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Abstrakt

Témou prace je systematické Stadium tvarovej koexistencie neparnych izotopov
zlata v oblasti s neutrénovym ¢islom N =104. Experimentdlna cast’ tejto prace sa
opiera o realizdciu experimentu IS521 na zariadeni ISOLDE. Excitované stavy izo-
topov 118 Au boli populované 5/EC premenou % Hg prekurzorov, ktoré boli
dodané zariadenim ISOLDE. Jadrova §truktdra izotopov 818 Au bola studovana po-
mocou simultdnnej spektroskopie konverznych elektrénov a v kvant. TATRA spek-
trometer, ktory obsahuje unikdtny paskovy transportny systém zaloZeny na amorfnej
kovovej paske, bol vyvinuty a tspesne pouzity. Novy Broad Energy Germanium
(BEGe) detektor bol pouZity v experimente v oblasti zdkladného vyskumu jadrovej
Struktary po prvykrét. Tento detektor ma vyborné rozliSenie, spojité pozadie a takmer
idedlne tvarované piky podobné Gaussovému rozdeleniu, ¢o umoziiuje lepsie rozoz-
nanie pikov v multipletoch a urcenie energie pikov s presnostou na 30eV. Vd'aka
tejto presnosti mohol byt pouZity kombina¢ny princip, ktory navrhli Rydberg a Ritz,
na zostavovanie rozpadovych schém. Pri $tddiu nuklidov s neparnym hmotnostnym
¢islom casto ¢elime spektram, ktoré sa vyznacuja vel'kou hustotou pikov. Preto bola
pouzitd inovativna metdda na separdciu povodnej premeny od dcérskych premien v
spektrach. Rozpadové schéma nuklidu ' Au bola zna¢ne doplnend a opravena oproti
tej v predoslej stadii a rozpadovéa schéma pre nuklid 8! Au bola skonstruovana po
prvykrat. Boli doplnené systematiky niektorych stavov a mierna zmena tvaru bola
identifikovand pomocou ich porovnania s PTRM vypoctami. Hlavnym vysledkom
préce je pozorovanie parabolického trendu v systematike vnorenych (intruder) stavov
s minimom presne medzi dvoma neutrénovymi uzavretymi vrstvami, N =104, ¢o zod-
povedd izotopu ¥ Au.

Abstract

The topic of this thesis is the systematic study of the shape coexistence in odd-mass
Au isotopes in the vicinity of N =104 mid-shell point. Experimental part of the thesis
was performed at ISOLDE facility, within the scope of the IS521 experiment. Excited
states of 18118 Ay isotopes were populated by 5+ /EC decay of '818Hg precursors pro-
duced by ISOLDE. Nuclear structure of 818 Au isotopes was investigated by means
of simultaneous spectroscopy of conversion electrons and + rays. A unique tape trans-
portation system TATRA, based on rapidly quenched metallic tape, was designed and
successfully commissioned. For the first time in the fundamental nuclear structure
experiment, novel Broad Energy Germanium (BEGe) detector was used. Its supreme
energy resolution, together with almost ideally Gaussian peak shape allowed peak
recognitions in many multiplets and the determination of peak energies with 30 eV pre-
cision. It was so precise, that Rydberg-Ritz combination principle was used for level
scheme constructions. An enormous complexity of measured spectra emerges in the
case of odd-mass nuclei study. Therefore, innovative method was developed. Results
of the study are significantly improved level scheme of the ' Au in comparison with
previous work and the level scheme of the ! Au was constructed for the first time.
Systematics of particular states of odd-Au isotopes were extended and slight change
in shape based on PTRM calculations was observed. The key result is observation of
a parabolic trend in the systematics of intruder states with its minimum in neutron



midshell point N =104 (¥ Au).

Introduction

The atomic nucleus, discovered by Ernest Rutherford in 1911 by interpretation of
the famous gold-foil experiment [1] performed by Hans Geiger and Ernest Marsden,
represents one of the fundamental building blocks of the matter in the Universe. It
takes place between atoms and the hadrons in a chain of basic constituents, which
stretches from quarks to galaxies. In common with many of its neighbours in the chain,
the basic problem of nuclear structure physics is a quantum many-body one. Therefore,
nuclear physics continues to be one of the most fascinating fields in a fundamental
science. Nucleus generally consists of a large finite number of nucleons (neutrons and
protons) interacting via a strong short-range force. The precise form of this effective
interaction is still not known. In a sense, its determination is one of the fundamental
goals of nuclear physics. The route, towards this goal, involves systematic predictions
and domains testing of its applicability of the current models by probing excited states
of nuclei in a great detail.

