792 1.24-10702
227N, 4.24.10793
250py 1.28-10~1
249py 1.10-10798
248py 1.36-107%
247py 2.80-107%
246py 5.86-10704
245py 6.97-10796 3.11.10793
244py 4.88-107% 2.88.10792
243py 9.28-10793 9.75-10792
242py 1.49-1079¢ 5.88-107%
241py 9.47.10% 1.39

240py 6.15 5.30

239Ppy 7.16 7.53

B8py 9.08 6.36

BTpy 5.92 4.46

26py 5.17 3.45

5Py 2.58 1.56

2ipy 1.85 9.40-1079¢
23py 7.81.107% 3.23.107%
22py 4.98-10791 1.71-107%1
2lpy 2.15-107% 5.45.10792
20py 9.30-10702 2.56-10792
229Py 2.58-10702 6.63-1079
228py 2.42.1079
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11. Data Analysis for Target-Like
Nuclei

The aim of the analysis was to compare the two experiments ("°Zn+2?*U) with a
beam energy of 460 MeV and (!3Xe+23U) with a beam energy of 926 MeV and to
determine which measurement yields the best results to populate neutron-rich nuclei in
the actinide region. A crucial question is, how the measurements are affected by the
indirect identification of the reaction products by a spectrometer like PRISMA.

11.1. Selection of Z

Already from the selection of the atomic number Z, an impression about the response
in PRISMA and the quality of the data is gained. Z is determined graphically with the
analysis of the two-dimensional plot of released energy in the ionisation chamber (IC)
versus the range of the beam-like particles in the IC (see section . These plots are
shown in figure for the data of the ("°Zn+23U) experiment and in figure for
the (136Xe+238U) experiment. The main difference between the two experiments is the
number of selectable elements. With a beam of '**Xe (Z = 54) reaction products with
isotopes of Z < 54 as well as Z > 54 are observed, implying proton-stripping as well as
proton-pickup reactions. With the ™°Zn beam (Z = 30) only ejectiles with Z < 30 are
populated with reasonable statistics. The pickup channels Z > 30 are disfavoured.

2385

Zn
s Cu

Energy released in IC [a.u.]

131

1936 263

Range in IC [a.u)]

Figure 11.1.: Distribution of released energy in the IC versus the range of the ions in the
IC for the ("°Zn 4238 U) experiment, with logarithmic numbers of entries (provided by J.J.
Valiente Dobon). Polygon gates for Zn, Cu and Ni are set.
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11. Data Analysis for Target-Like Nuclei

2605
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Figure 11.2.: Distribution of released energy in the I1C versus the range of the ions in the
IC for the (**5Xe +238 U) experiment, with logarithmic numbers of entries (provided by F.
Recchia). Polygon gates for Ba, Cs, Xe, I and Te are set.

Table 11.1.: Selection of Z from ﬁguresl]l.ll and |11.a

analyzed Z in the IC p-transfer channel corresponding 7
("Zn +%¥ U) exp. | (**Xe +%* U) exp. | (related to beam) || in the actinide region
30Zn 54Xe elastic 92U
20Cu 531 Lp-stripping 93Np
ogNi so'le 2p-stripping 94Pu
55Cs 1p-pickup 91Pa
56B& 2p-plckup goTh

For the ("9Zn+23U) experiment three different gates in Z, Zn (Z = 30), Cu (Z = 29)
and Ni (Z = 28), are set. In the (!*Xe+?%U) experiments five different gates for Z,
Xe (Z =54),1(Z =53), Te (Z = 52), Cs (Z = 55) and Ba (Z = 56) are used with
proper statistics. Assuming the ideal case of kinematic coincidences, when the nucleons
which are stripped by one reaction partner are picked up by the second reaction partner,
the reaction channels lead to the target-like nuclei U (Z = 92), Np (Z = 93) and Pu
(Z = 94) in the ("°Zn+*¥U) experiment and to U (Z = 92), Np (Z = 93), Pu (Z = 94),
Pa (Z =91) and Th (Z = 90) in the case of the (1*Xe +23® U) experiment. Table
summarizes the IC selected elements and the expected corresponding elements in the
actinide region.
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11.2. Mass Distributions

11.2. Mass Distributions

With the procedure described in section the mass spectra of the beam-like nuclei
are generated. Figures and show the mass distributions for the ("°Zn +23% U)
experiment and for the (13Xe +23% U) experiment. Due to the selection of Z, see
section , in the case of the (Zn +%® U) experiment three mass spectra for Z=28 to
Z=30 are determined. For the (}*Xe +23® U) experiment five mass spectra for Z=52 to
7=56 are produced.

5es: Z=30 (Zn)

: /=29 (Cu)

- 7=28 (Ni)
2 3e5-
C 1
S 3
8 2e5—:
1e5€

0_* b _.iu:_{r.—kl-zr'r

6|2|6|3|6|4|6|5|6|6|6|7|.6|8|6.|9|7|(.)|7I1 |7|2|7|3|7|4|7|5
A of the projectile-like fragments

Figure 11.3.: Mass distributions for Z = 28 — 30, from the ("°Zn+238U) experiment

The mass distributions show the following characteristics:

Intensity

Table lists the intensities of the mass distributions shown in figures and
There is - corresponding to the duration of the beam time and the thickness of the
targets - more statistics in the resulting mass spectrum of the ("°Zn-+23U) experiment
than of the (1*6Xe+23U) experiment. The beam particles "°Zn and '*®Xe occur in the
mass distributions with the highest intensities respectively. The intensity of the "°Zn
mass peak is about 6.9 times higher in than the intensity of the *°Xe mass peak. The
relative intensities of the mass peaks from the other nuclei are determined with respect
to the intensity of the beam-mass peaks. Figure [L1.5]shows parts of the chart of nuclides
in the regions around the employed beams. The beam nuclei are colored in black. The
relative intensities are illustrated in steps of grey color due to the RGB-color code.

In the case of kinematic coincidences a population of the corresponding target-like
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11. Data Analysis for Target-Like Nuclei

121 125 130 . .135 . 140 145
A of the projectile-like fragments

Figure 11.4.: Mass distributions for Z = 52 — 56, from the (*3¢ Xe+23%U) experiment

nuclei is expected as it is shown in figure [11.6; The area of nuclei bordered by red color
shows the - in the ideal case- possible population in the ("°Zn+2*¥U) experiment, the
area bordered in blue marks the possible population of actinides in the (1¥6Xe+23U)
experiment. Both areas cover nuclei, which are still unknown and which are labeled
in grey in figure [11.6] The cross section calculations in section predict the limits
for the population of very neutron-rich actinides. However, the successful analysis of
the two-neutron-evaporation channel of the ("°Zn+%3¥U) experiment, see section
will show, that neutron-rich nuclei very close to the region of still unknown nuclei are
populated.
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11.2. Mass Distributions

Table 11.2.: Intensities and relative intensities of the mass distributions in figures m

and[11.4]
(""Zn+%¥U) experiment (13X e+2%T) experiment
mass A intensity I relative I || mass A intensity I relative 1
7=28 7=52
61 1532 ( 140 ) 0,08% 123 536 ( 143 ) 0,16%
62 4787 ( 135) 0,24% 124 3287 ( 361 ) 0,99%
63 16809 ( 215 ) 0,85% 125 7902 ( 708 ) 2,39%
64 62162 ( 327 ) 3,14% 126 12914 ( 950 ) 3,91%
65 123632 (423 ) 6,24% 127 18607 ( 677 ) 5,63%
66 209356 ( 547 ) 10,57% 128 20067 ( 1095 ) 6,07%
67 191549 ( 516 ) 9,67% 129 25469 ( 1497 ) 7,71%
68 139918 ( 491 ) 7,06% 130 18088 ( 1129 ) 5,47%
69 52846 ( 531 ) 2,67% 131 | 15235 (1140) | 4,61%
70 15417 ( 281 ) 0,78% 132 8404 (744 ) 2.54%
71 4033 ( 401 ) 0,20% 133 4597 ( 519) 1,39%
134 3497 ( 1244 ) 1,06%
7=29 7=53
64 2747 ( 678 ) 0,14% 125 2364 ( 378 ) 0,72%
65 13068 ( 430 ) 0,66% 126 1783 ( 753 ) 0,54%
66 47642 ( 564 ) 2,40% 127 12374 ( 690 ) 3,74%
67 165993 ( 970 ) 8,38% 128 9725 (1729 ) 2,94%
68 234828 ( 1191) 11,85% 129 34116 ( 1139 ) 10,32%
69 331916 ( 1671 ) 16,76% 130 37533 (1902 ) 11,36%
70 151915 ( 1365 ) 7.67% 131 41314 ( 1831) 12,50%
71 59707 ( 1185 ) 3,01% 132 41470 ( 1388 ) 12,55%
72 11045 ( 420 ) 0,56% 133 31276 (1 1482) 9,46%
73 3807 ( 751) 0,19% 134 20766 ( 942 ) 6,28%
135 13172 (11328 ) 3,99%
136 17220 ( 1000 ) 5,21%
7Z=30 7=54
67 15679 ( 649 ) 0,79% 128 7559 ( 5594 ) 2.29%
68 90940 ( 1137) 4,59% 129 6956 ( 689 ) 2,10%
69 307861 ( 2979 ) 15,54% 130 19968 ( 864 ) 6,04%
70 1980972(3117) | 100,00% 131 28121 ( 1513 ) 8,51%
71 753053 ( 3343 ) 38,01% 132 38461 ( 1217) 11,64%
72 310212 ( 3291 ) 15,66% 133 41583 ( 1437) 12,58%
73 61599 ( 1376 ) 3,11% 134 50278 (1963 ) 15,21%
74 26927 (1 1495 ) 1,36% 135 52018 ( 1349 ) 15,74%
136 330532(1735) | 100,00%
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11. Data Analysis for Target-Like Nuclei

