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Abstract

Kokkonen, Henna

Decay properties of the new isotopes ®8At and "°At

Master’s thesis

Department of Physics, University of Jyvéskyla, 2023, 47| pages.

In this thesis new astatine isotopes and their decay properties are studied. The
properties of the most neutron deficient isotope of astatine to date, '2°At, were
studied successfully. Additionally, two candidate events were recorded for the
heaviest proton emitter observed to date, !®8At. The isotopes were produced in a
fusion-evaporation reaction using NTAg target and 8*Sr beam with energies between
~ 355 - 380 MeV (c.o.t). The experiment was carried out in JYFL Accelerator
laboratory using the K-130 cyclotron and RITU (Recoil Ion Transport Unit) gas-
filled separator. The measured values for 1%°At a-decay properties were an a-particle
energy of 7750(20) keV and a half-life of 1.07};] ms. The measured properties were
analysed and the same spin and parity as the final state (107) is suggested, since
the decay was calculated to be unhindered. Moreover, there are two events that
correspond to the proton and o emission from '88At. The decay properties of this
proton emitter were studied as well, and the measured proton-emission energy was
1500(40) keV and the half-life 19013;° ys. The measured values are compared to the
theoretical predictions, and to the systematics of the neighboring nuclei, in which

they fit well.

Keywords: Master’s Thesis, nuclear physics, new isotope, astatine, nuclear spec-

troscopy






Tiivistelma

Kokkonen, Henna

Uusien ®At ja 190At isotooppien hajoamisominaisuudet
Pro gradu -tutkielma

Fysiikan laitos, Jyviskyldn yliopisto, 2023, 47 sivua

Tassa Pro Gradu -tutkielmassa tutkitaan uusia astatiinin isotooppeja ja niiden hajoa-
misominaisuuksia. %At isotoopin ominaisuuksia on tutkittu onnistuneesti. Téman
lisaksi mittauksessa havaittiin kaksi tapahtumaa, joiden voidaan arvioida olevan
perédisin tiahan asti raskaimmasta raportoidusta protonihajoavasta ytimesta, 8 At.
Ytimet tuotettiin fuusio-hdyrystymisreaktiolla kayttamalla NAT Ag kohtiota ja %*Sr
ionisuihkua energioilla vililla ~355 MeV-380 MeV (keskelld kohtiota). Mittaus on
toteutettu JYFL Kiihdytinlaboratoriossa kayttamalla K-130 hiukkaskiihdytinta seké
RITU (Recoil Ton Transport Unit) kaasutiytteisté rekyyliseparaattoria. % At:lle
mitattuja arvoja ovat a-hiukkasen hajoamisenergia 7750(20) keV, seké puoliintumi-
saika 1.0754 ms. Mitattuja ominaisuuksia tarkasteltiin ja niiden avulla pystyttiin
madrittamadn muita ominaisuuksia, kuten tilan spin ja pariteetti, joiden ehdotetaan
olevan (107). Tama perustuu siihen, ettd ytimen hajoaminen méaéaritettiin sallituksi
a-hajoamiseksi, jolloin alku- ja lopputilojen spin ja pariteetti pysyvit samana. At:n
liséksi havaittiin yksi tapahtuma, joka vastaa mahdollisesti protonihajoavaa astatiinin
ydintd, ¥ At. Myos tdméin ytimen ominaisuuksia tutkittiin ja ytimen protonihiukka-
sen hajoamisenergiaksi méadritettiin 1500(40) keV ja puoliintumisajaksi 190730° ys.
Madéritettyja tuloksia verrattiin teoreettisiin ennustuksiin seka ymparoivien ytimien

systematiikkaan, joihin ne sopivat hyvin.

Avainsanat: Pro Gradu -tutkielma, ydinfysiikka, isotooppi, astatiini, ydinspek-

troskopia
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1 Introduction

Nuclei and their properties are studied in the physics field of nuclear spectroscopy.
The first studies of the atomic nuclei were made over hundred years ago. To date,
there are over 3,600 isotopes known [1] and the studies of them are increasing our
knowledge of the limits of existing matter. Studies at the limits of known matter are
important for determining the nuclear structure and the configurations of nucleons
inside the nuclei. Moving towards to the more exotic nuclei, the production yields
and half-lives become very small, and the studies require more complex detecting
systems and data analyses. However, these nuclei can be studied via a-decay
spectroscopy. It is a very efficient technique, in which it is possible to define the
a-particle energy, half-life, mass excess, and one proton separation energy with only
few observed events. With the determined properties some fundamental questions
on structure and properties of nuclear matter can be discussed. These questions are,
for example, (7) location of the proton drip line, (77) the strength of shell closures,
and (#17) predictive power of atomic mass models. Furthermore, the reduced decay
width and the hindrance factor can be calculated and with these, overlap of the wave
functions of the initial and final state, and preformation factor can be studied.

Astatine is a very rarely occurring element on Earth, and it is produced as a
decay product of uranium ores in the crust of the Earth. At any point of time
there is not more than one tablespoon of astatine occurring in the crust due to
very short half-lives. Its longest living isotope 2!°At has a half-life of only 8 hours,
however, longest naturally occurring isotope of astatine 2'°At has a half-life of 56
seconds. [2-4] Relatively small amount of astatine data have been measured, and
before this study, the most neutron deficient and lightest known astatine isotope is
YIAt [5]. The most exotic and neutron-deficient odd-odd nuclei are challenging to
study, however, the states of the odd-odd astatine, bismuth, and francium high-spin
states are studied before in, for example, Refs. [6-8]. The most neutron deficient
isotope of astatine known prior this work is At [9]. Moreover, no proton-emitting
astatine isotopes have been observed yet, the heaviest proton-emitting nuclide is
1858i [10].
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This Master’s Thesis is an article-form thesis consisting of two parts, the
manuscript: Properties of the new a-decaying isotope ° At, that has been the
main focus of this study. Furthermore, more analysis of the measured data is carried
out and, additionally, another new isotope is suggested to be found, including a
general overview of the concepts of the study. The manuscript (Appendix was
submitted to Physical Review C journal, therefore, the article has been written to
reach the researchers in the field instead of the audience that is normally reached
in Master’s Thesis. Therefore, the first part (Sections of this work is a brief
introduction to the concepts of the article to accomplish wider audience for the
thesis. Additionally, in Section the data measured in the experiment are analysed
more and the indications of a heavy proton-emitting isotope ®¥At are discussed and

presented.
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2 Theoretical background

