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Introduction

Even though the thought of the atom was already founded some 400 years before
the birth of Christ it took a long time before the structure of the atom, and hence
also the existence of the nucleus, was revealed. The electron was first discovered in
1874 and not until 1897 it was found by Joseph John Thomson that the electron
in fact was a subatomic particle. Around the same time Wilhelm Conrad Rontgen
discovered the phenomenon of X-rays. Both discoveries indicated for the first time
an internal structure of the, up to then indivisible, atom. As the English gentleman
J. J. Thomson was he explained the phenomenon by comparing with something
he could relate to — a plum pudding. The plum pudding model, founded in 1904,
describes the atom as a “pudding” of positive charge in which the electrons are
placed, much like the raisins in the traditional Christmas desert.

Another hint of subatomic structure came from Paris, where Antoine Henri Bec-
querel, together with Marie and Pierre Curie was working on another type of radi-
ation. Eventually this radiation was identified as spontaneous radioactivity.

This means that in the start of the 20" century — just over 100 years ago —
nothing was yet known about atomic nuclei. In fact it would take another ten years
before Ernest Rutherford concluded his famous gold foil experiment. The conclusion
was that instead of the positively charged pudding the atom must contain a very
small dense object with positive charge at the centre of the atom. This model was
further developed by Niels Bohr a few years later to include specific orbits — or
energy states — of the electrons.

So in 1911 the atomic nucleus was born. The idea was that the positively charged
nucleus would balance with, or cancel out, the negatively charged electrons so that
the total charge was zero. Simultaneously the number of protons and hence also
electrons could vary to compose different kinds of atoms. This model was accepted
and lived to the 1930’s. However, in 1932 neutron radiation was found by Walther
Bothe, Herbert Becker, and Iréne (Marie and Pierre Curie’s daughter) and Frédéric
Joliot-Curie. In the same year it was suggested that the nucleus in fact consisted of
both protons and neutrons. Two years later Hideki Yukawa presented the idea of
the strong force to explain how the nucleus is held together in spite of the repulsive
Coulomb force between the protons.

The work on induced radioactivity from Irene and Frédéric Joliot-Curie was
continued by Lise Meitner, Robert Otto Frisch and Otto Hahn during the late 1930’s.
In 1938 this research led to the discovery of nuclear fission. Early it was understood
that this reaction could lead to the release of large amounts of energy — for better and
for worse. This lead to the start of the Manhattan project to build a nuclear bomb in
the U. S. The laboratory in Oak Ridge, Tennessee, was actually built in the course of
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this project to produce the specific nuclear material for the bombs. Around the same
time, in 1942, the first self-sustaining nuclear reaction was accomplished providing
the possibility of producing nuclear power. A number of people was involved in this
project, among others Enrico Fermi, Leona Woods Marshall Libby, and Leo Szilard.
Many of them were also involved in the Manhattan project.

In 1948 a new contribution to the structure of atomic nuclei was added when
Maria Goppert-Mayer (and later also J. Hans D. Jensen) suggested the nuclear
shell model, in which the nucleons are arranged into specific energy states much
like the electrons in the atom. Maria Goppert-Mayer also introduced the much
important concept of spin-orbit coupling, which made it possible to reproduce the
shell structure as seen experimentally.

The introduction of the shell model brought nuclear research to the modern
model of the atomic nucleus. Everyday research in the Nuclear Structure Group at
Lund University — and throughout the world — is to a large extent built on this model.
Furthermore, research is still today working on identifying and explaining the energy
states of different nuclei. For example, this thesis deals with the task of finding the
level energies and explain the energy difference between the two nuclei §{Zn3z; and
81Gagp. This research was started in the summer of 2003 when I became a Master
student in the Nuclear Structure Group. My first experiment was carried out just a
couple of weeks later at the Oak Ridge National Laboratory in Tennessee. Detailed
information about the analysis of the $§jGagzy nucleus can be found in my Master
Thesis [1]. The fundamental facts are, however, also described in this licentiate
thesis. One major conclusion from this experiment is a possible prompt proton
decay in the §]Gay, nucleus. The analysis resulted in a paper published in Physical
Review C in the course of my PhD studies and will in this thesis be referred to as
“Paper I” [2]. The Oak Ridge data set was also used in the analysis of excited states
in §37n,;.

Additional to the Oak Ridge experiment I am involved in the analysis of an
experiment carried out at the Argonne National Laboratory, Illinois. The experi-
ments shared similar set-ups (described in parallel in Chapter 1) but the Argonne
experiment involved the locally developed charged particle detector; the Lund and
Washington University Silicon Array, Lu-WU-SiA.

The handling of the Oak Ridge and Argonne data sets, especially the parts that

I have been involved in, are described in Chapter 2. Chapter 3 on the other hand
deals with the analysis of the Oak Ridge data set. Since the Argonne data is yet
at the stage of data handling no analysis nor results will be reported from it. The
analysis of §]Gay, is, as mentioned above reported in Ref. [1] and in Paper I. This
means that Chapter 3 primarily involves details about the analysis of $(Zn,,. The
results and interpretation of this analysis can be found in Chapter 5 and are also
published in European Physical Journal A, which will be referred to as “Paper 11" [3]
in the following.
To interpret the experimental results naturally some theoretical knowledge is ac-
quired, for example, about the above mentioned nuclear shell model. This model,
and some theory behind the large-scale shell-model calculations that I have used in
this analysis are presented in Chapter 4 to provide the reader with some necessary
facts. Chapter 6 concerns conclusions from my analysis and an outlook of what is
planned for the future.



Chapter 1

Experimental Details

Two different experiments will be presented in this chapter. One of them was con-
ducted in August 2003 at the Oak Ridge National Laboratory (ORNL), Tennessee,
U.S.A. The second experiment, from Argonne National Laboratory (ANL), Illinois,
U.S.A was carried out in April 2004. The two experiments have a similar set-up and
will be described in parallel.

Excited states in neutron-deficient nuclei are in both experiments produced in a
so called fusion-evaporation reaction (Sec. 1.1). The v rays, emitted at the target
position, are detected in an array of germanium detectors (Sec. 1.2) placed around
the target position. A set of auxiliary detectors were used around the target in the
ANL experiment (Sec. 1.3 and Sec. 1.4). From the target chamber the recoiling
nuclei will enter a separator, which parts the residues depending on their mass-to-
charge ratio (Sec. 1.5). The final part in the experimental set-ups is an lonisation
Chamber which detects Z, the proton number of the recoils (Sec. 1.6). Below follows
a short description of the two experiments.

Experimental description Oak Ridge

In the Oak Ridge experiment a “°Ca beam at 104 MeV and a 2*Mg target foil
was used to produce the compound nucleus %*Ge. The target foil had a thickness
of 0.3 mg/cm? and was to 99.92% isotropically enriched. The experimental setup
comprised the Ge-detector Array CLARION (CLover Array for Radioactive ION
beams, Sec. 1.2.1) to detect v rays emitted at the target position. The recoils then
move through a Recoil Mass Separator (Sec. 1.5.1) and are finally deposited in an
ionisation chamber (Sec. 1.6).

Experimental description Argonne

The target consisted of 0.2 mg/cm? 28Si evaporated onto a 0.9 mg/cm? ¥'Ta foil
and the beam of 3°Ar at an energy of 142 MeV. The 7 rays emitted from the
residues are detected in Ge-detectors placed in the GAMMASPHERE (Sec. 1.2.2).
In the set-up for this experiment 30 neutron detectors replaced the Ge-detectors in
the most forward direction - forming the so-called Neutron Shell (Sec. 1.3). The
Neutron Shell can detect neutrons emitted at the target position. The emitted
charged particles can instead be detected using the charged particle detector array,
Lu-Wu-SiA; (Sec. 1.4.1) from Lund University. This array and the two last rings of
the Microball detector (Sec. 1.4.2) were placed around the target inside the target

bt
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chamber. To identify weak reaction channels the Fragment Mass Analyser, FMA,
(Sec. 1.5.2), placed in close connection to GAMMASPHERE, was used. The residues
which are produced at the target position will, after emitting the v rays, move into
this part of the detector system. At the end of the FMA is the focal plane and an
ionisation chamber (Sec. 1.6).

1.1 Fusion Evaporation Reactions

The process of fusion evaporation is in principle quite simple, and is illustrated in
Fig. 1.1. The beam nuclei hit the nuclei in the target foil with a large amount of
energy. In this process the two nuclei can, with a large probability, fuse and form
a so called compound nucleus. In both experiments this compound was a %Ge
nucleus.

The compound nucleus is highly excited and therefore not very stable. By emit-
ting — or evaporating — light particles such as « particles, protons, or neutrons, the
nucleus will lose a lot of its energy. When the residue is not energetic enough to emit
more particles it will instead continue by sending out ~ rays before finally ending
up in its ground state. The process is very fast; within 107 seconds the particles
and light quanta have been emitted and the residual nucleus has reached its ground
state. The species of the residue — or recoiling nuclei — naturally depends on the
number and type of evaporated particles. This in turn depends on the energy of
the system and on the proton and neutron number of the selected target and beam
nuclei.

When talking about fusion evaporation reactions one often uses the word “chan-
nel” as referring to a certain combination of evaporated particles. For example,
from the compound nucleus $3Ges,, the residual nuclei $5Cuy,, 5%7Zns;, and 5 Gag,
are formed via the so called 3p, 2pln, and 1p2n channel, respectively.

1.2 ~ Detection

The emitted y rays are detected by high-purity Ge detectors placed close to and
around the target position. It is important to aim for an efficient detection for
a wide spread of energies. Germanium detectors are chosen for their high energy
resolution, although they are fairly expensive and have a somewhat bulky set-up
when including the necessary cooling devices.

1.2.1 CLARION

The CLover Array for Radioactive IONs — CLARION — is the Germanium array
at the Oak Ridge National Laboratory. The array consists of eleven Ge clover
detectors placed in a three ring construction covering some 37 solid angle around
the target position. The three rings are placed at 90°, 132°, and 154° relative to
the beam axis. The nomination “clover” originates from the construction of four
almost square Ge crystals forming a larger square shape. An advantage with this
construction is the separate output signals from the four crystals resulting in a
more refined Doppler correction, because the detection angle can be more precisely
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determined. To further enhance the precision of determining the detection angle
the clover detector is electrically segmented into three parts. Details about the
construction of CLARION can be found in Refs. [4] and [5].

Each clover detector has a BGO shield. The BGO, or Bismuth-Germanate,
provides the possibility of Compton suppression. Since a 7 ray should leave all of
its energy in the Ge crystal we want to reject the events in which the v ray scatters
out of the Ge detector. The BGO material is very dense and can therefore easily
absorb such ~ photons.

1.2.2 GAMMASPHERE

The 7 detection device at ANL is called GAMMASPHERE [6]. It is a large array
comprising up to 110 High-Purity Germanium (HP-Ge) detectors each of which is
provided with a BGO shield for Compton suppression.

The Ge detectors in the array are, similarly to CLARION, placed in a 17 ring
construction. The positions of the rings vary between 17.3° up to 162.7° and the
number of detectors per ring is either five or ten. If using all the Ge detectors
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a full 47 coverage is achieved. However, it is possible to replace up to 30 of the
most forward Ge-BGO modules with neutron detectors. The neutron detectors will
then replace the five most forward rings (angular position between 17.3° and 58.3°)
leaving angle 69.8° and upward to be covered with Ge detectors. This exchange
was done for the current experiment. Furthermore this set-up involved a removal
of two more HP-Ge detectors to allow the cables from the charged particle detector
Lu-WU-SiA to be extracted from the target chamber.

Finally one of the detectors was not working during the experiment resulting in
totally 77 Ge detectors for the Argonne experiment.

1.3 Neutron Detection

The Neutron Shell [7] consists of 30 neutron detectors which replace an equal amount
of Ge detectors at the five most forward rings in GAMMASPHERE, see Fig. 1.2.
The neutron detectors are liquid scintillators with high neutron efficiency. The liquid
scintillators also make it possible to distinguish between neutron and v rays by using
pulse-shape discrimination and time-of-flight.

When detecting neutrons in a liquid scintillator the neutron needs to transfer
energy to a proton that can ionise and excite the scintillator material. The X rays
emitted in the de-excitation can then be detected. Obviously v rays can also cause
excitations in the neutron detectors. To prevent low-energy ~ rays from entering the
detectors an 8 mm thick lead absorber is placed in front of the detector. The lead
plate stops some, but not all, incidenting ~ rays. An incoming ~ ray will, however,
transfer its energy via interactions with the electrons of the scintillator material.
The different interaction processes, with different energy loss per unit length, result
in different pulse shapes for neutrons and protons, respectively.

1.4 Charged Particle Detection

The charged particle detection at ANL is done with the Lu-Wu-SiA array. The
construction of the array allows no particle detection at backward angles (i.e. angles
>120°). Due to the reaction used for this experiment with heavier beam than target
nuclei we do not expect a large fraction of the particles to be evaporated at the,
in the laboratory frame, large backward angles. However, to detect the particles
actually emitted in this direction two rings of the Microball detector were used [8].

1.4.1 LuWUSiA

Lu-Wu-SiA is an array of eight AE — E telescope Silicon detectors, each of which
consists of a 16 strip ~65 pum thin AE and a 32 strip ~1 mm thick E detector. In the
E detector the strips are electronically coupled two by two. Furthermore, the strip
segmentation is in one detector placed horizontally and in the other vertically. This
will result in a 256 pixel segmentation for each telescope, i.e. 2048 pixels in total.
The large pixellation will allow for determination of precise angular distributions of
the emitted particles.
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Figure 1.2: The Neutron Shell from the side (a) and from the target position (b).
The position of the detectors as they are numbered in the data stream are marked
out. The figure is taken from [9].

Lu-Wu-SiA detects both protons and « particles. The two are identified and
eventually separated due to their different ionising power in the AE and the F
detector, respectively.

Four of the eight telescopes are placed as a box around target, and four are
placed as a wall at forward angles. This covers ~ 37 of the solid angle around the
target.

In Fig. 1.3 a sketch of the set-up is shown. The AFE detectors of the box and wall are
marked out in pink while the £ detectors are marked in green. For more information
about Lu-Wu-SiA see Ref. [10].

1.4.2 Microball

To detect charged particles emitted at very large backward angles the two “last”
rings of Microball [8] are used. These are parted in eight sections each. The positions
of the two rings are 135° and 159°.

Microball, which is an array of CsI(T1) detectors, provides the possibility of
pulse shape discrimination based on the fact that different particles have different
ionising power, i.e. different dF/dx behaviour. In CsI(Tl) detectors the overall
decay time of a-particles is 0.425 us, the corresponding number for protons is 0.519
ps [11]. Figure 1.4 illustrates the light output as a function of time. In the figure
also the gates giving the energy signal and Particle IDentification (PID) signal are
illustrated. More details about the identification and separation of a-particles and
protons can be found in Sec. 2.4.
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Figure 1.3: Schematic drawing of the set-up of charged particle detectors. The
beam incidents from the left to hit the target at the very centre of the set-up.
Placed around the target are four AE — E telescope Silicon detectors forming a
“box”. In the forward angles are another four AE — E telescope Silicon detectors
placed side by side like a “wall”. In the backward angles two rings of Microball are
used.

1.5 Recoil Separators

1.5.1 Recoil Mass Separator

The Recoil Mass Separator, RMS, at the Oak Ridge National Laboratory is placed
in close connection to the CLARION Ge array. The construction of the RMS allows
first separation in momentum, P/, where ) denotes the charge state of the nu-
cleus, i.e. the number of stripped electrons. This separation allows beam rejection.
The recoils are then refocused followed by a new separation, this time according
to their mass-to-charge ratio, A/Q. At the very end of the RMS is the Ionisation
Chamber. The recoils be stopped in here and their relative horizontal position will
be determined via a position sensitive grid.

The set-up with the RMS placed in close connection with CLARION is very
convenient as it allows for correlations between ~ rays detected in CLARION with
the nucleus emitting the radiation. One problem, however, is the limited acceptance
of the RMS. In order for the recoils to fly through the full length of the apparatus,
and not get stuck on the way, certain restrictions are required in energy and mass-
to-charge ratio. The limited acceptance is due to the strength of the magnetic and
electric fields which will steer the recoils too much, or too little, depending on the
velocity and charge of the nuclei. The A/Q can vary +£4.9 % and the energy may
vary +10 %. In addition, the angular acceptance is 30 mrad in the horizontal and
110 mrad in the vertical direction [5].

The construction of the RMS can be seen in panel (a) of Fig. 1.5. Here D denotes
the magnetic dipoles, Q the quadrupoles, S the sextupoles, and E the electrostatic
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Figure 1.4: Schematic drawing of pulse shapes of protons and « particles in the
CsI(T1) elements in Microball. Particle IDentification, PID, and Energy, E, signals
from the data stream are illustrated.

dipoles. More information about the RMS can be found in Ref. [1].

1.5.2 Fragment Mass Analyser

The Fragment Mass Analyser, FMA, has a similar construction as the RMS, as
can be seen in panel (b) of Fig. 1.5. In the figure the FMA starts behind the
target (TGT), then follow magnetic quadrupoles (Q), electrostatic dipoles (ED),
and a magnetic dipole (MD), positioned according to Fig. 1.5. Finally the recoils
hit the detector at the end (DET). This detector is the ionisation chamber which
is proceeded by the focal plane where a multi-wired proportional counter, PPAC, is
placed. The PPAC gives an X and a Y position for the particles which pass through
it. The position information is found by using a delay line. When hitting the PPAC
the particle will generate four electrical signals. These define different directions;
up/down and left /right. The time difference between receiving the signals will give
the position information. The PPAC also provides an energy loss signal, which will
give information about the recoils in the same manner as the energy loss signals in
the Ionisation Chamber.

Also the FMA is limited in acceptance. The A/Q value may here vary with
+3.5 % and the energy with +20 %. The angular acceptance is 45 mrad in both
horizontal and vertical direction [12].

1.6 Ionisation Chamber

An Jonisation Chamber (IC) is used in both experimental set-ups and works very
similar in both experiments.

The IC is placed at the very end of the FMA and the RMS. It is used for
identification of the incidenting recoils. To identify them we take advantage of the
fact that the anode inside the IC is split into three sections. In the case of the
Argonne (Oak Ridge) experiment the sections are 50 (50), 50 (50) and 20 (202) mm
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Figure 1.5: Schematic view of the RMS (a) and the FMA (b). The RMS consists
of two parts, the first part separates the recoils in momentum-to-charge ratio and
the second part separates in mass-to-charge ratio. In the case of the FMA only
separation in mass-to-charge ratio takes place. As can be seen the construction of
the FMA and the last part of the RMS identical. See text for details. The figures
are taken from Ref. [13, 14]

long, respectively. The segmentation makes it possible to identify the Z of the
incoming recoil.

According to the Bethe-Bloch formula the energy loss is dependent on Z and
inversely dependent on the energy of the recoils. The energy dependence can be
corrected for (see Sec. 2.6) and the energy loss will hence then only depend on the
number of protons in the nucleus. The energy loss in each section or a combination
of more than one energy loss can then be used to identify the Z of the recoils.

In the case of the Oak Ridge set-up the A/Q position is measured inside the IC
by a position sensitive grid. The position is derived via the time difference between
receiving a signal on the left and right hand side of the IC. The method is very
similar as for the case of the PPAC in the ANL set-up, described above.



Chapter 2

Data Handling

The data handling from the Oak Ridge experiment is described in great detail in
Ref. [1] and Ref. [4]. Hence, I will instead concentrate on the analysis of the Argonne
experiment in this chapter. In particular the parts that I have dealt with will be
described.

2.1 Data Format

The data taken at the ANL is written in hexadecimal (hex) format. This means in
words with four hex-digits in each. A section of the data stream is given in Fig. 2.1.
The £££ff word marks the separation of events and the following ten words marks
the event header.

Here follows an example of how the header is structured:

The first word is in the form 80xx. The number xx indicates the total number
of words in the written event. In the example in Fig. 2.1 the number is 9¢ which
means 9%1614c¢*16° = 9*16 + 12*1 = 156 words. This number includes the 80xx
and the event separator.

Second word: The two last digits give the number of “clean Ge” counts. Clean
means that only the Ge detectors have fired and none of their surrounding BGOs.
In this case we have three clean Ge hits.

Third word: The two first digits give the number of “dirty Ge”, i. e. the number
of events with a signal from a Ge detector and simultaneously a signal from any of
its surrounding BGOs. In this example there are no “dirty Ge”. The last two digits
give the number of clean BGO, in this case seven hits.

The fourth to sixth word provides the trigger time.

The seventh and eighth word are connected to the time signals. One word is
the time difference between the main trigger and the so called usec clock (the time
scale of the latter depends on the trigger times). The other word is stopped by the
radio frequency time.

The ninth word gives the sum of the low resolution Ge energies.

The tenth word gives the sum of BGO energies.

After the ten header words the data is written; first clean Ge events (six words

each), then dirty Ge events (eight words each), followed by clean BGO events (three
words each). The clean and dirty Ge include, for example, information about the

13
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0354620 Tebl (FEEF)E09c)(T003)@007(O178 3748 7a96) 6 words
0354640 (T15e 0697T)(00d%)([010a) 9d54 ORSY 0305 Of91 14 words
0354660 0630 0leT 0159 03hc 0000 0f% 0643 00a0 22 words
0354700 012f 048e 0000 Of95 098a 00cS 1834 0746 .
0354720 00fd 9048 07el 0275 024a 07d6 0105 06de

0354740 07d7 0152 205c 07cl 00lc 022h OTcd 003e

0354760 284b 0Thd 004e (FEOD)YD06S) 8518 002 0724

0355000 16fa 2516 3347 S78a 8719 004f 093f 1149

0355020 2383 303z 4143 623b T12f Sh21 0000 0000

0355040 0000 0000 2000 4200 0000 0020 5084 0000

0355060 0000 0000 0000 Sa31 0000 0000 0000 0000

0355100 0000 0000 2008 2012 ¢155 d0l4 0000 0000

0355120 0000 0000 88473 6cld 8844 2hES 984c 1501

0355140 5002 625 9051 5001 5802 has2 0805 2001

0355160 3504 4003 5004 680 7004 9853 1003 5801

0355200 6505 hOSS 0809 1012 1816 2028 4022 4501

0355220 056 0004 1009 180% 200f 4804 5204 7006 )
0355240 780a 9057 100e 5803 S058 06f0 Dedd 16ah 142 words
0355260 leas 214f ZecO 36dc 3ech 46ed 4e8f GEal 150 words
0355300 5ef7 66cl Gefc T6d6 Tebl (FEFE) 80bc 7002 156 words

Figure 2.1: Example of the data stream as it is written in 32-bit data words. To
the right the accumulated number of words in the event is given. Words that are
discussed in the text are marked.

detector number, y-ray energy, and segmented Germanium detector energy. Addi-
tionally the dirty Ge events include information about BGO time and energy. The
clean BGO events include information about detector id, and give a time signal and
energy information of the v ray.