Table 11.2.: Intensities and relative intensities of the mass distributions in figures m
and|11.4)

("Zn+%¥U) experiment (13X e+2%U) experiment
mass A intensity I relative I || mass A intensity [ relative I
7Z=>55
129 904 ( 446 ) 0,27%

130 3639 ( 466 ) 1,10%
131 10036 ( 90 ) 3,04%
132 | 10791 (704) | 3,26%
133 | 35612 (1812) | 10,77%
134 | 47204 (1244 ) | 14,28%
135 | 57202 (1146 ) | 17,31%
136 | 103147 (1580 ) | 31,21%

137 | 50939 (1496 ) | 1541%

138 | 19884 (1150 ) | 6,02%

139 4392 ( 573 ) 1,33%

140 3560 ( 727 ) 1,08%

141 2538 ( 553 ) 0,77%

142 386 ( 173 ) 0,12%
Z=56

131 1085 ( 237 ) 0,33%
132 | 6070 (3405) | 1,84%

133 | 17819 (6529) | 5,39%
134 | 17341 (1110) | 5.25%
135 | 30344 (1193) | 9,18%
136 | 38558 (1213) | 11,67%
137 | 45844 (1342) | 13,87%
138 | 41643 (1515) | 12,60%
139 | 23885 (1354) | 7.23%
140 | 18141 (1631) | 5,49%

141 | 5211 (1111) | 1,58%
142 | 4411 (1424) | 1,33%
143 | 3244 (1329) | 0,98%
144 2644 ( 834 ) 0,80%
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131Ba|132Ba|133Ba|134Ba|135Ba|136Ba|137Ba|138Ba|139Ba|140Ba|141Ba|142Ba|143Ba|144Ba

129Cs|130Cs|131Cs|132Cs|133Cs|134Cs|135Cs|136Cs|137Cs|138Cs|139Cs|140Cs|141Cs

128Xe|129Xe|130Xe|131Xe|132Xe|133Xe|134Xe| 135Xkl NE

1251 | 1261 | 1271 | 1281 | 1291 | 1301 | 1311 | 1321 | 1331 | 134l | 135 | 136l

123Te|124Te|125Te|126Te |127Te | 128Te | 129Te| 130Te | 131Te | 132Te| 133Te | 134Te

67Zn | 68Zn 692n71Zn 72Zn | 73Zn | 74Zn

64Cu | 65Cu | 66Cu | 67Cu | 68Cu [69Cu | 70Cu | 71Cu | 72Cu | 73Cu

61Ni | 62Ni | 63Ni | 64Ni | 65Ni | 66Ni | 67Ni | 68Ni | 69Ni | 70Ni | 71Ni

—
N

Figure 11.5.: Excerpts of the chart of nuclides around the employed beam nuclei ™° Zn and
136 Xe in black colour. The relative intensities, related to the intensity of the beam-mass peaks,
are illustrated in steps of grey color.

237Pu|238Pu|239Pu(240Pu|241Pu(242Pu|243Pu|244Pu|245Pu(246Pu(247Pu|248Pu|249Pu 250Pu 251F

2 235Np|236Np|237Np|238Np|239Np|240Np|241Np|242Np[243Np|244Np[245Np 246N p 24 7Np 248Np 249Np

234U | 235U | 236U | 237U WRIUN 239U | 240U | 241U | 242U | 243U 244U 245U 2460

233Pa|234Pa|235Pa|236Pa| 237Pa|238Pa|239Pa 240Pa 241Pa 242Pa 243Pa 244Pa 245Pa

230Th|231Th|232Th|233Th|234Th|235Th|236Th|237Th|238Th 239Th | 240Th|241Th|242Th 243

— forthe(™ z,+>* ) experiment N
—— forthe("¢ xe+>* /) experiment

Figure 11.6.: Regions in the chart of nuclides for the corresponding actinide nuclei, which
are supposed to be populated in case of kinematic coincidences; bordered with blue color for the
(70 Zn+238U) experiment, surrounded by a red line for the (‘36 Xe+238U) experiment. Unknown
nuclei are labeled in grey.
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11. Data Analysis for Target-Like Nuclei

Upper mass limit of detected isotopes

In transfer reactions it is expected that the lighter projectile tends to strip protons and
to pick up some neutrons, as discussed in section [7.2} In the ("°Zn+%*U) experiment
this tendency is confirmed. In the mass distribution for Z = 30 nuclei heavier than the
beam up to Zn are found, coming from neutron-pickup reactions. The same is true for
the Cu isotopes (Z = 29), where the isotopes heavier than %°Cu up to "Cu are observed
and for the Ni isotopes (Z = 28), where nuclei heavier than ®*Ni, i.e. "'Ni, are detected.
In the (13Xe+238U) experiment the tendency to pick up neutrons only occurs to a
limited extent: In the mass distribution of the Xe isotopes there is no distinctive mass
peak for nuclei heavier than the beam. In the mass spectrum of Z=53 neutron pickup
occurs because nuclei heavier than '3°1, i.e. 131, are detected. The mass distribution of
the Te spectrum is limited by '34Te. Hence, the neutron-pickup reactions are strongly
suppressed.

Striking is the evidence for the proton-pickup channels (Cs, Ba), because these reaction
channels usually are expected to be populated only weakly. Neutron pickup occurs is
indicated by the fact that Cs isotopes heavier than *"Cs (up to 4!Cs) and also heavier
than *®*Ba (even up to **Ba) are found.

All the pickup reactions of the beam-like nuclei in both experiments indicate that
stripping reactions from the target and a transfer reaction to the projectile have taken
place. Otherwise nuclei, which are heavier than the beam, could not have been populated.
Further insights will be gained by the analysis of the v spectra in section

Resolution in mass

As an indicator for the quality of the mass spectra the relative mass resolutions in
figures and for both experiments are determined. Table lists the masses
m with the full-width-at-half maximum (FWHM) and 7 for Z = 28 to Z = 30 for the
(""Zn+238U) experiment and for Z = 52 to Z = 56 for the (}¥°Xe+%¥U) experiment.
Because of the differing errors of [, the weighted averages of - are calculated and
shown in figure The relative mass resolutions for the ("°Zn+2*¥U) experiment
between are 7% = 134.18 + 0.09 and % = 160.72 £ 0.04. For the ("**Xe+>*"U)
experiment they range from 3~ = 202.03 £ 0.17 to 7~ = 284.79 + 0.28. These are
reasonable values in comparison with the specification of PRISMA with < = 300 [6].
Although PRISMA works at its limits with a 3%Xe beam, the relative resolution is

remarkably good.
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11.2. Mass Distributions

Table 11.3.: Relative mass resolution obtained for the (°Zn+238U) experiment and the
(136 Xe+28U) experiment

("7Zn+2"U) experiment (13X e+*¥U) experiment
m A m (FWHM) A m A m (FWHM) A
(channel) (channel) (channel) (channel)
7=28 7=52
61.16 (1) 0.39 (3) 155 (11) || 122.98 (26) | 0.35 (7) | 351 (74)
62.08 (3) 0.33 (8) 186(5) 123.98 (12) 0.47 (4) 259 (21)
63.04 (1) 0.31 (4) 202(2) | 124.97 (87) |  0.54 (3) 231(14)
64.00 (1) 0.31 (2) 205.4 (9) || 125.99 (7) 0.49 (2) 255 (12
64.97 (1) 0.31 (1) 206.4(6) || 127.01 (4) 0.49 (1) 258 (7)
65.94 (1) 0.32 (1) | 204.3 (5) | 128.01 (5) 0.48 (2) 265 (9)
66.90 (1) 0.32 (1) 205.1(5) || 129.01 (5) 052 (2) | 249 (9)
67.86 (1) 0.33 (1) 202.6(7) || 130.04 (6) 0.52 (2) 251(10)
68.82 (1) 0.33 (2) 204 (1) | 131.03(7) 0.53 (3) | 250 (12)
69.78 (2) 0.34 (5) 205(3) || 132.05 (9) 0.49 (3) | 271 (16)
70.74 (9) 0.44 (3) 162(10) | 133.03 (11) | 0.43 (4) | 308 (25)
133.99 (32) 0.59 (11 227 (42)
weighted @(1%)= 160.72 £ 0.04 weighted I(1%)=264.99 + 0.16
7=29 7=53
64.18 (2) 0.49(7) 129 (19) || 125.06 (2) 0.50 (5) | 249 (26)
65.08 (4) 0.44(1) 149 (4) || 126.02 (3) | 048 (12) | 263 (66)
66.04 (2) 0.42(4) 154 (1) || 127.00 (6) 0.55 (2) 232 (9)
67.01 (8) 0.45(2) 149 (1) || 128.02 (7) 042 (2) | 303 (15)
67.97 (7) 0.44(2) 153 (1) || 129.04 (4) 0.52 (1) 249 (5)
68.95 (6) 0.47(2) 146 (1) || 130.05 (3) 0.49 (1) 263 (5)
69.93 (10) 0.46(3) 149 (1) || 131.06 (4) 0.51 (1) 257 (7)
70.90 (2) 0.48(6) 146 (2) 132.08 (3) 0.51 (1) 259 (6)
71.90 (4) 0.43(13) 165 (5) || 133.07 (4) 0.48 (2) 277 (8)
72.89 (2) 0.52(6) 140 (16) || 134.08 (5) 0.48 (2) 279 (9)
135.07 (8) 0.46 (3) | 295 (18)
136.10 (6) 0.56 (2) 241 (9)
weighted @(Am—m): 134.18 = 0.09 weighted @(%):261.78 +0.14
7Z=30 7=54
67.07 (4) 0.42 (1) 162 (5) || 127.93 (4) |  0.65 (17) | 197 (51)
68.01 (1) 0.42 (4) 162 (1) | 128.95 (1) 0.45 (3) | 285 (21)
68.97 (1) 0.41 (3) 168 (1) 129.94 (2) 0.50 (2) 260 (8)
69.93 (1) 0.45 (1) 155 (1) || 130.96 (5) 0.52 (2) 252 (8)
70.99 (1) 0.45 (1) 156 (1) || 131.99 (3) 0.51 (1) 261 (6)
71.85 (1) 0.47 (3) 153 (1) || 132.97 (3) 0.47 (1) 284 (7)
72.92 (2) 0.47 (7) 154 (2) || 133.99 (2) 0.45 (7) 208 (4)
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11. Data Analysis for Target-Like Nuclei