The following section is an overview of some of the important concepts discussed
in this thesis. Additionally, the aim is to provide a better understanding of the

observations and conclusions made in the article (Appendix |A]).

2.1 Nuclei

Nucleons, protons (p) and neutrons (n), are particles that compose atomic nuclei
which are affected by different nuclear forces. These are the attractive strong
interaction, and the weak interaction, and the repulsive Coulomb force. The strong
interaction affects between the nucleons to hold the nucleus together, whereas the
weak interaction appears inside the nucleons. The Coulomb force is an interaction

between the positive charges, protons. The Coulomb force between two particles is

Fe = ! oL

dmeg 12
where €, is the electric constant, ¢; and ¢y are the charges of the particles, and r is
the distance between the particles.

Each nuclear species has its own mass number A, which indicates the number
of nucleons in the nucleus. The simplest atom, hydrogen 'H, consists of a proton
and an electron. The proton is the fundamental positively charged particle inside
the nucleus, and therefore the number of protons Z determines the element. |11]
However, there exist many nuclei with the same proton number but different mass
and neutron numbers, these are called isotopes. All known isotopes are organized
to nuclide chart based on their proton and neutron numbers, see Fig. |1, and, for
example Ref. [12].

Atomic nuclei can be classified by their properties as stable and unstable nuclei.
Moving towards more exotic neutron or proton deficient nuclei in the nuclear chart,
finally a drip line is reached. The drip line is located on the nuclear chart at both,
proton and neutron separation energy of 0. In this study, the nuclei over the proton

drip line are studied, therefore, it will focus on the proton drip line and proton-
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Figure 1. Schematic of the nuclear chart on the neutron deficient nuclei around
82 < 7Z < 85, and 100 < N < 106. The isotopes studied in this study are
expressed in dashed lines and lighter colors. The proton decay and a-decay paths
from the observed nuclei are marked with arrows. The blocks marked on white
are not discovered yet. [12]

separation energy, S, instead of neutrons. As the separation energy is less than zero,
proton cannot bind to the nucleus. However, there are observed heavy and exotic
nuclei beyond the proton-drip line, which are held together by a barrier arising from
the combined effect of the strong, Coulomb and centrifugal components. Eventually

protons will tunnel through the barrier. [13]

2.2 Nuclear shell model

Different models have been proposed to improve the understanding of the nuclear
structures and how the nucleons are placed inside the nucleus. The shell model [14]
suggests that the structure of a nucleus is analogous to the electron shell structure
of an atom. At major shells of nuclei, also referred to as the magic numbers (N or
Z = 2,8, 20, 28, 50, 82, ...), locates the local maxima of the separation energies,
therefore, by observing the proton and neutron separation energies one can probe
the shell structure as well.

The charges oscillating in the nuclei produce an electromagnetic field. The charges
and currents transmit energy and angular momentum, which must be conserved
in the system. The angular momentum origins from individual nucleons moving
orbitally and from the intrinsic spin of the nucleons. [15] Nucleons can occupy

different energy levels inside the nucleus, and subshells are labeled by the angular



15

momentum [ of the nucleon: s, p, d, f, g, h for [ = 0, 1, 2, 3, 4, 5, respectively. The
angular momentum is the central potential of the nucleon moving inside the nucleus,
the spin quantum number s is 1/2 for the nucleons. The total angular momentum
can be then written as

g=1l+s.

The interaction between the spin orbits can be described as
1
Vio(r)(L+ 8) = Vaog [i( + 1) = Ul + 1) = s(s + 1)]A*. (1)

Here Vj, is the potential strength between the neighbouring nucleons. By adding
the spin-orbit term to the Woods-Saxon potential, and by solving the Schrodinger

equation, one can evaluate the sequence in which the different orbitals are filled [11]

2.3 «a-decay

Elements beyond the lead region (Z>82) are observed to decay mainly via a decay.
a decay is a reaction where the nucleus emits an « particle. « particle has the
structure of *He nucleus, consisting of two protons and two neutrons. The decay can
be expressed as

27X —575 X +3 He,

where number of protons Z defines the element X.

The binding energy released in the o decay is equal to the mass lost in the
reaction and, therefore, can be calculated using the atomic masses m of the decay

products. [15] This is also known as the @ value of o decay and can be defined as
Qo = —uAM = —u - [mi—md—ma : (2)

where m;, mg, and m,, are the masses of the initial nucleus, the daughter nucleus,
and the emitted a particle, respectively. The constant u is the atomic mass unit
equal to 931.5 MeV/c?. When nucleus undergoes a decay from the ground state to
the ground state, the energy is shared by kinetic energies of the reaction products, «
particle and the daughter nucleus. [15][16] As the energy is conserved, the @, value

can be derived using the kinetic energy of the a particle E,, and the masses of the
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decay products,
Ma

o=FE,(14+—). 3
Q (1+0) (3)
The rate of which the a particles are emitted can be predicted by using the
probability of an « particle to tunnel through Coulomb barrier and the probability
of an « particle to appear inside the nucleus. Therefore, the particle emission rate

can be expressed as a partial decay constant A,

that is the decay probability P by time ¢, that equals to the product of the frequency
factor f and the transmission coefficient 7. [16] Using the partial decay constant,

the half-life of a nucleus can be deduced

tijp = 111;2) =71 In(2), (5)

where the 7 is the mean lifetime, and half-life ¢, 5 is the time that it takes for a

sample of a given isotope to decay to half of the initial amount.