If any external data (often referred to as FERA data) is desired this follows after
the ££00 separator. The first word after this separator indicates the total number
of FERA words, not including the word giving the information. In the current ex-
ample 104 FERA words are included. The information of the FERA is written in
no specific order and the number of words required to store the data varies. The
first FERA word contains two different identification numbers. The value of the
first identification lead to different parts of the set-up such as the Si detectors, the
Microball, the Neutron Shell or the FMA (which includes the ionisation chamber
and focal plane). The value of the second identification leads to specific signals from
this part of the set-up. For example, if the first ID says the data belongs to the
FMA the second ID might indicate that the data is the energy loss in the first part
of the IC or the x-position in the focal plane and so on. Similarly if the first ID says
“Neutron Shell” the second ID might give energy, or time-of-flight. By using the
two ID:s (sometimes only the first ID is required) of the first word of each signal the
important data from each event can be identified and read into the sorting program.
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2.2 Handling of the v rays

For the v data the following steps were carried out [15]:

e Energy Calibration
The Ge detectors were calibrated using two different v ray sources; %2Eu
and ®°Co. Six transitions from each source were used in the calibration with
energies ranging from around 122 up to 3253 keV. For this experiment also the
BGO detectors were calibrated using the ®*Co source which alone has peaks
at energies ranging between roughly 847 up to 3253 keV.

e Time Alignment
The beam at the ATLAS facility at the ANL is pulsed. The pulsing provides a
natural reference to measure the time against. The time signal in turn provides
the possibility to connect the detected v rays in GAMMASPHERE with the
detection of recoils in the IC. For this correlation all time signals needs to be
aligned. The time is also used in the pulse shape analysis from the detectors
in the Neutron Shell.

e Doppler Correction
When the recoiling nuclei emit ~+ rays the energies will be Doppler shifted.
The impact of this Doppler shift and broadening depends on two parameters;
the velocity of the recoils and the detector position, . Around # = 90° the
impact will be very small and then the effect will increase towards 6 = 180°,
as the detected energy is dependent on cos €. For this experiment a second
order Doppler correction was carried out, according to:

2
E,=E, <1 + % cos 0 + <%) (cos® 0 — O.5)> , (2.1)

where E, is the detected v-ray energy and E. is the emitted energy. The
average velocity of the recoils was 4.63% of the speed of light. This velocity
is measured as an average of all the recoils which end up at the focal plane of
the FMA.

e Angular Correction

The given angle position of a Ge detector is not very exact. In fact the emit-
tance angle may vary up to 15° within the crystal size. To decrease the effect of
this inexact angle an angular correction was carried out. This type of correc-
tion is, however, only possible if the Ge detector is segmented, i.e. electrically
separated in two halfs. The output signal, which corresponds to the deposited
energy, can then be related to one of the two halfs resulting in a finer angle
determination. In the case of Compton scattering the ~ ray is assumed to have
emitted the largest amount of energy in the first interaction.

2.3 Neutron Handling

For each hit in a neutron detector four incoming signals are received: One energy
with low and one with high amplifier gain (to get a good separation at high and low
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energy, respectively), tail energy, and time-of-flight. The total energy is determined
by integrating the particle’s signal over a fixed time window, the tail energy is de-
termined by doing the same but instead using a delayed time window (cf. Fig. 1.4).
Hence the tail energy will give an indication of the pulse shape which can be used
to separate neutrons and v rays. For a given energy, E, the tail energy is larger for
neutrons than for y-rays.

2.3.1 Neutron-y Separation

The four output signals; energy low (E;), energy high (E}), tail energy (E;), and
time-of-flight (TOF), can be used in various ways to separate the 7 rays from the
neutrons. This separation is mainly done by putting gates in four different spectra.
The ratio between the tail energy and the low gain energy, here referred to as R,
can be used to enhance the separation.

The four spectra that are used in this analysis are illustrated in Fig. 2.2. The
left-hand side of the figure, panels 1A, 2A, 3A, and 4A, illustrates the initial spectra.
The gates are also marked out here. Two gates are used in each spectrum (except
for spectrum 4A); one for v rays, marked with dashed lines, and one for neutrons,
marked with solid lines. On the right-hand side of the figure, panel 1B, 2B, 3B,
and 4B, the same spectra are incremented again but with gating restrictions. Panel
1B is incremented under the restrictions that the neutron gates in 2A and 3A are
valid. In the spectrum in panel 3A the high amplifier gain is used. This means only
signals with a low energy signal will be well separated using this spectrum. The
gate is hence only used if the energy is below a determined value. In a similar way
must the neutron gates in 1A and 3A be valid for the spectrum in panel 2B to be
incremented, and so on. The gate in panel 4A is different from the rest as it is only
used to make a good separation of neutrons with a high energy. Panel 4B is hence
only incremented under the restriction of a valid gate from 1A and at the same time
the gate in 2A.

To fit the gates so that they include as many neutrons as possible and at the
same time not include any v rays can be hard. The gates are changed iteratively to
increase the efficiency and make the identification as clean as possible. In order for
a neutron to be identified it has to fulfil the gate in 1A, 2A, and 4A simultaneously.
Furthermore the neutron must have an energy above the determined value or be
included in the gate in 3A. The use of both gate 3A and 4A is necessary to properly
separate both high and low energetic neutrons. The plot in 3B illustrates this by
the small inclusion of v rays at low energy and time of flight.

2.3.2 Two-Neutron Event Suppression

Ideally an incoming neutron will hit and leave all its energy in one neutron detector.
In practice there is, however, a possibility of the neutron to be scattered from one
detector to another. In the data stream such an event will not be easily distin-
guishable from two separate incidenting neutrons leaving energy in two detectors.
However, in the case of scattering into another detector one may assume that the
two firing detectors are placed next to each other. Hence it is possible to suppress
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Figure 2.2: Figure illustrating the plots used to separate out neutrons from ~-rays.
On the left-hand side the plots are shown with the selected gates pointed out. Solid
lines correspond to neutron gates and dashed lines to v gates. On the right-hand
side the same spectra are shown again but this time the events are restricted. See
text for details.
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4A 4B

Figure 2.2: Continued

such events by assuming that all two-neutron events in two adjacent detectors in
fact originate from only one scattered neutron. Figure 1.2 illustrates the relative
position of the neutron detectors. This suppression may, however, also cause the
rejection of real two-neutron events.

2.3.3 Neutron Identification Efficiency

One obviously wants the efficiency of the neutron detection to be 100%. Of course,
in practice this is not possible partly due to the intrinsic efficiency of the neutron
detectors and partly due to the fact that the Neutron Shell with its 30 detectors only
covers ~28% of GAMMASPHERE’s 47 geometry. One can estimate the neutron
efficiency by measuring the intensities of a selected 7 ray (originating from a recoil
that has evaporated at least one neutron) in a spectrum gated on events with no
neutrons detected and compare it to the intensity measured in a spectrum gated
on events with one or more neutrons detected. Using €, to demote the neutron
detection efficiency one gets:

I t 1—e¢,
R (no neutrons) _ € (2.2)
I(one or more neutrons) €n
Rearranging this expression makes it possible to calculate ¢, as:
1
= —— 2.3
“T1tR (2:3)

In this case I have chosen to look at a y-ray transition of §9Cus; which has been
created by the evaporation of three protons and one neutron. This isotope has a
transition of 454 keV which is both strong and not contaminated by other energet-
ically close transitions. Using this transition a neutron efficiency of €,=0.32(3) is
obtained. However, in the current experiment we have chosen only to include data
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Figure 2.3: Figure illustrating the plots used to separate protons and « particles
using the Microball signals.

if either four ~ rays or three v rays and one neutron was detected in coincidence.
This means that the true efficiency has to be obtained under the condition of four
or more -rays in coincidence as the discrimination is not perfect. Considering this
the true neutron efficiency can be calculated. Using the same transition again the
efficiency is obtained as €,=0.25(4).

2.4 Charged Particle Handling

For charged particle detection the locally developed Lu-WU-SiA in combination
with the two most backward rings of Microball was used. The data handling of
the Lu-WU-SiA detected particles are described in Ref. [10] whereas the separation
and identification of the charged particles detected by Microball is described in the
following section.

2.4.1 Proton - o Separation

The two included rings from Microball are in this setup used to detect protons and
a-particles emitted at the very backwards angles (the rings are placed at 135° and
159°). The signals from the detectors are time, energy, and particle identification.
The two latter are sometimes referred to as a early (fast) and late (slow) signal,
respectively. Both signals are hence related to the pulse shape of the incidenting
particle.

The three signals can be used to iteratively separate the protons and « particles
in a manner very similar to what was done for v rays and neutrons in Sec. 2.3.1.
The procedure is further described in Ref. [16]. The three un-gated plots can be
seen in Fig. 2.3. Comparing the plots in Fig. 2.3 with the gated plots, Fig. 3. 4 in
Ref. [16] one can see the effect of the absorber foils and the position of the rings
at large backward angles which stops virtually all « particles to hit the detectors.
Instead of the distinct « signals seen in Ref. [16] it is here very hard to identify any
« particles.
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2.5 A/(@Q Separation

The FMA and RMS both have the same function in the experimental set-up: they
separate different species of recoils from each other. In both cases this is done via
magnetic and electric fields. However, the species cannot be completely separated
from each other as the separation is built on the mass number and charge state, the
mass-to-charge ratio, A/Q. The charge state, @, refers to the number of electrons
removed from the atom in the target chamber. For example, this separation means
that in the Oak Ridge experiment the RMS will not be able to separate between
8Cu, 0Zn, and §}Ga nuclei. All three will end up at the same point in the focal
plane. To separate recoils with the same A/Q ratio but different proton number, Z,
from each other the information from the Ionisation Chamber is required, Sec. 1.6
and Sec. 2.6.

In Fig. 2.4 the relative position of recoils with different A/Q) values measured at
the focal plane of the FMA is illustrated. The corresponding figure for the RMS
can be found in Ref. [1], Fig. 1. 5. Note that the A = 63 recoils are not included in
the lower plot as the beam energy is too high for only one-particle evaporation.

2.6 Ion Chamber Calibrations

In order to get as good Z-resolution as possible different combinations of the energy
loss in the different parts of the IC were investigated. The traditional usage of
either dE1 vs dE1+dE2+dE3 or dE1+dE2 vs dE1+dE2+dE3 was already in the
Oak Ridge experiment compared with other combinations to find the optimum Z-
resolution. The analysis is however repeated for the ANL experiment to assure
optimal resolution.

The energy loss in the IC depends on several quantities according to the Bethe-
Block formula. This formula describes how much energy a particle loses per unit
length when propagating through a medium:

d VA 2 D 4,222
_dE ~cZZ lln (7712 b ) - 2521 ; (2.4)

where C' and D are constants with values independent on the incidenting particle.
Z is the proton and A is the mass number for the recoil, respectively. The charge
of the incidenting particle is denoted z, 3 = v/c, and v = 1/(1 — 8*)'/2. I is the so
called mean excitation potential, a difficult quantity to estimate but a semi-empirical
formula for Z > 13 is I/Z = 9.76 + 58.8Z 19 V. This means that the Bethe-Block
formula depends on Z, A, v, and z (related to Z and @)). Looking at one specific
area on the focal plane, i.e. on recoils with the same A/Q ratio generally means that
both A and () are identical for the recoils. Hence, Eq. 2.4 depends on the proton
number, Z, and the velocity, v, of the recoil. The latter dependence is undesirable
and we want to correct for this. A very detailed description of how this “calibration”
is made can be found in Ref. [1]. In principle the correction is based on the fact
that the velocity will affect the energy of the recoiling nuclei. One can plot the total
energy deposited in the IC on the z axis and the energy loss in the PPAC, one of
the anode segments or an energy loss function of two or more of energy losses on
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Figure 2.4: The relative position of the recoils — caused by the different A/Q) values
— in the focal plane of the FMA. (Top) The recoil masses plotted as a function of
A/Q. The relative position of the different masses are obtained via the mass-to-
charge ratio. The plot includes the full acceptance of the FMA when centring on
A =61, @ = 18 (indicated by solid lines). (Bottom) The relative position in of the
recoils as measured in the focal plane of the FMA. The setting of the FMA allowed
only recoils from a selected part of the focal plane to be included. Lines connecting
the upper and lower part illustrates how the theoretical plot and the experimentally
obtained positions are connected.
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the y axis. Trying different combinations results in the conclusion that the best Z
separation is obtained for an energy loss function according to:

AEg ’
where the R;3 notation is in line with Paper I and Paper II. This notation will also
be used in the following.

The optimisation of the Z separation is built on two parameters. The separation
between the peaks and the full width at half maximum, FWHM, of the peaks, the
two parameters can be combined into a ratio and the resulting figure can then be
compared to obtain the best separation.

Figure 2.5 illustrates a few examples of the obtained Z resolution from ANL
when using different combinations of the energy losses. The traditionally used dE1
vs dE14dE2+dE3 is illustrated in panel (a). Looking at Fig. 2.5 one can see that
the obtained peaks have a relatively small FWHM but the separation between the
two isotopes is not very good. To the right side the peaks have a tail. This may
cause problems when trying to separate the different species from each other. In
panel (b) dE1/dE2 vs dE1+dE2+dE3 is illustrated. The peaks have here a larger
separation than in the case from panel (a) but the FWHM is a lot larger. Finally
one looks at panel (c). The peaks are here more separated than for the previous
mentioned cases and even though the FWHM is larger than in panel (a) there is no
tail to take into account. In fact, panel (c¢) shows the best Z separation obtained in
the analysis of both experiments.

Ris = (2.5)
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Figure 2.5: Z separation in the Ionisation Chamber. The plotted examples are from
A = 60. Blue spectra correspond to 5Ni and black spectra to 50Cu. Panel (a)
illustrates the separation obtained when using only the energy loss in the first part
of the IC, dE1. Panel (b) uses a ratio between the energy loss in the first and second
part of the IC, dE1/dE2. Panel (c) shows the separation obtained if using the ratio
between the first and third part of the IC, dE1/dE3. This is the best Z separation
obtained in the analysis. See text for details.
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Chapter 3

Data Analysis

The data analysis described in this chapter has been carried out for the Oak Ridge
data set. In principle the same type of steps can be taken when analysing the
GAMMASPHERE data but as the data handling for the experiment is not finished
yet there are no results from this experiment at the present moment.

3.1 Recoil - v Analysis

Due to the experimental set-up it is possible to make correlations between the ~ rays
emitted at the target position and the recoiling nuclei detected in the focal plane
and stopped in the IC. This correlation allows for a recoil-y analysis which requires
a recoil-y matrix. The matrix is a 2D plot where the y-ray energy is plotted on the
x-axis and the, from Sec. 2.6 determined, optimal energy loss combination, R;3 is
plotted on the y-axis.

The matrix can selectively be projected onto either axis providing a possibility
to select what recoil to focus on by limiting the desired values of the R;3 parameter.
The matrix also makes it possible to determine the proton number, Z, of the recoils
which has emitted a certain, selected v ray. This is done by selecting the ~-ray
energy and project the recoils which has emitted this ray onto the opposite axis. An
example of a recoil-y matrix can be seen in Fig. 3. 1 in Ref. [1]. The same reference
and Paper I include examples of projections of the matrix onto both axes.

The recoil-y matrix is very handy when, as often is the case, looking for y-ray
transitions from weak channels from the fusion evaporation reaction. The only prob-
lem is that not all recoils are able to enter the recoil separator due to the acceptance
angle. Also some of the recoils may not travel through the separator successfully.
For example in the case of the GAMMASPHERE experiment only around 0.5 % of
the events have a valid FMA signal. (Another solution on how to select out weak
channels is by instead using detectors around the target position inside the Germa-
nium array. These detectors would then be able to detect the evaporated particles.
In the case of the GAMMASPHERE experiment such detectors were incorporated
in the experimental set-up. LUSIiA and parts of Microball detected the charged
particles, and the evaporated neutrons were detected by the neutron shell.)

The recoil-y analysis is used for identifying (and in some cases determine inten-
sities of) transitions in a selected nuclear species.

25
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3.2 Recoil - vy Analysis

When transitions in a specific nucleus have been identified it is possible to extend
the analysis with the use of a recoil-yy matrix. The matrix should involve only
~-rays emitted by recoils with a certain mass-to-charge ratio and with a restricted
value of the R;3 parameter to make the analysis as clean as possible.

The matrix itself has the y-ray energies plotted on both the z and the y axis.
This construction allows an analysis of v-rays emitted in a sequence. Selecting a
certain y-ray energy and projecting it out onto one axis in practise means picking
out the recoils that have emitted this v quanta and looking at all other v rays these
recoils have emitted at practically the same time (At ~ 20 ns). Knowing this one
can create a level scheme for the nucleus of interest. The recoil-yy analysis can also
help identifying and determine intensities of weaker transitions.

3.3 The Ga Nucleus

An example of how to create a level scheme using the recoil-y and recoil-yy matrices
can be found in Chapter 3 in Ref. [1]. The interesting channel was here ®' Ga, a very
weak channel which makes the analysis fairly short due to the low number of found
~ rays. The resulting level scheme can be found in Fig. 3.1.

2903 (13/2)

Excitation Energy (MeV)

[
(o)
o
o
o

Q)

Q

271 220

Figure 3.1: Level scheme for ' Ga. Relative thickness of the transitions corresponds
to the relative intensities. The transitions and levels are marked with energies in keV.
Furthermore the levels are marked with spin and parity assignments. Details about
how the level scheme was derived and how the spin and parities were determined
can be found in Ref. [1] and in Paper I. Dashed lines indicate tentative levels and
transitions.

3.4 The %Zn Nucleus

In order to properly investigate symmetries in mirror nuclei (see Sec. 4.3) the analysis
of 61Ga is not sufficient but needs to be complemented by a thorough examination
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Table 3.1: The average angle for the three rings corresponds to a few different
detector positions. The numbers in the brackets indicted how many Ge crystals are
placed at this specific angle.

Average Angle ‘ Detector Position
90° 84° (10), 96° (10)
132° 124°(3), 128° (3), 135° (3), 139° (3)
154° 148° (4), 160° (4)

of the level scheme of %'Zn. Using the experimental data from the Oak Ridge
experiment one can further extend the already existing level scheme.

Using the recoil-y analysis described in the start of this chapter a number of

transitions have been found for 1Zn. By including only mass A = 61 nuclei and
limiting the value of R;3 to correspond to the peak position of the %*Zn recoil an
almost clean 5'Zn spectrum can be obtained. The final contaminants (originating
from %*Cu) can be removed by performing fractional subtraction with an almost
clean %' Cu spectrum. The final spectrum is used for identification of v rays in %Zn.
The strong transitions can without any difficulties be identified, and even the inten-
sities can be well determined from this spectrum. To determine the same parameters
for the weak transitions the analysis requires a recoil-yvy matrix.
The matrix can hence be used to identify and determine intensities of weak transi-
tions or transitions which are energetically hard to separate in the recoil-y matrix.
Furthermore it can be used to find coincidences to build the level scheme. The
coincidence analysis is described in more detail in Paper II. The final result can be
seen in Fig. 3.2. The levels are marked out in the figure with energy and spin-parity
assignment. The v rays are also illustrated with the relative thickness corresponding
to the relative intensities as they are found in the experiment.

To determine the spin assignments an investigation of the multipolarities has to
be carried out. To do so a clean %'Zn spectrum has been obtained for all of the
three rings at which the Ge-detectors are placed, 90°, 132° and 154°. The ratios of
the intensities measured in these spectra are used in this investigation. It is natural
to expect different ratios between the intensities measured in the detectors at 154°
and 90° for different multipolarities due to the different angular distribution. Figure
3.3 illustrates the angular distribution for pure transitions with Al = 0, 1, and 2,
respectively. When looking at the plot it is important to keep in mind that the
angle of the three rings is just an average angle. In reality, the detectors are placed
at sightly different angles (see Table 3.1).

The five detectors at 90° hence are placed with 10 crystals each (remember that
one clover detector corresponds to four crystals) at 84° and 96°. Looking at Fig. 3.3
it is obvious that the intensities measured at 90° will be slightly different to those
measured at 84° and 96° as they are placed symmetrically around the extreme value
at 90°. However, measuring the intensities at 154° will indeed be an average of the
intensities at 148° and 160° as there is no extreme value in between. Therefore, in
the analysis of the multipolarities we are talking about the intensity ratio between
the intensities measured at 154° and 96° (or 84°). The ratio is hence defined as:
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Figure 3.3: Illustration of how calculated angular distributions vary with the angle
(i.e. detector position). The calculation is carried out for 7;=19/2 and an excitation
energy of 5.5 MeV. Note the convergence for AI = 0, 1 and 2 at § ~55°. Two of
the vertical lines represent the detector positions at 96° and 154°. The last vertical
line represents the average angle of all the detectors; #=65°. More details about the
latter are given in Sec. 3.5.

I(measuread in ring at 154°)

Ris4-96 = (3.1)

I(measured in ring at 96°)

Using this the multipolarities of the transitions can be proposed. For Al = 0, 2
a Ri51_96 value of ~1.5-1.8 is expected, while for AI =1 Ri54_9¢ should be around
0.7-0.8. The results are included in Table 1 in Paper II.