Table 11.3.: Relative mass resolution obtained for the (°Zn+238U) experiment and the

(136 Xe+28U) experiment

("Zn-+2*U) experiment

(13X e+2%U) experiment

m A m (FWHM) A m A m (FWHM) A

(channel) (channel) (channel) (channel)
7400 (5) 0.52 (2) 143 (5) || 134.99 (2) 0.43 (3) 312 (6)
136.04 (1) 0.59 (3) 232 (1)
weighted @(x-)= 150.39 £ 0.02 weighted @(1%)=202.03 £0.18

7=55

120.08 (3) |  0.44 (14) | 293 (93)
129.99 (1) 0.48 (4) | 269 (24)
130.99 (5) 0.55 (3) | 240 (14)
131.99 (3) 0.47 (2) | 280 (13)
132.98 (4) 0.52 (2) 254 (8)
133.99 (3) 0.50 (9) 267 (5)
134.99 (2) 0.47 (7) 287 (4)
136.00 (2) 0.50 (6) 271 (3)
137.02 (3) 0.49 (1) 279 (5)
138.04 (5) 0.48 (2) 200 (11)
138.98 (1) 0.37 (4) | 377 (36)
139.85 (1) 0.65 (5) | 215 (15)

140.99 (5) 0.60 (19)
142.17 (5) 0.38 (14) | 235 (74)
weighted @( 1% )=284.79 £ 0.29

7=56

131.09 (2) 0.35 (6) 380 (64)
13211 (3) | 065 (17) | 203 (53)
133.03 (2) | 079 (13) | 168 (28)
134.02 (2) 0.54 (2) | 250 (10)
135.02 (4) 0.52 (1) 259 (7)
136.03 (3) 0.51 (1) 269 (6)
137.02 (3) 0.52 (1) 266 (5)
138.02 (4) 0.51 (1) 271 (6)
139.03 (5) 0.49 (2) | 283 (10)
140.02 (7) 0.54 (3) | 259 (13)
141.06 (3) | 056 (12) | 252 (54)
142.06 (2) | 0.61 (11) | 233 (42)
143.00 (13) | 0.77(8) | 186 (19)
14411 (3) | 0.60 (15) | 240( 60)

weighted @(7%)=221.16 + 0.33
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Figure 11.7.: Weighted averages of x.-~ for the different Z values. Around Z=30 for the mass
spectra from the ("0 Zn+238U) experiment, around Z=54 from the (*36Xe+>3¥U) experiment.
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11. Data Analysis for Target-Like Nuclei

11.3. Analysis Conditions for Background Suppression

The PRISMA spectrometer provides information on the beam-like nuclei, in particular
the trajectory, the time-of-flight (the velocity respectively), the energy loss AE and the
total deposited energy Ejc in the ionisation chamber, the atomic number Z, the charge
state q and the mass A. Based on the information on the particle-like nuclei conclusions
about the target-like nuclei need to be drawn. By selecting the atomic number Z and
the mass A, see section [11.2] the isotopes of interest are extracted assuming kinematic
coincidences. This means the ideal case, when all stripped nucleons in a reaction are
transferred onto the reaction partner. But in addition the evaporation of nucleons is
possible. Consequently, the selection of the mass or Z of the beam-like particle does not
lead to the corresponding target-like reaction channel. Thus, an analysis condition is
helpful to suppress the evaporation channel sufficiently.

The evaporation of nucleons requires the separation energy. Hence, for high excitation
energies after MNT the probability for nucleon evaporation increases. However, gating
on small excitation energies suppresses the nucleon evaporation channel in the analysis.
In both experiments U is used as target material, which becomes unstable against
fission at excitation energies above the fission barrier. A high background is caused
by fission fragments. Gating on small excitation energies also suppresses the fission
reaction channels.

The excitation energy is a selective quantity to find the reaction channels of kinematic
coincidences. But the excitation energy after MNT cannot exactly be determined from
the values coming from PRISMA, because this requires the knowledge about the energies
or the masses of all particles before and after the reaction. The numbers and the energies
of the evaporated nucleons are not measured.

However, there are different possibilities to obtain a gating condition which is related
to the excitation energy: An equivalent quantity is the time-of-flight (TOF) of the
beam-like particles [89]. The higher the velocity of a beam-like particle in PRISMA,
the less energy has been transferred in the reaction. Beam-like particles originating
from reactions of kinematic coincidences have on average a higher velocity than those
deriving from reactions including nucleon evaporation.

Also the energy difference between the initial beam energy and the energy of the
beam-like particles measured in the IC is a good indicator for the reaction. This energy
difference (less the energy loss in material) is equivalent to the lower energy limit of the
Q value. This energy difference is named ‘c’. ¢ is given in arbitrary units because the
deposited energy in the IC is calibrated only relatively.
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Figure 11.8.: (a) £ spectrum with Z=30 for the data of the ("°Zn+238U) experiment; the
spectrum is divided in 4 sections, which are used to generate the mass distributions in (b).
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11. Data Analysis for Target-Like Nuclei

Figure [11.§] (a) shows an example for an ¢ spectrum for the ("*Zn+2*®U) experiment
for Z=30. In figure (b) the effect of ¢ gating on the mass spectra is demonstrated.
By gating on 4 different regions in the ¢ spectrum, marked with the lines in figure [11.8
the mass distributions vary significantly. For high ¢ the mass distribution is broad and
more isotopes appear. This indicates the evaporation of neutrons.

The effect of € gating on the vy spectra is shown as well. Figure contains an € spectrum
for a gate on %Zn. This is the two-neutron-transfer channel of the ("°Zn+2*¥U) reaction.
The corresponding target-like nucleus is 24°U.

The effect of the three different € gates on the ~-singles spectra for ®Zn, Doppler
corrected for the target-like nuclei, are shown in figure [I1.10] A gate on high & only
contributes to the background in the 7 spectrum (for € >200 in magenta). The peak-to-

total ratio improves using low energetic € gates (for e=140-200 in green and £ <140 in
black).

1 2 3 1 1: gate on £ <140
3e3 2: gate on £ =140-200
1e3 3:gate on € >200
> 3 800
L 2e31 i
] 5 600
4] €
c >
3 1e3] g 07
v
" h 7 ML%
0 0 Lt L S e T e o A U LA o P L U A A |

60 80 100 120 140 160 180 200 220 240 260 280 300
€ [a.ul]

Figure 11.9.: ¢ spectrum for the gate on % Zn.
3 different gating regions are marked for
1. £ <140, 2. €=140-200 and 3. € >200.

60 100 150 200 250 300 350 400 450 500 550
gamma energy [keV]

Figure 11.10.: y-singles spectra for the gate

on %8 Zn, Doppler corrected for the target-like

nuclei. The ~ spectra are obtained from the

three different gates in the € spectrum in fig-

ure @

In conclusion, € emerges as a useful gating condition to obtain the reaction channels of
interest. It is applied for the analysis of the v spectra in section [11.4l Each v spectrum

in section [11.4]is gated on small values of €.
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11.4. Analysis of the + Spectra

For the investigation of the 7 spectra of the target-like reaction products, the PRISMA
information about the corresponding beam-like nuclei is used. Kinematic coincidences
are assumed, meaning that, nucleons which are stripped / picked up by the beam are
supposed to be picked up / stripped by the target. For example, by detecting %Zn,
the two-neutron-stripping channel of the °Zn beam, ?*°U is expected, the two-neutron-
pickup channel of the target. In this way the v spectra, Doppler corrected for the
target-like nuclei, are gated on the data of the beam-like particles including gates on (i)
the atomic number Z, see section[I1.1} (ii) the mass, see section and (iii) low values
of €, see section For the Doppler correction, the velocity vectors of the target-like
fragments are determined using two-body kinematics. The v spectra are obtained by
the GASP Data Analysis Program Package [5] and displayed with the program TV [95].

