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Diss.

Masses of neutron-deficient nuclei 2 Al, 3°P and 3!Cl and neutron-rich nuclei ¢’ Fe,
Co and 7°Co have been measured with the JYFLTRAP double Penning trap at
the IGISOL-4 facility. The Time-of-Flight Ion Cyclotron Resonance technique has
been used to achieve precise mass values whereas the Phase-Imaging Ion Cy-
clotron Resonance method has been employed for state identification in 7°Co.
The resonant proton-capture rates for the B Al(p, v)*6Si and *°P(p, 7)3'S reactions
have been calculated with the Q values determined in this work. The waiting-
point conditions for S in the rp-process have been studied using the proton sep-
aration energy determined for 3'Cl. Additionally, the mass-excess value of 3'Cl
has been used to test the isobaric multiplet mass equation for the T= 3/2 quartet
at A=31. The evolution of the mass surface and the N=40 subshell closure below
68Nji has been studied with the new mass values of ¢’ Fe, ®?Co and 7°Co. The im-
pact on the neutron capture rates 7Fe(n, 7)%Fe and ¥Co(n, 7)®Co relevant for
the weak r-process, and their inverse photodisintegration rates, is discussed.
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1 INTRODUCTION

Nuclear physics is a relatively recent sciences in the human history. The idea of
matter organized as atoms was augured by ancient Greek philosophers as Leu-
cippus and Democritus, and also developed later with interesting similarity in
ancient Indian philosophy [1].

We know, since the beginning of the twentieth century, that the atoms are not the
ultimate constituents of the matter. The atomic nucleus is composed of two kinds
of nucleons, protons and neutrons, whose number lead to important properties
and features for the nucleus. The total number of nucleons in a nucleus is called
the mass number A. Nuclei with the same mass number are called isobars. The
proton is a charged particle and it is thus sensitive to the electromagnetic force.
Nuclei with the same number of protons are called isotopes. They exhibit sim-
ilar chemical properties and belong to the same chemical element. Hence, the
proton number Z is also known as the atomic number. Chemical elements are ar-
ranged according to their atomic number in the famous periodic table developed
by Dmitri Ivanovitch Mendeleiev in 1869.

Neutrons do not have an electric charge and are only sensitive to the strong inter-
action in the nucleus. Neutrons do not live long outside an atomic nucleus. The
free neutron half-life, which is the time in which half of the neutrons have de-
cayed is about 10 minutes and 10 seconds. They decay via weak interaction into
a proton, electron and antineutrino. The neutron number, N defines the stability
of the isotopes. For light elements, the most stable isotopes have about the same
number of protons and neutrons. When moving to heavier nuclei, the stability
region is progressively moving away from the N=Z line toward the neutron-rich
nuclei. Nuclei are commonly mapped in the so-called chart of nuclides where
they are arranged according to their proton and neutron numbers (Fig. [T). The
chart of nuclides illustrates many nuclear properties. The stable nuclei are found
in the so-called valley of stability (in black in Fig. [I). When moving outside the
valley of stability, nuclei become radioactive. Except for the heaviest nuclides,
nuclei usually B-decay in which a proton is converted to neutron (8 decay and
electron capture) or a neutron to a proton (8~ decay), moving one step closer to
the valley of stability in the isobaric chain. Further from the valley of stability,
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FIGURE 1 Chart of nuclides where the different colours illustrate the decay mode. The
stable nuclei are in black, the nuclei that ™ -decay are in blue and those that
Bt-decay in red. The nuclei that decay by a-emission are represented in

yellow, and by spontaneous fission in green. The N=Z line is indicated in
black.

the half-lives of nuclei get shorter and hence they have a higher probability to
decay. At some point, no more neutrons or protons can be added without induc-
ing a rapid emission of a neutron or proton. This limit on the proton-rich side,
the proton drip-line, is well known. The neutron drip-line is unknown above Q.