The « emission of the nucleus can be estimated by observing the Coulomb-barrier
penetration of the « particle, illustrated in Fig. [2| By studying the « scattering and
deriving the nuclear potential, the barrier-penetration factor P can be calculated
using the WKB integral,

1/2

Ro (2M)"/? 27 ¢? ?
(2M) sy —B a6

ln(P)=—2/Rl_ E[V(T)Jr —+

2mr?

Here 1 is the reduced Planck constant, M the reduced mass of the « particle, V()
is the a-nuclear potential as a function of distance r, Ze is the daughter nucleus
charge, and [ is orbital angular momentum of the emitted o particle. Finally, F is
the sum of the a-particle, recoil, and electron-screening energies, which is equal to
the total decay energy. [17] Using the penetration factor and the decay constant, one

can derive a reduced a-emission width §% of the decay from the following equation,

&P

A B

(7)

where h is the Planck constant [17]. The reduced a-emission width is proportional
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V(r)

Coulomb
potential

Figure 2. An « particle tunneling through the Coulomb barrier as a function
potential and atomic radius. R; is the inner radius and R, the outer radius. [11]

to the decay constant and, therefore, to the penetration probability of the o particle
and the half-life of the decay, see Eq. [5| The relationship between the experimental
and theoretical values of the half-lives can be examined to derive a hindrance factor
HF of the decay. The hindrance factor can be used to consider the state of the
initial and final states of the decay. [18] With HF < 4, the « decay is said to be
unhindered, and the involved initial and final states likely have the same spin and

parity.

2.4 Proton emission

The properties of proton emission are rather similar to those of a decay. However,
in the following section, some essential properties for understanding the possible

observation of proton-emitting nucleus are introduced.

Coulomb barrier for proton emission is half that of the o decay, however, only
approximately 50 cases of proton emission are known between ionide (Z = 53) and
bismuth (Z=83) [19]. The process can rarely compete with other decay processes. For
majority of the known nuclei the proton-decay Q-value is negative making the decay
energetically forbidden. Beyond the proton dripline the emission is energetically
possible, however, when moving towards the even more exotic nuclei the increasing Q-

value quickly makes the decay too fast to be observed with the available experimental
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techniques. The proton emission can be expressed as,
A A-1 1
X =51 X+ H,

and its path in the nuclear chart is expressed in Fig. [I] [11]
If proton-particle energy £,, mass of the proton m, and product nucleus mgy are

known, the Q value for proton decay can be deduced analogous way as for o decay
in Eq.

Q= —uAM = E,(1 + ”m%Z) (8)

Here the decay is assumed to occur from ground state to ground state. The principles

of the proton decay is similar to those of o decay, and half-life can be obtained using

Eq. .

2.5 Fusion-evaporation reactions

Fusion-evaporation reaction is one of the ways to produce exotic nuclei, particularly
on the neutron deficient side of the chart of nuclides. As a result of the reaction, also
very rare and short living nuclei can be produced. In fusion-evaporation reaction
target is irradiated using an accelerated ion beam. The reaction produces a nucleus
of the fusion compound. The compound nucleus then rapidly emits lighter particles,

for example, protons, neutrons, or « particles,
A+B—=F*"—C+D,
which can be expressed as
A(B,C)D.

Here, A, B,C, and D are the target, projectile, emitted particles and daughter
nucleus, respectively and F* is the compound nucleus. The fusion-evaporation
reaction often produces a variety of some dozens of nuclei, depending on the target,
beam, and energy of the incident particle. To obtain the desired nuclei these properties
must be chosen carefully. [20] Simplified illustration of the fusion-evaporation reaction
is presented in Fig. |3l The most favorable particles to be evaporated are neutrons,

since they do not need to overcome the Coulomb barrier when they are emitted from
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Fusion-evaporation reaction
A(B,C)D

. z p
Compound formation aN ”

L™
_|_ . —_— Excited nucleus
emitting y rays

Target nucleus A Projectile B n
g ] / N /rf %
Fission Compound nucleus \

emitting light particles C

Final nucleus D
Fission
products

Figure 3. Schematic of fusion-evaporation reaction. As the projectile hits the
target nucleus, it forms a compound nucleus, which then emits particles to form
the final product. The reaction products are still in excited state, which then
emits v rays to de-excite and reach ground state or low-lying isomeric state.

the compound nucleus. Therefore, neutrons are the first particles to be emitted in
the process. The emission of particles reduces the excitation energy of the compound
nucleus. This is due to the kinetic energies of the evaporated particles and the
separation energies. The evaporation of particles continues until the excitation
energy of the compound nucleus falls below the particle-separation energy. As
visualized in Fig. [3 after the compound nucleus has evaporated all the particles, it
reaches an excited state, and the decay continues via y-ray emission until the ground

state or a low-lying isomeric state of the nucleus is reached. [21]

2.6 Half-life considerations in case of very low statistics

The maximum likelihood estimate is an approximation for lifetimes of a nuclear
species. Better accuracy for small number of events can be reached, compared to
the ones done using the standard deviation. The mean lifetime 7 is taken to be the

arithmetic mean of the individual events (t,,);,

T=- Z(tm)ia (9>

where n is the number of events. When number of events is greater than two,

the lower and upper confidence limits 7;, of the lifetime can be calculated with
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approximation,

tm tm,
S1ozm T 1 n

Here z is a quantity related to confidence level, that is in this study z = 1. |22]