11.4-1. Analysis of Uranium Spectra

The v transitions in the U isotopes 37U, 38U and ?*U are well known [73]. The
investigation of 7 spectra for the respective mass gates of these isotopes grants the
possibility to survey the reliability of the analytical procedure.

Elastic-Reaction Channel: 233U

The ~ spectrum for the gate on °Zn is analyzed with a Doppler correction for the
target-like nuclei. The most dominant ~ rays originate from the Coulomb excitation of
the target material 28U, Figure shows the highly excited ground-state rotational
band of ?3U in blue for the ("°Zn+?®U) experiment and in red for the data of the
(136X e+238U) experiment. The second spectrum is multiplied by a factor of 4.8 in
order to normalize both spectra to the same background level in the region of the
X-rays and v rays of low energies. The transition energies and intensities from both
experiments and also from reference [73] are listed in table [I1.4] It is obvious that the
target is higher excited with the heavier *Xe beam than with the °Zn beam: In the
(""Zn+238U) experiment the excitation to the 20" state is visible, the -y spectrum
shows coincidences up to the 18" level. For the data of the (¥°Xe+%¥U) experiment
the v-ray energies in the singles and the coincidence spectrum are observed up to the
227" state.

In both reactions the energies of the first negative-parity band are only assumed in the
background and cannot unambiguously be distinguished from transitions of ™Ge(n,n’)
reactions. However, it is demonstrated that a Doppler correction for the target-like
nuclei provide v spectra of the ground-state rotational band of ?**U .
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Figure 11.11.: 23U -singles spectra, without background subtraction, in blue for data of the
(" Zn+238U) experiment and in red for the (**6 Xe+238U) experiment. In the second case the
intensity is multiplied with a factor 4.8 in order to normalize the low-energy part of the two

spectra.

Table 11.4.: Doppler corrected y-ray energies and intensities for the target-like products and
observed transitions for the gate on °Zn and '3 Xe, which correspond to the 3% U-reaction
channel. Additionally, the transitions from reference [73] are listed for comparison.

("0Zn+2380) exp. (136X e+238U) exp. literature [73]
v energy I v energy [*4.8 v energy transition
(keV) (keV) (keV) (Jinit = Jpin )
158.8(8) | 96877(356) | 157.8(6) | 71871(708) 158.80(3) 67 — 47"
210.6(5) | 131971(393) || 209.5(5) | 127648(933) 211.0(3) 8t — 67
257.8(4) | 88946(329) || 256.8(6) | 129719(968) 257.8(4) 107 — 8*
300.5(4) | 38905(252) || 299.5(4) | 102795(848) 300.6(9) 127 — 107
338.8(4) | 12516(224) || 337.8(5) | 65341(724 338.8 (4) 147 — 12*
373.2(6) | 4651(180) 371.8(7) | 32781(630) 372.9(13) 16T — 14%
403.3(6) 712(151) 401.5(7) | 14375(498) 402.6 (4) 187 — 167
427.7(5) 401(224) 427.0(7) | 4375(631) 427.9 (4) 20" — 187
447.3(8) | 2181(608) 448.9(4) 221 — 207
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11.4. Analysis of the v Spectra

One-Neutron-Pickup Channel: "U

For the one-neutron-pickup channels (related to the beam) the population of 37U is
expected assuming kinematic coincidences.

Figure [11.12] shows the 7-singles spectra with a gate on Zn for the ("°Zn+2%U)
experiment.
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Figure 11.12.: 237 U-singles spectra for data of the the ("°Zn+238U) experiment. Transitions
of the ground-state rotational band of 33U are labeled in grey.

A strong contribution from the excitation of the target, 23*U, up to the 14* state of
the ground-state rotational band is visible. The transitions of ?*U are labeled in grey.
Besides these transitions the ground-state rotational band of 237U is observed. This
band consists of two signature partner bands.

Figure contains the v spectrum of the band with signature oo = % It is generated
by adding the coincidence spectra, gated on the energies 155keV, 201 keV, 245 keV and
286 keV. This band is verified up to the %Jr state. The 180 keV-peak derives from the

%7 — %7 transition in the negative parity band, which decays into the ground-state

band, see reference [108]. The second signature partner band with @ = —1 is verified
by coincidence gating up to the %Jr state.

Table lists the determined energies, intensities and transitions of 2*”U for the singles
spectrum.

In the (3%Xe+23U) experiment for the gate on 3"Xe and in the case of kinematic
coincidences the population of 237U is expected. As explained in section , there
is no distinct peak for A=137 in the mass distribution for Xe isotopes. The v-singles
spectrum shown in figure is obtained by gating into the right edge of the *Xe

123



11. Data Analysis for Target-Like Nuclei

E — — — £
E T~ T~ o N
80 T & R S
B |: ‘
707, +Q 3 +N +' +{L
E ™M * ~ Q I
— = N — )
60 Ko} D '~ - o S s
= E = R s N ~— 0 q
L ) o = K Q N wn
= 50 - 3 N ~
~N o N ’
~ 7 >I< = o~ +
(%) Q QU
£ 7 < )
S . 2 >
O 304 2 =
- o
B >
204
" ﬂ ’\W FWH P|“‘V|‘J"‘ J‘
oﬂm[ﬂn . . ,Hmﬁ
60 100 150 200 250 300 350 400
gamma energy [keV]
Figure 11.13.: Signature partner band with oo = —% of the ground-state rotational band of

BTU produced with addition of the gated spectra at the energies 155 keV, 201keV, 245keV
and 286 keV.

mass peak. The influence of 28U in the singles spectrum in figure is strong. For this
data-set -y spectra are not significant due to low statistics. Transitions cannot be
verified by coincidence gating. However, comparing the energies in figure to
those of figure [[1.12] same transitions are found. The energies and intensities of these
transitions are also listed in table 1.5l

The GRAZING calculations, see section [10.2] predict comparable cross sections for
the population of 37U in both experiments. With o &~ 249 mbarn for the ("°Zn+23¥U)
experiment the cross section is slightly higher than o ~ 233 mbarn for the (136Xe+28U)
experiment. Also regarding the Q values for the one-neutron-pickup channel, section[10.1
the population of 2*7 is favoured in the ("°Zn+233U) reaction.

With the investigation of the 7 spectra of the one-neutron-pickup channel the successful
accomplishment of the analysis procedure is demonstrated: Gating on the beam-like
particles in PRISMA also selects the kinematically coincident target-like reaction
channels in the v spectra.
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Figure 11.14.: 27 U-singles spectra in red for the (*36Xe+?8U) experiment. Transitions of
the ground-state rotational band of 38U are labeled in grey.

Table 11.5.: Observed energies and transitions of the ground-state band of 237 U in, the v-singles
spectrum of figures|11.14 and|11.1/)

(""Zn-+238U) exp. (135Xe+2%U) exp. | literature [73]
v energy I v energy I v energy transition
(keV) (keV) (keV) (Jinit = Jpin )
first signature partner band with o = %
154.6(5) | 3943(126) || 153.6(8) | 361(36) 155 EY
200.4(4) | 2928(133) || 200.3(8) | 613(37) 201 I+, 17
244.9(6) | 3402(130) | 244.1(5) | 450(73) 245 at _, v
285.4(6) | 1513(134) || 284.3(4) | 484(107) 286 BT, a7
322.5(7) | 643(103) || 322.7(5) | 140(42) 322 BT, BT
second signature partner band with o = —%
170.5(5) | 2622(139) || 169.6(5) | 339(57) 171 e
218.4(7) | 2576(121) | 216.2(7) | 454(37) 217 L+ _, 157
negative parity band, see reference [108]
180(1) | 9976(1009) | | | 181 EES
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11. Data Analysis for Target-Like Nuclei

One-Neutron-Transfer Channel:2*°U

The same analysis as for the one-neutron-pickup channel (related to the beam), see
section [11.4-1] is performed for the one-neutron-stripping channel with the aim to
demonstrate the feasibility of the analysis procedure.

The corresponding target-like particle for the one-neutron-stripping channels, with
the beam-like fragments %°Zn and ¥Xe, is ?*°U. Figure shows the resulting
~y-singles spectra for the ("°Zn-+23TU) experiment with a gate on %Z in blue and for the
(136X e+238U) experiment with a gate on 3Xe in red. The intensity of the v spectrum of
the (136Xe+2U) experiment is multiplied with a factor 2.8 to normalize the low-energy
part of both spectra.
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Figure 11.15.: 239U -singles spectra, without background subtraction in blue for data of the
(T Zn+-238U) experiment and in red for data of the (36 Xe+238U) experiment. The intensity
of the second spectrum is multiplied with a factor 2.8 to normalize the low energy part of the
two spectra. A zoom into the spectrum demonstrates the population of 23° U at the transition
(3 = %Jr) in comparison to the population of 2** U with the (10T — 8%) transition.