The limits of nuclear existence are of particular interest in astrophysics. In stellar
environments, very high densities and temperatures can be reached leading to
nucleosynthesis of exotic nuclei, close to the neutron and proton drip-lines. The
processes in which neutron-rich or neutron-deficient nuclei are produced, such as
the rapid neutron-capture process (r-process) and the rapid proton-capture pro-
cess (rp-process), are an active research area. These are also key processes for
understanding heavy element abundancies in the solar system.

It is challenging to study these processes in an accelerator laboratories due to
small cross sections and short half-lives. Particle accelerators are needed to pro-
duce astrophysically relevant nuclei with small cross sections or study reaction
cross sections close to astrophysical energies. The K130 cyclotron in the JYFL Ac-
celerator Laboratory at the University of Jyvaskyld can accelerate particles from
protons to xenon ions, ideally up to the energy of 130 Q*/ A MeV where Q is
the charge of the ion. The facility is used by many reasearch groups. This thesis
project has been carried out in the IGISOL group which studies ground state and
decay properties of nuclei e.g. via collinear laser spectroscopy or decay spectro-
copy, or via high-precision atomic mass measurements using the double Penning
trap JYFLTRAP like in this thesis. The masses of nuclei are indeed one of the key
inputs for nuclear reactions, leading to the binding energies and Q values needed
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for reaction rate calculations.

In the frame of this thesis, both neutron-rich and neutron-deficient nuclei of as-
trophysical interest have been studied. The masses of 2°Al and 3°P, relevant for
26 Al cosmic gamma rays and nova nucleosynthesis, were measured. For the rp-
process, the mass of >'Cl has been determined with a high precision. On the
neutron-rich side, the mass of ®’Fe, the ground and isomeric states of Co and
the longer-living state of 7°Co were measured. ®’Fe and ®Co are of particular
importance for the weak r-process. In addition to astrophysical motivations, nu-
clei such 3'Cl, Fe, ®°Co and 7°Co are relevant for theoretical nuclear physics.
The mass of 3'Cl can be used to test the isobaric multiplet mass equation for the
T=3/2 quartet at A=31. The *’Fe, ®°Co and "°Co are close to the N=40 neutron
gap and thus interesting for nuclear structure studies far from stability. These
results are given and discussed in the chapter 5 of this thesis. The theoretical
and astrophysical motivations are given in chapters 2 and 3 followed by a more
technical chapter where the experimental method is described.



2 BINDING ENERGY IN NUCLEAR PHYSICS

2.1 Nuclear binding energy

Since the discovery of the atomic nucleus by Ernest Rutherford in 1911 [2], the-
oretical models have been developed to describe the nucleus and interactions
between nucleons. Nowadays, there are several theoretical models to describe
the nucleus but they all have some limitations. In many cases the model could be
much better if not limited by too demanding and time-consuming computational
requirement.

In order to develop better theoretical models, more and accurate experimental
data on nuclear properties are needed. Nuclear binding energy is one of the most
fundamental properties of a nucleus. It is defined as the energy required to dis-
mantle a nucleus into its constituents, the nucleons. It is commonly expressed
as:

B(Z,N) = (Zmy + Nm, — M(A, Z))c? (1)

where m, and m, are the proton and neutron masses respectively, and M (A,Z)
is the total nuclear mass.

The atomic mass ms,,; takes into account the masses m, of Z electrons in
the electron shell surrounding the nucleus and the sum over the electron binding
energies in the atom B, ;:

Z
Matom(A, Z)c? = M(A, Z)c? + Zmec® — Y (Be); (2)
=1

1
By convention, the atomic mass is usually given in atomic mass units u. One
atomic mass unit corresponds to the mass of 1/12 of 12C.
The atomic mass excess A is determined as the difference between the atomic
mass and the atomic mass number A:

A = mgtom — A 3)
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where mgtom is given in u. A is usually converted in keV (1 u= 931.494 x 103 keV).
Finally, we introduce a very important quantity called the Q-value. It indicates
the energy released in or needed for a nuclear reaction. The Q-value is deter-
mined as the difference between the initial and final mass values of a reaction:

Q = [Y_(Ainitia)i — Y_(Afinar);] (4)

i j
If the Q-value is positive, the reaction releases energy and is called exothermic.
Otherwise, the reaction is endothermic.