(10)

Tl

2.7 Radioactive decay probability

When observing multiple decay sequences, the origin of the chains can be evaluated
using, for example, Schmidt’s radioactive decay probability test [23]. The test
evaluates the probability of the decay chain to originate from a single radioactive
species. The decay data are distributed by the density of the decay time, as In(t) =

o,
dn

do

= npexp(O + ln)\)exp( —exp(O + lnA)). (11)
From the density distribution curve, the maximum of the curve O, is

d*n 1
@ =0— @max = hlx (12)

The curve of the decays is slightly asymmetric-shaped, and using it one can test
whether a second decay contributes the spectrum. The standard deviation for the

measured decay times can be calculated with the following equation,

n Y 2
0Oexp = ¢ Ztﬂ(@’n Ocrp)® (13)

Here @exp equals the mean value of the measured decay times ©; and n the number

of events: -
Gy = 2191 (14)

n

The standard deviation limits for each number of events have been calculated
numerically. If the standard deviation fits inside the limits, the decays can be
assumed to origin from the single radioactive species with a probability greater than
90 %. [23]



21

3 Measurement system

The experiment was carried out in the JYFL accelerator laboratory. The system is
presented briefly in the article, Appendix [Al However, this section is a more detailed
overview of the experimental setup used in the experiment which was carried out to

produce the observed new isotopes.

3.1 RITU recoil separator

The produced recoils are separated in-flight from other particles, such as fission
products, target-like, and beam-like particles, using RITU (Recoil Ion Transport Unit
[24, [25]) gas-filled recoil separator. RITU uses magnetic rigidity of the particles to
separate the beam from the produced recoils. The magnetic rigidity Bp is expressed

as a product of the magnetic field strength B and the radius of curvature p

mu
q

~
~

Bp =

Q3

, (15)

where p is the momentum and ¢ is the equilibrium charge of the reaction products.

The separator is filled with helium gas to 1 mbar pressure, and has an ion-optical
configuration of QDQQ. That is, RITU consists in total of three quadrupoles Q and
one dipole D, see Fig. |4l The first quadrupole after the target chamber improves the
angular acceptance of the dipole by focusing the products vertically. The dipole is
followed by two focusing quadrupoles. Gas-filled separators have high transmission,
which is useful for studies with low production rates. The filling gas interacts with
the recoils and, therefore, the products change their charge state frequently as they
fly in the separator. Consequently, the products follow the trajectory of an average

charge state, which needs to be evaluated semi-empirically. [26-28]
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Detector Chamber

Q2

Helium Gas (~1mbar)

Target Chamber

\ |
0 m

Figure 4. Schematic figure of RITU. The separator is filled with helium gas in
1 mbar pressure, the target chamber is located at the beginning of the RITU
(left) and detector chamber at the focal plane (right). The optical configuration
of the separator is presented as Q1DQ2Q3, where the Q stands for quadrupoles
and D for dipole. [24,25] The figure is taken from [29).

3.2 Focal plane

The produced recoils are transported to the focal plane of RITU, where the recoils are
observed, in approximately 1 us after their production in the target chamber. GREAT
(Gamma Recoil Electron Alpha Tagging [30]) spectrometer is located at the focal
plane. The detectors used in the present study were a multiwire proportional counter
(MWPC), a double-sided silicon strip detector (DSSD), and a planar germanium
detector. A simplified schematic of the detector components at the focal plane is
presented in Fig.

The function of the detector setup is to distinguish the recoils and decay products
from target-like and beam-like particles. This is done by using MWPC and Planar
Germanium detectors as veto detectors. Planar is a double-sided germanium strip
detector for low-energy v ray and X ray detection, but it is also sensitive for charged
particles. The first detector that particles hit when entering to the GREAT is
MWPC. The MWPC is filled with isobutane, which is separated from the separator
pressure using thin Mylar foils, and is used to detect the energy loss of the charged

particles. The particles ionize the gas and release electrons and ions, which are then
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Vacuum chamber

DSSD
Planar

MWPC

Figure 5. The schematic of the GREAT spectrometer components at RITU
focal plane.

collected to the anode and cathode wires. The produced recoils are separated from
unwanted particles by measuring the energy loss in MWPC and the time of flight
between DSSD and MWPC. DSSD is the detector used to implant and measure the
recoils and the decay products. The DSSD setup used in the experiment consisted
of two DSSDs next to each other to increase the area in which the particles are
measured. Each detector had 60 horizontal and 40 vertical strips, each 1 mm wide.
The thickness of the DSSD was 300 um. The calibration of the DSSD was performed
with the o activities of ®Kr + 9?Mo reaction. The used a-energy peaks were *°Dy,
162y, 163\ 166Qg, 1670Qs, and 7"Ir [31H35], these activities are well known and,
therefore, are suitable for the calibration.

The detection of the recoil particles and their decay events was done using the
DSSD. The event was counted as a decay event only when the particle did not leave
a signal in the MWPC nor in the Planar. Moreover, the « particles correlating with
the decaying recoil must be measured in the same pixel of the DSSD, and the first
decay product must occur in 10 ms from the recoil implantation. Occasionally, the
decay products can escape the DSSD by leaving only part of their energy to the
pixel, or the decay can occur during the dead time of the detector. The dead time is
an interval of time in which the counts cannot be separated from each other.