The identification of v rays from U is difficult. **°U as an even-odd nucleus is
characterized by a multi-band structure with low-energetic transitions. Most intra-band
transitions are expected in the X-ray region or at energies higher than 500 keV where
the peak-to-total ratio in the spectra is very low. The only transitions which are a hint
for 29U are the transition I — I" at an energy of 250.072(5) keV and the I~ — 2"
transition at an energy of 292.587(2) keV [73], see also reference [51]. The striking
difference between the spectra from the two experiments is the contamination by 233U,
which is detected up to the 147 state for these mass gates. Comparing the (%7 — %+)
transition of 23U to the (107 — 8T) transition of >**U in the ("°Zn+2%U) experiment

a ratio of 0.93 is calculated. In the spectrum from the (**Xe+%¥*U) experiment the
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11.4. Analysis of the v Spectra

Table 11.6.: Energies and intensities of the two identified *° U transitions. To investigate
the influence of 238U the intensity of the (10T — 8% ) transition in > U is compared to the

intensity of the (3 — %+) transition in 239 U.
("0Zn+238U) exp. (136X e+238U) exp. literature [73]
v energy I v energy [*2.8 v energy transition

250.4(8) | 3721(107) || 249.7(8) | 1156(175) || 250.072 (5) | U (I — I7)

202.4(9) | 2249(83) || 292.4(6) | 862(55) 202.587(2) | UL —2")

| 257.2(6) | 4009(112) || 257.3(7) | 3855(244) || 257.8 (4) [ **U (10" — 8") |

ratio is 0.29. The contamination of ?*3U in U data is in the (1**Xe+233U) experiment
about three times higher than in the ("°Zn+2?**U) experiment.

There are two explanations for this effect: The first is the resolution in the mass distri-
butions, figures and The mass peaks in figure[IT.4]show an overlap between the
isotopes. The expected contribution of the neighbouring isotopes in the mass gates of the
(136X e+238U) experiment is higher than the mass gates of the ("°Zn+23U) experiment.
The second possibility for the strong population of ?**U in this mass gate is the evapo-
ration of neutrons. For the case that the neutron, which is stripped off the beam, is not
transferred onto the target, the gates on %Zn and 1¥Xe do not relate to U but to 23¥U.

The calculations of the cross sections in section [10.2] consider the evaporation of
neutrons. However, the predicted cross sections for 23U after nucleon evaporation is
predicted to be two times higher in the (1*6Xe+%¥U) experiment (o239 &~ 185 mbarn)
than in the ("Zn+2%U) experiment (o2s0p ~ 99mbarn). Also the Q value is higher
in the (¥%Xe+%¥U) reaction than in (""Zn+2*U) reaction. Thus, the predictions,
including neutron evaporation, expect a higher population of ?*°U for the (*Xe+%%U)
experiment. The ratio of the contribution of 2°U to the contribution of 238U in these
7 spectra is supposed to be better in the (1*6Xe+23U) experiment. Following the
calculations leads to the conclusion that the contamination of 2**U is not caused by
neutron evaporation but by other effects like for example the resolution in the mass
distributions.
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11. Data Analysis for Target-Like Nuclei

Two-Neutron-Transfer Channel: 24U

For the gate on the two-neutron-stripping channel %Zn and '34Xe respectively, corre-
sponding to the 2*°U-reaction channel of the target-like particle, the quality of the
spectra between the two experiments differs a lot. Figure shows the singles spectra
of 22U for both cases. The analysis of the gate on ®Zn, corresponding to ?*°U from
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Figure 11.16.: 240 U-singles spectra in blue for data of the the ("°Zn+2>33U) experiment and
in red for the (3% Xe+28U) experiment. The intensities of both spectra are very similar.

the ("°Zn+238U) experiment, is very successful: The known transitions of *°U up to
the 12" state are identified. Already in the v-singles spectrum two new transitions at
345keV and 380keV are seen (compare figure [8.3).

Figure shows the corresponding v-v spectrum. Besides the already observed
peaks in the v-singles spectrum another transition becomes visible at 407.9(13) keV.
Furthermore a candidate for a fourth, new transition appears at 430.3(19) keV. The
4t — 27 and the 27 — 07 transitions at 105.6keV and 45keV [511 1], are not observed.
These decays occur via internal electron conversion. The high energy part from the y-v
spectrum is shown in figure [11.18] The proposed transitions of Ishii et al. [52], see also
figure (b), for the negative parity band of 2°U are not observed.

Table lists the v energies and intensities from the y-v spectrum in figure [I1.17 The
known transitions and new transitions of 24°U are assigned to the observed 7 energies.
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Figure 11.17.: Projection of 2d-y-y spectrum for the mass gate on 8 Zn for the ("° Zn+238U)
experiment, Doppler corrected for the target-like nuclei. Three new transitions (marked with
arrows) of the ground-state rotational band of >°U are verified. A fourth peak at 430.3(19) keV
is observed, but it cannot unambiguously be assigned by coincidence gating.
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Figure 11.18.: High-energy part of the spectrum in figure .
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11. Data Analysis for Target-Like Nuclei

Table 11.7.: v energies and intensities of the 20U transitions in the y-y spectrum in fig-

ure @

("0Zn+238U) exp.
Y energy intensity transition
(keV) (Jinit = Jpin )
161.2(8) 205(23) 67 — 47
214.0(7) 325(25) 8T — 6T
263.2(7) 272(23) 10T — 87
306.9(8) 161(19) 127 — 107
345.3(10) 94(16) 14T — 1277
379.6(10) 74(15) 16T — 1417
407.9(13) 45(14) 18T — 1617
(430.3(19) 22(13) 20T — 18%7)

The transitions are proven to be members of the ground-state band by coincidence
gating in the y-y spectrum. Figures [11.19) to [11.22] show the -7 spectra without
background subtraction gated on known transitions of the ground-state rotational band
[52]. The resulting spectrum for gating on the energy of 161 keV shows two distinct
peaks (214 keV and 263keV) and a high background which is due to a high Compton
background. The gated spectra for the other known ground-state-band transitions in
figures [11.20] to [11.22| from the 12% state to the 67 state show peaks around 345, 380
and 408 keV (with the exception of a 380-keV peak in figure . Moreover -the other
way around- by gating on the unknown transitions at 345 keV, 380keV and 408 keV,
displayed in figures|11.23] [L1.24]and [L1.25] the already known ground-state band cascade,
de-exciting to the 4T -state, is observed (with exception of 307-keV peak in figure [11.24)).
The fourth peak at 430.3(19) keV is observed, but it cannot unambiguously be verified.
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Figure 11.19.: Coincidence spectrum for gate Figure 11.20.: Coincidence spectrum for gate
on the 161.2(8)-keV peak in the -y spectrum on the 214.0(7)-keV peak in the -y spectrum

of figure [11.17 of figure [11.17
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Figure 11.23.: Coincidence spectrum for gate Figure 11.24.: Coincidence spectrum for gate
on the 345.3(10)-keV peak in the v-y spectrum on the 379.6(10)-keV peak in the v-y spectrum

of figure [11.17, of figure [11.17
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Figure 11.25.: Coincidence spectrum for gate on the 407.9(19)-keV peak in the v~y spectrum

of figure[11.17,
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Figure 11.26.: Sum of the coincidence spectra obtained by gating the 214 keV in figure [11.20
, 263 keV in figure|11.21) and 307keV in figure|11.29. The new transitions are marked with

arrows.

Table 11.8.: v energies, intensities and transitions of the spectrum, shown in figure .

observed v energies | intensity transition
(keV) (Jinit = Jpin )
161.2(9) 33.9(70) 6T — 47
214.8(8) 48.8(78) 8T — 67
263.1(8) 42.4(73) 10T — 87
306.2(9) 25.5(58) 12T — 10"
345.6(10) 19.2(52) 14T — 127
378.7(11) 15.3(46) 16T — 147
409.7(12) 12.0(42) 18T — 167
(431.6(17) 5.9(33) 20" — 18™)

The final spectrum in figure contains the added 7 spectra gated on the decay
cascade of 22°U from the 12% state to 61 state. The spectrum shows the population
of the ground-state rotational band of U up to the 18". Table contains the
determined 7 energies, intensities and assigned transitions. The new results on 240U
will be compared with theoretical predictions of Delaroche et al. [25] and Shneidman et

al. [86] in chapter [12]
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11.4. Analysis of the v Spectra

The v spectrum of the (13Xe+23¥U) experiment, with a gate on **Xe, corresponding
to 240U, is dominated by the transition energies of the ground-state rotational band of
238U, Even in the y-singles spectrum the decays of 24°U are not visible. This is in contrast
to the cross-section and Q-value calculations in section [10.2| and section [10.1. The
predicted cross section for the population of 24U is 4 times higher in the (136Xe+238U)
experiment (0210y ~22 mbarn) than in the ("°Zn+2?3U) experiment (o210 ~5 mbarn).
Also the Q value is higher in the (!*®Xe+23U) reaction.

Conclusion of the Analysis of Uranium Isotopes

The investigation of the isotopic chain from 237U to 2°U demonstrates the feasibility of
the analysis procedure.

The v spectra of the quasi-elastic reaction channel, with a Doppler correction for
the target-like nuclei, see figure [11.11} show the ground-state rotational band of 2*U.
Higher spins are observed for the (139Xe+%%U) experiment than for the ("Zn+23%U)
experiment due to the heavier mass and higher Z of the beam.