Important feature related to the nuclear structure is the shape coexistence, i.e., ob-
servation of differently shaped excited states (eigenstates) in particular atomic nucleus.
The shape coexistence is known as a feature of nuclei over 50 years with three extensive
reviews published [2—4].

This thesis deals with the systematic study of the shape coexistence in odd-Au iso-
topes in the vicinity of N =104 mid-shell point. Odd-mass isotopes in general herald
the unique systems for nuclear structure studies, where the odd particle (proton or
neutron) acts as a probe of the even-even core and yields information on indepen-
dent particle states, of deformation (both axial and triaxial shapes), on pairing (from
the blocking effect), on rotational collectivity, and on identification of intruder states
almost free of mixing. The coupling of independent particle states with core excita-
tions lead to high level density at low energies in odd-mass nuclei. Moreover, unlike
in even-even nuclei, the decay schemes involve multiple paths to the ground states
and multipolarities of transitions are dominated by /1 and mixed M1+ E2. This is re-
flected in an enormous complexity of measured spectra, both for v rays and conversion
electrons. Therefore, an excellent energy resolution is critical parameter. To achieve ac-
ceptable conditions, innovative methods needed to be developed to study odd-mass
nuclei.

Experimental part of the thesis was performed at ISOLDE facility, within the scope
of the IS521 experiment [5]. Excited states of 8183 Au isotopes were populated by
5% /EC decay of ¥18Hg precursors produced by ISOLDE. Nuclear structure of '*1%3Au
isotopes was investigated by means of simultaneous spectroscopy of conversion elec-
trons and v rays. A unique tape transportation system TATRA, based on rapidly
quenched metallic tape, was designed and successfully commissioned. For the first
time in the fundamental nuclear structure experiment, novel Broad Energy Germa-
nium (BEGe) detector was used. Its supreme energy resolution, together with almost
ideally Gaussian peak shape allowed peak recognitions in many multiplets and the de-
termination of peak energies with 30 eV precision. It was so precise, that Rydberg-Ritz
combination principle [6] was used for level scheme constructions.

Decay scheme of ¥Hg was significantly improved [7] in comparison with previous
work [8]. Decay scheme of "*'Hg was constructed for the first time.
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Experiment 15521

The CERN-based experiment IS521 (spokesperson: Martin Venhart) has been pro-
posed to study excitation states in neutron deficient odd-Au by simultaneous detection
of X-rays, v rays and conversion electrons [5]. The excited states of odd-Au isotopes
were populated by the 5*/EC decay of corresponding Hg isotopes. This study leads
to better understanding of nuclear structure and low-energy shape coexistence in the
neutron mid-shell region in odd-Au isotopes. The first part of the IS521 experiment
was carried out in August 2014 and the second one in August 2016.

A molten lead was used as the ISOLDE target, which was irradiated with the pulsed
proton beam delivered by the Proton-Synchrotron Booster. A plasma ion source was
used for ionisation of isotopes, residuals of nuclear reactions inside the target. These
isotopes were extracted with the extracting voltage of 30kV and then mass separated
using the General Purpose Separator adjusted for required mass number. Elements in
the region from Hf to Pt were not extracted from the target, because they are refractory
metals. Production and extraction of Pb, Tl and Au was very low, therefore practically
pure beam of Hg ions was delivered to the LA1 beamline for travelling experimen-
tal setups, where the TATRA spectrometer was installed. A radioactive sample was
created by deposition of the Hg beam on the metallic tape of the TATRA’s tape trans-
portation system. The sample with sufficient collected activity was transported to the
measurement position while the beam gate was closed. This is periodically repeated
according to the half-life of the measured isotope. Two separate runs were performed
with different detectors coupled to the TATRA system.

TATRA spectrometer

TATRA [9] is compact spectrometer, which was developed and constructed at the
Institute of Physics, Slovak Academy of Sciences in Bratislava, Slovakia. The name,
TATRA, is an abbreviation of the TApe TRAnsportation system and also evokes the
origin of the system (TATRA Mountains are the highest mountain range in Slovakia).