As the particle leaves energy to the detector a charge is created, amount of which
is proportional to the energy. The charge is then transferred to a pre-amplifier, which
converts the detector’s current signal into the voltage step signal, which is then
transferred to shaping amplifier. The shaped, semi-Gaussian signal is then guided
to ADC (Analog to Digital Converter) and the data are analysed with computer
programs. In this thesis, the GRAIN [36] software package was used for the data

analyses.
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4 Results

4.1 At

The new astatine isotope was produced and its properties were presented in the
article published as part of this thesis, see Appendix [A] The a-decay properties, such
as a-particle energy and half-life, were identified, as well as the possibility to proton

decay was discussed.

4.2 Proton decay of ®At

In addition to the new YAt isotope, there are two observed candidate events for the
heaviest proton-emitting isotope observed so far. One of the events is a proton decay
event, whereas the other is an a-decay event with only partially recorded energy.
However, to publish the new isotope, more decay chains should be observed. As
there are only the mentioned two candidate events for the new isotope, it is not
presented in the article.

The target used in the experiment was natural silver target, that is a mixture of
107Ag and '®Ag. The abundances for the isotopes are 52% and 48%, respectively [12].
As the 9At was produced in the fusion-evaporation reaction 1% Ag(84Sr,3n)!%0At,
the 88At was produced in 17 Ag(®'Sr,3n)'®8 At reaction. The calibration for lower
energies was performed using the same calibration measurement as before, yet the
proton-emission peaks were used. The used peaks were 66Ty, 166m[y 167Ty and 167m]y
[37, 138].

There are two candidates for the decays of 88 At observed in this study, a proton
decay and an « decay, see Fig. [6l The proton decay of '®At is observed with a
decay chain '83At & 187Po & 18371 & 179Hg. The observed o particle of the o decay
was not recorded with its full energy, since occasionally the particles can escape
the detectors leaving only part of their energy to it. Nevertheless, the observed
candidate a-decay sequence is ®8At & 184Bj & 180T PH/EC, 180Hg & 176pt. Due

to the escaped « particle, the o decay of '®8At cannot be studied directly. However,
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1 188At

371 us
/ 1499 keV

176
Pt /

176 Pt

Figure 6. The energies and half-lives of the decay chain for the proton decaying
188 At (1.) observed in the experiment. Additionally, an a-decay event (2.)
observed is presented. The literature values are expressed above and below the
dashed lines [39-42]. Energies marked in parentheses indicate the energies of
a particles that escaped from the DSSD and therefore full energies were not
measured. The ¥2T1 — ¥2Hg step remains unobserved as well, since the DSSD
is insensitive to electron capture and 3% decay.

the observed decaytime fits to the one observed from the proton emission, and can

be taken into account when determining the half-life of the 8%At.

The energy released in the proton emission is
E, = 1500(40) keV.

Since there is only one proton emission event observed, the error analysis of the
deduced proton-particle energy was derived from the FWHM (Full Width at Half
Maximum) of the DSSD. Using the arithmetic mean (9] of the observed two events,

the mean lifetime of the nuclide is 7 = 275 ps, from which the half-life can be
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Table 1. The values 1] of the nuclear masses and mass excesses needed for the
calculations to derive the decay properties of the 88At.

Atomic mass (MeV/c?) Mass excess (keV)

proton  1.00782503190(1) 7288.97106(1)

a 4.00260325413(15) 2424.91587(16)
184 184.001350(130) 1250(120)
187py, 187.003030(30) 2820(40)

obtained with Eq. (3]),
tl/g =190 MUS.

The uncertainty analysis was carried out by taking into account the statistics and
calculating the errors with standard errors for n = 2 as described in Ref. [22].
The lower and upper limits of the mean lifetime for n = 2 these are 0.6067 and
2.827, respectively [22]. Therefore, the result for the half-life of the nuclide is ¢/, =
190733 us. The proton-decay (-value for the present decay can be calculated with
Eq. , as the proton-particle energy is obtained above and the masses of proton
and 8"Po are presented in Table

Q, = 1510(40) keV.

The state from which the proton is emitted can be estimated by the systematics
of surrounding nuclei. The possible states are sy/s, f7/2 and hg/s. These can be
evaluated by using the proton decay ()-value and the WBK integral to calculate
the theoretical partial half-lives of different states and to compare those with the
measured results. With the measured (), the partial half-lives for states sy/2, f7/2
and hg/p are 44 ps, 1.6 ms, and 510 ms, respectively. When comparing the obtained
half-life, it can be suggested, that the proton is emitted from the s;/, state. For
this state the calculated partial half-life is the closest to the measured one. This
conclusion is supported by the systematics, since in ®°Bi the proton is emitted from
the s1/, state as well [10]. Moreover, another possible state is f7/2, in which the
measured half-life fits inside the error limits. To draw more precise conclusions, more

statistics would be required.

For a better understanding of the reliability of the observation, the obtained

values are compared with theoretical predictions and systematics of nearby nuclei.
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Table 2. The decay properties of !%8At obtained in this study.

Quantity Obtained value

tl/g 1901_280 S
E, 1500(40) keV
Q, 1510(40) keV

E, 7800(200) keV
Qa 7900(200) keV

Observed proton emission can be used to obtain information of a possible o decay of

the new !88At isotope and the a-decay properties can be extracted.

From the proton emission ()-value calculated above, the mass excess of the new

nucleus can be derived from Eq. using the values displayed in Table ,
AM(***At) = Q, + AM(p) + AM(**"Po) = 11600(300) keV.

The a-decay properties of the presently observed isotope can be considered from
the measured properties and compared to the systematics of the nearby nuclei and
mass-model predictions. Using the mass excess and the values from Table |1} also the

Q.. value for the a decay of the new isotope can be calculated,

Qo = 7900(200) keV.

With the deduced decay energy, the a-particle energy can be derived and calcu-
lated from Eq.
E, = 7800(200) keV. (16)

The uncertainty analysis of the derived values was calculated using standard error.