Via the « spectra of the one neutron-transfer channels, the population of 37U and
2397, respectively, is demonstrated. The investigation of 24°U data from the ("°Zn+28U)
experiment allows to discover three new transition energies up to the 18" state by
coincidence gating. Furthermore a candidate for the (20T — 18") transition in *°U is
found.

Investigations of 22°U have been very instructive, it suggests the analysis of the data for
241U, However, the v spectrum for the corresponding gates on ¢"Zn and !3*Xe, only show
the transitions of the ground-state rotational band from 2*®U and a high background.

The 7 spectra of the neutron-transfer channel of the (**Xe+2*U) experiment are
dominated by transitions of the ground-state rotational band of 23¥U. The calculations
in section predict for the (1*Xe+2**U) experiment higher cross sections for the
population of 2%?U and ?%°U than for the ("°Zn+2%U) experiment. The GRAZING
calculation consider the evaporation of neutrons. With respect to these calculations the
high contamination in the v spectra by ?**U cannot be explained by neutron evaporation.
It is interpreted as a consequence of the insufficient mass resolution, see figure [11.4]
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11. Data Analysis for Target-Like Nuclei

11.4-2. Analysis of the Proton-Stripping Channel
One-Proton-Transfer Channel: Neptunium

The one-proton-stripping channels of the beam particles yield Cu isotopes in the
("Zn+23U) experiment and I isotopes in the (}¥Xe+28U) experiment. In kinematic
coincidences these reaction channels are expected to populate Np isotopes as the target-
like reaction products.

All Np spectra of the ("°Zn+23%U) experiment show clearly X-rays from Np (K, at
101.059keV, K,2 at 97.069keV and Kpg; at 114.234keV). Only the gates on the isotopes
67Cu to "Cu provide v-ray spectra for the target-like nuclei with enough statistics,
compare figure [11.3] The two 7 spectra gated on ’Cu and "°Cu, which correspond to
Ml=enNp and 28-7"Np target-like isotopes, show the transitions of the ground-state
rotational band of 23U,

More interesting spectra are generated by gating on ®®*Cu and %°Cu, which correspond
to the 240=#"Np and 23~*"Np reaction channels, see figures [11.27 and [11.28] Table
lists the energies and intensities of the observed peaks.
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Figure 11.27.: Singles-y spectrum for %9 Cu Doppler corrected for target-like fragments,
corresponding to 39~ Np from the ("°Zn+238U) experiment.
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Figure 11.28.: Singles-y spectrum for % Cu Doppler corrected for target-like fragments,
corresponding to 229~ Np from the ("°Zn+238U) experiment.

The clear indication for peaks found in figures [11.27] and [11.28| cannot unambiguously
be assigned to specific nuclei. The high background in the v spectra does not allow
coincidence gating in ~y-y matrices.

The grazing calculations, see section , predict for #?Np the highest population
in the isotopic chain. The level scheme of ?**Np is well known [73]. However the -
spectrum for 23=*"Np in figure does not show these known transitions. Although
the X-rays indicate the population of Np, the peaks cannot be assigned to any Np
isotope. Coincidence gating is needed to understand the correlations between the found
transitions.

Transitions in 2*°Np are only known from the B~ decay of ?*°U without any spin
information [73]. In the v spectrum for the gate on 2*°=*"Np in figure four
transitions are in agreement with transitions in ?*°Np. Again coincidence gating is
needed to gain unambiguous results.

In both spectra also contributions from U is possible. Peaks (at 161keV and 210 keV
respectively) around the typical energies of the ground-state rotational band of even-even
U isotopes are observed. The analysis of this proton-stripping channel demonstrates the
necessity to suppress the high background. In section [13] the realization of background
suppression in a future experiment is discussed.
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11. Data Analysis for Target-Like Nuclei

Table 11.9.: Observed v-ray energies and intensities in the ~y-singles spectrum with gates
on % Cu and % Cu, which correspond to 24°=*" and 239=%" Np isotopes, from the (°Zn+*38U)
experiment. The transitions cannot unambiguously be identified, possible de-excitations are
listed.

(""Zn+238U) exp. literature [73]
7y energy I possible transition 7y energy
gate on “Cu (*"~""Np)
155.5(7) | 252(44)
167.9(8) | 241(35)
188.9(8) | 699(34)
210.3(7) | 546(70) || U (87 — 6+) 211.0 (3)
228.1(3) | 588(49)
141.8(6) | 142(37)
gate on ®Cu (*"~""Np)
161.3(9) | 179(24) || U (67 — 47) 158.8(3)
167.7(9) | 119(21) 20Np * 169.2 (1)
188.6(8) | 80(19) 20N * 189.7(1)
210.1(4) | 63(16) || Z®U (8T — 67) 211.0 (3)
240N * 212.3(5)
220.2(8) | 147(21)
248.2(7) | 139(25)
203(1) | 84(25) 20N * 2048 (3)
306.7(6) | 80(17)
194.7(6) | 163(22)

* see reference [73]:
originates from the 3 decay of 24°U, spins are not known

For the (13¢Xe+%8U) experiment the 7 spectra for each mass gate only show the
transitions of the ground-state rotational band of 238U. Neither y-ray transitions deriving
from Np nor Np X-rays are observed. The X-rays at 98 keV are identified as 238U X-rays.

The GRAZING calculations predict for the population of Np isotopes for both
experiments cross sections of the same order of magnitude, for example o230 5, =63 mbarn
and 0210y, =9 mbarn in the ("Zn+2?*¥U) experiment and o2s9y, =55 mbarn and
0210, =12mbarn in the (P**Xe+%U) experiment.

The Q values of the transfer reactions with (13Xe+23U) leading to Np isotopes
with A > 239 are higher than with ("°Zn+2*U) reactions. Due to this calculations
comparable or even better results for the v spectra for the (13Xe+23U) experiment
are expected with respect to the ("°Zn+23U) experiment. A possible explanation for
the high contamination of 2*¥U in the v spectra of the (*Xe+23U) experiment for
the one-proton-stripping channel is the quality of the Z selection in figure [I1.2] With
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11.4. Analysis of the v Spectra

the heavy 1?Xe beam the PRISMA spectrometer reaches its limits. In the polygon
gates for a specific Z in figure [11.2| contamination from neighbouring elements are visible.

Two-Proton-Transfer Channel: Plutonium

The gates on Ni and Te isotopes selects the two-proton-transfer channel. This corresponds
to Pu isotopes for the target-like nuclei. All v spectra for these gates, Doppler corrected
for the target-like nuclei, do not show any peak structure, for the data of the ("°Zn+238U)
experiment and for the (1*Xe+23¥U) experiment. No evidence for Pu is seen, although
the calculations in section predict for the population of Pu isotopes cross sections
up to o =10 mbarn.
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11. Data Analysis for Target-Like Nuclei

11.4-3. Analysis of the Proton-Pickup Channels

As shown in figures and [I1.2] yield for the proton-pickup reactions of the beam-like
particles is only available from the (}¥%Xe+23U) experiment. The investigation of
the expected Pa and Th spectra is therefore accomplished with the dataset of the
(136X e+238U) experiment.

One-Proton-Transfer Channel: Protactinium

The = spectra for the target-like nuclei generated with a gate on Cs isotopes are supposed
to contain data for Pa isotopes from one-proton-transfer channel. v spectra for 133Cs
to 13Cs are shown in figure with a Doppler correction for the target-like nuclei.
These gates correspond to target-like nuclei 236-2"Pa to 241-2"Pa,
In all v spectra a strong contamination of 23%U is visible. The transition energies for the
ground-state rotational band in ?*®U are dominant. All spectra feature the same peak
structure, as an example figure shows the v-singles spectrum for the mass A = 135
which is supposed to result in 2?Pa. However, the v energies of the ground-state band
of 23U arise. It is interesting to observe that the dominant X-rays in all of the spectra
for mass gates A = 133 to A = 139, see figure [[1.30] are lower than the known X-ray
energies of U (98.434keV for the K,, X-rays and 111.298keV for the K, X-rays [29)]).
Table lists the X-ray energies and intensities found in the v spectra for gates on
133Cs to 139Cs. The X-rays around 95keV and 108 keV are close to the X-ray energies
of Pa which are 95.863keV for K,, and 108.422keV for Kz, [29].