2.1.1 The liquid drop model

George Gamow suggested an analogy between the surface tension that holds to-
gether the molecules in a drop of water and the attractive force that holds the
a-particles in a nucleus [3]. This happened already in 1929, at a time when the na-
ture of nucleons was not well known. C.F. von Weizsdcker used this liquid-drop
model as a basis to develop a semi-emperical approach for the nuclear binding
energy. The model was later slightly simplified by H.A. Bethe and R.F. Bacher [4].
The liquid drop model considers nuclei as incompressible charged fluid droplets.
Here the nuclear force acts only on the closest neighbours, and in the same way
as the Van der Waals forces in a liquid, the force becomes repulsive at very short
ranges. This saturation effect explains how the binding energy per nucleon in-
creases rapidly up to A=12 and stays roughly constant for higher mass numbers
[5]:

B(N,Z)/A ~ —8.5[MeV /nucleon] 5)

The semi-empirical mass formula of Bethe and Weizsacker predicts the evo-
lution of the nuclear binding energy as a function of the mass and proton num-
bers A and Z, respectively, as:

72 (N —2Z)?
A3 TN
where ay, ag, ac, a; are the coefficients related to volume, surface, Coulomb
and asymmetry terms, respectively and 6(A) is the pairing term.

The volume term ay A represents the binding energy due to the interaction
of each nucleon with its closest neighbours.

The surface term agA2/3 takes into account that nucleons located at the sur-
face of the nucleus interact with fewer neighbours than the nucleons inside the
nucleus. Considering a nucleus as a sphere with radius R=rgA!/3 where rp=1.2fm
and assuming constant density, the surface aera S can be expressed as:

B(N,Z) = ayA —agA?3 — a¢ +6(A) (6)

S = 4mrg® A*3 (7)

Thus the number of nucleons on the surface of a nucleus is proportional to A%/3.
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FIGURE 2 Experimental binding energy per nucleon taken from AME2016 [6] and bind-
ing energy per nucleon calculated with the semi-empirical mass formula
as a function of the mass number A, using the coefficients ay,=15.46 MeV,
a5=17.23 MeV, ac=0.70 MeV, 2,=23.29 MeV and a,=12.00 MeV [7].

The Coulomb term acZ?/ A'/3 takes into account the negative contribution
due to the Coulomb repulsion acting between protons. If the charged particles
are considered as uniformly distributed in a sphere, the potential energy is given
by:

31 @ o

B 5 47‘[6‘0 ? ( )
where Q is the total charge Ze and ¢ is the vacuum permittivity. The Coulomb
term is thus proportional to the number of proton pairs Z? and inversely propor-
tional to the radius of the nucleus.

The asymmetry term a;(N-Z)?/ A is due to the Pauli exclusion principle stip-
ulating that two identical spin 1/2 particles (fermions) cannot occupy the same
quantum state. The lowest energy state of a nucleus is thus reached for an equal
number of protons and neutrons. The neutron excess decreases the binding en-
ergy proportionally to the difference between the neutron and proton numbers.
In heavy nuclei, the number of neutrons must be higher than the number of pro-
tons to compensate the Coulomb repulsion due to the protons. The asymmetry
term is therefore inversely proportional to the mass of the nucleus.

The last term of the semi-empirical mass formula, 6(A), is due to the pairing
effect. The binding energy is maximum when nucleons form spin-zero pairs. The
pairing term will add a positive, zero or negative contribution to the total binding
energy depending on neutron and proton numbers:

 5(A) =+a,A~1/2 for N and Z even (even-even nuclei).
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¢ 5(A) =-a,A~1/2 for N and Z odd (odd-odd nuclei).

® §(A) =0 for all other cases.

The value obtained using the semi-empirical mass formula show discrepancies
with the experimental data for some particular number of neutron or proton (see
Fig. ). The liquid drop model is a macroscopic model and ignores the quantum
nature of nuclei.