The Ry54_96 ratio should be more and more pronounced, or characteristic, with
increasing excitation energy. This is because all compound nuclei are fully aligned.
When emitting particles this alignment becomes less pronounced, as is the case the
more ~-rays that are emitted. This means that the recoiling nuclei will go from
being oriented in the same direction in space to being more and more “displaced”.
No matter the orientation if the nuclei the angular distribution will be the same seen
from the nucleus, seen from the detectors this is however not the case. If plotting
the Ry54_96 value against the excitation energy this trend can be seen quite easily.
Figure 3.4 illustrates this, here previously identified transitions, [17] and [18], are
illustrated in black (Al = 1), or green (Al = 2). The transitions found this analysis
are also indicated coloured red (Al = 1), or blue (Al = 2). The dotted lines are
drawn to illustrate the general trend. The value of the intensity ratio may in some
transitions be contaminated by strong energetically close lying levels — often referred
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Figure 3.4: The Ri54_9g ratio for the different + rays are plotted as a function of
the excitation energy, F.,. Known transitions are referred to as transitions listed in
either Ref. [17] or Ref. [18]. The values of the Ry54_g ratio become more pronounced
at higher excitation energies. Circled symbols indicate doublet nature (cf. table 1,
Paper II). See text for details.

to as doublets. The ratio then obviously does not get very reliable, and transitions
for which this happens are encircled in Fig. 3.4. These transitions can naturally end
up in the wrong position in the plot, not illustrating the general trend. Apart from
these transitions there are a few transitions that do not fit into the general trend.
Naively one could interpret the low-spin states in an extreme single particle
model. Here it is interesting to see that the 296 keV transition transition, similar to
the 124 keV transition, moves between levels with A¢ = 2 but both transitions are
Al = 1. This indicates an expected F2/M1 mixing. Also note that the 296 keV
level moves between a level of lower to higher spins (3/2 — 5/2). This is also
affecting the angular distributions and may cause the position in the plot.
Note that the ground state transition is not included in the plot in Fig. 3.4 as it is
treated in a special manner (see Sec. 3.4.1 and Paper I).

3.4.1 Specific Transitions

The energetically close transitions

There are several transitions at about the same energy. One example is the 1531,
1532, and 1538 keV transitions. Obviously this will cause difficulties when determin-
ing energy, intensity, and multipolarity of the transitions. Below follows a general
way to determine the properties.
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To determine energy is the easiest of the three. By gating at various transitions
around the desired one, here referred to as X, one can try to eliminate 7y-rays in
coincidence with other transitions placed energetically close to X. To get a reliable
final result it can even be useful to make a number of measurements and draw a
conclusion from that.

Figure 3.5: Example of required
transitions for determining relative i
intensities in a level scheme. To de-

termine the intensity of the I, — I
transition X we need either () one 7
transition going into level I; and

one decaying out from ditto, indi- I
cated as Z and B, or (i7) one transi-

tion decaying into level I; and one B
decaying out of ditto, indicated as

A and Y. The intensity of all four

transitions A, Y or B, Z have to be

well known.

To determine intensities is harder. If transition X is the transition from level I; to
level Iy determining the relative intensity requires two other well known transitions
in the vicinity of transition X. The two transitions either should be placed like
transition A, Y in Fig. 3.5, or like transition B, Z, i.e. one decaying into and one
decaying out from the same level as transition X. The well known transition (A or
B) can then be used to compare intensities in the projections of the 7y matrix. The
intensities measured in the cut should be compared between the unknown transition
X and the known transition (Y or Z) and using this the desired intensity can be
determined and recalculated into a value relative to the strongest transition, in this
case the 124 keV ground state transition. Table 1, Paper II provides the results.
Some of the transitions are difficult to determine due to their doublet nature. These
are marked out in the table to indicate that the energies, intensities and multipole
ratios may be affected by another energetically close transition (where the procedure
described above cannot be applied).

The only v-energies that were not possible to separate are the two 1675 keV
transitions placed in the same sequence. The energy of these has instead been
determined from the level energies, with uncertainties resulting from all the other
transitions in that sequence.

124 keV transition

One transition which causes particular difficulties is the strongest transition, from
the first excited to the ground state, at 124 keV. There are two main transitions
going into the 124 keV level: the 873 keV transition with a relative intensity of about
73 units and the 1141 keV transition at a relative intensity of 83 units. Totally the
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Figure 3.6: Sketch of the experimental setup with one detector in each of the three
detector rings drawn out. Two positions of a flying recoil are illustrated. Emitting
a v ray from position 1 means that the white parts of the detector volumes are
impossible to hit due to shadowing. In the case of recoil 2 the white and the yellow
parts are impossible to hit. See text for further details.

relative intensity into the 124 keV 5/27 level is hence about 159 units. But the decay
out is only 100 units. This calls for an explanation of where 1/3 of the incoming
intensity disappears.

One explanation is the competition between v decay and internal conversion.
Another possible explanation is that the 124 keV level has a substantial life time.
The latter would cause it to be able to fly out of reach of the Ge-detectors before
the v ray was actually sent out. The information about the experimental set-up can
be used to count backwards; if we only see 2/3 of the total decay in, how long will
the lifetime have to be in order to account for this?

Figure 3.6 shows a sketch of the set-up around the target position. The three
detector rings are illustrated in two dimensions with only one detector from each
ring. Looking at the figure it is important to keep in mind that the positions of the
detectors in the ring are in fact not the real position angle but rather an average
of the positions of the detectors in a ring. Figure 3.6 illustrates a recoil in two
positions; 1 and 2. Moving away from the target position means that a larger and
larger part of the detectors will be shadowed the further away from the target the
recoil moves. In position 1 the white areas (in three dimensions these are volumes)
of the Ge crystals are shadowed. When the recoils fly further away from the target,
position 2, the white and the yellow areas are shadowed. The detectors are in this
estimate actually assumed to be positioned at 90°, 132° and 154°. Furthermore the
recoils are assumed to fly on a straight line. The latter is true for the recoils that
are able to enter the recoil or mass separator.
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Figure 3.7: Plotting the volume of the “accessible” part of the Ge detectors as a
function of distance, d, from the target is the first step in the lifetime estimate. The
area under each of the three graphs are approximated with a square — the particle
is either in reach or out of reach of the detectors. For 6.2 ns are the particles within
reach of the detectors at 90°. The corresponding times for the detectors at 132°
(154°) are 12.1 ns (17.2 ns). See text for details.

In Fig. 3.7 the volume of the detectors that still are within reach for the ~ rays
are plotted as a function of the distance, d, from the target. Obviously the volume
will differ with the position of the detector which results in three plots, one for each
ring. Here we make an approximation. The area under the graphs are approximated
with a square — either the v ray is within reach of the detectors or it is not. For
the detectors at 90° the recoils are no longer within reach after 7.9 cm. Using this
distance, and the velocity of the recoils being 4.26 % of the speed of light, means
that after 6.2 ns the recoils will no longer be able to reach the detector. With a
total of 5, 3, and 2 detectors at ring 90°, 132° 154° this means that the total time
that the recoils are within reach of the Ge-array is:

562+ 3%12.1+2%17.2

<t>= 51352 = 10.2 [ns] (3.2)

Using the common formula

N = Nye™ 7, (3.3)

where N is the number of non-decayed recoils (i.e. the “missing” intensity when
decaying out from the level), which will be denoted Ny —decayed i the following.
Ny is the total number of particles (i.e. the amount of total y-ray intensity into the
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level) and ¢ is the time the recoils still are within reach of the detector. We do not
know the lifetime, 7, of the level but it can be calculated if knowing the observed
decay in and decay out from the 5/27 level. The sum Ny = Nyon—decayed + Naecayed
can be used when rewriting Eq. 3.3 as:

1-— Ld]e\cfzyed = exp_é, (3.4)

Plotting Ngecayea/No versus 7 for the different rings plus an average of all the
detectors results in the plot in Fig. 3.8. The lifetime can here be determined using
the experimentally measured Nyecayed/No = Naecay out/Ndecay in- 10t order to obtain
a reasonable lifetime for the level the internal conversion factor must also come into
play. This factor depends on what type of multipole the transition is. Plotting the
intensity ratio for the 124 keV transition in the two rings, Ri54 96, versus the £2/M 1
mixing ratio results in Fig. 3.9. The experimentally obtained value Ri54 96 = 0.91
for this Al = 1 transition hence indicates either a pure dipole or a pure quadrupole
character.

In Fig. 3.8 the dashed lines illustrate how the experimentally obtained ratios
give 7 = 15, 22, and 10 ns for detectors placed at 132°, 152°, and an average of all
the detectors, respectively. These lifetimes are obtained assuming we have a pure
dipole transition, where the internal conversion is very small, namely ~4%. The
lifetime obtained for the detector ring at 90°, 7 = 4, is small in comparison to the
other lifetimes. One possible explanation is that the detectors at 90° will not give
an entirely reliable ratio as the target is placed directly underneath them. This may
result in a “shadowing” of these detectors even if the recoil emits v rays at the target
position, which is not the case for the other detectors.

It seems reasonable to use the lifetime of 10 ns obtained for a pure dipole tran-
sition for the average of all the detectors. If instead assuming a pure quadrupole
transition the internal conversion contribution is larger, around 30%, resulting in
T ~ 6 ns as an average for all detectors.

Looking back at the first step in this approximation, the detectors will be more
and more shadowed the further from the target position the recoil travels, Fig. 3.6
and the plot Fig 3.7. Hence it is obvious that, depending on what value of 7 we
choose, we have have to correct the values of the experimentally obtained ratio. The
correction factor for each ring can be calculated using Eq. 3.4, using 7 as determined
above and ¢, the time when v rays still can hit the detectors in that particular ring,
as determined in Fig 3.7. The correction factors are determined as 1.2 (2.2) for
detectors at 154° (96°) in case of a dipole transition. The corresponding numbers
for a quadrupole transition will be 1.1 (1.6). The corrected Ri54_g¢ value then be-
comes about 0.5 (dipole) or 0.6 (quadrupole). Using an average of there we get
Ri54-96 = 55 and 7 & 8 resulting in a final mixing of §(F2/M1) ~ 1.

The double doublet; 1403 and 997 keV

Two transitions of 1403 keV and two of 997 keV have been experimentally observed
in this analysis. The four transitions can be seen in Fig. 3.2 and in Fig. 3.10.
Starting from the 9/27 level at 2400 keV the nucleus can either decay via emitting a
1403 keV followed by a 997 keV v ray or inversely emitting first a 997 keV followed by
a 1403 keV v ray. Since the two different decay possibilities are strongly linked it is
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Figure 3.8: The ratio between decay out and decay in of the 5/2~ level plotted as a
function of the lifetime, 7. The dashed lines indicates the experimentally obtained
values, i.e. no internal conversion included, of decay in and out for two of the detector
rings. Red marks the detectors at 132° and green at 154°. The corresponding value
for the detectors at 90° is not indicated. See text for details. The blue line illustrates
the total for all the detectors resulting in a lifetime of around 10 ns, if assuming a
pure dipole transition.
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Exp. value = 0.91(4)
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Figure 3.9: The intensity ratio Ris4_g¢ plotted as a function of §, the multipole
mixing ratio. The 124 keV transition is a Al = 1 transition so the experimental
value of 0.91(4) should be compared to the red curve in the plot. The horizontal line
indicates that the mixing is either so that the transition is a pure dipole (6 ~ 0),
or a pure quadrupole (|d] > 0). The value on ¢ will affect the internal conversion
factor and, hence, in turn the lifetime of the state.



36 CHAPTER 3. DATA ANALYSIS

hard to determine the intensities of the four transitions. This is further complicated
by the fact that the 1403 — 997 keV transition goes between yrast states which
makes it really strong in comparison to the much weaker 997 — 1403 keV transitions
which has an intermediate state of yrare nature.

Due to the fact that the yrast transitions are so strong it may be hard to see
any indication at all of the yrare transitions. However, there are other ways to
determine their existence. In this case we can select out two transitions to help
the analysis; the 1273 keV 11/27 — 7/2~ and the well determined yrast 1403 keV
9/2% — 7/27 transition. By comparing the ratio between the intensities of the
873 keV and the 997 keV transitions in the two cuts we can determine whether
there is a yrare decay route present at all. If the ratio is the same in the two cuts
there is no contributing 1403 keV yrare transition. If the ratios are not the same
this indicates a yrare transition at 1403 keV which of course will be contaminating
the selected yrast transition. This would result in a larger intensity of the 997 keV
transition, originating from the 9/2% — 7/27 transition in coincidence with the
1403 keV transition. This relation is also what can be seen when performing the
investigation. However, it is important to keep in mind that the analysis is further
complicated by the energetically close 994 and 1396 keV transitions higher up in the
level scheme.

So the existence of the double doublet is determined but now the relative inten-
sities should be determined. The main problem is that all four transitions originate
from the 2400 keV 9/2% level. Gating on high energies will include both the yrast
and yrare 997 and 1403 keV transitions. Instead we try to approach the problem
from another direction.

4 3844 15/2~
. 13/2* 3336
3 \
) 1572
S 9/2* 9372400 1006
> \ 2270 1172
. o 2
: 7
Figure 3.10:  Relevant g - 1403519 %03 s
part of the level scheme g — 2373
. . . . = 1403 998 712~
in Fig. 3.2, illustrating &
he cl icinity of the & 1278 873
the close vicinity of the X \ . 9373/27 %12 4 5io-
double doublet. 0 —
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Using the 1273 keV or the 1572 keV transition the branching ratio of the tran-
sitions decaying out from the 998 keV energy level can be determined. The relative
intensity of the 997 keV and the 873 keV transition has here been established to
0.36(8). This information can be combined with the information of the intensity of
the 873 keV transition of 72.9(22) to obtain the intensity of the yrast 7/27 — 3/2~
ground state transition. This results in the intensity listed in Table 1 in Paper II.
The intensity of the yrare 997 keV transition can not be determined in this man-
ner due to the yrast level of the same energy and the 994 keV, 31/27 — 27/27,
transition.

The analysis of the Oak Ridge experiment would end here as it is not possible
to fully determine the intensities of all four transitions with the information in this
data set. However, it is possible to estimate the intensities if using information from
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a GAMMASPHERE experiment. This experiment involved a 28Si target and a “°Ca
beam at 125 MeV. In this experiment ®1Zn was populated at lower energies, suppress-
ing the problem with interfering -ray transitions between higher lying levels such
as the 994 and 1396 keV transitions. The data set also provides the unique possibil-
ity of gating on the 124 keV ~v-ray and simultaneously on another y-ray transition.
We can here compare the probability of decaying via the 1403 — 873 — 124 keV
transitions with the total probability of emitting a 1403 keV ~v-ray, independent of
decay route. It turns out that 64(4)% of the 1403 keV ~-rays originate from this
decay route. By using the branching ratio between the 997 keV and the 873 keV
transitions one can find that 24(5)% of the emitted 1403 keV ~-rays originates from
the 1403 — 997 keV decay pattern. Hence the 1403 keV yrare transition will end up
with an intensity of 12(7)% of the total intensity of the 1403 keV transitions. The
resulting intensities can be found in Table 1 in Paper II.

Determining the intensities of the yrare 997 keV transitions is also done using
the GAMMASPHERE data set. In the Oak Ridge data the 997 keV transition has
been determined to have an intensity of 27(6) units. This intensity is almost equal
to the total intensity of the two 997 keV transitions as found in the experiment.
This complicates the determination of the 997 keV yrare transition. The GAM-
MASPHERE data set can, however, be used again. It indicates the yrare 997 and
1403 keV transitions to be about equally intense. This indication is used to set the
relative intensity of this transition to 5(3), as listed in Table 1, Paper II.

3.4.2 Superdeformed Band

The experimentally determined spin and parity assignments are indicated in Fig. 3.2
and listed in Table 1 in Paper II. These assignments are in some cases supported
by the assignments in Ref. [18]. However, the assignments are not in line with the
tentative assignments of the levels in the superdeformed (SD) band in Ref. [19].
According to the analysis made by C. -H. Yu et al. the superdeformed band
will decay via two transitions into the normally deformed level scheme. The two
transitions decay into the 6090 and the 7629 keV levels, as seen in Fig. 3.2. These
levels are assigned spin and parity 21/2% and 23/27, respectively. Assuming the SD
band is correctly identified, i.e. that the lowest state in the band — the band head
— in fact is placed at 11367 keV these assignments will affect the spin and parity
assignments in the band. The transitions in the SD band from Ref. [19] are all of E2
character. This means that if the band head were assigned spin and parity I™ then
the level at 12799 keV would have an assignment according to (I 4+ 2)™. This leads
us to two transitions connecting the super and normally deformed level schemes;

I — 21/2% and (3.5)
(I+2)" — 23/2-. 3.6)

Due to the difference in parity one can determine the spin and parity of the levels
in the SD band. The assignments will be based on the fact that the M2 transitions
are not very strong at all. One would therefore expect I™ = 23/2~ and (I 4 2)™ will
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hence equal to 27/2~ which would mean that the two connecting transitions would
be of E1 and E2 character, respectively. This spin-parity assignment is different to
the tentative assignment in Ref. [19]. The modification also changes the positive,
a = +1/2, signature of the SD band, as found in Ref. [19], to become negative,
a = -1/2. This will in turn affect the discussion concerning the configuration of the
SD band made in the same reference.

3.5 Angular Distribution Corrections

The positioning of the Ge detectors is vital for a correct relative intensity of the
Al = 0, AI = 1, and the AI = 2 transitions. In this experiment a total of ten
Ge-detectors have been used. Five of these were placed at 96°, three at 132°, and
two at 154°. This gives a mean angle, 0, of 65°. However, looking in Fig. 3.3 one
can see that at 65° the relative intensity of Al = 0, 2 and Al = 1 transitions are
not equal. The figure instead shows that the intensity of Al = 1 transitions will
be more efficiently detected than AI = 0 or Al = 2 transitions. An ideal angle for
the relative intensity of the transitions to be equal is 55°, or 125° as can be seen
in Fig. 3.3. The uneven detection of Al = 0, AI = 1, and the Al = 2 transitions
needs to be corrected for. The correction simply consists of determining a factor by
which the intensities can be scaled to get a appropriate relative intensity.

Figure 3.3 illustrates the almost identical behaviour of Al = 0 and Al = 2
angular distributions at 65°. This means that these two types of transitions can
be corrected using the same correction factor. To determine the correction factors
some knowledge about the angular distribution, W (#) is required.

The angular distribution formula can experimentally be fitted to:

W(0) = 1+ qas Py(cos 0) + qsasPy(cos ) (3.7)

where g9 and q4 are two parameters which account of the finite opening angle of the
detectors. Py and P4 are given by

Py(cosf) = 0.5(3 cos® 0 — 1) (3.8)
Py(cosf) = 0.125(35 cos* 6 — 30 cos® 0 + 3) (3.9)

and
ap = akA?“x. (310)

ay denotes the angular distribution coefficients and «y are the spin alignment co-
efficients. ay can be expressed by an empirical parametrisation, which depends on
the excitation energy of the initial level, F,, (this is also illustrated in Fig. 3.4)
according to

as =0.55+0.02- E,. (3.11)

The excitation energy is given in MeV. Furthermore, for each value of an there is a
corresponding value of oy and the angular distribution coefficient is given by A7*** if
the spins are completely aligned. More information can be obtained from Ref. [20].
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Figure 3.11: From this plot the correction factors for the transitions of different A7
can be obtained. The value for Al = 1 was here determined as 0.95(2) and for
AI=0, 2 the factor was 1.09(2). See text for details.

The correction factor should in principle be dependent on the excitation energy
of the level as the angular distribution is dependent on as. To see how strong this
dependence is the plot in Fig. 3.11 was made. Here the intensity ratio between
detectors placed at the ideal 55° compared to the real position at 65°, Rs5_g5, is
plotted versus as. As can be seen in the figure the dependence is not very strong
and as an average it was determined to use only one correction factor for all the levels,
independent of excitation energy. The correction factors have been determined to
0.95(2) for AI =1 and 1.09(2) for AI =0 and Al = 2.
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Chapter 4

Theoretical Background

This chapter deals with the theoretical background required to interpret and predict
the experimental data. Section 4.1 introduces the shell model and in Sec. 4.2 the
shell model calculations using the code ANTOINE are explained as well as different
interactions used for calculations in this report. In this chapter and in Chapter 5
low spin states will refer to states with an angular momentum of 19/2 or below and,
consequently, high spin states will refer to all states with an angular momentum
above 19/2.

4.1 The Shell Model

The nuclear shell model attempts to explain the behaviour of nuclei in a similar
manner as the Bohr model does for atoms. The thought is simply to arrange the
nucleons, i.e. the protons and neutrons, into a shell structure consisting of major
shells and, within these, minor shells — so-called subshells or orbitals. The shells
closer to the centre of the nucleus are often referred to as the “inner” shells, these
are lower in energy than the outer and hence, in a non-excited state, the nucleons fill
the inner shells first. Similarly to the atomic model, the nucleons in a filled shell or
orbital are not as likely to get excited as the nucleons in an unfilled shell, the latter
are often referred to as valence nucleons, which in many low-energy cases determine
the behaviour of the nucleus.

Experimentally the shell model is supported in several ways. One example is
rapid changes in separation energy at certain number of neutrons and protons. These
rapid changes occur at N = Z = 2, 8, 20, 28, 50, 82, ... for spherical nuclei close
to stability. The numbers are often referred to as the “magic numbers” and are
interpreted as the number of nucleons required to fill a major shell.

Inside the nucleus two forces dominate: the attractive strong force between the
nucleons and the repelling Coulomb force between the protons. The strong force is
(luckily) very strong at short distances and keeps the nucleus bound together. In
order for the nucleons to co-exist inside the nucleus the Pauli Principle has to be
fulfilled. The principle tells us that two identical particles inside the same nucleus
cannot have the same quantum numbers. Firstly, as the neutrons and protons are
separated by their difference in charge, they do not occupy the “same” orbitals —
i.e. one can think of the neutrons and protons separately when filling the different
shells inside the nucleus. This means that both types of nucleons can reach a magic

41
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Figure 4.1: A comparison of the three nuclear potentials in two dimensions. See
text for details. The figure is taken from Ref. [21].

number simultaneously which would make the nucleus in question “doubly magic”
and hence very tightly bound. One example of a doubly magic nucleus is 53Niag
where the first excited state is at 2700 keV [22]. This can be compared with a non
magic nucleus like for example $9Zn3y where the first excited state experimentally is
found at 1003 keV [23].