The GRAZING calculations in sections predict for the population of Pa isotopes
in the (1¥Xe+2%U) experiment cross sections up to 22 mbarn. This is the same value
as the predicted cross section for 24°U in the ("°Zn+238U) experiment, where 2*°U has
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Figure 11.29.: Singles v spectrum for gate Figure 11.30.: Singles-y spectrum for gates

on 35Cs, corresponding to **°Pa, for the on 133Cs to 139Cs, corresponding to *36=%" Pq

(13 Xe+238BU) experiment: 23U energies are to 24'=*"Pa, for the (*36Xe+238U) experiment;

dominant with zoom into the region of X-rays: typical
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11.4. Analysis of the v Spectra

Table 11.10.: X-ray energies and intensities from the ~ spectra gated on the beam-like
fragments 133 Cs to 13° Cs, which correspond to the target-like nuclei >*'=*"Pq to 235=%" Pq,
The X-ray energies of Pa are observed.

beam-like | target-like X-ray (K,) X-ray (Kp)
nucleus nucleus | energy(keV) ‘ I energy(keV) ‘ I
B3Cs | 20-wpa | 04.7(8) | 235(23) || 107.4(8) | 167(22)
BICs | 200-enpy | 945(9) | 200(28) || 108.4(8) | 87(27)
B5Cs | 29-empy | 94.3(8) | 586(55) || 109.4(8) | 207(59)
136Cs 238—anpay, 95.2(7) 872(62) 109.1(7) 382(65)
BICs | WTenpy | 04.8(8) | 697(48) || 108.6(6) | 262(44)
BSCs | W-enpy | 94.9(8) | 231(24) | 107.9(8) | 63(20)
1B9Cs | W-enpy | 95.2(7) | 264(20) | 108.8(9) | 61(24)

been verified, see section [11.4-1}

These considerations lead to the conclusion that Pa has been populated. Pa isotopes
are nuclei with odd Z. Odd-even or odd-odd nuclei are often characterized by a more
complex decay scheme in comparison with even-even nuclei, see for example the ~
spectrum of U in figure [L1.15] This may be another reason, why it is difficult to
verify the detection of Pa isotopes. However, also the contamination by 2**U is high.
A possible explanation for the observation of 238U in the one-proton-pickup channel
is also in this case the resolution in Z (figure as it is already discussed for the
one-proton-stripping channel in section [11.4-2]

Two-Proton-Transfer Channel: Thorium

The mass distribution for Z=56 in figure shows a population of beam-like ejectiles
for Ba isotopes between A = 131 and A = 144. The  spectra for the gates on !3*Ba and
140B4, contain enough statistics for an analysis corresponding to Th isotopes between
235Th and ?4°Th as target-like nuclei.
All Th v spectra are characterized by a similar peak structure and a high, unresolved
background level. As an example for the quality of the spectra figure [I1.31] shows
the 7-singles spectrum for the gate on '*®*Ba, which corresponds to 236=*"Th for the
target-like nuclei. 23¢Th is the heaviest Th isotope for which experimental data of y-ray
transitions have been available, see reference [52]. For Th isotopes with A > 236 only
the ground state is known.

In table an overview of the observed v energies and intensities in the different
spectra for gates on **Ba to *Ba are given.
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11. Data Analysis for Target-Like Nuclei
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Figure 11.31.: Singles—y spectrum for 38 Ba, Doppler corrected for target-like fragments,
corresponding to 23~ Th, from the (*36Xe+?8U) experiment.

Table 11.11.: Observed energies in the v-singles spectrum with gates on Ba isotopes, which
correspond to Th isotopes, Doppler corrected for target-like nuclei.

235*$nTh 2367anh 23773mTh
v energies I v energies I v energies I possible assignment
(keV) (keV) (keV)
- - 171.1(7) | 135(27) || 170.1(4) | 131(23) even Th(6T — 47)
- - 222.3(8) | 125(20) || 222.5(6) | 118(26) even Th(8T — 67)
226.6(6) | 48(20) || 226.5(5) | 84(18) - even Th(8T — 67)
- - 268.7(8) | 140(23) || 266.0(8) | 446(57) || even Th(10T — 8T)
- - 276.9(7) | 147(24) - even Th(10T — 8*)
- - 285.4(7) | 114(22) - -
- - 309.9(4) | 66(16) - even Th(12* — 10™)
- - 326.9(6) | 44(16) - -
238*$nTh 2397anh 24073mTh
v energies ‘ I v energies ‘ I ~ energies ‘ I possible assignment
170.2(6) | 65(13) 170(1) 26(12) 171.5(6) | 31(14) even Th(61T — 47)
220.8(8) | 27(18) - - - - even Th(8T — 67)
227.3(7) | 30(15) || 226.7(9) | 31(12) 223(1) 55(22) even Th(8T — 67)
- - 271(1) 6(4) 271(1) 56(30) even Th(10T — 8*)
312.3(9) | 41(14) - - - - even Th(12* — 107)
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11.4. Analysis of the v Spectra

In order to increase statistics, the v spectra of the different gates are added and pictured
in figure [11.32] The yellow spectrum shows the v-singles spectrum of 34135Ba, which

800 +
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Figure 11.32.: The yellow spectrum shows the y-singles spectrum gated on 3*'35Ba, which
corresponds to 2407T239=2nTh - The spectrum in magenta is produced by a gate on 136137 Bq,
corresponding to 2387237 =TnTh  The ~ spectrum with gate on %139 Ba, corresponding to
236—an.235—an T s displayed in green. The resulting addition of the v spectra for the three

gates, in black, shows besides the strong Th X-rays candidates for transitions in the ground-state
rotational band up to the 127 state of even-even Th isotopes.

corresponds to 240-#n:239=2nT - The spectrum in magenta contains the gate on 136137Ba,
corresponding to 238=#m237=2nTh - The spectrum gated on ¥3%139Ba, corresponding to
236—an.235—anT is displayed in green colour. The resulting v spectrum of all three gates,
in black, includes the v spectra of the isotopic chain from 24°=*"Th to 23*~*"Th. Besides
strong Th X-rays significant v transitions are visible. Table lists the v energies
and intensities of this v spectrum. Due to the high background, gating in v-v matrices

is not applicable and thus it is not possible to assign the observed energies to a certain
Th isotope.

141



11. Data Analysis for Target-Like Nuclei

Table 11.12.: v energies and intensities from the v spectrum in figure for the added
gates on the isotopes 34139 Ba. The corresponding target-like nuclei are 235~ Th, to 240=2" Th,

v energy 1 possible assignment
(keV) (szt — me )
170.16(31) | 386(50) | even Th(6T — 47)
222.62(36) | 504(58) | even Th(8" — 6T)
267.43(43) | 398(51) | even Th(10T — 8%)
276.96(53) | 319(48) | even Th(10" — 8™)
309.65(64) | 334(58) | even Th(12" — 107)

In figure [11.33| the level schemes of the ground-state rotational band up to the 12%
states of 232Th, #*Th [73] are plotted together with the proposed level scheme for
236Th [52].
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Figure 11.33.: Level scheme of the even-even Th isotopes 232 Th, 3+ Th up to the 12+ state [73].
Also the proposed level scheme for 236 Th from Ishii et al. [52] up to the 10T state is shown.

The comparison of these ~ transitions with the peak structure in figure provides

strong evidence that even-even Th isotopes are observed. However, individual isotopes
cannot be separated.
The probable population of Th isotopes is remarkable with respect to the GRAZING
calculations in section [10.2] For the population of Th isotopes cross sections lower
than 0.7mbarn are calculated. This is about four times smaller than the assumed
lower sensitivity limit for the target-like nuclei at o ~ 3mbarn, see section [10.2] The
interpretation of the GRAZING calculations and the lower sensitivity limit with respect
to the analysis have been consistent so far.

Following the Q-value calculations from section the population of Th isotopes
are the exothermic reaction channels of the ('*®Xe+23TU) reactions and the population
of Th isotopes may be favored.
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11.4. Analysis of the v Spectra

In summary, the results of the two-proton-pickup-channel is promising for investiga-
tions of neutron-rich Th isotopes. It motivated another MNT experiment at the LNL
in Legnaro for the investigation of these Th isotopes. The experiment is outlined in
chapter [13|
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12. Comparison with Theoretical
Predictions

The analysis of the v spectra for the two-neutron-transfer channel, described in sec-
tion [11.4-1], yielded new transitions of the ground-state rotational band of 24°U. In
this chapter these new results are compared with the latest theoretical predictions of
Delaroche et al. [25] and Shneidman et al. [86] (see also section [8.1)).

Moments of Inertia (Mol)

The moments of inertia (Mol) of the ground state of *°U are calculated with the
~ transitions of the ground-state rotational band. The kinetic Mol is given by the
transition energies of the ground-state rotational band [26]:

1221 — 1)

JO —
E(I—1-2)

(12.1)

The deviations in energy differences between the consecutive rotational transition
energies are the basis to define also a dynamic Mol J?)

WAL R —1-(2(1-2)—1)) 4k

J@ _ - 12.2
AE, AE, E—E,; ( )
with E. =E(I -1-2), Ex=E(1—-2—1-4).
The rotational frequency for the kinetic Mol is calculated with Awy;, = w and

for the dynamic Mol with hwg,, = (BU=I-2))+ ( ([=221-4)/2

For the ~ transitions of 24°U, listed in table [11.7 _ the kinetic and dynamic Mol are
determined for the entire cascade of the ground-state band between the proposed 20"
and the 07 state.

As explained in section the transitions below the 41 state are not visible in
this experiment because the states decay by internal electron conversion. For these
two unobserved transitions the level information from Ishii et al. [51] (E, (4t — 27) =
105.6keV) and Back et al. [4 ] (E,(2T — 07) = 45.0keV) are used. The results for
the calculation of J() and J® are shown in table [12.1] The data points in figure [12
illustrate the kinetic Mol (in red) and the dynamic Mol (in blue).