The results obtained are expressed in Table

The hindrance factor HF' of the decay is calculated to be 0.4, which refers to an
unhindered decay. The factor is calculated with the equations @ and . Since
there was one observed event of both v decay and proton emission, HF' was calculated
by assuming an a-decay branch of 50 %. The normalization of §2(**®At) to §2(**?Po)
was done by using the properties of a-decay of ?Po [43]. ?'?Po is a nuclide which «

decay to doubly magic 2°®Pb and is therefore a good reference nuclide.

In Fig[7 the deduced a-decay energy of presently observed '®8At is compared

with systematics of neighbouring odd-odd nuclei of astatine and bismuth. The
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Figure 7. The systematics of the measured a-decay energies of the most exotic

neutron-deficient nuclei with odd N of astatine and bismuth. The values obtained

in this thesis are marked as solid symbols, as the rest of the values are obtained

from literature. [41} 53-58] The dashed line is an interpolation to improve the
readability.

values obtained in this study are marked with solid symbols. The systematics of
the lightest astatine isotopes appear to follow that of the nearby bismuth isotopes,
as the a-particle energy is bend down for the more exotic, neutron-deficient nuclei.
Additionally, the @, value is compared with chosen mass models in Fig. [8l The
predicted values from selected mass models are from EDF (UNEDFO [44], UNEDF1
[45], SkM* [46], SkP [47], SLy4 [48], and SV-min [49]) obtained from The Mass
explorer interface [50], FRDM (2012) [51], and Liran-Zeldes [52]. It can be seen that
the obtained value for ®8At fits to the value of FRDM well inside its error limits, as
well as for Y At. Moreover, the FRDM predicts the bending in the @, value, which
supports the observations made in this study. The EDF does not provide the values
of the most exotic odd-odd astatine nuclei, however, the interpolation to the values
of even-N isotopes is close to that obtained in this thesis. Moreover, Liran-Zeldes

model does not fit for the most exotic nuclei with neutron number less than 109.
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Figure 8. The @, values for astatine isotopes measured in this experiment
(indicated as solid symbols) compared with different mass model predictions (solid
lines) and experimental values measured in other experiments (open symbols).
The selected mass model predictions are EDF (UNEDFO [44], UNEDF1 [45],
SkM* 46|, SkP [47], SLy4 [48], and SV-min [49]) obtained from The Mass
explorer interface [50], FRDM(2012) [51], and Liran-Zeldes [52]. Experimental
data other than that of this work is from AME2020 [1]. The interpolation is
indicated with dashed line for EDF', since it does not provide the data for the
odd-odd nuclei with neutron number less than 109.
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5 Summary

In this thesis a new isotope of astatine '"?At, and a candidate events for ®8At are
produced and identified. Of these, CAt is identified with certainty and three a-decay
events of the new isotope are observed. The measured values for the isotope are
a-particle energy of 7750(20) keV and half-life of 1.07}7 ms. From these values,
more properties of the nuclide are identified. The At ' decay was concluded to
be unhindered. Consequently, for the a-decaying state the same spin and parity of
(107) can be proposed as that of the final state of the decay. The possibility of the
observed nuclide to emit protons was also considered, however, it was concluded to
be unable to compete with the observed a decay.

The possible observation of proton emitting ®8At was studied. The proton
emission was observed to have a particle energy of 1500(40) keV, and a half-life of
190735 us. Similarly to the 'YAt, using the measured values, different decay proper-
ties were calculated: for example, the possible a-decay properties were compared
to the systematics and the predicted values. Only one event of proton emission
increases the uncertainty, and to obtain more precise properties, more events would
be required. However, the deduced values for both new isotopes matched well with
the theoretically predicted values and systematics, and a new isotope YAt was
identified verifiably, while ®8At was considered. Therefore, the goal of this study
was achieved successfully.

It could be possible to study the ¥ At more precisely and to produce more events
of the isotope if a new experiment would be carried out. This is due to the improved
ECR ion sources at the JYFL Accelerator Laboratory, which provides more beam
and, therefore, increases the production rate. Additionally, the detection system
has been improved since the experiment was carried out. The size of the DSSD
is increased and new detectors can be used to detect, for example, the escaped «
particles. These improve the detection of the produced recoils and, therefore, by

repeating the experiment, it could be possible to observe more events for the 88At.
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The a decay of a new isotope '°’At has been studied via '°° Ag(®*Sr,3n)'?° At fusion-evaporation
reaction by employing a gas-filled recoil separator. An a-particle energy of 7750(20) keV and a
half-life of 1.0%'4 ms were measured. The measured decay properties correspond to an unhindered
a decay, suggesting the same spin and parity of (107) as those of the final state of the decay. The
systematics of the nearby nuclei and the predictions of selected atomic mass models were compared

with the measured decay properties.

I. INTRODUCTION

Large-scale calculations, for example, the finite-range
droplet model [1] and the Hartee-Fock-Bogoliubov (HFB)
method based on the DIS Gogny effective nucleon-
nucleon interaction [2, 3], predict multitude of nuclear
shapes in the Z>82, N<126 region. According to the mod-
els, in their ground state nuclei are nearly spherical near
the closed neutron shell N = 126. Towards the proton
dripline, the nuclei start to become slightly oblately de-
formed, and as approaching the neutron midshell N =
104, nuclei become strongly prolate deformed.