2.1.2 The shell model

A strong motivation to construct an independent-particle nuclear model is the
existence of particular configurations of the nuclei for which the energy required
to remove a nucleon is specially high. The liquid drop model fails to predict for
example why %Ni (Z=N=28) or 132Sn (Z=50, N=82) are much more bound than
their neighboring nuclei. The shell model was developed jointly by E.P. Wigner,
M. Goeppert-Mayer and J.H.D. Jensen in 1940s [8]. In this model, nucleons are
treated as independent particles in a mean-field created by other nucleons in the
nucleus. The nucleons are quantum-mechanical objects and thus, have quantified
energies restricted by the Pauli exclusion principle. Nucleons are organized in
subshells that are themselves organized in shell. A filled shell results in extra
stability for the nuclei. The number of nucleons needed to fill a shell is called a
magic number. A nucleus having 2, 8, 20, 28, 50, 82 or 126 protons or neutrons
is more tightly bound and is defined as a magic nucleus. The stability is even
higher in the special case of a doubly magic nucleus, where both the proton and
neutron numbers are equal to a magic number. The average nuclear potential as
a function of the distance from the center is known as the Woods-Saxon potential

[9]:

Vo

vir) = ~1+exp[(r—R)/a]

©)
where V is the depth of the potential well, R is the nuclear radius R=rgA!/3 and
a represents the diffuseness of the nuclear surface. Fig. {3 shows Woods-Saxon

potential for typical parameters of V=50 MeV and 2=0.6 fm.

For protons, the Coulomb interaction has to be added to the potential:

e for r<R:
1 Ze?2 3 12
e for r>R:
1 Ze?
VCoulomb(r) . (11)

 4mey r
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FIGURE 3 Woods-Saxon potential for a nucleus with A=70 as a function of the distance
from the nucleus center r. Parameters =50 MeV and 4=0.6 fm have been
used for the calculation.

As can be seen from Fig. 4, harmonic oscillator, infinite square well or Woods-
Saxon potential alone cannot produce the so called magic nucleon numbers, i.e.
large shell gaps at correct places. Instead, a spin-orbit coupling must be added
to the Woods-Saxon potential. It has the form: Vso(7)Ls [7]. The operators 1 and
s represent the orbital and spin angular momenta, respectively. The angular mo-
mentum is denoted traditionally using letters s, p, d, f, g, h, i corresponding to
=0, 1, 2, 3, 4,...whereas the spin is either +1/2 or -1/2. According to the Pauli
exclusion principle, each [ state can contain a maximum of 2(2/ + 1) protons or
neutrons. The first [ state will be filled for two neutrons or protons, the second
for eight protons and neutrons (two in the 1s state plus six in the 1p state) and so
on. For both type of potentials, we can thus reproduce the magic numbers up to
20.

In the case when 1 and s are parallel, the energy due to the spin-orbit interaction
| = 1 +s =1+1/2is positive. If the operators 1 and s are anti-parallel, the spin-
orbit interaction is negative j = [ +s = [ — 1/2. Thereby, each levels is split into
j = 1 £1/2. The function Vs is negative thus the levels [ +1/2 are below the
levels —1/2.
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FIGURE 4 Single-particle energy levels calculated with harmonic oscillator, infinite
square well and Woods-Saxon well without and with spin-orbit coupling.
The maximum number of protons or neutrons allowed in each subshells is
given in italic and parenthesis. The purple surrounded numbers indicate the
numbers corresponding to the closed shells. The shells are represented from
the lowest energy at the bottom to the highest at the top. The nucleons fill
the shell from the lowest shell available.
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2.1.3 Current theoretical mass models

The liquid drop model and the nuclear shell model are ones of the oldest nuclear
models. While the liquid drop model predicts global trends in binding energies,
it lacks to explain for example shell closures. In the aim to minimize their internal
energy, nuclei can also present deformations of their ground or excited states. The
deformations have an impact on the energy gaps between subshells and can even
lead to the disappearance of the magic numbers for very deformed nuclei. Defor-
mations can be seen through binding energies via for example discontinuities in
the trend of the two neutron separation S, defined as:

Sou(Z,N) = A(Z,N —2) +2A(n) — A(Z,N) (12)

where A(n) is the neutron mass-excess. A possible consequence of deformations
is shape coexistence where two or more shapes coexist within a narrow energy
band. Some of the recent theoretical mass models considers the nuclear deforma-
tion.