In order to describe and predict nuclear properties one needs to be able to de-
scribe the nuclear potential mathematically. Starting out with the square well and
the harmonic oscillator, both unable to fully reproduce a plausible potential, fi-
nally the Woods-Saxon potential was developed as a cross over between the above
mentioned two. The potential shapes are compared in Fig. 4.1.

Each level reproduced by the potential is given a quantum number ¢ connected
with the orbital angular momentum. The ¢ quantum number starts at 0 and can take
positive integer values, the denotation of ¢ is, however, often in letters as s, p, d, e, f,
g, and so on. Each ¢ level can host 2(2¢+1) nucleons. This is due to the projection
of ¢ onto the z axis giving the quantum number m, =0, £1, +2, 43, ..., ¢ which
gives (2(+1) combinations. This is then multiplied by two due to the fact that the
spin quantum number, for fermions s = 1/2, can be orientated in either positive
or negative z direction, my; = +1/2. Furthermore, we have the quantum number
n which counts the number of levels with orbital angular momenta ¢. Starting at
1 n takes all integer values. Lower numbers correspond to inner orbitals. These
notations are all included in panel (a) in Fig. 4.2 where the shell structure using
the Woods Saxon potential has been predicted. Each level is here denoted nf. As
can be seen the theoretical model reproduces the lower magic numbers but not
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Figure 4.2: To the left (a) the energy levels calculated with the Woods-Saxon po-
tential are illustrated. To the right (b) the results using the same potential but
including the spin orbit interaction are shown. To the right of each level the degen-
eracy of that level is indicated as well as the accumulated number of nucleons up
to and including each level. Circled numbers indicates the magic numbers. See text
for details. The figure is taken from Ref. [24].

the higher ones. In order to get a result more in line with the experimental data
the spin-orbit potential was added to the Woods-Saxon potential. The spin-orbit
potential couples the orbital angular momentum, ¢, and the intrinsic spin, s to a
total angular momentum, j =1+ s and similarly the quantum numbers are coupled
so that j = ¢+ s or j = ¢ — s where s, as mentioned earlier, is equal to +1/2.
The j quantum number can then also be projected onto the quantisation axis, z,
in (2j41) ways denoted by the m; quantum number that from now on replaces the
my and m, quantum numbers. As can be seen in Fig. 4.2 this results in a splitting
for each level in panel (a), into two new levels with different values of j. In each
case the higher j value ends up with a lower energy. The denotation in panel (b)
and in the following sections in this report is now n¢; for each orbital, for example
does the ground state of *'Zn have one unpaired neutron in orbital 2ps/». The figure
also clearly illustrates the perfect reproduction of the experimentally obtained magic
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numbers which is a good indication of that the model works. Another way to test
the model is to compare the predictions with the experimental data of, for example,
81Zn3,. Here the 30 protons and 31 neutrons in the ground state fill the orbitals
resulting in two protons and three neutrons outside the magic 1f;/, orbital. Two
nucleons of the same kind can, if occupying the same orbital, pair up to spin zero.
This kind of pairing can, however, be broken if energy is brought into the system.
In the ground state we therefore expect the $}Zn3; nucleus to have spin I™ =3/2~
originating from the unpaired neutron in the 2ps/, orbital. The 7 denotes the so
called parity which is correlated to the symmetry of the wave function. The parity
is easily determined by the simple equation 7 = (—1)*.

The spins of excited states are not equally easy to foretell as the ground states
as higher spins rarely can be interpreted in this extreme single particle model. It is
also important to remember that in reality there are different probabilities for the
nucleons to occupy certain levels and the wave function of a single nucleon alone —
due to the effects of quantum mechanics — may be likely to occupy several orbitals
at the same time.

4.1.1 Electromagnetic Transitions

When the nucleons inside atomic nuclei gain or lose energy they are said to move
between the orbitals. When an excited state decays to a state of lower energy the
energy difference between the two orbitals is then emitted from the nucleus in the
form of light. The properties of the emitted light is then dependent on the spin and
parities of the levels between which the nucleon moves. If the initial state has spin
I; and parity m; and the final state correspondingly has Iy and 7y then conservation
of angular momentum gives:

where L is the angular momentum of the v ray. The equation results in a vector
addition where |I; —Iy| < L < |I;4 1|, where L can only take integer numbers. Also
if m; = 7y the radiation has even parity and if m; # 7, the radiation has negative
parity. This makes it easy to determine the character of the radiation field as:

where M stands for magnetic and E for electric character. The conclusion is
that if the parity between the two nuclear orbitals is the same then for even L the
~ ray has electric character and magnetic character for odd L. Correspondingly
for opposite parity odd L gives electric and even L gives magnetic character. The
spin and parity of a level can hence be determined if the multipolarity, L, and the
character, T, of the 7 ray is determined as well as I™ of the other involved state.
The multipolarity can experimentally be determined via comparing intensities of
a certain ~-ray energy in detectors placed at different angles. This is due to the
difference in angular distributions.
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It is also possible to estimate the decay constant A which is the probability to
decay by sending out a v ray per unit time. This constant can be estimated if
assuming that the transition is due to a single nucleon that moves between two
orbitals. The equations for the decay constants are then:

_l’_

MEL) = Sm(L+1) 2 (E7)2L+1 (ifchL

LI2L+1)12 4weohe  \ he L+3

(4.4)
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where m,, and p, is the proton mass and nuclear magneton, respectively, and £,
is the ~-ray energy given in MeV. The radius, R, in Eq. 4.4 can here be estimated

as R = roA'?, and the term (u, — =5)* can be replace with 10 to get the so called
reduced transition probabilities, B(T'L), where T is the character of the radiation:
B(EL) _ ﬁ(%ﬁ)z(roAl/?))zL [€2fm2L]

4.5
B(ML) = 10(732(r0A13)22 [ fm?—?] -

The units may seem a bit strange but are standard with e being the effective
charge and uy is the nuclear magneton given by uy = eh/2me.

Since the angular momentum of the y-ray is calculated via |[;—I¢| < L < |I;+1|
there are generally different multipoles allowed for one single transition. Evaluating
the so called Weisskopf estimates originating from KEqs. 4.4 gives values which are
not supposed to be the experimentally obtained transition probabilities but rather
a reasonable number to compare with. If an experimentally obtained transition rate
agree with the Weisskopf estimates one knows that there is a good matching of
initial and final wavefunctions in the transition which also has to be caused by the
transition of a single nucleon.

When comparing the values of the Weisskopf estimates it is seen that the transi-
tion with the lowest multipole order by far gives the highest contribution [24] in an
estimate of the relative strength of the allowed multipoles and characters for a given
transition. Assuming an A=61 nucleus and a 7 ray of 1 MeV the relative intensities
for the first three multipoles would be:

AM1) s A(E2): AM3): 1:32x1074: 68x 1071

MEL): AM2): A(E3): 1:36x10-7: 87x 10-1. (4.6)

In the upper case one might expect a mixture of M1/E2 character of the tran-
sition. The degree of mixing between the two multipole characters in a non-pure
transition like this is denoted . Delta is defined as the higher multipolarity over
the lower, i.e.

MTL +1)

2 _
"= NTL)

(4.7)

where T again is the character of the radiation.
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4.1.2 Two-state Mixing

Even though it is easy and convenient to think of configurations and transitions as
caused by a single nucleon is this never the case in reality, instead real states com-
prise a mixing between a number of configurations. In the shell-model calculations,
Sec. 4.2, the properties of the wave functions of the different levels are calculated by
diagonalising a large Hamiltonian matrix. If then two states of the same spin and
parity are placed close in energy it is possible that the wave functions of the two
states becomes mixed in the calculation. If the initial levels have wave functions ¢,
and ¢o, respectively, we can denote the wavefunctions after the mixing with ; and
¥rr. The mixed wavefunctions can then be expressed as linear combinations of the
two initial wavefunctions involved in the mixing:

Y = agr+ B
Yir = agy — By, (4-8)

where « and  are the mixing components which have to fulfil the conditions
a > 3 and simultaneously a? + 3% = 1.

The amount of mixing between the states depends on two parameters; the energy
difference between the two unperturbed levels, and the mixing matrix element. The
latter is often denoted (¢|V|p2), or simply V. An example of how the mixing
equations 4.8 can be used is described in Sec. 5.2. Here the mixing has been done
via the matrix elements calculated in the shell-model calculations.

4.2 Shell-Model Calculations Using the Code
ANTOINE

The shell model calculations carried out here are made with the code ANTOINE [25,
26]. For the nuclei presented in this licentiate thesis (A=61) shell model calculations
including the full fp shell (1f7/2, 2ps/2, 1f5/2, and 2p;/2) are necessary to obtain
reasonable predictions for low spin levels. If the predictions also should comprise
high spin levels the calculations ought to involve not only the full fp shell but
also the 1gg/o orbital. The latter, due to its high-j nature, plays a significant role
already at moderate excitations energies for N ~ Z nuclei in this mass region.
The development of the shell model calculations is in constant progress and many
different interactions are accessible. The KB3 [27] and the later developed KB3G
[28] interactions together with the GXPF1 [29, 30] and the later version GXPF1A
[31] interactions use the four orbitals in the fp shell. The two former interactions are
particularly successful for nuclei in the lower fp shell whereas the latter two work
best for nuclei around doubly magic °Ni. Calculations mainly using the GXPF1
interaction are reported in detail in Chapter 5. For comparison a second interaction
has been tried out; this is the f5/pgg e interaction. This excludes the 1f7/, orbital
from the calculations but includes the 1gg/, orbital instead. Both interactions are
introduced and described in more detail below. The results from the calculations
are described in Chapter 5 and a comparison between the two has been carried out.
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4.2.1 The GXPF1 and GXPF1A Interactions

As already mentioned the GXPF1 interaction includes the full fp shell i.e. the 1f7/
orbit below and the 2ps3/2, 1f5/2, 2p1 /2 orbitals above the N=2=28 shell closure. The
interaction has been empirically fitted to nuclei beyond the above mentioned shell
closure (the nuclei vary between 20 < Z < 32 and 47 < A < 65 [30]) by adjusting
the strength of interaction parameters.

Due to the fact that only odd f-orbitals are included in the configuration space no
positive parity states can be predicted in this calculation for the two odd-A nuclei
included in this report. Two calculations have been carried out with this interaction.
Both involve three particle, three hole excitations, i.e. ¢ = 3 from the 1f7/, orbit
into the upper fp shell. The first calculation includes no Coulomb interaction but in
the second calculation the Coulomb force has been included in the form of Coulomb
multipole matrix elements, Vijs, derived from harmonic oscillator wave functions.
In addition, the single-particle energies for protons and neutrons, respectively, have
been modified according to the contributions from the electromagnetic spin-orbit
interaction, Vs (explained further in Sec. 4.3) and radial effects, Vi, (the Thomas
Ehrman shift)[32, 33]. The latter depend on the difference in proton minus neutron
occupation number between the excited state and the ground state. In the current
calculation the values of the shifts are taken from Ref. [34].

Shortly after the release of the GXPF1 interaction a modified version of the
interaction was released. The release of the new interaction was based on a non
satisfactory result of the predictions especially for non-stable neutron-rich nuclei.
In this interaction the separation between the neutron orbitals p;/, and f5/; is less
than in the GXPF1 interaction. The effect is a different gap between the f5/, and
the gg/o orbital, too.

The impact of this change in interaction affects the calculations to some extent.
A comparison of the results is discussed in Chapter 5.

4.2.2 The “f5/2pg9/>” Interaction

This interaction uses a **Ni core allowing excitations only outside this core. This
means that the 1f7/, orbit is excluded from the calculation with expected difficulties
in reproducing low spin states. In the f5/5pgg/2 configuration space, as indicated by
the name, the 1gg/, orbital is included and the interaction used here is adjusted for
nuclei with Z > 28 and N < 50. The calculations with this interaction have been
carried out with the help from E. Caurier in Strasbourg as the interaction is not
released yet. In the current calculations no Coulomb effect has been included and
the number of particle-hole excitations into the 1gg/; orbital is unlimited.

4.2.3 The KB3G Interaction

Similarly to the GXPF1 interaction the KB3G interaction includes the 1f7/2, 2p3/a,
1f5/2, and 2p; /o orbitals. In spite of teh fact that the interaction cover the same
orbitals in the shell model as the GXPF1 interaction, KB3G is proved to be more
sucessful in the lower fp shell, for nuclei with mass number, A < 52 [30]. In this
report the calculations using this interaction is only used as a reference.
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4.3 Mirror Nuclei

Mirror nuclei are nuclei which contain the same number of nucleons, but the number
of protons and neutrons are interchanged. Disregarding the Coulomb force between
the protons the two nucleons behave the same inside the nucleus. This means that
the proton and the neutron can be viewed as two states of the same particle. To
differ between the two a new quantum number is introduced: the isospin quantum
number ¢. When projected onto the quantisation (z) - axis the magnitude of ¢ is the
same but the orientation differs. Neutrons have ¢, = +1/2 and, correspondingly,

protons have ¢, = —1/2. The sum of the projections gives the total isospin for the
nucleus, T}:
1
T, = i(N - 27) (4.9)

where Z and N are the proton and neutron numbers, respectively.

Assuming isospin symmetry two mirror nuclei would reveal identical decay schemes.
Only the Coulomb force and isospin asymmetric components in the nucleon-nucleon
interaction break this symmetry and will hence cause differences in excitation energy
between corresponding levels in the two mirror nuclei. These differences in energy
are referred to as Mirror Energy Differences (MED). The definition of MED is:

MED, = E(T, = —T) — E,(T, = +T) (4.10)

Here E; denotes the excitation energy of a state with spin J.

The MED can be explained by different contributing factors. These are di-
vided into three main groups: the Coulomb multipole effects (Viyy), the Coulomb
monopole effects (Vi) and the isospin breaking contribution (V). The denota-
tions is here selected in line with Ref. [34, 35].

The isospin breaking component is supposed to account for the difference in MED
that does not originate from the two components which are described in more detail
below. The Coulomb force is of course to a large extent causing isospin breaking.

The multipole effect takes into account the alignment, and breaking, of proton
pairs in the nucleus. The effect is related to the increased distance between an
aligned, compared to an anti-aligned, pair of protons which affects the charge dis-
tribution in the nucleus. The multipole term is estimated to contribute with about
10-100 keV in MED ([34].

The monopole effect on the other hand is further divided into different com-
ponents such as the deformation and radial effects (Vi) as well as the so called
electromagnetic spin-orbit effect (Viys). The latter occurs when single-particle ex-
citations takes place between orbitals of opposite spin orbit coupling, i.e. between
{4+ s (e.g. 2p3sp) and £ — s (e.g. 1f5/5 or 2p;/2) orbitals.

To explain the Vs term in more detail a equation is required:

(Vews) = (95 — a1) ! <1dVC(r)> <f §> (4.11)

2mpy2c2 \r dr

This equation illustrates the contribution from the electromagnetic spin-orbit
interaction on the single-particle energies. In Eq. 4.11 g, and g, are the gyromag-
netic factors, or g-factors, the effect of these appear when charged particles move.
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Nucleons move in two ways; the orbital motion and the intrinsic spin. Obviously g;
is related to the spin and g, to the orbital motion. The g-factors are experimentally
well determined for both neutrons and protons but only as free particles, inside the
nucleus the nucleons pair up and the spin and orbital angular moments add to zero.
The g-factors are gs=>5.586 (-3.828) and g,=1 (0) for protons (neutrons), these are
the numbers used in the equation.

The mass my in Eq. 4.11 denotes the mass of the nucleon and Vi (r) is the
Coulomb potential. If assuming the nucleus is spherical with radius Re = roA'/3,
ro =1.2 fm, the potential can be described by the following equations, see Ref. [36]:

Ze? (3 1r
2 (2 —220) r < Re
Ve(r)y =4 (:-1k) (4.12)

2
ZTe r > Ro

The upper line is the potential inside the nucleus and the lower line is the po-
tential outside the nucleus. Using this one can estimate the contribution from the
electromagnetic spin-orbit interaction on the single-particle energies, see Ref. [36].

The resulting equations are approximative as a spherical nucleus has been assumed
as well as Z = A/2:

( > —20-/¢ keV if ¢+ s : )

Veis) vrotons = 4.13
pret 420 (£+1) keV if (—s
+17 ¢ keV if ¢+ s

<V0l5>neutrons = . (414)
—17-({+1) keV if {—5

Figure 4.3 illustrates the single-particle orbital shifts for neutrons and protons,
respectively. This shift can also be seen experimentally, for example, via the first
excited state, I™ = 5/27, in the two mirror nuclei. In ®*Ga, where the odd particle
in the ground configuration is a proton, the first excited state is at 271 keV, the
corresponding level in %1Zn is found at 124 keV.

Protons Neutrons

Figure 4.3: The single-particle energies have different contributions from the elec-
tromagnetic spin-orbit interaction depending on the type of nucleon and orbital.
[llustrated are the shifts caused by the electromagnetic spin-orbit interaction.
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Chapter 5

Interpretation

In this chapter the results from the shell model calculations will be discussed. A
comparison with experimentally obtained excitation levels and relative strengths
has been carried out. The results involve both %'Zn and %' Ga and in Sec. 5.3 a
comparison between the two mirror nuclei is described.

5.1 The Shell Model Calculations

5.1.1 The %Zn Nucleus

Calculations using two of the interactions described in chapter 4.2 are reported in
this licentiate thesis. Two calculations using the GXPF1 interaction, one with and
one without the Coulomb effect, are presented here as well as a calculation using
the f5/2pg9/2 interaction. For comparison a few results from the GXPF1A and the
KB3G interactions are included as well.

The results from the shell model calculation can be seen in Fig. 6 in Article II
but are also illustrated in a slightly different manner here in Fig. 5.1. The difference
between the experimental and calculated excitation energies are plotted as a function
of the spin of the level in the figure. The energies used in Fig. 5.1 are normalised to
the experimentally determined ground state and the predicted energies are adjusted
to this via the Binding Energy Shift, BES, obtained in the different calculations.
Details about BES are found later in this Section. Noteworthy is the very small
difference between the two GXPF1 calculations, indicating the small effect of the
Coulomb interaction. Also note the expected trend of large differences for high spin
states using the GXPF1 interaction. The f5/2pgg/2 calculation on the other hand
works better at high spins, i.e. at spins above 19/2, but at lower spins it generally
shows a worse agreement. The same trends can also be illustrated in numbers using
the Mean Level Deviation (MLD) values for the calculations. The MLD is simply
the mean energy difference between the predicted and the experimentally obtained
energies. When calculating MLD obviously the relative position of the compared
levels is of importance. This means simply that by not setting the predicted ground
state at 0 keV a lower MLD can be obtained. The MLD is obviously supposed to
be as low as possible and generally the predicted level scheme hence needs to be
shifted up, or down, in relation to the experimentally obtained ground state. This
energy shift is often referred to as the Binding Energy Shift, BES. Both the MLD

o1
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Figure 5.1: AFE denotes the difference in energy between the experimentally obtained
energy and the calculated ditto for a certain level with spin J. The plot contains
both yrast and yrare states with three different interactions used. See text for
details.

and the BES are dependent on how many levels are included in the calculation. It
is desirable to compare the MLD values including different levels to see how well the
calculations reproduce yrast/yrare, high spin/low spin levels and so on. The values
are listed in Table 5.1.

The numbers in the table are quite similar for the two GXPF1 calculations.
The small difference that exists varies between a few percent up to around 15%,
the latter obtained for the calculation of yrast levels up to and including the 19/2~
level. Table 5.1 also indicates the earlier mentioned general trend; yrast levels at low
spins give an MLD of 92 keV, the corresponding value for the f5/2pgg/2 calculation
is 476 keV, i.e. over five times larger. In a similar way for high spin levels the MLD
for the GXPF1 with Coulomb calculation, 1628 keV, is more than five times larger
than the MLD of 290 keV for the f5/5pgg/2 calculation. Also note the relatively small
difference between the BES values obtained for the f5/2pgg/2 in comparison to the
large difference between the BES values obtained when including different levels in
the two GXPF1 calculations. Finally looking at the MLD including all levels a value
around 1260 keV is obtained for the fp calculations. Comparing with the high MLD
for high-spin states, around 1600 keV, and the low MLD value for low-spin levels,
around 100 keV, this value is expected. The corresponding number for the f5/2pg9/2
calculation is 661 keV which is higher than either of the separately calculated MLD
values. The reason for this is that “all levels” includes not only yrast and yrare but
also third states. In total four third states are experimentally found (11/2, 13/2,
15/2, 17/2) and compared with the predicted values. The numbers hence indicate
that the third states are well reproduced by the GXPF1 calculations. On the other
hand can the same states be not very well predicted by the f5,5pgg/2 calculation.

In Table 5.2 the calculated energies for the yrast states using different interac-
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Table 5.1: Mean level deviations and binding energy shifts for the three calculations
in 61Zn. The numbers gives an indication of how well the calculations reproduce the
experimental level energies. All numbers are in keV. See text for details.

GXPF1 Coulomb GXPF1 I5/2099/2
Tncluded levels MLD / BES | MLD / BES | MLD / BES
all levels 1257 / -642 1261 / -723 | 661 / -450
yrast + yrare levels 1334 / -740 1359 / -784 | 498 / -280
yrast levels 1560 / -984 1590 / -1304 | 484 /-203
yrast up to 92 / -82 109 / -112 | 476 / -382
and including 19/2
yrast + yrare up to 136 / -155 137 / -187 | 477 / -428
and including 19/2
levels above 19/2 1628 / -2609 1652 / -2694 | 290 / 109

Table 5.2: Level energies in keV for different calculations are listed. The table only
contains the negative-parity yrast levels in %1Zn.