Experimental observations support the above dis-
cussed shape systematics. For example, odd-mass as-
tatine isotopes have been widely studied via ~-ray spec-
troscopy, see, for example, Refs. [4-7] and references
therein. The 9/27 (7 hgj2) ground states of astatine iso-
topes are observed to have a spherical or weakly oblate
shape down to 197At. Additionally, in these isotopes an
isomeric state with a spin and parity of 1/2* (7sy/2) is
observed [8, 9]. The At nuclei are observed to become
more deformed as the mass number is further decreased
and the structure of ground state is observed to change to
1/2* at 195A¢t [10, 11]. These results are consistent with
the measured changes in the mean-square charge radius,
magnetic dipole, and spectroscopic quadrupole moments
obtained with laser spectroscopy [12]. Moving towards
the most exotic astatine nuclei, the production yields are
too low for «-ray spectroscopy, and half-lives become too
short to permit studies with laser spectroscopy. How-
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ever, a-decay spectroscopy is an efficient technique to
study these nuclei as only a few observations are enough
to define the a-particle energy F,, half-life T} /5, mass-
excess A and one proton separation energy S,. The last
two require prior knowledge of the mass excesses of the
daughter nuclei, which, however, are often available from
other sources. With the quantities above one can discuss
fundamental questions, such as, (i) the strength of shell
closures, (1) location of the proton dripline and (4:7)
predictive power of atomic mass models. The a-particle
preformation factor and the overlap of the initial and fi-
nal state wave functions can be studied by calculating the
reduced decay width 62 and the hindrance factor HF. For
example, in Ref. [13] the most neutron-deficient astatine
isotope known to date, '9'At, was studied via a-decay
spectroscopy.

In the present article an observation of a new isotope of
astatine, '%CAt, is reported and its a-decay properties are
presented. The present data are used to address the fun-
damental questions (z) — (#44) as applicable. Although
the odd-odd nuclei are generally speaking challenging
to study, odd-odd bismuth, astatine, and francium have
been observed to have a common feature. These nuclei
often have a high-spin state (107), low-spin state (3*) and
occasionally there is observed to be a (7") state see, for
example, Refs. [14-16]. The most neutron-deficient odd-
odd astatine isotope before this study was 192At [17]. It
was observed to have two a-decaying states of which the
longer-living (97,107) state was proposed to result from
a [12f7/2®11i13/5] configuration. However, in less exotic
isotopes of bismuth and astatine this state is associated
with a [71lhg/ ® v1iy3/5] coupling.

II. EXPERIMENTAL DETAILS

To generate 12°At nuclei in the fusion-evaporation re-
action '09Ag(84Sr,3n) 190 At, a NAT Ag target with a thick-
ness of 1 mg/cm? was irradiated with #4Sr ion beam.

Typical beam intensity was 12 pnA. The ions were
accelerated with the K-130 cyclotron at the Accelera-
tor Laboratory of the University of Jyvéskyla (JYFL),



Table I. The beam energies Fream, the thickess of the carbon
degrader foil d. in front of the target, energy in the center
of the target Fc.o., and the irradiation times ¢ used in this
study.

Ebeam dC Ec40.t t

(MeV) (ng/cm?) (MeV) (h)
380 - 367 38
380 200 356 22
390 - 377 89
390 100 372 32

the used beam energies and other experimental condi-
tions are listed on Table I. The gas-filled recoil separa-
tor RITU (Recoil Ion Transport Unit [18, 19]) was used
to select the fusion-evaporation residues, now called re-
coils, and to transport them to the focal plane of RITU.
At the GREAT (Gamma Recoil Electron Alpha Tagging
[20]) spectrometer in the focal plane the recoils passed
through a multiwire proportional counter (MWPC) and
were subsequently implanted into a double-sided silicon
strip detector (DSSD) with a thickness of 300 ym. To
increase the DSSD area, there were two DSSDs side by
side, each with 40 vertical and 60 horizontal strips with
strip width of 1 mm. The DSSD and MWPC were used
to select recoils from scattered beam and from target-
like particles with the time-of-flight between the detec-
tors and the energy loss of the particles in the MWPC.
An event in the DSSD that did not generate a MWPC
signal was considered as a decay. The calibration of the
DSSD energy response was performed using well-known
« activities produced in the ®Kr + 22Mo reaction with
an energy of £ = 365 MeV. The a-decaying isotopes
used in the calibration were *°Dy, 163W, 162\ 167Qg,
1660g, and 6"™Ir. Data for each detector channel were
collected and timed with a 100 MHz clock. The data
were analyzed with the GRAIN [21] software package to
track decay chains containing two or three decay events.

III. RESULTS AND DISCUSSION

The events associated with At were selected us-
ing spatial and temporal correlations. The recoil-
implantation event had to be followed by at least two
a-decay events in the same pixel of the DSSD to be con-
sidered as a decay of the new isotope. Additionally, recoil
implantation and the first o decay must occur within 10
ms time window. The first and second a-particle ener-
gies of such event chains are displayed in Fig.1. One
should notice that the correlation matrix is effectively
free of randomly correlated background events around
the marked '°°At decay chains.

The '"YAt a-decay chains observed in this study are
displayed in Fig. 2. Three different events of a-decay
were observed with an average a-particle energy of E,, =
7750(20) keV and half-life T}, = 1.0%34 ms. The half-
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Figure 1. The energies of the first two a particles observed in
the same pixel of the DSSD as the preceding recoil implanta-
tion event. The first decay must occur within 10 ms from the
recoil implantation events. The previously known nuclei [22]
are indicated with black.

life was extracted with the Schmidt’s maximum likeli-
hood method [25], and the quoted a-particle energy is
the arithmetic mean of the a-particle energies of the in-
dividual events. Additionally, the measured a-particle
energies are assumed to be free from a-electron summing
[26, 27] since significantly more statistics would be re-
quired to address this effect in detail. The analysis using
Schmidt’s radioactive decay probability test [28] was ex-
ecuted for the measured decay times. The decay times fit
to the limits of the test and therefore the events are likely
to originate from a decay of single radioactive species
with a probability greater than 90%. Two of the events
correlate with 186Bi 7242 keV « particles, and the full de-

cay sequence is 190At 5> 186B; &, 182 BHEC, 1821y &
178Pt. The DSSD is insensitive to S+ decay and electron
capture, and therefore the ¥2T] — 182Hg step remains
unobserved.