The spectrometer is composed of a vacuum chamber with the tape transportation
system inside, detector of electrons coupled with it and several v detectors outside,
which can be of any type. Its primary purpose are nuclear structure studies, thanks to
its capability of measuring v rays and conversion electrons simultaneously.

TATRA spectrometer has been under development since 2011 and the first use of it
was during the first run of the experiment IS521 at the ISOLDE facility in 2014. In that
time we were unable to properly measure low-energy v rays and X-rays, because the
measurement point was positioned inside the tube from stainless steel with 2 mm wall
thickness. Another problem was non-functioning silicon detector with wrong type
of the preamplifier, and therefore no electron data were obtained. Later, the detec-
tor was repaired under warranty by the manufacturer and TATRA spectrometer was
modified for the better low-energy photons transmission. The measurement point has
been moved closer to the main vacuum chamber and it was positioned to the centre of
aluminium cube with four 50 ym thin titanium foil windows. Modified TATRA spec-
trometer was successfully used during the second run of the experiment IS521 in 2016
at the ISOLDE facility. X-rays, v rays and conversion electrons were measured with the
spectrometer.



Figure 1: Photograph of opened TATRA chamber with the tape system inside. The
chamber is connected to the LA1 beamline in the experimental hall of ISOLDE.

Tape transportation system

The tape transportation system is the main component of TATRA spectrometer and
its aim is collection and transportation of radioactive samples from the collection point
to the measurement point. Samples of radioactive isotopes are produced by a deposi-
tion of a radioactive ion beam onto the metallic tape. The sample is transported into
the measurement point right after the ion collection by a swift tape move. Since the
sample is radioactive, the activity of studied isotope is continuously decreasing, while
activities of daughter isotopes are increasing. When significant fraction of the sample
decayed, a new one has to be delivered to the measurement point and the whole proce-
dure is repeated periodically. Collection (ion deposition), transportation and measure-
ment times depend on the half-life of the studied isotope and the yield of radioactive
ion beam.

The tape length can be from 3m to 80 m, while the accuracy in the tape move is
better than 0.5 mm. The stepper motor has 200 main steps/rev with an option of a mi-
crostepping (3200 steps/rev in our case). The distance between the place of deposition
and the measurement point is approximately 67 cm. The sample can be moved by this
distance in less than 0.7 s. Its real photograph of the system at LA1 beamline is shown
in Fig. 1.

Detectors

Presently the TATRA spectrometer has capability to place four detectors around
the measurement point of any type and one detector can be placed in the front of the
sample inside the vacuum chamber. In the case of IS521 experiment, Ge detectors were
used for ~-ray detection and one Si(Li) detector located inside the vacuum chamber
was used for the measurement of electrons. Real photograph of this system from the
second run of IS521 experiment is given in Fig. 2.



Figure 2: Photograph of TATRA spectrometer at ISOLDE LA1 beamline with all detec-
tors mounted.

Electronics

IS521 experiment would not be successful without used custom electronics like cus-
tom signal converter for Si(Li) detector and GO-box. The GO-box is an array of linear
amplifiers with the gain of 2, 4 or 8. Each channel has an option of the offset correction
and SMA connectors for the input and the output. This amplifier array is constructed
like stand-alone unit packeted in the box with its own power supply and it has been
designed at the University of Liverpool. GO-box is connected between preamp and
DAQ system.

Another piece of custom electronics used in TATRA system is the transistor reset
type of preamplifier (TRP) to RC feedback (RCFB) signal converter. There is need of
signal converting because the XIA Pixie-16 DGF module accepts only unipolar signal
with exponential decay to the baseline and amplitude up to 2.2V, which is common
for the y-ray detector’s preamplifier with RCFB. Our Si(Li) detector has the integrated



TRP and cannot be replaced. For that reason I have developed an electric circuit ca-
pable of transforming the stairs like signal to signal with the exponential decay to the
baseline. The converter circuit was designed as two sided printed circuit board (PCB).
The converter circuit PCB was placed inside the blank NIM module and it uses the
power supply of the NIM crate. Inputs and outputs are BNC connectors located on the
front panel of the NIM module together with the potentiometer for gain control.