I Expt. GXPF1+ Coul. GXPF1 GXPFIA fsspge2 KB3G

3/2 0 0 0 8 108 468

1/2 89 23 81 0 0 245

5/2 124 131 189 174 217 0

7/2 998 1237 1307 1216 1462 1263
9/2 1266 1334 1405 1332 1441 966

11/2 2270 2480 2538 2367 2856 2171
13/2 2799 2765 2729 2608 3268 2051
15/2 3844 3955 3997 3739 4778 3628
17/2 4644 4760 4707 4590 5668 3628
19/2 5543 5635 5640 o474 6888 4821
21/2 7284 8090 8167 7916 7350 8237
23/2 7629 9476 9548 9324 7410 9384
25/2 8879 10411 10466 10249 9048 10329
27/2 9161 12133 12216 12048 8708 11863
29/2 — 13931 14065 13856 9920 14147

31/2 10155 16048 16188 15881 9589 16879
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Figure 5.2: The occupation numbers for different orbitals as calculated with the
f5/20g9/2 interaction plotted against the spin of the levels. The left hand side illus-
trates the yrast levels, the right hand side the yrare levels. Only negative parity
states are plotted. See text for details.
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Figure 5.3: Same as for Fig. 5.2 but the occupation numbers are here calculated
with the GXPF1 interaction including the Coulomb effect. In the case of the 1f7/o
orbital the plot shows holes — not particles. See text for details.

tions are listed. The table also includes the experimentally determined level energies
for comparison. Looking at the result it is interesting to see that only the GXPF1
calculations can reproduce the ground state. Not even the “improved” GXPF1A
interaction is able to predict the ground state correctly.

The shell model calculations can also predict occupation numbers, i.e. for each
state the code can estimate the contribution of different particle configurations to
the total wave function. This results in an estimate of the total number of particles
in each orbital. The occupation numbers are plotted in Fig. 5.2 and Fig. 5.3 for the
f5/2099/2 and GXPF1 with Coulomb interaction, respectively.

Figure 5.2 illustrates the results from the fs/2pgg/2 interaction. Without using
any particles from the 1f7/, orbital a maximum spin of 19/2 can be achieved. To
produce levels with higher spin than that the particles must start to fill the 1gg /s
orbital. This is also seen in the plot via the drastic jump from 0.2 particles in this
orbital for spin 19/2 up to two particles for spin 21 /2. The particles are taken from
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Table 5.3: Excitation energies, y-ray energies, and preliminary assignment of initial
and final state in the decays of ' Ga are listed to the left. On the right hand side
the calculated values using the GXPF'1 interaction including the Coulomb force are
listed.

E, (keV) E, (keV) Ir— I} B2l (keV)  ECole
220(1)  220(1) (1/27) — (3/27) 124 124
271(1)  271(1) 5/27 — 3/2" 349 349
1397(1)  1126(1)  (9/27) — 5/2- 1546 1197

— 1231(1) — — —
2903(2)  1506(1) (13/27) — (9/27) 2876 1330

the 1p3/ and the 1f5/5 orbitals. A more general trend is that the number of particles
increase with increasing spin for the 1f5/, orbital and decrease with increasing spin
for the 1ps/o orbital. This indicates that the particles are pushed further away from
the core.

Figure 5.3 illustrates the corresponding situation for the GXPF1 interaction.
Note that the 1f7/, orbital illustrates holes in these graphs. Again without exciting
any particles from the 1f7/, orbital spins up to 19/2 can be generated. However,
looking at the plots there is already one particle excited from the closed 1 f7/, orbital
at lower spins, still a small jump from one hole up to almost two holes can be seen
at spins larger than 19/2. The general trend here is that the number of particles are
almost constant for the 1ps/5 and the 2p; /5 orbitals whereas the number of particles
increases for the 1f5/,o and decreases for the 1f;/, orbitals.

5.1.2 The °Ga Nucleus

The five transitions found in %'Ga are all very low in spin and of negative parity.
This makes a two-calculation analysis redundant as the 1gg/, orbital only plays a
significant role at high spins. Shell model calculations for ®'Ga have therefore only
been carried out using the GXPF1 interaction allowing three particle excitations
from the 1f;/, orbital into the upper fp shell. The results are listed in Table 5.3.

The agreement between the experimental results and the calculations is not
convincing enough to support the preliminary spin assignments. However, mirror
symmetry arguments, especially when including the electromagnetic spin-orbit force
can support the preliminary decay scheme. See Sec. 4.3, Sec. 5.3, and Paper I for
more details.

5.2 Electromagnetic Decay Properties

To take the analysis of the results from the shell-model calculations one step further
the electromagnetic decay properties have been investigated for the ®'Zn nucleus.
The analysis is carried out using both the f5/2pgy 2 calculation and two calculations
using the GXPF1 interaction (with and without including the Coulomb force). The
analysis uses the free g-factors and for the f5,2pg9/2 and GXPF1 without including
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the Coulomb force effective charges of 0.5 e (1.5 €) for neutrons (protons), respec-
tively. In the GXPF1 calculation where the Coulomb force was included effective
charges of 0.8 e (1.15 €) for neutrons (protons) have been used instead according
to Ref. [37]. The g-factors and effective charges are applied via the B(M1) and
B(E2) values that are obtained from the shell model calculation and which enable
branching ratios to be calculated using the decay constants from Eq. 4.4 and 4.5.
As can be seen in Table 5.4 the inclusion of the Coulomb force and the different
effective charges do not have a very large impact on the relative strengths. The table
also lists the branching ratios for the f5/9pgg/2 calculation but only levels up to and
including I™ = 19/2~. The reason for this is the poor reproduction of high spin lev-
els using the GXPF1 interaction. Experimentally obtained relative strengths up to
level I™ = 31/27 are listed in Table 2 in Paper II including the f5/9pgy/2 calculation
and the GXPF1 without Coulomb calculation.

In both tables the calculations include all energetically allowed transitions with
Al < 2, independent if they are experimentally observed or not. This allows all
possible transitions to be calculated and the branching ratios should then be similar
to the experimental ones if the spin and parity assignments are correct. Transitions
to experimentally unobserved levels should hence be very weak or equal to zero in
the calculations as well.

Calculated branching ratios do generally agree well with the experimental results,
especially at low spins. There is, however, one interesting detail noticed only in
the analysis of the electromagnetic decay properties: the difficulty in reproducing
branching ratios for the yrast and yrare 3/27 levels in the fp calculation. This has
been investigated in more detail and is highlighted in Table 5.5, where transitions
involving the two 3/2 levels are listed. The table contains three different branching
ratios and lifetimes. The b; column is the straight forward result from the fp shell-
model calculation. As can be seen there are relatively large discrepancies between the
experimental and the calculated results, especially for the 7/27 — 3/27 transition.
Experimentally this is determined as 0.26(2) but the calculated branching ratio is
as low as 0.01. The distinct difference is very surprising, especially when compared
with the very good agreement between experimental and calculated branching ratios
for all other yrast levels.

If two predicted levels with the same spin and parity are placed close in energy,
shell model calculations have problems in correctly describing their electromagnetic
decay properties. The problem can usually be solved by afterwards mixing the wave
functions of the two states based on the matrix elements of the electromagnetic
operators. However, in the current experiment and calculation the two 3/27 states
are separated by AE > 400 keV. Considering the MLD value of 137 keV obtained
for this calculation — about three times less than the energy difference of the two
levels of interest — the two states should be well separated, yet these difficulties
persist.

To investigate this, first an analysis involving a total exchange of the wave func-
tions has been carried out. The branching ratios are denoted as by in Table 5.5 and
the result is not entirely satisfactory. Then, a 10% mixing of the wave functions
of the yrast and yrare 3/2~ states has been performed. The mixing percentage is
based on the values of the transitions from the yrast 7/2~ level. All results are
provided in Table 5.5 and the results from the mixed wave functions agree best
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Table 5.4: Comparison between experimental and predicted branching ratios, b,
of the v rays in %'Zn. Three shell-model calculations have been compared in this
analysis. b%“lomb and by, denote the branching ratios from the fp calculation with
and without the Coulomb force included. by,, denotes ditto from the f5,2pg9/2
calculation. Only transitions up to and including the state with I™ = 19/2~ are

included in the table. See text for more details.
E, (keV) E, (keV) IT IF bep b?pO“lomb by bipg

88.8 89 /2, 3/2; 1.0 1.0 1.0 1.0
123.9 35 5/27  1/27  no. 0.00  0.00 0.03
124 3/27 1.0 1.0 1.0 097
419.2 296 3/2; 5/27 0.06(1) 002 0.02 0.09
331 1/2;  0.11(1)  0.04 0.04 0.43
419 3/2; 0.83(2) 094 094 048
756.4 339 5/2; 3/2; 0.04(1)  0.05 0.05 0.01
632 5/2; 0.05(1)  0.06 0.07 0.04
667 1/2;  0.08(1)  0.00 0.0 0.00
756 3/2; 0.83(2) 089 0.88 0.95
997.7 241 7/27  5/2,  no. 0.01  0.00 0.00
578 3/2; 0.04(1) 0.3 0.1 0.6
873 5/2; 0.70(4)  0.86  0.88 0.02
997 3/2;  0.25(5) 001 001 091
1266 268 9/2; 7/2]  no. 0.0  0.03 0.00
510 5/2,  n.o. 0.0  0.00 0.00
1141 5/2; 1.0 1.0 097 1.0
1403 137 7/2;  9/2]  no. 0.00  0.00 0.00
405 7/27  no. 0.00  0.00 0.00
647 5/2; 0.24(2) 032 032 0.10
984 3/2; 0.25(4)  0.00 0.00 0.45
1278 5/2; 0.14(1)  0.07 0.05 0.14
1403 3/2; 037(3) 061 0.63 0.30
2003 600 9/2, 7/2;  no. 0.10  0.09 0.01
738 9/2; 0.06(1) 036 0.33 0.02
1006 7/27  048(4) 022 027 0.02
1246 5/2, 0.46(4) 033 028 0.95
1879 5/2;  no. 0.00  0.02 0.00
2270 267 1127 9/2;  no. 0.00  0.00 0.00
8677 7/2;,  no. 0.00  0.00 0.03
1005 9/2; 027(3) 021 025 0.01
1273 7/27  0.73(3) 079 0.75 0.96
2400 997 9/2t 7/2, o0.106) @ — @ — —
1403 7/2; 0.85(15)  —  —
2273 5/27  0.05(1) @ — @ — —
2699 276 11/2;  7/2;  no. 0.00 000 —
429 11/2;  n.o. 0.00  0.00 0.00
696 9/2, 020(1) 0.17 0.9 0.01
1433 9/2; 0.80(1) 047 0.44 0.00
1296 7/2,  no. 0.34 033 0.68

1701 7/27 1n.0. 0.01 0.04 0.30
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Table 5.4: Continued.
E, (keV) E, (keV) IT I7 bexp b?pO“lomb by bppg

2799 100 13/2; 11/2, n.o. 0.00 0.00 0.00
529 11/2; 0.02(1) 0.0 0.00 0.00
796 9/2,  n.o. 0.00  0.00 0.00
1531 9/2; 0.98(1) 1.00 1.00 1.00
3244 1978 11/2F  9/27 1.0 e
3336 037 13/27 9/27 085(7) —  — 1.00
1066 11/2; 0.15(1) —  —  —
3461 662  13/2; 13/27 n.o. 0.04 0.03 0.01
762 11/2;  n.o. 0.05 0.04 001
820 9/2;  n.o. 000 000 —
1191 11/2;  n.o. 0.00  0.00 0.00
1458 9/2; 0.55(2) 026 024 0.99
2195 9/2; 045(2) 0.65 0.69 0.00
3495(3) 34 11/2; 13/2;  no. 0.00  0.00 0.00
696 13/2]  n.o. 0.0l  0.09 0.32
796 11/2;  n.o. 0.03  0.02 0.00
85/ 9/2;  n.o. 001 000 —
1079 7/25  n.o. 0.00 000 —
1225 11/2;  n.o. 0.09  0.07 0.00
1492 9/2;  n.o. 005 011 —
2092 7/2;  n.o. 024 002 —
2229(1) 9/2; 1.0 049 059 —
2497 7/27  n.o. 0.09 008 —
3844 349  15/27 11/2;  n.o. 0.00 000 —
383 13/2,  n.o. 0.00  0.00 0.00
1046 13/2; 021(1) 012 0.6 0.00
1145 11/2;  n.o. 0.01  0.01 0.00
1572 11/2; 0.79(1) 088 083 1.0
4264 928 15/2F 13/2f  n.o. —  — 000
1019 11/27 016(1) —  — 1.0
1466 13/27 0.84(6) — = —  —
4309(3) 465 1325 15/2]  n.o. 0.04 004 —
81/ 11/2;  n.o. 008 010 —
848 13/2,  n.o. 001 001 —
1510 13/27  n.o. 004 008 —
1610 11/2;  n.o. 001 001 —
1668 9/2;  n.o. 019 020 —
2039(1) 11/2;, 1.0 038 036 —
2306 9/2,;  n.o. 024 017 —
3043 9/27  n.o. 002 004 —
4415 151 17/2F 15/2F  no. —  — 000
1079 13/27 1.0 —  — 10
4644 335 17/2; 13/2;  n.o. — 0.00 0.00
800 15/2,  n.o. 0.01  0.01 0.00
1183 13/2,  n.o. 0.02  0.03 0.00

1847 13/27 1.0 097 095 1.0




5.2. ELECTROMAGNETIC DECAY PROPERTIES

Table 5.4: Continued.
E, (keV) E, (keV) IT I7 besp bp b?;“lomb bipg
4915(3) 271 15/25 17/27 n.o. 0.00 0.00 0.03
606 13/23 n.o. 0.16 0.16 0.05
1071 15/27 1n.o. 0.06 0.04 0.00
1420 11/235 n.o. 0.02 0.03 0.85
1454 13/25 1n.o. 0.01 0.01 0.00
2116(1) 13/27 1.0 0.67 0.69 0.00
2216 11/25 n.o. 0.04 0.04 0.01
2645 11/27 1.0 0.04 0.02 0.07
5195 208 17/25 15/23 n.o. 0.01 0.01 0.00
551 17/27 n.o. 0.02 0.02 0.27
886 13/23 n.o. 0.01 0.01 0.03
1351 15/27 n.o. 0.04 0.08 0.01
1733 13/25 1.0 0.70 0.64 0.06
2596 13/27 n.o. 0.23 0.25 0.63
5543 75 19/27 17/23 n.o. 0.00 0.00 0.00
348 17/25 n.o. 0.00 0.00 0.00
628 15/23 n.o. 0.00 0.00 0.00
899 17/27 0.27(7) 0.06 0.09 0.00
1698 15/27  0.73(7) 0.93 0.91 1.0
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Table 5.5: Comparison between experimental and predicted branching ratios and
lifetimes for levels involving the yrare and yrast 3/27 levels: by, 71 shows the results
for the basic fp shell-model calculation described in the text. In case of by, 75 the
wave functions of the yrast and yrare 3/2~ states have been exchanged, while b3, 73
presents the results for two-state mixing calculation of the two 3/2~ states. In this
calculation the yrast state consists to 90% of the yrast wave functions, the remaining
10% originates from the yrare state, and vice versa.

E, (keV) E, (keV) IF Ij bewp b1 by b Tl T T3
89 89 1/2; 3/2; 100 1.00 1.00 1.00 0.84ns 27ns 0.83 ns
124 124 5/27 3/27 1.00 1.00 1.00 1.00 56ns 26ns 4.7ns

35 1/27  mo. 000 0.0 0.00
756 756 5/2; 3/27 0.83(2) 0.89 0.79 094 0.83ps 1.2ps 0.62 ps
667 1/2;7  0.08(1) 0.00 0.01 0.00
632 5/27  0.05(1) 0.06 0.09 0.05
339 3/2;  0.04(1) 005 0.11 0.01
998 997 7/27 3/27 0.26(2) 0.01 0.69 023 62ps 22ps 5.0 ps
873 5/2; 0.69(2) 0.86 0.31 0.68
578 3/2, 0.04(1) 0.13 0.00 0.09
241 5/2,  n.o. 0.0l 0.00 0.00
1403 1403 7/2; 3/27 0.37(15) 0.61 0.01 0.60 0.65ps 1.3ps 0.66 ps
1278 5/27  0.14(3) 0.07 0.13 0.07
984 3/2; 0.25(7) 0.00 0.21 0.00
647 5/2, 0.24(5) 032 0.65 0.33
405 7/27  no.  0.00 0.00 0.00
137 9/27  mn.o.  0.00 0.00 0.00
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Figure 5.4: The mirror transitions in both %'Ga and %'Zn are illustrated. According
to isospin symmetry the two nuclei should reveal almost identical level schemes. See
text for details.

with the experimentally obtained values. However, some discrepancies still remain
for the branching ratios of the 7/2; — 3/27 and the 7/2; — 5/27 transitions.
These differences are of minor relevance due to the experimental difficulties related
to the doublet structure of the 997 keV and the 1403 keV transitions, which lead to
large uncertainties of their relative strengths. It is interesting to note that Ref. [22]
reports on a similar case (AE > MLD) for both the GXPF1 and other fp-shell
interactions.

Table 5.5 also includes the calculated lifetimes of the levels. The lifetimes are
experimentally unknown except for the estimation of 7 ~ 8 ns for the 124 keV
state derived in Paper II and Sec. 3.4.1. This estimate is also in line with the 10%
two-state mixing calculation of the two 3/27 states.

5.3 Mirror Energy Differences

As mentioned in Sec. 4.3 mirror nuclei are pairs of nuclei which are expected to have
very similar decay schemes since the strong force is nearly charge independent. This
means that 1Zn and %' Ga should decay in a very similar way. The full level schemes
from the current analysis are presented in Fig. 3.1 and Fig. 3.2. In Fig. 5.4 a zoomed
version is presented. Here the mirror transitions in both nuclei are focused upon.
As can be seen in the figure some large discrepancies occur, and it is common
to illustrate the so called Mirror Energy Differences (MEDs, see Sec. 4.3) in a MED
diagram. The MEDs are plotted as a function of the spin J of the level in Fig. 5.5.
In the figure also different contributions, described in Sec. 4.3, to the MED are
illustrated. If only including the V), part the obtained contribution is not sufficient
to explain the experimentally obtained MED. Since the largest MED values are
obtained for the 1/2 and the 5/2~ states, both of which involve mainly single-
particle excitations from the 2pz/; orbital, the electromagnetic spin orbit effect may
play a significant role, as discussed in Sec. 4.3. Adding the V, term to the Coulomb
multipole term gives a result that is very close to the experimental results. This
indicates a large contribution of the V¢, term although the contributions from the
other parts of the Coulomb monopole effect cannot be neglected as contributions
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Figure 5.5: The MED values including different contributions plotted as a function
of spin J. See text for details.

from different parts of this may be large even if they cancel out in the end.

To my discussion above, however, the analysis and results from Ref. [38] should
be added. In this paper yet another term is added to the mirror energy differences.
This term takes into account the effect of an additional Coulomb monopole term,
Vi, describing the effect of the monopole electromagnetic field on the single particle

energies for neutrons and protons, respectively. More details about this can be found
in Refs. [38, 39]. When adding the contribution of the term to the calculations the
resulting MED, including the Vs, Vs, and Vi terms, only accounts for around

50% of the experimentally obtained difference. However, according to the discussion
in the paper the difference could be accounted for by the Coulomb monopole radial

term, Vg,.
are, however, interpreted slightly differently which results in different contributions

to the full MED. In Ref. [34] the sum of the Vi, Viers, and Vc(f;,) terms results in
an MED which is some 30% larger than was experimentally found for the I™ = 5/2
and 9/2 but fits well with the experimental results for the 1/2 and 13/2 states. The
discussion about the Vj, or Vél:,), term is ongoing and will not be treated in more

The Vi term is also included in [34], here referred to as VC(I;) The two terms

depth here.
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5.4 Prompt Proton Decay

When looking at the experimentally obtained level scheme for ®'Zn in Fig. 5.4, the
bottom of the yrast sequence with its 5/2~ band head is clearly indicated with very
intense transitions between the levels. The second most intense transitions are the
937 keV, 13/27 — 9/2*, the 1403 keV, 9/2% — 7/27, and the 873 keV, 7/27 —
5/27, transitions. Considering the low spins of the involved levels and the intense
transitions, and keeping the mirror symmetry in mind it is surprising to see that the
corresponding levels are absent in the ' Ga nucleus. One possible explanation for
this would be a prompt proton decay from the 1gg/, dominated 9/2% state into the
ground state of %°Zn. Using mirror symmetry arguments to estimate the excitation
energy of the 9/2% level (approximately 2.4 MeV) and knowing binding energies
(last proton bound by only 190(50) keV) gives a @-value of about 2.2 MeV for
the prompt proton decay. This value compares well with previously found prompt
proton decays [40, 41] in the mass A = 60 region.

In addition to these encouraging facts one can draw conclusions from the two
main factors that affect the probability to emit a prompt proton. These factors
are the probability of the proton to tunnel and the overlap of the initial and final
wave functions of the “mother” and “daughter” nucleus. The former depends on the
orbital angular momentum that the proton has to carry, as this effects the barrier
height, and the energy (@) value) of such a decay. Comparing with the numbers
obtained for **Cu [40] with @, ~ 2.3 and orbital angular momentum of ¢ = 4 [42]
we expect the decay constant related to plain tunnelling of the prompt proton in
the two cases to be about the same size. However, as mentioned above the decay
probability also depends on the overlap of the wave functions. In *®Cu the overlap is
not expected to be very large due to the configuration behind the two states between
which the decay takes place. The initial level is expected [43] to have two proton
and two neutron holes in the 1f7/, orbital and one proton and one neutron in the
1gg/2 orbital. On the other hand it seems reasonable to assume that the 9/2% state
in the daughter nucleus °"Ni is caused by a single neutron in the 1gg/2 orbital with
completely filled inner orbitals. The difference in configuration, which also is related
to the shape, makes the decay probability decrease by about a factor of 1000 [44].

In the case of ®*Ga the configuration of the 9/2% excited state is two protons
and two neutrons outside doubly magic **Ni core and additional to that one proton
in the 1gg/o orbital. The ground state in the daughter nucleus ®Zn has the same
configuration except for the 1gg/, proton. Such a similar configuration must mean
a good overlap between the initial and final wave functions. The similarities in
wave functions will make a prompt proton decay in *Ga unique as no structural
hindrance appears in the decay, resulting in a much higher decay probability than
for the prompt proton emitters observed so far.
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Conclusions and Outlook

From the experiment at the Oak Ridge National Laboratory excited states in both
81Zn3; and §1Gagzy have been found. From the ${Gagy nucleus four excited levels
have been identified for the first time via the y-ray transitions between the states.
In $\Zn3; the previously determined levels scheme has been extended resulting in
almost 70 transitions arranged in a firmly determined scheme. The spin and parity
assignments are based on angular distribution ratios. Spins and parities determined
in the current analysis affect corresponding assignments of the levels in the the
previously identified superdeformed band. This finding suggests the need for more
experimental information about the superdeformed bands in this nucleus.