The theoretical mass models described in this section have been developed dur-
ing the past decades and are used later in the thesis to compare with the experi-
mental data collected in this work.

2.1.3.1 Skyrme models

The nuclear shell model is a phenomenological approach that describe nucleons
as independent particles in the mean field created by the other nucleons. An-
other approach is the so-called Hartree-Fock method [10] [11] which derives the
single-particle nuclear potential starting from nucleon-nucleon interactions. It al-
lows to resolve the Schrodinger equation [12] of the system by using a variational
principle in which the trial wave functions are Slater determinants:

Y(¢1--Ca) = [¢(G1--Ca)) (13)

The components of the Slater determinants are the orthogonal single-particle
wave functions of the nucleons. The Hartree-Fock energy defined as < ¢|H|¢p >
where H is the Hamiltonien of the system, must be minimized [5]. These lead
to a series of equations, the Hartree-Fock equations, which yield the individual
energy levels of the nucleons.

To reproduce the nuclear properties in the best way, the Skyrme force [13] is
broadly used in the calculations as a phenomenological effective interaction. The
Skyrme interaction has two parts that consists of a two-body interaction and a
zero-range three-body interaction [5):

V=Y V(@ij)+ Y, V(jk) (14)

i<j i<j<k

The two-body part is usually written in the form:
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1
V(1,2) = to(1+ xgP?)5(r1 — 1) + §t1[5(7’1 —1)k? +K*5(r1 — r)]
+ tké(r1 — o)k + iWo (M) + PNk A S(ry — 1)k (15)

where k = (1/2i)(V1 — V3) is the relative momentum operator, PY is the
spin-exchange operator, ; are the Pauli spins matrices and d(ry — ;) is the Dirac
delta function of the distance between the two nucleons. The three-body force
part is:
V(1,2,3) = t36(r1 — 12)6(rp — 13) (16)
In these equations, the parameters tg, t1, tp, t3, xo and Wy are found by doing
a fit to the experimental binding energies. In the Hartree-Fock calculation, the
three-body part of the Skyrme force can be simplified to a two-body zero-range
interaction. The Hartree-Fock method with Skyrme effective interaction has been
used by Vantherin and Brink [14] to find the binding energies, the densities and
energies for one superheavy nucleus, considering single particle levels near Fermi
level. They extended their calculation to the whole periodic table two years later
[15]. Later on, different sets of parameters among these we can mention the SIII
[16], SKM [17], SKM* [18] and SLy4 [19] have been developed. The published
table of the binding energies using these parameters can be found in [20]. The
calculations use in addition to the HF method, the Bardeen, Cooper and Schrief-
fer (BCS) method [21] for pairing correlations approximation. In UNEDF models,
[22], the pairing correlation has been added through a Hartree-Fock-Bogoliubov
(HFB) approach to optimize the Skyrme energy density functional. In HFB theory,
both HF and BCS theory are combined to obtain the most general wave functions.
The UNEDFO has been improved for large deformation in the so-called UNEDF1
[23] and more recently with UNEDF2 [24].

A model called HFB has been developed by the Bruxelles-Montréal collaboration
in the early 2000’s [25]. As its name indicates, it is based also on the HFB method
and it uses phenomenological corrections to the energy density functional. In this
model, the total binding energy is given by:

Etot = Egrp + Ew (17)

where the HFB energy includes corrections to the spurious rotational energy and
to the vibration energy. The second term, called Wigner energy is a phenomeno-
logical correction. Many versions have been published. In this model, Skyrme
forces utilized are modified for example in HFB-19, HFB-20, and HFB-21 [26] by
adding t4 and ts5 terms to the interaction. The broadly used HFB-24 mass model
[27] has been optimized using the data from the 2012 Atomic Mass Evaluation
[28].