From the measured a-particle energy, a @, value of
7920(20) keV was calculated by assuming a ground state
to ground state o decay. In Fig. 3 the deduced @, value
is compared to those of other neutron-deficient astatine
isotopes. The present value fits well to the systemat-
ics and therefore the possible deviation arising from this
assumption is likely of the order of some tens of kilo-
electronvolts, if any. In Fig. 3 the @, values predicted
by selected mass models, Finite Range Droplet Model
(FRDM [29]), shell model of Liran and Zeldes, and the
average of six models based on different energy-density
functionals EDF (SkP [30], SLy4 [31], SV-min [32], SkM*
[33], UNEDFO [34], and UNEDF1 [35]) are also shown.
The Mass Explorer interface [36] was used to obtain the
EDF values. The measured Q. value of 'CAt is best
reproduced by the FRDM when considering the three
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Figure 2. The recorded decay data of *®°At a-decay chains observed in this study. The decays that were not observed are
marked with a dashed line. The literature data are expressed above and below the thicker dashed lines [23, 24].

selected mass models. Also the EDF is close to the mea-
sured value. However, it should be noted that the EDF
data are unavailable for the most exotic odd-odd nuclei
as indicated by the dashed lines. The model of Liran and
Zeldes diverges from the measured values of the most ex-
otic isotopes being still accurate for N > 109 within £200
keV. FRDM deviates from the measured values for N ~
115 isotopes significantly, but again reproduces the ex-
perimental values well closer (N > 118) to the N=126

shell closure.

The reduced decay width and the a-decay hindrance
factor deduced via the Rasmussen method [37] are 62
= 70%I) keV and HF = 1.07}2. The results were ex-
tracted using the half-life and the a-particle energy of the
present work, and by assuming a 100% a-decay branch
and an emission of s-wave a-particles. The HF was de-
duced by normalizing §2(1%°At) to that calculated from
the a-decay properties of 22Po [38]. As the theoretical
prediction for the p-decay half-life is in the order of 600
ms [29], the o decay is expected to dominate. The spin

and parity of the daughter nucleus ®¢Bi has been pro-
posed to be (107) based on the systematics [39]. As the
obtained a-decay hindrance factor is close to unity, the
initial and final states of the a-decay are likely to have
the same spin and parity. Therefore, we suggest that the
presently observed a-decay activity is from a (107) state
in '0At. Additionally, fusion-evaporation reactions tend
to favor high-spin states. This high spin is possible only
to achieve if the wave functions of the a-decaying state
involve Nilsson orbitals arising from viyg/s, Thos2, 7 f7/2
spherical parentage.

Proton-decay energy for 19°At has been predicted [40]
to be higher than 1 MeV, thus it is interesting to consider
whether the presently observed state could proton decay.
The mass excess of the new isotope 7200(30) keV was
extracted by using the presently deduced @, value, and
mass excesses of the daughter nucleus and the « particle,
-3145(17) keV and 2424.91587(15) keV, respectively [41].
The proton-decay energy of 'CAt can be deduced as the
mass-excesses of the decay products '9Po [-1422(22) keV
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Figure 3. Ground state a-decay energies @), of astatine iso-
topes. The Q, of **°At (neutron number 105) extracted from
the present study is indicated in the figure (solid symbol), as
the rest of the experimental values marked with open symbols
are from literature [41]. Solid lines express the predicted val-
ues from selected mass models from FDMR(2012) [29], Liran-
Zeldes [42], and EDF (SkP [30], SLy4 [31], SV-min [32], SkM*
[33], UNEDFO [34], and UNEDF1 [35]). The Mass Explorer
interface [36] was used to obtain the EDF values. The EDF
does not provide data for the most exotic odd-odd nuclei and
therefore an interpolation is indicated with the dashed line.

[41]] and proton [7288.971064(13) keV [41]] are known.
The extracted proton-decay Q value was 1330(40) keV.
The partial half-life of a possible proton decay was ap-
proximated with a WKB integral by assuming that the
proton is emitted from a hg/; state. The resulting partial
half-life for the proton decay was 30 s and therefore the
proton decay cannot compete with the a decay. This fits
with the fact that, despite the careful analysis, the proton
decay remained unobserved in this experiment. Similar
conclusion can be made if the emitted proton is assumed
to occupy an f7/, orbital as the calculated half-life was
90 ms. If an emission from a 7s;/5 orbital is considered,

the partial half-life is reduced to 2.5 ms, which is close to
the measured half-life. However, it should be noted that
it is not possible to obtain (107) state by any expected
coupling of the s/, proton. The above-mentioned proton
emission half-lives assume spherical nucleus which might
be far reaching, however, the quoted values can be taken
as order of magnitude estimate and can be used to assess
whether the proton decay can compete with the o decay
or not.

IV. SUMMARY

A new exotic neutron-deficient isotope of astatine,
190At, was produced and identified. The isotope was
produced using a fusion-evaporation reaction and stud-
ied by means of its a-decay properties. The identified
a-decay properties are an a-particle energy and a half-
life, 7750(20) keV and 1.0} ms, respectively. The o de-
cay was concluded to be unhindered and therefore, a spin
and parity of (107) was proposed for the decaying state of
190 At. Using the determined decay properties, the possi-
bility of proton emission was considered. It was found to
be unable to compete with the a decay. The measured
a-decay properties were compared with the systematics
and also predictions of the selected atomic mass models.
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