Information about the excited states in both mirror nuclei provides the possibil-
ity to investigate the mirror energy differences (MED). These differences can be used
to investigate which parameters play a significant role for the unique level energies
in different nuclei. The MED values can be separated into different contributions;
not only a Coulomb multipole and monopole part but the latter can also be further
divided into sub sections such as radial, electromagnetic spin-orbit, and single par-
ticle contributions. The different MED contributions as well as the level energies
can be calculated using large-scale shell-model calculations.

Two interactions are of interest for this mass region: the GXPF1 and the, yet
unreleased, f5/2pg9/2 interaction. Neither is successful in fully describing the exper-
imental data in $\Zns;. This implies that further development of the shell model
calculations in this mass region is required. Ideally an interaction including both
the 1f7/, and the 1gg/5 orbitals should be developed. Such an interaction would be
able to reproduce both the low spin states, which are strongly dependent on the
inclusion of the 1f7/, orbital, and high spin states, which require the inclusion of
the 1gg/, orbital. At present such an interaction is not feasible due to the centre of
mass problems arising when including both of these in the calculation.

The B(M1), B(M2), B(E1), and B(E2) values obtained from the shell model
calculations were used to compare experimental and calculated branching ratios. In
the current analysis the general agreement is good. However, difficulties in fully
separating the yrast and yrare 3/2~ levels have been observed. A two-state mixing
calculation suggests a 10% mixing of the states.

Finally, mirror symmetry arguments suggest a possible prompt proton decay
from the 9/27 level in the $}Gagy nucleus, due to expected but experimentally not
observed transitions. The existence of such a proton decay would be unique due
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to the large overlap in initial and final wave functions of the states involved in the
transitions. The overlap would result in no structural hindrance in the transition in
contrast to prompt proton transitions observed so far.

Obviously the interesting features of the prompt proton decay together with the
firmly determined level scheme of §{Zn3; make further investigations of §] Gagg desir-
able. The experiment described in this thesis carried out at the Argonne National
Laboratory will, with the charged particle detector LuSiA around the target posi-
tion, hopefully enable experimental observation of this decay. Furthermore, LuSiA
can in principle, with its fine pixilation, be used to measure the angular distribu-
tion of the emitted protons, resulting in information about the involved tunnelling
process.

Another experiment is also currently being planned. This experiment will take
place at the Oak Ridge National Laboratory using an identical set-up as for the
experiment from ORNL described in this thesis. The only difference will be a Silicon
CD detector inside the target chamber to detect possible prompt protons. The aim
is to increase the statistics of the current data set to observe more transitions in
81Gagp and to be able to place all of the transitions currently assigned to this nucleus
in the level scheme. The identification of more transitions would also be desirable
to further extend the mirror analysis between the nuclei in this mirror pair and
similarly further explore the limits and possibilities of current interactions in the
shell model calculations.
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In the fusion-evaporation reaction *’Ca + >*Mg at 104 MeV beam energy, excited states have been observed
for the first time in the isotope §} Gasy. The experimental setup comprised the Ge array CLARION, a recoil mass
spectrometer and, in its focal plane, an ionization chamber. Five transitions in 1Ga are identified, out of which
a cascade of three transitions has been established by means of recoil-y y coincidences. The strong transitions
at 271 keV in ®'Ga and 124 keV in ®'Zn are viewed as the “mirror” 5/2~ — 3/2~ ground-state transitions.
The rather large energy difference of 150 keV is suggested to arise from Coulomb monopole contributions.

Shell-model calculations support this interpretation.

DOI: 10.1103/PhysRevC.71.011303

The proton and the neutron can be viewed as two states
of the nucleon, characterized by an isospin quantum number
[1]. Assuming isospin symmetry, mirror nuclei, i.e., pairs of
nuclei where the number of protons and neutrons are inter-
changed, would reveal identical level schemes. However, the
electromagnetic interaction between protons obviously breaks
this symmetry, which leads to small differences between
level energies of analog states in pairs of mirror nuclei—the
so-called mirror energy differences (MED).

During the past decade the experimental knowledge of 7' =
1/2 and T = 1 mirror nuclei in the 1 f7,> shell has increased
substantially (see, e.g., Refs. [2-8]). This continuing progress
has been accompanied with detailed theoretical studies and
refinements, for example, in Refs. [4,6,7,9]. The observed
MED values, typically 10-100 keV, are readily explained by
Coulomb monopole effects—e.g., slightly different shapes or
radii—and Coulomb multipole effects, which are sensitive to
the alignment of pairs of protons.

In nuclei close to the center of the 1f7,, shell, Coulomb
monopole effects arise from significant 2p3,, admixtures into
the ground state wave functions, which decrease gradually
towards terminating states. In nuclei below and above the
rather well isolated 1 f7,> shell, differences in configurations
of adjacent states may cause significant changes in Coulomb
monopole contributions manifested as sudden changes in
observed MED diagrams. One such example is the ~300 keV
drop in MED between the 11/27 and 13/27 states in the
A =35and A = 39 mirror systems, which can be explained by
radial effects as well as a hitherto overlooked electromagnetic
spin-orbit contribution [10]. The latter is sensitive to single-
particle excitations between orbits of opposite spin-orbit
couplings and may hence reoccur in the upper fp shell, i.e.,
in the 7, = +1/2, A = 57,59, 61 mirror pairs. While some
basic knowledge of the neutron-deficient nuclei >’Cu [11]
and ¥Zn [12] exists, only ground-state half-life measurements
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based on fragmentation reactions [13,14] and recent B-decay
studies [15,16] are available for ®!Ga.

In the present paper we report on the observation of excited
states in ®'Ga and compare its excitation scheme to the
rather well known mirror nucleus ®'Zn [17-19]. Interestingly,
Ref. [16] showed that the 3/2~ ground state of ®' Ga is bound by
only 190(50) keV, which can imply particle-decaying excited
states as well.

The experiment was conducted at the Holifield Radioactive
Ton Beam Facility at Oak Ridge National Laboratory. In fusion-
evaporation reactions of a “’Cabeam at 104 MeV, impinging on
a 99.92% isotropically enriched **Mg target foil of thickness
0.3 mg/cm?,%*Ge compound nuclei are formed. The §Gas,
nuclei are then produced via the evaporation of one proton and
two neutrons.

The Ge detector array CLARION [21] was used to detect the
y radiation at the target position. At the time of the experiment
CLARION comprised ten clover detectors. These detectors
were placed in a three-ring construction at 90°, 132°, and
154° with respect to the beam axis. The rings consisted of
five, three, and two clover detectors, respectively. Each clover
contains four Ge crystals, each of which is electrically twofold
segmented. This construction allows for add-back and high
accuracy event-by-event Doppler corrections.

Add-back is used to reconstruct the energy of Compton
scattered y rays. It is performed if (i) two y rays are detected
within the same clover with a time separation of 30 ns or less
and (ii) if the individual energy deposited exceeds a chosen
add-back threshold of 20 keV. For a y -ray energy of ~1 MeV
these corrections resulted in a 25% increase in statistics.

As the recoiling nuclei are moving at some 4.3% of
the speed of light, the y-ray energies have to be corrected
to account for the Doppler shift and broadening. These
corrections require a determination of the emission angles of
the y rays with respect to the velocity vectors of the recoiling
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nuclei. The latter are well defined for the residues of interest,
as the recoils have to lie in a narrow cone around the beam
axis to enter the recoil mass spectrometer (see details in the
next paragraph). Due to the physical size of the Ge detectors,
the angle at which a y ray is detected usually differs slightly
from the nominal angle at which the detector is placed. Using
the side channel information of the segmented crystals, more
precise emission angles can be derived [20], which results in
a more precise determination of the emitted y-ray energy.
Since the velocity of a recoiling nucleus depends on its
kinetic energy, which is measured in the ionization chamber
(see below), an event-by-event velocity correction can be
performed to further improve the energy resolution of the y
rays. The combination of y -detection angle and recoil velocity
corrections leads to a ~30% (~10%) improvement of the full
width at half maximum (FWHM) of the peaks in the y-ray
spectra in a single crystal at 90° (154°).

After the particle evaporation and prompt y-decay pro-
cesses, the reaction products are recoiling from the thin target
into a recoil mass spectrometer (RMS) before finally being
stopped in an ionization chamber (IC). The RMS [21] separates
the recoiling nuclei in mass-to-charge ratio A/Q, where Q
represents anominal charge state of the ions. The RMS was run
in converging mode and tuned to center recoils of mass A = 62
with charge state Q = 18.1 and recoil energy £ = 58.2 MeV.
The noninteger value of Q implies that the A = 62 recoils
reach the focal plane slightly to the right of the center. Since
the RMS has an A/Q acceptance greater than +4% this
setting also allowed recoils of mass A = 61 to impinge on
the left-hand side of the A/ Q dispersed focal plane.

The horizontal position (the A/ Q value) is determined by a
position-sensitive grid placed inside the IC [21]. The recoiling
A = 61 nuclei are well separated from scattered beam and
other recoiling nuclei using a two-dimensional gate in a plot
showing the position of the recoils in the IC versus the total
energy deposited in the left-hand side of the IC.

The anode of the position-sensitive IC is split into three
segments along the beam direction. The IC was filled with
isobutane gas at a pressure of 16.5 torr to put the recoils to
a complete stop and to let the energy loss in the three parts
of the IC be approximately equal. According to the Bethe-
Bloch formula, the fractional energy loss in the three parts
of the anode in the IC is proportional to the Z value, and
inversely proportional to the total kinetic energy of the recoils.
The latter dependence can easily be removed by mathematical
procedures, which are described in detail in Ref. [22].

In the next step the modified energy-loss signals, or
combinations of these, have been correlated with y rays
detected in CLARION. A number of energy-loss spectra have
been studied in coincidence with the known, intense, and
clean A = 61 transitions at 970 keV (°'Cu) and 124 keV
(®'Zn) [17,18]. A comparison of these spectra resulted in an
approach using the ratio between the energy loss in the first
and the third part, R;3, which improved the Z separation with
respect to the traditional usage of the sum of the energy losses
in the first and the second part of the IC [21,22].

There are three isotopes of mass A = 61 produced in
the present fusion-evaporation reaction; %CU32, g’(l)an 1, and
g{Gam. Each of these will peak at slightly different values of
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FIG. 1. Normalized y-ray spectra containing transitions from
%Ga and ®'Zn (gray) and only ®'Zn (black). The three panels show
different energy regions. Energy labels are in keV.

Ri3. By incrementing y -ray spectra containing recoils with R 3
restricted around the known peak positions for ' Cu and ®'Zn
and performing a careful fractional subtraction, it is possible
to obtain clean °'Cu and %'Zn y-ray spectra. The black y-ray
spectra in Fig. 1(a—c) show parts of the clean ®'Zn spectrum.
The overlaid gray spectrum in Fig. 1 is correlated with a
range of R;3 values expected for ®' Ga. Even for this spectrum,
small “contaminations” from %' Cu have been subtracted, and
any difference between the gray and the black spectrum will
hence indicate the candidates for y-ray transitions from ' Ga.
Figure 1(a) comprises the most prominent candidate at
271 keV. Similarly, four weak transitions can be distinguished
at 220, 1126, 1231, and 1506 keV.

Figure 2 proves that the peak at 271 keV indeed belongs to
1Ga. The energy loss ratio R;3 is shown for the 271 keV line
and compared to those of the previously mentioned transitions
from %' Cu and ®'Zn. It reaches its maximum at a value of R3
expected for Z = 31, i.e., Ga. Table I provides the energies
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FIG. 2. Normalized spectra of the energy-loss ratio R;3 from the
three A = 61 isotopes. The dark gray spectrum is in coincidence with
the 970 keV line (*' Cu, Z = 29); the black spectrum is in coincidence
with the 124 keV line (*'Zn, Z = 30); and the light gray spectrum is
in coincidence with the 271 keV line, which is associated with ¢'Ga
(Z = 31).

and relative intensities of the transitions belonging to the ®'Ga
nucleus.

To investigate possible coincidences between the transi-
tions, a recoil gated yy matrix was created. The recoil gate
allows only y rays detected in coincidence with an A = 61
recoil in the IC to be included in the matrix, and the recoils
must furthermore have a R;3 value compatible with 61Ga. The
matrix will, however, be “contaminated” with ®'Zn due to
their close placement in the yield versus Rz plot (cf. Fig. 2).
The 271 keV transition is found to be in coincidence with
the transitions at 1126 and 1506 keV. Due to low statistics, no
coincidence between the 1126 and the 1506 keV transitions can

TABLEI. Excitation energies, y -ray energies, relative intensities,
and angular distribution ratios for transitions identified in ®Ga and a
set of reference transitions in the mirror nucleus ®'Zn [17-19].

E, (keV) E, (keV) I,(%) Rissoo 7 —I7
220(1) 220(1) 15(7) (1/27 — 3/27)
271(1) 271(1) 100(10)  1.15(16) 5/2~ — 3/2-
1397(1)  1126(1)  64(16) (9/27) — 5/2-
1231(1)  22(12)
2903(2)  1506(1)  39(14) (13/2- — 9/27)
88.6(3)  88.6(3)  4(1) 0.84(6)  1/2- — 3/2-
123.7(3)  1237(3) 15020)° 0.96(4)  5/2- — 3/2"
996.4(4)  872.8(5) 69(2) 0.59(2)  7/27 — 5/2°
996.4(5)  28(2) 1497y  7/27 — 3/2°
1265(1)  1141(1)  1003)  1.60(7)  9/2~ — 5/2~
2270(1)  1006(1)  13(1) 035(2)  11/2 — 9/2-
1274(1)  34(1) 1.708)  11/2- — 7/2-
2399(1)  1403(1)  47(2) 0.85(4)  9/2F — 7/2-
2275(2)  2(1) 9/2+ — 5/2-
2796(1)  1532(1)  38(5) 1.66(7)  13/2~ — 9/2-
3336(1)  936.9(5) 49(2) 1.70(8)  13/2+ — 9/2*
1067(1)  8(1) 0.77(6)  13/2+ — 11/2-

“Corrected for internal conversion with §(E2/M 1) ~ 0.0.
®Corrected for internal conversion with |§(E2/M1)| ~ 1.0.
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FIG. 3. The proposed level scheme of *' Ga and parts of the known
level scheme of the mirror nucleus ®'Zn [17-19]. Energy labels are
in keV; tentative transitions and levels are dashed; and the widths of
the arrows correspond to the relative intensities of the transitions.

be established, but mirror symmetry arguments suggest that the
three transitions form the 13/27 — 9/27 — 5/27 — 3/2°
cascade in ®!Ga. The mirror transitions in ®' Zn have energies
of 124, 1141, and 1532 keV, respectively [18].

While the 220 keV transition in °'Ga finds a natural coun-
terpart in the 89 keV 1/27 — 3/27 ground-state transition in
617n [17], no unique candidate is at hand for the 1231 keV
line. The level schemes of the mirror nuclei are shown in
Fig. 3.

To add further evidence for the mirror character of the
124 and 271 keV transitions, their multipolarities have
been investigated by means of ratios of efficiency-corrected
y-ray yields, Y, measured at two of the three CLARION
detector rings. The results are included in Table I. Ratios
for known stretched Al = 2 reference transitions amount to
Ris4-99 = Y (154°)/Y (90°) ~ 1.6—-1.7, while stretched dipole
transitions have Rys4_gp ~ 0.7-0.8. Both the 271 keV transi-
tion in ®!Ga and the 124 keV line in ®'Zn reveal intermediate
values and can thus be considered as mixed E2/M1AI =1
transitions.

The relative cross sections of the three A = 61 isotopes
61Cu, °'Zn, and °'Ga are estimated from the known or
presumed ground-state transitions to 420:110:1.

The experimental MED values of the A = 61,7, = £1/2
nuclei, i.e., the difference in excitation energy of analog states
in a mirror pair, are illustrated in Fig. 4. The most striking
feature is the 150 keV energy difference between the 5/27 —
3/2~ ground-state transitions in the two nuclei and, possibly,
the 130 keV difference between the presumed 1/27 — 3/27
transitions. In fp shell nuclei such relatively large energy
differences have so far only been observed between low-lying
single-particle states inthe A = 41 and A = 57 mirror systems
[11,23] and between core excited states in the A = 51 mirror
pair [24].

These differences originate most likely from Coulomb
monopole effects such as radial or electromagnetic spin-orbit
contributions. The latter has only recently been introduced to
explain MED values of up to 350 keV in the mass A = 35 and
A = 39 mirror pairs [10] and should come into play whenever
single-nucleon excitations occur between j = [ + 1/2 orbitals
(e.g., 2p3pp) and j =1 — 1/2 orbitals (e.g., 1 f5,2 or 2pi2).
Radial effects can play an important role when nucleon
excitations between orbits of different angular momentum
occur, since this implies a change in the spatial extent of the
charge distribution.
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FIG. 4. MED diagram of the A = 61 mirror nuclei. Open squares
indicate experimental data; filled circles indicate calculated MED
values including the V- component; and filled squares indicate MED
values including the Vi + Vs component. The error bars are smaller
than the symbols. See text for details.

Predictions from large-scale shell-model calculations using
the shell-model code ANTOINE [25,26] are included in
Fig. 4. The calculations were performed in the full fp
space containing the 1f7,, orbit below and the 2p3,,, 1 f5/2,
and 2p,, orbits above the N = Z = 28 shell closures. The
configuration space was truncated to allow up to three particle
excitations from the 1 f7/, shell into the upper fp shell. The
calculations were performed using the GXPF1 [27,28] with
Coulomb interaction, where the two-proton matrix elements
are constructed by adding harmonic oscillator Coulomb matrix
elements to the bare two-body matrix elements. The interaction
used is well adjusted not only for nuclei in the 1 f7,, shell but
also in particular for nuclei at or beyond the N = Z = 28 shell
closure, i.e., the upper fp shell.

In the first calculation identical single-particle energies for
protons and neutrons were used to estimate the Coulomb
multipole component, Vcy, which takes the effect from the
alignment of proton pairs into account. The result is shown as
filled circles in Fig. 4. It is seen that the correct sign of the MED
values is reproduced, although the predicted MED values are
typically 50 to 100 keV smaller than the experimental MED
values. These discrepancies may be the result of Coulomb
monopole effects, Vcm, which are not yet included in the
shell-model calculation.

Since excitations from the 2p3/, orbit to the 1fs5, and
2pi» orbits are present in the formation of the observed states,
the electromagnetic spin-orbit effect, V5, comes naturally to
mind as a possible explanation. The contribution from the
electromagnetic spin-orbit interaction to the single-particle
energies can be written as [29]

r dr S)s M

where g, = 5.586 (—3.828) and g; = 1 (0) are the free
gyromagnetic factors for the proton (neutron) and my is
the nucleon mass. In the present work, Vi3 was calculated
using harmonic oscillator single-particle wave functions and

1 1dVe)\ - -
Veais = (gs - gl)szzcz <_ ><l :
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TABLE II. Contribution to the single-particle energies
in keV arising from the electromagnetic spin-orbit effect
[cf. Eq. (1)].

1f7/2 2173/2 1f5/2 2171/2
Protons —49 —16 66 32
Neutrons 41 13 —55 —26

assuming a charge distribution given by a Fermi distribution
with a surface diffuseness parameter and radius equal to 0.5 fm
and 1.2 - A'3 fm, respectively. The contributions are given
in Table II, and the result from a shell-model calculation,
where the original single-particle energies have been modified
according to Eq. (1), is shown in Fig. 4 as filled squares.

Obviously, the agreement with the experimental MED
values has improved considerably. Other Coulomb monopole
contributions such as radial effects—for example, differences
in radii between ground states and excited states—appear at
first glance to be less important when describing the MED
diagram of the A = 61 mirror pair. Nevertheless, these effects
can be present and large, though they would have to, at least,
partially cancel out each other. Naively, one would expect a
positive contribution from radial effects for the 5/27 states
in both the A =57 and A = 61 mirror systems, since these
states are formed by exciting a proton (neutron) from a low
I =1 (2p3,2) orbit to a high [ =3 (1 f5,,) orbit in the T, =
—1/2(+1/2) member. Indeed, the MED value of 260 keV for
the 5/27 states in the A = 57 mirror nuclei could indicate
that such effects are present, because only some 160 keV are
accounted for in shell-model calculations including Vey and
Veis, which contribute with ~25% and ~75%, respectively.
The fact that the 5/2 states in >’ Cu and ®! Ga are unbound with
333(19) keV and 79(54) keV, respectively, further complicates
the situation. One could finally add that in the A = 59 mirror
pair all Coulomb monopole effects are suppressed because of a
high degree of configuration mixing of both proton and neutron
excitations in both **Zn and *°Cu [12]. A full assessment of
radial Coulomb monopole contributions to MED diagrams in
the upper fp shell thus requires a forthcoming detailed and
thorough theoretical investigation.

Last but not least, it is intriguing to take a closer look
at the level schemes in Fig. 3. There is no apparent hint of
the 9/2F — 7/2= — 5/27 (1403-873 keV in °'Zn) or the
9/2+ — 7/27 — 3/27 (1403-996 keV in %'Zn) sequence in
%Ga in the present data set, even though the branch through
the 2399 keV 9/2* state in ®'Zn has about the same intensity as
the 13/27 — 9/27 — 5/27 cascade. A possible explanation
for the nonobservation of y-rays decaying from a 9/27 state
in ®'Ga is a 1g9)» proton decay of that level into the ground
state of %°Zn. Using E,(9/2%) ~ 2.4 MeV, together with the
known binding energy, one can estimate Q, ~ 2.2 MeV for
such a decay, which is very similar to the energetics of 1g9,,
prompt proton decays from deformed to near spherical states
in the mass region [30]. In the present case, however, no
significant shape change should be associated with the decay,
which further enhances its likelihood.