Summary of experimental results and discussion

18Hg decay

The results in this section are published in [7, 10]. The half-life of "®*Hg is 9.4(7) s [11]
and the $-decay energy is 6385(12) keV [12]. Total absorption experiment shown that a
large concentration of 3-decay strength to states in ' Au in the excitation energy range
from 1600keV to 1900keV [13]. Analysis of the IS521 data, presented here, revealed
that, a single state at 1682.30 keV excitation energy appears to be very strongly fed by
5% /EC decay of the '¥Hg. This suggests its spin and parity of 1/2~ or 3/27, since the
ground state of the ®Hg is 1/2~ [14] and for ¥ Au ground state it is 5/27 [15]. This
state appeared to be critical to elucidate the structure of '8 Au isotope, see discussion
later.

The focus of this study is to extend systematics of the energies of the lowest-lying
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Figure 3: Singles vy-ray spectra measured with BEGe detector. (a) is total singles spec-
trum and (b) is singles spectrum assigned to the '®Hg decay. Figure is published in

[7].



1hg/s and 2f, intruder states in ' Au relative to the non-intruder 2d;,»® 3s; > states.
This was carried out in systematic studies in the heavier odd-mass Au isotopes. Ex-
cited states at very low excitation energy (< 50 keV) are common in odd-mass Au iso-
topes in this mass region, which make a level scheme construction more difficult. For
identification of these states in '¥ Au, many deexcitation paths of the 1682.30 keV state
were used with combination of high precision y-ray spectroscopy by employing BEGe
detector at high gain.

Innovative method was used to to spectra separation for both conversion-electron
and ~-ray data. A comparison of total singles (a) and deconvoluted '®Hg decay singles
spectra (b) measured with BEGe detector is in Fig. 3, and measured with Si(Li) detector
is in Fig. 4.
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Figure 4: Electron singles spectra detected with the Si(Li) detector. (a) is total singles
spectrum and (b) is single spectrum assigned to the '™Hg decay. Figure is published
in [7].

Multipolarities of transitions assigned to the decay of '®Au were determined by
comparison of experimental values with Brlcc [16] calculated values of internal con-
version coefficients.

The level schemes of 18 Au were constructed on the basis of y-y-ray coincidences in
conjunction with the Rydberg—-Ritz combination principle. Coincidences of - rays with
conversion electrons were investigated separately. However, only a few coincidence
gates of conversion electrons with sufficient statistical quality could be produced due
to limited running time. The partial level scheme of low-lying negative-parity states
associated with 1hg/, and 2 f7/, intruder configurations that are fed by deexcitation of
the 1682.30keV level is given in Fig. 5. The partial level scheme of low-lying positive-
parity states associated with the 2ds,,® 3s; /2 proton-hole configurations, which is also
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fed by deexcitation of the 1682.30 keV level is given in Fig. 6.
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Figure 5: Partial level scheme of low-lying, negative-parity states associated with the
1hgs and 2f, intruder configurations in the > Au isotope deduced from the present
work [7]. Transition energies were determined using the y-ray singles spectrum de-
tected with the BEGe detector. Transitions with energies given as integer numbers are
either weak, dominated by other + lines, or their energy exceeds 980keV, which was
the upper limit for the BEGe detector in this experiment, see the text for details. Their
location in the scheme is proved by the y—y coincidences. All states are populated via
the decay of the 1682.30 keV state. Decay path used for the localisation of the critical
60.73keV transition connecting intruder and proton-hole states are highlighted with
red colour.

The 1682.30keV state can be used to determine the energy difference between in-
truder and “normal” configurations. Its excitation energy is determined using 871.05 -
798.52keV and 864.21-805.34 keV cascades, which are highlighted in green and red in
Fig. 5.