With the following parametrization, which first was considered by Harris [45], the Mol,
JM and J®), are parametrized:
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12. Comparison with Theoretical Predictions

Table 12.1.: Kinetic and dynamic Mol and spins for 20U
E, I Whin Wdyn JM J®? cale. 1
keV) [ (W] CF) | ) | G | G (h)
BDF | 2 ]0.0225 (5) 66.7(15) 1.95(4)
105.6(10)** | 4 | 0.0528(1) | 0.0377(3) | 66.3(1) 66.0 (1) 3.95(4)
161.2(8) 6 | 0.0806(4) | 0.0668(2) | 68.2(3) | 71.9 (10) 5.92(7)
214.0(7) 8 | 0.1070(3) | 0.0938(3) | 70.1(2) 75.7 (9) 7.96(9)
263.2(7) | 10 | 0.1316(3) | 0.1193(2) | 72.2(2) | 81.4 (11) | 10.05(11)
306.9(8) | 12 | 0.1535(4) | 0.1425(3) | 74.9(2) | 91.5(16) | 12.12(13)
345.3(10) | 14 | 0.1727(5) | 0.1631(3) | 78.2(2) | 104.1(26) | 14.11(16)
379.6(10) 16 | 0.1898(5) | 0.1812(3) | 81.7(2) | 116.6(34) | 16.05(19)
407.9(13) 18 | 0.2040(6) | 0.1969(4) | 85.8(3) | 141.0(62) | 17.77(23)
(430.3(19) | 20 | 0.215(1) | 0.2096(6) | 90.6(4) | 179.2(152) | 19.22 (27))
* from reference [51]
** from reference [4]
JO = Jo + Jiw? (12.3)
J@ = Jo + 3J,w? (12.4)

With the Harris parametrization a good indicator is given to compare the experimental
Mol with the ideal slope of the Mol for the ground state rotational band without
decoupling of nucleons. The Harris parametrization in ﬁgure is performed up to the
167 state. The parameters are found to be Jo = (63.9£0.7) 71 and Jp = (498418) -2 Mevs.
For the higher transitions beyond the 16" state an 1ncreasmg dev1at10n to the slope, an
upbending effect, is observed.

In black stars the kinetic Mol are plotted, which are calculated by Delaroche et
al. [25], see section[8.1] The absolute numbers of the kinetic Mol are consistently higher
than the experimentally determined Mol but an increase of the kinetic Mol around a
rotational frequency of 0.2 % is expected as well.

The spins for the ground-state rotational band are deduced, following the procedure
described in reference [26] and the expression:

1
I = Jyw + Jiw® + 3 (12.5)

The results are also listed in table [12.1} Up to the 16T state the calculated spins agree
within the errorbars with the as&gned even spins of the ground-state rotational band.
For transitions above the 16" state small deviation of the spin values occur. This again
is caused by the upbending effect.
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Figure 12.1.: Kinetic MoIl, JV in green, and dynamic Mol, J@ in yellow, for the ground-
state rotational band of >*° U. The lines are fits to the data points (up to 16+) with equatz’ons

and m The Harris parameters are Jy = (63.9 +0.7) thv and J; = (498 + 18)%4;3. The

kinetic Mol from the theoretical calculations of Delaroche et al. [25] are plotted as black stars.

Comparison with Calculations in the Cluster Model

The experimental data are also compared to the predictions by the cluster model [86]:
Figure [12.4] shows three level scheme of the ground-state rotational band of 2°U, on
the left side the level scheme from Shneidman et al. [86], in the center the experimental
data from this present analysis are given (deduced from table . The level scheme
on the right shows the data from Ishii et al. [51]. The two experimental data sets are
consistent. In figure a comparison between the results of this analysis and the
experimental data of Ishii et al. [51] is given in blue color. The transition energies only
agree within 2keV. In red color the difference in transition energies between the present
results and the predictions of Shneidman et al. [86] are illustrated. The differences stays
within 20 keV.

The difference in level energies in 2°U between the results of the present analysis and
the experimental data of Ishii et al. [51] are illustrated in figure in blue color.The
difference between the level energies of the data of Ishii et al. [51] is smaller than 4keV.
The comparison to the calculations of Shneidman et al. [86], pictured in figure in
red, shows a difference in level energies up to 70 keV for the 18" state.

The calculations were performed before experimental data from 24°U were available.
Concerning this fact, the deviation in the level energy of around 70 keV and the difference
in transition energies within 20keV at high spins are within very reasonable limits.
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between the result of the present analysis and (i) the calculations of Shneidman et al. [86]] in
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Figure 12.4.: Level scheme of the ground-state rotational band of 2*°U. On the left: theoretical
predictions from Shneidman et al. [86]] in the cluster model. In the center: the level scheme
from the present analysis of the (°Zn+?8U) experiment. On the right: level scheme from
Ishii et al. [5]).
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13. Conclusion and Outlook

The information on the beam-like reaction products for the ("°Zn+2*¥U) experiment at
460 MeV and the (136Xe+28U) experiment at 926 MeV from PRISMA is combined with
a Doppler correction for the target-like nuclei. The resulting v spectra were analyzed
for neutron-rich U-, Pa-, Th-, Np- and Pu- isotopes. The investigation of the isotopic
chain from 237U to 2°U demonstrates the feasibility of the new analysis procedure.
With a ™°Zn beam on a 238U target at 460 MeV it was possible to verify known energies
of 27U, 28U | 29U and 24°U. The level scheme of the ground-state rotational band of
207 was extended up to the 18T state. New transitions at 345.3(10) keV, 379.6(10) keV
and 407.9(13) keV are discovered and confirmed by coincidence gating in the -y matrix.
A candidate for the (207 — 18™) transition at 430.3(19) keV is found. With this new
information on 249U the kinetic and dynamic moments of inertia are determined. The
kinetic moments of inertia are compared with the theoretical predictions from relativistic
mean-field theory. They show an upbending effect at rotational frequencies at 0.2M§V
which is also theoretically predicted by Delaroche et al. [25]. The level and transition
energies are also compared with predictions in the cluster model by Shneidman et
al. [86]. The experimental data are consistent with the cluster model calculations within
reasonable values.

The v spectra of the neutron-transfer channels of the (13°Xe+%¥U) experiment are
dominated by transitions of the ground-state rotational band of ?*3U. Although the
GRAZING calculations predict higher cross sections for the population of 23*U and 24U
in the (13Xe+23U) experiment than in the ("°Zn+2*¥U) experiment, the population of
240U could not be observed with the 3¢Xe based reaction. PRISMA works with a 3Xe
beam at its limits. Though the relative mass resolution is within specifications, it is
difficult to separate the ejectiles in the ionisation chamber.

The proton-pickup channels, corresponding to Np and Pu isotopes, are investigated
for both experiments. The data of the (°Zn+23%U) experiment contain with gates on
the isotopes %Cu and %Cu, corresponding to ?4°=#" and 23°~*"Np isotopes, hints for
transitions from Np isotopes The v spectra from the (1*Xe+23U) experiment again
only show a contribution of 23U, although the GRAZING calculations predict similar
cross sections for the population of Np isotopes. A possible explanation is the limited Z
selection, given e.g. by the AE—range plot, see figure [11.2]

For the analysis of the proton-stripping reaction channel data from the (*Xe+2%U)
experiment are available. The ~ spectrum of Pa isotopes show contributions of 233U,
which again might be caused by the quality of the Z selection. However, from the
analysis of the X-ray region allows the conclusion that Pa isotopes were produced.

Ba isotopes correspond to the Th isotopes for the target-like fragments, for the
(136X e+23U) experiment. The 7 spectra show all a similar peak structure with energies
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13. Conclusion and Outlook

experimental features

accelerator Piave+ALPI
beam 136X e
beam energy 1GeV
current 2 pnA
duration 97h
target 05&1 %ZSSU
PRISMA angle 50 °

Figure 13.1.: The target chamber with 3
DANTE detectors installed on a ring at an
angle of 58° related to the beam axis. The
opening on the right side of the chamber is
the entrance into the PRISMA spectrome-
ter.

Table 13.1.: Setup of the experiment
11.22 in October 2011 at the LNL, Leg-

naro.

of the ground-state rotational band of even-even Th nuclei up to the 12% state. By
adding the vy-singles spectra for all mass gates on the Ba isotopes, the v energies of the
ground-state band of even-even Th nuclei emerge. Coincidence gating is not feasible
due to the low peak-to-total ratio.

In future a more selective experiment is needed to suppress the background and to trigger
on the reaction channels of the target-like nuclei. This is achieved by an additional
particle detector around the target, which detects the target-like nuclei. Requiring
coincidences of the beam-like particles in PRISMA and of the target-like nuclei in the
particle detector in the target chamber, the conditions for the analysis of the v spectra
are improved by gating on surviving evaporation residues and suppression of the fission
reaction products.

An experiment was proposed [80] and performed in October 2011 at the LNL, Legnaro.
It employs three MCPs from the DANTE (Detector Array for multi-Nucleon Transfer
Ejectiles), [97] as additional particle detectors around the target, see figure

The parameters of this experiment are listed in table [I3.1} It has been optimized for
the detection of Th isotopes. A 3Xe beam with 1 GeV energy was delivered by the
Piave-ALPI complex and directed onto an 28U target. The target was backed with a
niobium layer to be stable against heat.

The three DANTE detectors were placed at 58° with respect to the beam axis. This
corresponds to the calculated grazing angle of the target-like nuclei. The beam-like
particles are expected at an angle of 50°, where the PRISMA entrance is located. The
experiment was performed successfully and the analysis is ongoing. New results for
actinide nuclei, especially Th isotopes, are expected [100].
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