To summarize, we have observed excited states in °'Ga
via recoil-y coincidences. Three transitions were found to
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be in coincidence. Pronounced energy differences in A =
61 analog states can to a large extent be explained by a
combination of the multipole Coulomb term and the electro-
magnetic spin-orbit contribution. This interpretation is based
on truncated shell-model calculations in the full fp space.
The magnitude, sign, and hence significance of other Coulomb
monopole terms in explaining the observed MED differences

PHYSICAL REVIEW C 71, 011303 (2005)

remains to be investigated, preferably through a dedicated
theoretical study of mirror nuclei in the upper fp shell.
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ported in part by the Swedish Research Council.
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Abstract. The $57Zng; isotope has been produced at the Oak Ridge National Laboratory in the fusion-
evaporation reaction *°Ca(**Mg,2pn)®'Zn at 104 MeV. The experimental set-up allowed 7-rays to be
detected in the CLARION Ge detector array in coincidence with the detection of recoiling nuclei in the
focal plane at the end of the recoil mass spectrometer. This provides a unique identification of v-rays
belonging to ®'Zn. The excited states have been explored by means of recoil-yy coincidences, and the
resulting decay scheme comprises almost 70 transitions. The data reveal numerous non-yrast states and
suggest a revised spin and parity assignment for a previously observed superdeformed band. The resulting
decay scheme is compared to predictions from different sets of large-scale shell model calculations.

PACS. 21.60.Cs Shell model — 23.20.En Angular distribution and correlation measurements — 23.20.Lv
~ transitions and level energies — 27.40.4z 39 < A <58

1 Introduction

The ${Zn5; nucleus lies just beyond the N = Z = 28 shell
closure, with two protons and three neutrons occupying
the subshells up to the next closure at N = Z = 50.
The subshells placed in between the two shell closures are
the negative-parity 2ps/o, 1f5/2 and 2p, /5 orbitals in the
upper fp shell, and the positive-parity £ = 4 1g9 /5 intruder
orbital. Because of its high-j nature, excitations into the
latter influence or even dominate the level sequences of
N ~ Z, A ~ 60 nuclei already at moderate excitation
energies. Examples of this are 5%61Cu and %'Zn [1-3]. An
additivity principle was derived in ref. [1], which relates
the amount of quadrupole deformation to the number of
particles in the 1gg/5 orbital and holes in the 1f7/, orbital,
providing a natural transition from spherical structures to
superdeformed (SD) rotational sequences.

Theoretically, the inclusion of the 1gg,; orbital in
state-of-the-art shell-model calculations is difficult due to
the center-of-mass problem, here caused by insufficient

# e-mail: lise-lotte.andersson@nuclear.lu.se

b Present address: Technology and Society, Malmd Univer-
sity, S-205 06 Malmo, Sweden.

¢ Present address: Department of Physics, University of
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separation of center-of-mass and relative coordinates of
the 61 nucleons (cf. p. 447 and p. 482ff in ref. [4]).

Another facet of N ~ Z, A ~ 60 nuclei is the in-
vestigation of isospin symmetry by studying mirror nu-
clei, i.e. nuclei with the same mass number but with in-
terchanged proton and neutron numbers. The mirror nu-
cleus of §}Zns, is §1Gay,, where the first few excited states
recently have been established [5]. To obtain solid infor-
mation on isospin-breaking effects from mirror nuclei, de-
tailed spectroscopic knowledge of the less exotic partner
—in this case ®1Zn— is necessary.

In the present paper we report on the investigation
of excited states in 6'Zn. Previous data aimed to extend
an existing [6,7] low-spin level scheme [2], to determine
parity-changing F'1 transitions [3], and to search for su-
perdeformed rotational bands [8]. The most recent decay
scheme of normally deformed structures in ®1Zn comprises
some 25 ~-ray transitions reaching over 9 MeV excitation
energy and a few spin and parity assignments [2], which
were refined in ref. [3]. Our analysis provides a firm decay
scheme with a considerable increase to almost 70 transi-
tions ranging up to a spin I™ = 31/2~ state at an excita-
tion energy of £, = 10155keV. Interestingly, revised spin
assignments of the low-lying levels based on ref. [3] and
the current analysis affect the presumed, tentative spin
assignments of the %Zn SD band [8].
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Fig. 1. Clean recoil-y spectrum of 5*Zn. The most intense transitions are marked with energies in keV. The spectrum is binned

to 2keV /channel. See text for more details.

The experimentally observed energy levels in the 1Zn
nucleus are compared with shell model calculations using
two different configuration spaces: i) the full fp space,
neglecting excitations up to the 1gg/, orbital, and ii) a
closed ®6Ni core with the five valence nucleons moving in
and between the 1f5/2, 2p3/2, 2p1/2, and 1gg o orbitals.

This paper reports on the experimental details includ-
ing the set-up (sect. 2), the data analysis (sect. 3) and
results (sect. 4). Section 5 deals with the shell model cal-
culations involving both of the above-mentioned configu-
ration spaces.

2 The experiment

The experiment was conducted at the Holifield Radioac-
tive Ion Beam Facility (HRIBF) at Oak Ridge National
Laboratory. In fusion-evaporation reactions of a 104 MeV
40Ca beam, impinging on a 99.92% isotropically enriched
24Mg target foil of thickness 0.3 mg/cm?, %4Ge compound
nuclei are formed. The §3Zn,; nuclei are then produced
via the evaporation of two protons and one neutron.

The experimental set-up comprised the germanium de-
tector array, CLARION [9], consisting of ten Ge clover
detectors placed in a three ring configuration (90°, 132°,
and 154°), and the Recoil Mass Spectrometer (RMS) us-
ing the split anode Ionisation Chamber (IC) at the focal
plane [10]. The distance between the clover detectors and
the target was 20.0 cm. In that configuration CLARION
has an overall v-ray detection efficiency of about 2.3%
at 1.3MeV ~-ray energy. At the end of the experiment
CLARION was energy calibrated using the three standard
~-ray sources °?Eu, '33Ba, and 3%Y.

The combination of CLARION, RMS, and IC allows
for correlations between ~y-rays and residual nuclei pro-
viding a unique identification of y-rays belonging to 6Zn.
The correlation was also used in the trigger conditions. An
event was recorded only if one of two conditions was met:
i) at least one Compton-suppressed y-ray was detected in
CLARION in coincidence with the detection of a recoil at
the focal plane of the RMS or ii) two or more Compton-
suppressed y-rays were detected in the germanium detec-
tors. More details about the set-up and data handling
are described in ref. [5]. These include the Doppler and
add-back corrections applied to the ~-ray data collected
from the segmented 4-fold germanium clover detectors in
CLARION.

The RMS separates the recoils in mass-to-charge ra-
tio, A/Q, where @) denotes the charge state of the recoil-
ing nuclei. For a given charge state masses are thus deter-
mined by their horizontal position at the focal plane of the
spectrometer. These positions are measured by a position-
sensitive grid, placed inside the IC. Information about the
energy and the atomic number, Z, of the recoils is pro-
vided via the differential energy loss information from the
split anode in the IC. This information is comprised in the
Ry3 parameter, which relates the energy loss in the first
and the third part of the IC anode via the ratio between
the two. The R;3 parameter is introduced and explained
further in ref. [5].

3 Analysis

In total there are three isotopes of mass A = 61 observed
in the present fusion-evaporation reaction; $5Cus,, 56Zns;,
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Table 1. Excitation energies, v-ray energies, relative intensi-
ties, and angular-distribution ratios for transitions in 5'Zn [6,
2,3].

E, (keV) Ey (keV) I, (%) Risa—os I I7
88.8(2)  88.9(1)  3.0(1) 1.08(7) 1/27% 3/27!
123.9(2) 123.9(1) 100(3) =~0.55* 5/27' 3/27
419.2(2)  295.5(1) 0.6(1) 1.55(34) 3/27% 5/2°
331.3(2)  1.2(1) 0.97(16) 3/27  1/27
419.1(2) 8.9(3) 1.11(6) 3/2~  3/2°
756.4(3) 339.0(2) 0.9(1) — 5/27%  3/27
631.7(3) 1.1(1) 0.72(16) 5/2°  5/2°
666.6(3) 1.8(1) — 5/27  1/27
755.7(4) 18(1)  0.60(3)  5/27  3/2°
997.7(4) 241.4(1) 0.5(1) — 7/27Y 5/27
578.2(3)  4.4(2) 1.40(9) 7/27  3/2
872.7(4)  73(2)  0.64(3) 7/27  5/27
996.7(5) 27(6)  1.48(7)® 7/27  3/2°
1266(1)  1141(1)  83(3)  1.62(7)  9/27' 5/27
1403(1)  647.1(3) 3.4(1) 0.66(6) 7/27% 5/27
984.3(5)  3.5(5) — 7/27  3/27
1278(1)  2.0(1) 1.01(12) 7/2=  5/2°
1403(1)  5.3(31) 0.84(4)* 7/2=  3/2°
2003(1)  737.6(4) 1.0(1) — 9/272  9/2~
1006(1)  8.5(10) 0.37(2)* 9/2=  7/2
1246(1)  8.1(3) 1.40(8) 9/2=  5/27
2270(1)  1005(1)  10(1)  0.37(2)®> 11/27' 9/2~
1273(1)  27(1)  1.77(8) 11727 7/2°
2400(1)  997.0(5)  5(3) 1.48(7)*  9/2tt  7/27
1403(1)  41(5)  0.84(4)* 9/2t  7/2”
2273(1)  2.3(1) 1.17(16) 9/2F  5/27
2699(2)  696.2(3) 1.7(1) 0.70(13) 11/27 9/2
1433(1)  6.7(2) 1.01(6)  11/27 9/2~
2799(2)  529.4(3) 0.8(1) — 13/271 11/2
1531(1)  46(3)  1.70(7)* 13/2= 9/2~
3244(2)  1978(1)  7.7(3) 0.78(6)  11/2T' 9/2”
3336(1)  936.7(5) 39(2) 1.70(7)  13/2F' 9/2t
1066(1)  6.9(2) 0.98(6)  13/2F 11/2
3461(2)  1458(1)  6.6(3) 1.51(9)  13/27 9/2~
2195(1)  5.5(3) 1.60(11) 13/2~ 9/2~
3495(3)  2229(1)  3.4(1) 1.40(12) — 9/2~
3844(2)  1046(1)  4.2(1) — 15/27 13/2~
1572(1)  16(1)  1.62(8)  15/27  11/27
4264(2)  1019(1)  3.6(1) 1.73(13) 15/2T' 11/2%
1466(1)  19(1)  0.73(4)  15/2F  13/2~
4309(3)  2039(1)  1.9(1) 0.87(14) 13/2 11/2°
4415(2)  1079(1)  35(1)  1.76(7)  17/2T' 13/2%
4644(2)  1847(1)  11(1)  1.66(9)  17/27' 13/2~
4915(3)  2116(1)  3.4(1) 0.81(9) — 13/2~
5195(3)  1733(1)  3.5(11) 1.49(10)* 17/27 13/2°
5254(2)  839.2(4) 3.1(1) 1.18(10) — 17/2%
990.9(5)  1.4(3) 1.32(13)* — 15/2%
5468(3)  1624(1)  3.6(1) — — 15/2~
5543(2)  898.9(4) 2.1(7) — 19/27 17/2°
1698(1)  5.8(3) 1.57(10) 19/27 15/2~
5552(2)  908.3(5) 2.6(1) 0.62(10) 19/2T' 17/27
1289(1)  11(1)  1.67(9)  19/2F 15/27
6090(2)  1675(3)  22(2)  1.69(8)® 21/2F' 17/2%
6212(3)  1799(1)  2.3(6) — — 17/27F
1946(1)  1.4(1) — — 15/2+
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Table 1. Continued.
E, (keV) E, (keV) I, (%) Risa—os I7 Iy
7284(2)  1733(1)  1.2(3)  1.49(10)* 21/27 19/2F
2088(1)  1.7(1) 1.32(17) 2172~ 17/2°
2639(1)  2.1(9) — 21/2=  17/2°
7295(3)  1743(1)  5.4(3) 1.47(10) 23/2T' 19/27
7486(3)  1396(1)  9.9(4) 1.93(10) 25/2T' 21/27F
7629(2)  344.8(2) 0.3(1) 1.20(24) 23/27' 21/2
1538(1)  7.5(7) 0.60(6)  23/27 21/2F
8336(3)  2246(1)  0.9(1) — — 21/2+F
8496(4)  1201(1)  2.2(1) — — 23/2F
8777(3)  440.6(2) 0.5(1) 0.71(18) — —
8879(3)  1595(1)  1.9(1) 1.79(21) 25/2 21/2~
9161(3)  1532(1)  6.3(7) 1.70(7)® 27/27' 23/27
1675(4)  4.0(20) 1.69(8)* 27/27 25/27F
10155(3)  994.1(5)  3.4(6) 1.48(7)* 31/27% 27/27

1Spim and parity supported or adopted from ref. [3].
2Spin and parity supported or adopted from ref. [6].
3Doublet structure.

4Ratio corrected using the estimated lifetime of the state.

and $1Gag,. Since the recoils have different proton num-
bers the energy loss signals will peak at slightly different
values of R13. Hence, it is possible to increment ~y-ray spec-
tra containing predominately recoils of only one species.
This is done by restricting the values of R;3 around the
known peak positions for 61Cu, 61Zn, and %'Ga, respec-
tively. Performing a careful fractional subtraction makes it
possible to obtain clean y-ray spectra for the three A = 61
recoils. The resulting clean 6'Zn spectrum is shown in
fig. 1. Only at 1310keV, an effect of the fractional sub-
traction can be seen. The fluctuations are a result of the
subtraction of the most intense peak in %' Cu, which is the
strongest of the A = 61 reaction channels.

From the clean %1Zn spectrum transitions have been
identified, their energies have been determined, and rela-
tive intensities have been obtained. The results are listed
in table 1. Intensities, I, in the table are both efficiency
corrected and corrected for the mean angular position of
all detectors. At a mean position of 6§ ~ 55° the relative
intensities of AT =0, 1, and 2 transitions are equal [11].
In CLARION the mean position is at # = 65° and correc-
tion factors to account for the non-equal detection have
to be determined. By evaluating angular distributions cal-
culated with alignment coefficients, o, typical for fusion-
evaporation reactions, correction factors of 1.09(2) and
0.95(2) for AI = 0, 2 and Al = 1 transitions, respec-
tively, have been derived. These are included in the values
in table 1.

The data from this experiment was incorporated in
so-called recoil-yv matrices, which were used to establish
coincidences between ~-ray transitions. As the name im-
plies, the yy-matrices are gated by recoils, i.e., they con-
tain only ~-rays observed in coincidence with the detec-
tion of an A = 61 recoil in the focal plane. Two matrices
were constructed; one with Rj3-values compatible with
617Zn and the other compatible with 51Cu. This restric-
tion aimed to minimise the amount of contaminants. The
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Fig. 2. The decay scheme of ®'Zn from the present work. Energy labels are in keV and the intensities of the transitions are
here indicated by the relative thicknesses of the arrows. Tentative levels and transitions are dashed.

presence of 52Cu (61Zn) recoils in the ®1Zn (1Cu) gated
matrix is, however, unavoidable due to the partially over-
lapping R;3-values of the two species. Coincidence spectra
obtained by identically selecting a specific transition in the
two matrices, can be subtracted from each other in a sim-
ilar manner as previously described for the spectrum in
fig. 1. This results in an “isotopic” y~y analysis of the 5'Zn
transitions.

The careful coincidence analysis using the recoil-yy
matrices described above has been carried out for the 5'Zn
nucleus. Figures 3, 4, and 5 show examples of coincidence
spectra, both for intense and weak transitions. As can be
seen from the figures, coinciding ~y-ray transitions are eas-
ily determined from these very clean spectra. The coin-
cidence information has been used to build the compre-
hensive decay scheme of 61Zn, illustrated in fig. 2. A few
transitions, which have not been possible to place into the
decay scheme due to lack of statistics, remain unmarked
in fig. 1.

Intensity ratios of y-rays observed in different detector
rings in the set-up [5] are also included in table 1. In the
current analysis this ratio, Ri54_9¢, is determined for the
detectors placed at 84°, 96°, with respect to the beam axis,
and those placed at 148°, 160°. Due to the dependence of
the angular distribution on detector position the latter de-
tectors may be treated as having an average detector posi-
tion of 154°. The former, due to the symmetry at 90°, must
be kept at either of the two positions, since they are placed
symmetrically around 90°. Hence, R154_96 gives the ratio
of yields, Y, between two of the detector rings in CLAR-
ION. Ratios for known stretched AI = 2 reference tran-
sitions amount to Riss_g6 = Y (154°)/Y(96°) ~ 1.6-1.7,
while stretched dipole transitions have Ri54_9¢ ~ 0.7-0.8.
In order to assign both spin and parity to the levels the

previously published assignments from ref. [3], investi-
gated by means of angular correlations (DCO-ratios) and
linear polarisations, and ref. [6] have been included. The
previous assignments are confirmed by the angular distri-
butions found in the current experiment. Additional levels
have been assigned spin and parity based on angular dis-
tributions from the current analysis and yrast arguments.

Two things from table 1 are worth extra attention.
First note the 124keV level, which is fed with a total in-
tensity of 160(4) units, but with a total decay of only
100(3) units. The large discrepancy can be explained by
the combined effect of internal conversion of the 124 keV
~v-ray and a relatively long lifetime of the 124 keV state.
In fact, both these effects are coupled to each other via
the Ri54_96 value of this transition. The experimentally
obtained value is Ri54—9s = 0.91(4). This value indicates
either an almost pure Al = 1 dipole transition or an al-
most pure Al = 1 quadrupole transition. The conver-
sion coefficients in these two extreme cases are a = 0.04
and a = 0.32, respectively. Thus, even in the case of a
pure quadrupole transition internal conversion can only
account for a fraction of the missing yield. The remaining
portion of about 30(6) units is attributed to a relatively
long lifetime of the 124keV state, which is estimated in
the following.

Arrays of Ge detectors such as CLARION reach their
full efficiency only if the ~-rays are emitted at the target
position. If the recoiling nuclei v decay at a position, d,
behind the target, only a fraction, £2(d), of the maximal
solid angle, {2y, is accessible. Clearly, 2(d) depends on
the detector position, i.e. 2(d) = £2(d,0). With a proper
calibration isomeric states can be measured via this “shad-
owing” of the germanium detectors [12]. In this analysis,
however, only an estimation of the lifetime can be ob-
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tained as there are no calibration points. The function
£2(d, 0) has been simulated and then replaced by the ap-
proximative assumption

)2, d< Do(0),
2(d,9) = {0, d > Dy(0),

with Dy(96°) = 8cm, Dy(132°) = 16cm, Dy(154°) =
22cm and Dg(f) = 13 cm. Using the latter, the missing
yield, and knowing the average velocity v/c = 4.26(1)% for
the recoils, the lifetime, 7, can be estimated. In case of a
pure dipole (quadrupole) transition one obtains 7 ~ 10 ns
(T =~ 6ns). The experimentally obtained intensities of the
124 keV line in the different detector rings hence lack yield
due to recoils in the long-lived state moving away from the
target position before decaying. Consequently, the experi-
mentally obtained Ri54_96 needs to be corrected. The cor-
rection factors obviously depend on 7 and, hence, on the
multipolarity of the transition. In case of a pure dipole
transition the correction factors are 1.2 (154°) and 2.2
(96°), and in case of a quadrupole character they are 1.1
and 1.6, respectively. This results in a corrected Ri54—9¢
value of about 0.5 (dipole) and 0.6 (quadrupole). Using
an average of these values provides some kind of self-
consistent estimate for the involved quantities: Ri54_9g =
0.55 and 7 ~ 8ns gives a 6(E2/M1) ~ 1 mixing of this
transition.

The second remark from table 1 concerns the “double
doublet” structure of the yrare and yrast 1403 keV and the
yrare and yrast 997 keV transitions, which in parallel de-
populate the 9/27 level at 2400 keV. The 1403 keV energy
level and the transition into the ground state are previ-
ously known [6]. First of all, gating on the 997 keV and
the 873 keV transitions in the current data set results in a
non-equal ratio between the yields of the 1273 keV and the
1403 keV ~y-ray transitions, which feed the 998 keV level.
In fact, the gate reveals a larger amount of the 1403 keV
transition in the 997keV gate than in the 873keV gate.
This provides first evidence for the two yrare transitions
in the “double doublet” structure. The determination is,
however, complicated by the energetically close 1396 and
994 keV transitions.

To obtain reasonable values of the relative intensities
of the four transitions it is necessary to make indirect
measurements. From the spectrum in coincidence with
the 1273 keV transition the branching ratio between the
yrast 997keV and the 873 keV transitions could be ob-
tained. The 873keV ~-ray transition is well established,
but difficulties arise from the 994keV 31/2~ — 27/2~
transition, which is close in energy to the 997keV transi-
tions and impossible to separate completely. In a similar
way, the branching ratio between the 1273 and the yrast
1403 keV transitions might be obtained from the spectrum
in coincidence with the 873keV transition. Difficulties,
however, arise from the energetically close-lying 1396 keV
25/2% — 21/2" transitions, which can affect the ratio of
yields.

While the intensities of the two yrast transitions can be
determined reasonably well with the described procedure,
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it turns out to be basically impossible to obtain mean-
ingful numbers for the yrare transitions from the current
data set. However, using information from an indepen-
dent, early data set taken with the GAMMASPHERE ar-
ray, the estimates included in table 1 can be derived for
the yrare transitions [13].