The excitation energy of the first excited state was determined using energy dif-
ferences between transitions feeding the ground state. The cascade of 60.37-173.96 -
730.93-704.33 keV feeding the first-excited state gives its initial excitation state 1682.30 keV
(within experimental uncertainties). This cascade is highlighted by red lines in Fig. 6
and all these transitions except 60.37keV are found in coincidence with each other,
while 60.37keV is clearly assigned to the 'Hg decay. The singles spectrum detected
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Figure 6: Partial level scheme of low-lying, positive-parity states associated with
the 3s1 /2 and 2d3/, proton-hole configurations in the ' Au isotope deduced from the
present work [7]. Transition energies were determined using the ~-ray singles spec-
trum detected with the BEGe detector. Transitions with energies given as integer num-
bers are either weak, dominated by other v lines, or their energy exceeds 980keV,
which was the upper limit for the BEGe detector in this experiment, see the text for
details. Their location in the scheme is proved by the y—y coincidences. All states are
populated via the decay of the 1682.30keV state. Decay paths used for the localisa-
tion of the critical 60.73keV transition connecting intruder and proton-hole states are
highlighted in red colour.

with the Si(Li) detector was used to determine the multipolarity of the 60.37 keV tran-
sition. We assign the 60.37keV as an E1 transition with no abnormality and it was
assigned as parity-changing 1/2* — 3/2" transition, while the previous study [8] as-
signed the 60.37 keV transition as an “abnormal” E'1 transition.

Two transitions with mixed £0 + M1 + E2 multipolarity reported in previous study [8]
were observed in present data set with energies of 296.54 and 284.40 keV, see Fig. 3 and
Fig. 4. Both transitions are highly converted due to their 0 components, and there-
fore rather conversion electrons were used for coincidence analysis than +y rays due to
the limited counting statistics of the present data set. The 296.54 keV transition was
placed into the level scheme, see Fig. 5. However, no coincidences were observed for
284.40keV transition due to the limited counting statistics of the present data set, and
therefore it was not placed into the level scheme.
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A number of incorrect features in the previous study of the ¥*Hg — 8 Au decay
scheme [8] has been discovered.

B1Hg decay

The half-life of 'Hg is 3.6(1) s [11] and the $-decay energy is 7210(25) keV [12].

Previously, the "*'Hg — ¥ Au isotope was studied only at the ISOCELE facility [17]
at Orsay. This experiment used a Pt-B alloy target placed inside of the ion source
of ISOCELE mass separator. This target was irradiated either by 200 MeV proton or
270 MeV *He beam delivered by Orsay synchrocyclotron with typical intensity of 2 uA.
Proton-beam irradiation produced ' Au activity, while *He-beam irradiation a mix-
ture of ' Hg and '®! Au activities. Both datasets were strongly contaminated with '8'Pt.
Pure spectrum of ' Au was obtained by subtraction of proton- and *He-beam data.
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Figure 7: Part of singles y-ray spectra measured with the BEGe detector. (a) is total
singles spectrum and (b) is single spectrum assigned to the '*'Hg decay.
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Figure 8: Part of singles y-ray spectra measured with coaxial HPGe detector. (a) is
total singles spectrum and (b) is single spectrum assigned to the '®'Hg decay.

Resulting spectrum was still strongly contaminated with '8'Pt transitions as it is ex-
plicitly stated by authors of the study [17]. No level scheme was constructed for '*'Hg,
only the table with 7 rays is given in [17]. The only other literature relevant to the
structure of the '8! Au isotope are in-beam studies [18, 19].

Data for analysis of ' Hg were obtained during IS521 experiment in 2014 only. One
BEGe and two coaxial HPGe detectors were employed. Innovative method for spectra
separation was used and the comparison of total singles (a) and deconvoluted *'Hg
decay singles spectra (b) measured with the BEGe detector is in Fig. 7 and measured
with one of the coaxial HPGe detectors is in Fig. 8.

The level scheme of ' Au deduced from present work is given in Fig. 9. The
level scheme construction is based on y-y-ray coincidences in conjunction with Ryd-
berg-Ritz combination principle. The spin and parity assignments are based on y-vy-ray
coincidences and similarities in systematics of adjacent odd-Au isotopes. Only part of
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Figure 9: Level scheme of the ¥ Au deduced from the present work.

the transitions was placed into the level scheme due to insufficient counting statistics
for y-y-ray coincidence analysis and missing of conversion-electron data.
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The excitation energy of the first excited state was determined as weighted average
of energy differences between couples of transitions feeding the ground state and the
tirst excited state.