4 Results

In fig. 3 transitions in coincidence with the intense
1141keV 9/27 — 5/27 ~-ray are illustrated. The previ-
ously known [3] negative-parity yrast sequence 1847, 1531,
1141 keV can easily be seen in the figure via the first two -
rays. Spin and parity of this sequence are well determined
(see ref. [3] and table 1). In fig. 3 the 1743, 1289, and
1019keV transitions between positive-parity yrast states
are illustrated. The spin and parity assignments of the
involved energy levels differ between ref. [2] and ref. [3],
while the present analysis supports the 11/2 assignment
of the 3244 keV level by the AI = 2 1019keV and the
AT =1 1466 and 1978 keV transitions. The two sequences
mentioned above are connected via three transitions at
1978, 1466, and 908 keV, respectively. Peaks at these en-
ergies are also present in fig. 3. The high-lying levels at
8879 and 7284 keV from fig. 2 are established indirectly
in the coincidence spectrum of fig. 3, via the 1595keV
transition between them and the 1733 keV transition con-
necting them to the 19/2% level. Spin and parity of the
level at 7284 keV are determined via its connection both
to the positive-parity band to the right and the negative-
parity band to the far left in fig. 2. The 2088 keV transition
can be used as guidance due to its likely AI = 2 charac-
ter. The 1733keV transition, however, is unreliable due
to its doublet structure. The 2639keV 21/2~ — 17/2~
transition, visible in fig. 2, is not very intense but can be
distinguished in a close-up view of the spectrum.

Figure 4 illustrates the coincidences with the 1675keV,
21/2% — 17/2%, and 27/2~ — 25/27%, doublet structure.
The two transitions are found to be self-coincident. The
lower 1675keV transition is placed in the clearly visible
937, 1079, 1675, and 1396 keV sequence, present in the
figure, while the upper 1675keV transition is feeding it.
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Fig. 5. Same as fig. 3 but in coincidence with the 756 keV
5/27 — 3/27 ground-state transition. The low intensity of this
transition in combination with the energetically close 762 keV
transition in *Cu makes the contaminating transitions much
more intense than in the previous figures.

The positive parity of the lower 1675 keV transition’s band
has already been established via the clear E1 properties
of both the 1403 keV and the 1066 keV transitions [3]. In
the same paper the 1538keV transition has been estab-
lished, causing the connected energy level at 7629 keV to
have spin and parity 23/2~. Combining this with the E2
character of the 1396keV transition determines the up-
per 1675keV transition to decay from 27/2~ down to a
25/2% level. The properties of the 1532 keV transition are
not as reliable due to the close placement of the 1531 keV
13/2= — 9/2~ doublet transition.

Figure 5 illustrates the y-rays in coincidence with the
756keV 5/27 — 3/27 ground-state transition. The spec-
trum contains more contaminating transitions from 'Cu
than previous figures. This is a result of the combined
effect of gating on a relatively weak transition in 6'Zn
and having an energetically close (762keV) transition in
61Cu. In spite of the contamination of ®'Cu in the gate
the %1Zn information is clear. Two transitions decay into
the 756 keV energy level, the 1246 and 647 keV transitions,
both clearly visible in this spectrum. The subsequent 1458,
1733 and 2088 keV transitions are all three also illustrated
in the figure. Even the positive-parity yrast sequence of
1675, 1079, 937 keV transitions are indicated in this spec-
trum, all decaying into the 756 keV energy level via the
earlier mentioned, difficult 997 keV ~-ray transition. This
weak transition is indirectly established by the presence
of these transitions in the coincidence spectrum.

The European Physical Journal A

5 Shell model interpretation

The experimental results can be compared with predic-
tions obtained from large-scale shell model calculations
using the code ANTOINE [14,15]. In the present paper
two calculations have been carried out.

The first calculation involves the 1f7 5 orbit below the
N = Z = 28 shell closures and the 2p3 /2, 1f5/2, and 2p; /o
orbits above —here referred to as the fp calculation. No
positive-parity states will be obtained for 1Zn in this cal-
culation as the configuration space includes only odd-/
orbitals. The interaction, GXPF1 [16,17], is adjusted to
nuclei beyond the N = Z = 28 shell closure. In the cur-
rent calculation no Coulomb interaction was included and
the configuration space was truncated to allow up to three
particle excitations from the 1f7/5 shell into the upper fp
shell.

The second calculation uses a **Ni core and allows only
excitations outside the core, i.e., neglecting the 1f7,5 or-
bit. On the other hand, it includes the 1gg,, orbit, and
it is referred to as the f5/2pgg o calculation in the follow-
ing. This interaction is derived from the Bonn-C nucleon-
nucleon interaction and adjusted for the Z > 28, N < 50
region [18] in a similar fashion as it was done for GXPF1
within the fp shell [16,17].

In fig. 6 the experimental level energies are compared
with the predicted energies from the two calculations. In
the middle and on the right-hand side of the figure the
negative- and positive-parity yrast states are shown. On
the left-hand side the negative-parity yrare states are il-
lustrated. Third states of a given spin-parity combination
are not included in the figure because there are essentially
no experimentally well-defined states.

The energy levels from the fp calculation agree very
well with the experimental states up to spin and parity
19/2~. However, at higher spins the levels clearly mis-
match. These difficulties are expected, since the influence
of the 1gg/5 orbital becomes more and more important
when forming high-spin states in 1Zn [1] due to its high-j
nature.

The opposite situation is true for the f5/opg9/2 cal-
culation. The lack of the 1f7/, orbital in the calculation
may explain difficulties to reproduce low-spin states but
a significantly better agreement than for the fp calcula-
tion is found at high spins. Figure 6 illustrates this for the
negative-parity yrast levels where the predictions improve
above spin 19/2. The f5,9pgg/2 calculation also reproduces
positive-parity yrast states well.

The Mean Level Deviation (MLD) measures how
well the calculated energy levels match the experimental
states. Normalising to the ground states, the MLD is here

calculated as
(E,, — E,.)2
MLD = \/Zz( T; th,) , (1)
n

where E,, and Eyp, are the experimentally observed and
predicted energies, respectively, and n corresponds to the
number of levels included in the MLD calculation.

For the fp calculation the MLD is 1561 keV if all yrare
and yrast levels are included. The magnitude of this value
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Fig. 6. Comparison between the experimental and calculated levels from the fp and fpg shell model calculation. The middle
section illustrates the negative-parity yrast levels. On the right-hand side are the positive-parity yrast, and on the left-hand

side are the negative-parity yrare states. See text for details.

suggests a poor agreement between experiment and the-
ory. If only levels up to spin 19/2 are included the corre-
sponding number drops dramatically to 228 keV, suggest-
ing good agreement. Calculating MLD for only yrast levels
up to spin 19/2 results in an even lower value of 153 keV.
MLD values for the f5/opgg 2 calculation are 569keV if
all yrast and yrare levels are included and including only
yrast levels an MLD of 523 keV is obtained. A calculation
of only levels above 19/2 results in a MLD of 307 keV.

Figure 6 illustrates in a simple way that neither of
the two calculations used in this analysis are adequate
to fully describe 6'Zn. Both holes in the 1f; /2 orbit and
particles in the 1gg/5 orbit seem necessary in order for the
calculation to truly reproduce the experimentally obtained
nuclear energy levels. Calculations involving both orbitals
are, however, impossible to carry out at present, due to
the center-of-mass difficulties [4] mentioned earlier.

In the current analysis a more thorough investigation
of the wave functions calculated by ANTOINE has been
carried out. This analysis involves the electromagnetic de-
cay properties of the nuclear states and is done using the
free g-factors and effective charges of 0.5¢ (1.5¢) for neu-
trons (protons). Applying the g-factors and the charges
via the B(M1) and B(E2) values obtained for each tran-
sition enables a study of branching ratios b. Experimen-
tally obtained relative strengths are compared to the cal-
culated branching ratios and the results are illustrated in
table 2. Here, all possible transitions, AI = 0,1, 2, have
been investigated, including those transitions, which are
predicted to be energetically allowed, but which have not
been experimentally observed.

Generally, the results from the analysis of the elec-
tromagnetic decay properties show good agreement with
the experimental data in the fp calculation both for the
yrast and the yrare states below I™ = 19/27. An example
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Table 2. Comparison between experimental and predicted
branching ratios, b, of the ~-rays in ®'Zn. Two shell model
calculations have been compared in this analysis. by, denotes
the branching ratios from the fp calculation and b,y from
the f5/2pgg/2 calculation. Transitions written in italic style are
experimentally not observed (n.0.). See text for more details.

E. (keV) E, (keV) I7 IT  beap  bpp bppg
88.8 89 /27 3/27 1.0 1.0 1.0
123.9 35 5/27 1/27  mno.  0.00 0.03

124 3/27 1.0 1.0 0.97
419.2 296 3/2,  5/27 0.06(1) 0.02 0.09
331 1/27 0.11(1) 0.04 0.43
419 3/27 0.83(2) 0.94 0.48
756.4 339 5/2,  3/2, 0.04(1) 0.05 0.01
632 5/27 0.05(1) 0.07 0.04
667 1/27 0.08(1) 0.00 0.00
756 3/27 0.83(2) 0.88 0.95
997.7 241 7/27  5/2;  m.o.  0.00 0.00
578 3/2; 0.04(1) 0.11 0.06
873 5/27 0.70(5) 0.88 0.02
997 3/27  0.26(5) 0.01 0.91
1266 268 9/27 7/27  mno. 0.03 0.00
510 5/2,  m..  0.00 0.00
1141 5/20 1.0 097 1.0
1403 137 7/2;  9/27  no.  0.00 0.00
405 7/27  m.o.  0.00 0.00
647 5/2, 0.24(5) 0.32 0.10
984 3/2;  0.25(7) 0.00 0.45
1278 5/27  0.14(3) 0.05 0.14
1403 3/27 0.37(19) 0.63 0.30
2003 600 9/2, 7/2; mo. 0.09 0.01
738 9/27 0.06(1) 0.33 0.02
1006 7/27  0.48(4) 0.27 0.02
1246 5/2, 0.46(4) 0.28 0.95
1879 5/27  mn.o.  0.02 0.00
2270 267  11/27 9/2;  mn.o.  0.00 0.00
867 7/2,  m.o.  0.00 0.03
1005 9/27 0.27(3) 0.25 0.01
1273 7/27  0.73(3) 0.75 0.96
2400 997 9/2f 7/2; 0.10(6) — —
1403 7/27 0.85(15) — @ —
2273 5/27 0.05(1) — @ —
2699 276  11/2; 7/25  mn.o. 000 —
429 11/27  mn.o.  0.00 0.00
696 9/2; 0.20(1) 0.19 0.01
1433 9/27 0.80(1) 0.44 0.00
1296 7/2,  m.o. 033 0.68
1701 7/27  mo.  0.04 0.30
2799 100 13/27 11/2;  mn.o.  0.00 0.00
529 11/27  0.02(1) 0.00 0.00
796 9/2,  m.o.  0.00 0.00
1531 9/27 0.98(1) 1.00 1.00
3244 1978 11/27  9/27 1.0 - —
3336 937 13/2F  9/27 0.85(7) — 1.00
1066 11/27  0.15(1) — —
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Table 2. Continued.

E; (keV) E, (keV) Ir IT  beap  brp  bppg
3461 662 13/2, 13/27 n.o. 0.03 0.01
762 11/2;  mn.o. 0.04 0.01
820 9/2; mno. 0.00 —
1191 11/27  no.  0.00 0.00
1458 9/2, 0.55(2) 0.24 0.99
2195 9/27 0.45(2) 0.69 0.00
3495(3) 34 11/2; 13/2;  n.o.  0.00 0.00
696 13/27 no.  0.09 0.32
796 11/2;  mn.o. 0.02 0.00
854 9/2; n.o. 0.00 —
1079 7/2;  mno.  0.00 —
1225 11/27  no.  0.07 0.00
1492 9/2; no. 011 —
2092 7/2;,  no. 002 —
2229(1) 9/27 10 059 —
2497 7/27  no. 0.08 —
3844 849 15/27 11/27 n.o.  0.00 —
383 13/2;  mn.o. 0.00 0.00
1046 13/27 0.21(1) 0.16 0.00
1145 11/2;  n.o. 0.0l 0.00
1572 11/27 0.79(1) 0.83 1.0
4264 928 15/27 13/27 no. — 0.00
1019 11/27 0.16(1) — 1.0
1466 13/27 0.84(6) — —
4309(3) 465 13/2; 15/27 mn.o.  0.04 —
814 11/23  no. 010 —
848 13/2;  mno. 001 —
1510 13/27  mn.o. 0.08 —
1610 11/2;  no. 001 —
1668 9/2; no. 020 —
2039(1) 11/2;7 1.0 036 —
2506 9/2; no. 017 —
3043 9/27 no. 004 —
4415 151 17/2F 15/27  no. — 0.00
1079 13/2F 1.0 — 1.0
4644 335 17/27 13/2;  n.o.  0.00 0.00
800 15/27  n.o. 0.0l 0.00
1183 13/2;  n.o. 0.03 0.00
1847 13/27 1.0 095 1.0
4915(3) 271 15/25 17/27  n.o.  0.00 0.03
606 13/2;  no.  0.16 0.05
1071 15/2]  n.o. 0.04 0.00
1420 11/23  no. 0.03 0.85
1454 13/2;  m.o. 0.01 0.00
2116(1) 13/27 1.0  0.69 0.00
2216 11/2;  n.o. 0.04 0.01
2645 11/27  mno. 0.02 0.07
5195 208 17/2; 15/2;  n.o. 0.0l 0.00
551 17/27  no.  0.02 027
886 13/2  n.o. 0.01 0.03
1351 15/27  mn.o. 0.08 0.01
1733 13/2;, 1.0  0.64 0.06
2396 13/27  mn.o. 025 0.63
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Table 2. Continued.

E; (keV) E, (keV) I7 Iz bexp brp  bspg
5543 75 19/27 17/2;  no 0.00 0.00
348 17/2;  n.o 0.00 0.00
628 15/2;  n..  0.00 0.00
899 17/27  0.27(7) 0.09 0.00
1698 15/2;  0.73(7) 091 1.0
5552 908 19/2F 17/27 019(2) — —
1289 15/27 0.81(9) — 1.0
6090 538 21/2F 19/2F  n.o. — 0.00
704 17/25  n.o. — 0.00
1675 17/2f 1.0 — 1.0
7284 629 21/27 19/2;  n.o. — 0.00
1733 19/27 0.248) — —
1741 19/27  n.o. — 0.00
1816 17/25  n.o. — 1.0
2088 17/2; 0.34(7) — 0.00
2639 17/27  0.42(20) — 0.00
7295 429 23/2F 21/2F  n.o. — 0.00
575 19/25  n.o. — 0.00
1205 21/2{  mn.o. — 0.00
1743 19/2f 1.0 — 1.0
7486 620 25/21 21/2f  neo. — 0.00
1396 21/2F 1.0 — 1.0
7629 152 23/27 21/2;  n.o. — 0.00
345 21/27  0.04(1) — 0.02
974 19/2;  n.o. — 0.98
1538 21/2F 096(12) — —
2086 19/27  n.o. — 0.00
8879 149 25/27 23/25  n.o. — 0.00
162 21/2;  n.o. — 0.00
1250 23/27  n.o. — 0.00
1402 21/2;  n.o. — 0.00
1595 21/27 1.0 — 1.0
9161 194 27/27 25/25  n.o. — 0.00
241 25/2;  mn.o. — 0.00
282 25/27  n.o. — 0.00
481 23/2;  n.o. — 0.00
1532 23/27 0.61(14) —  0.99
1675 25/2f 0.39(21) — —
10155 96 31/27 29/27  n.o. — 0.00
994 27/27 1.0 — 1.0

is the yrast 2270keV 11/27 level. Allowing all possible
AI =1 and Al = 2 transitions to states of lower energy
results in four predicted transitions from the calculations.
Of these only the 1273keV and the 1005 keV transitions
are experimentally observed and the branching ratios are
determined as 0.73(3) and 0.27(3), respectively. Another
example is the 756 keV 5/27 yrare state, which experimen-
tally decays via three well-known transitions (339, 632,
756keV) and a tentative transition (667keV). The four
decays have observed branching ratios of 0.04(1), 0.05(1),
0.83(2), and 0.08(1), respectively. The calculation give the
corresponding branching ratios as 0.05, 0.07, 0.88, and
0.00. The calculated results agree with the experimental
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ones for all but the tentative transition which is not pre-
dicted by the calculation.

One interesting detail noticed only in the analysis of
the electromagnetic decay properties is the difficulty in
reproducing the branching ratios for the yrast and yrare
3/27 levels in the fp calculation. As can be seen in ta-
ble 2 there are relatively large discrepancies between the
experimental and the calculated results, especially for the
7/27 — 3/27 transition. Experimentally, this is deter-
mined as 0.26(2) but the calculated branching ratio is as
low as 0.01. The distinct difference is very surprising, es-
pecially when compared with the very good agreement
between experimental and calculated branching ratios for
all other yrast levels.

If two predicted levels with the same spin and parity
are placed close in energy, shell model calculations have
problems in correctly describing their electromagnetic de-
cay properties. The problem can usually be solved by af-
terwards mixing the wave functions of the two states based
on the matrix elements of the electromagnetic operators.
However, in the current experiment and calculation the
two 3/27 states are separated by over 400keV. Consider-
ing the MLD value of 228 keV obtained for this calculation
—about 50% of the energy difference between the two lev-
els of interest— the two states should be well separated,
yet these difficulties persist.

The analysis of the branching ratios may also be used
to predict weak transitions and provides a possibility to
suggest spin assignments to new levels. One example,
where this method can be applied, is the experimental
level found at 3495 keV, which decays into the 9/27 level
with a ~-ray of 2229keV. Based on the Ri54_9g value of
1.40(12) this transition is most likely to be of AI = 2
character, which hints towards a 13/2 assignment to the
3495 keV level. Nevertheless, a mixed AI = 1 transition
cannot be ruled out. Theoretically, the 11/25 and 13/23
states are predicted at 3796 and 4519 keV. Using a 11/25
assignment for the 3495 keV level, the main predicted de-
cay branch (59%) corresponds to the observed 2229 keV
v-ray, while a 13/25 at 3495keV shall decay predomi-
nantly (47%) into the 13/2~ yrast state, which would be
at variance with experiment. In conclusion, we tentatively
associate the observed level at 3495 keV with the predicted
11/25 state. In a similar way, the predicted 13/25 and
15/25 states are good candidates to explain the experi-
mentally observed levels at 4309, and 4915 keV, respec-
tively.

Comparing calculated and experimental energy lev-
els, the f5/opgg/2 calculation has already proven not
to be equally reliable as the fp calculation. The study
of the electromagnetic decay properties shows a simi-
lar trend and the values are also presented in table 2.
This calculation provides predictions for positive- as well
as negative-parity states, though it cannot predict any
parity-changing F'1 transitions. This is due to the fact that
Al > 2 for transitions between odd-¢ (2ps/2, 1f5/2, 2p1/2)
and even-£ (1gg/2) orbitals. Moreover, the f5/5pgg/2 cal-
culation, due to the lack of the 1f7/, orbital in the config-
uration space, underestimates the branching ratios of the
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experimentally established parity-conserving Al = 1 tran-
sitions. The difficulty originates from the K2-dependence
of the B(M1) strength (see, e.g., eq. 4-87 in ref. [19]).
Excluding the 1f7/5 orbit will reduce the maximum of
this value by almost a factor two. The effect is strikingly
seen in the calculated branching ratios of the 1005 and
1273keV transitions from the 2270keV 11/2] level. As
mentioned above, the fp calculation reproduces them with
very good precision, while the f5/5pgg/2 calculation re-
duces the AI = 1 part to negligible 1%, it amounts to
27(3)% experimentally.

Finally, the experimentally obtained spin and parity
assignments of low-lying states based on ref. [3] and the
current analysis affect the tentative spin assignments of
the superdeformed (SD) band presented in ref. [8]. The SD
band will, according to previous analysis, decay into the
6090 and 7629keV levels in the normally deformed level
scheme, which now have fixed spin and parity assignments
of 21/27% and 23/27, respectively. In the following, we have
to assume that the 1432keV transition at the bottom of
the SD band (cf. ref. [8]) belongs to the band, i.e., that it
has E2 character. As a result, spin and parity I™ = 23/2~
is assigned to the SD band head at 11367 keV, different
from the tentative I = 25/2 assignment in ref. [8]. The
modification of the spin assignment also leads to a change
of signature, a, of the SD band in 6'Zn. Subsequently, the
change of signature from a = 4+1/2 to o = —1/2 affects
the discussion in ref. [8] in terms of proton and neutron
occupancies of the 1gg o orbital for the band.

From the previous paper it is known that the SD oc-
cupancies in ®1Zn are built on the configuration of the SD
band in %°Zn. In %9Zn two protons and two neutrons in
the 1gg/2 orbital form the “doubly-magic” SD core in the
mass region [20], and the additional neutron in %'Zn can
then occupy the positive-parity, « = +1/2 Nilsson orbital
[431]3/2, or either of the signatures in the [310]1/2 and
the [303]7/2 orbitals. The latter orbital is unlikely since
both of the two signature partners would be energetically
close and, furthermore, they would be strongly coupled via
cross-over M1 transitions connecting the levels between
the bands (e.g., structure 8 in ref. [1]). Neither of this
is seen in the experimental data of ref. [8]. This leaves
three possible Nilsson orbitals, two with « = +1/2 and
one with @ = —1/2. While the Skyrme-Hartree-Fock cal-
culations in ref. [8] seem to energetically favour the two
a = +1/2 structures, Cranked Nilsson-Strutinsky (CNS)
calculations [21,22] with standard parametrisation [21]
predict the three remaining possibilities to be energeti-
cally equivalent within the spin regime the SD states are
fed. More experimental work is clearly required to confirm
that the lowest (11367 keV) level belongs to the SD band
and/or that the 1432keV ~-ray transition has F2 char-
acter and whether or not more bands exist in the second
minimum of %'Zn.

6 Summary

The current analysis of %1Zn provides a firm, extended
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decay scheme involving almost 70 transitions with spins
ranging up to I™ = 31/27. The experimentally obtained
energy levels and branching ratios have been compared
with predictions from large-scale shell model calculations
involving the upper fp shell and either the 1f7/,, or the
1gg /2 orbital. The predictions prove to be in good agree-
ment with the experimental results but neither is adequate
to fully describe 61Zn. With its well-known decay pattern
and because it is placed in the middle of the upper fp
shell 61Zn, provides a good starting point for further de-
velopments of the shell model calculations.

The revised spin assignment of the SD band requires a
modified analysis in terms of neutron and proton config-
urations and calls for further experimental investigations
of the high-spin excitation scheme of the 1Zn nucleus.
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