Systematics of 1h11 /> proton-hole structure

In a comprehensive study of % Au isotope [20], a rich spectrum (up to spin 19/27)
of excited states associated with the 1h,,/, proton-hole structure was observed. Two
families of states were identified: either due to coupling of the 14, , proton hole with
weakly deformed ground state, or with strongly deformed 0% intruder state in ¥¥Hg
core. To characterize these states, calculations with the particle + triaxial rotor model
(PTRM) [23] using a Woods-Saxon potential for deformed mean field were performed
in study [20]. Weakly deformed triaxial shape with 3, =0.15 and v =32° was used for
description of states corresponding to coupling of the proton hole with ground state
of ¥Hg. In general, there is a good agreement between theory and experiment, and
every state predicted by the calculation has its experimental counterpart, see Fig. 19 in
[20]. Intensities of gamma rays connecting excited states of the 1h;; /5 structure were
also calculated, see Tab. IV. in [20]. Overall the agreement is reasonably good, although
some discrepancies clearly exist. The systematics has been extended to '®° Au isotope
[21, 22].

In present study, only 3/27, 7/27, and 11/2~ members of the 15/, proton-hole
configuration could be identified in '¥'%Hg isotopes. Only the low-spin isomer is
present in 18118Hg. This is not the case of heavier isotopes that have also 13/2" isomer,
which decays via 7 /EC decay. Fig. 10 gives the systematics of the 3/27,7/2~, and
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Figure 10: Systematics of the 3/27,7/27, and 11/2~ states of the 1h,;/, configuration
together with 9/27 intruder state in odd-Au isotopes. The data are taken from present
work and from [20-22].
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11/2 states of the 1h,; /5 configuration together with 9/2~ intruder state, which is the
tinal state of the deexcitation of 11/2~ band head (fed by retarded A/1 transition).

The excitation energy of 3/2~ and 7/27, relative to the 11/2~ band head appears
to be notably stable, suggesting very similar structure as was established in ' Au by
authors of study [20]. However, there is slight increase in split of 3/2~ and 7/2~ states.
The same trend is observed also in the systematics of these states in heavier Au isotopes
[24]. According to calculations using PTRM model, this indicates a slight change in the
triaxiality from “oblatish” to “prolatish” shape with decreasing neutron number.

Systematics of 2d3/2 @ 351 /2 proton-hole configuration

Fig. 11 gives the systematics of positive-states associated with mixed 2d; /2 D 351/2
proton-hole configuration in 18318518718 Ay jsotopes. The data are from present work
("Au) and from [20, 21, 25]. Sequence of states is markedly similar through given
isotopes. However, the states are more compressed with decreasing neutron number.
This can be explained by presence of low-spin intruder states, which appear due to
coupling of proton hole with coexisting 0" states in even-Hg cores. Mixing repulsion
between the states with the same spin-parity may cause the compression in isotopes
close to N =104 midshell point.

Electric monopole transition was identified between 3/2% states in ¥ Au. This is
probably deexcitation of one of above mentioned positive-parity intruder configura-
tions.

Calculations on the basis of the PTRM model, performed for % Au in [20], suggest
slightly deformed triaxial configuration with 3, =0.15 and v=45°. A discrepancy be-
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Figure 11: Systematics of positive-parity states of 2ds,,® 3s; /2 proton-hole configura-
tions in odd-Au isotopes. The data are taken from present work (*83Au) and from [20,
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tween gamma deformation obtained for 14,5, may be caused by mixing that affects
the states associated with 2d3/, ® 3s;,2 configuration more than those associated with
1h41/2 configuration. That is an unique-parity orbital and thus is very pure configura-
tion.

In B'Au isotope, no coincidences were observed for candidates for positive states,
due to lack of the statistics, and therefore they cannot be assigned into the level scheme.
Thus, new spectroscopy investigation of 18! Au isotope is highly demanding. This must
involve detection of conversion electrons, including low energies.

Systematics of intruder configurations

The key result of the IS521 experiment is shown in Fig. 12. It gives a systematics of
3/27,5/27,7/27, and 9/2~ states associated with intruder configurations, depicted
relatively to 1/2%, and 3/27 states of “normal” configuration. It reveals parabolic
trend, which emerges to be a general characteristic of intruder configurations [2]. Min-
imum is located at N =104, i.e., exactly in the midshell point.
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Figure 12: Systematics of 3/27, 5/27, 7/27, and 9/2~ states associated with in-
truder configurations, depicted relatively to 1/2%, and 3/2" states associated with
2d3/5@ 351 /5 proton-hole configurations in odd-Au isotopes. The data are taken from
this work and from [20, 21, 25, 26]
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