2.1.3.2 Finite range droplet model

The finite-range droplet model (FRDM) is a macroscopic-microscopic mass model
where the nuclear potential energy is split into two terms [29, [30]:
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E= Emucr + Emicr (18)

The liquid drop model (see 2.1.1) is used as an initial framework for the
macroscopic approach. This model has been refined at the end of the 1960’s
by W.D. Myers and W.J. Swiatecki [31] 32] under the name of droplet model.
The idea behind this approach was to use a more realistic nuclear structure de-
scription by not considering anymore the nucleon density as homogeneous in a
nucleus and with a sharp boundary. In this approach the volume, surface and
Coulomb terms of the semi-empirical mass formula (Eq. [f]) are developed in Tay-
lor series. It leads to the simplified equation [33] :

E:(a +a52_1K 62)A+(ﬂl +%52)A2/3+3_6222A—1/3_—
vomET Tt To) 57 40072Q
(19)
where € is the average deviation of the nucleus bulk density from its nu-
clear matter value and J represents the local neutron excess averaged over the
nuclear volume. The coefficients Q, K,,;, o are the effective surface stiffness, the
compressibility and the charge-radius constant, respectively. The addition of a
microscopic approach under the form of a folded-Yukawa single-particle poten-
tial [34] corrects the droplet model by taking into account the finite range of the
nuclear force.
The mass table FRDM1995 [30] includes calculated mass values for 8979 nuclei.
This model has been thereafter improved, notably after the publication of the
Atomic Mass Evaluation 2003 (AME2003) [35]. By using the updated mass val-
ues, the constants of the model were redefined. The enhanced model, so-called
FRDM2012 [36], computes also more precisely the mass of axially symmetric nu-
clei. In total, FRDM2012 includes 339 additional nuclei relevant in astrophysics
compared to FRDM1995.

2.1.3.3 Weizsdcker-Skyrme

Two limitations have been pointed out in the FRDM. In its macroscopic- micro-
scopic approach, the parameter value of the shell corrections calculation is differ-
ent in the microscopic and macroscopic part. The FRDM does not take into ac-
count the isospin effects in the calculation of the masses. The Weizsdcker-Skyrme
(WS) model has been developed to overcome these limitations [37]. The Skyrme
energy density functional in combination with the extended Thomas-Fermi ap-
proximation [38] is used in a macroscopic-microscopic approach. The total en-
ergy of a nucleus in the WS model is given by the sum of the liquid-drop energy
of a spherical nucleus, the Strutinksy shell correction and a residual correction:

E(A,Z,B) = Etp(A, Z) [T(1 + bBg) + AE(A, Z, B) + Aves (20)
k>2

The residual correction has been implemented in the WS3 mass model [39].
Further improvement of the WS mass model [40] has been obtained by taking
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into account the systematics of the nuclear mass surface by using a radial basis
function approach [41] and the Garvey-Kelson relations [42]. In the most recent
version of the WS mass model, the WS4 [43], an additional correction for the
surface diffuseness in instables nuclei has been added.

2.1.3.4 Duflo-Zuker

The Duflo-Zuker model [44] is a microscopic approach developed in 1995. It uses
a Hartree-Fock calculation based on the shell-model where the interaction is de-
fined by two different terms in the Hamiltonian:

H = H,, + Hy (21)

where H, is a monopole term and H)ys a multipole term. The monopole term is
leading the saturation and single-particle properties. It includes terms for spher-
ical and deformed nuclei. The multipole term includes the parameters and cor-
rections. As a starting point, the calculation assumes the existence of a smooth
pseudopotential that permits to proceed to Hartree-Fock variation. The model
gives a set of 28 parameters that have been initially fitted to the 1751 masses for
N, Z > 8 published in the 1993 Atomic Mass Evaluation table [45]. A revised ver-
sion of the model has been published since then [46| 47]. Strong deformation and
magic numbers are well reproduced by the Duflo-Zuker model but the model
does not include rotational energies and spurious center-of-mass [33].

2.2 Isobaric multiplet mass equation

The concept of isospin has been developed by Werner Heisenberg in 1932 [48]
to explain the equal intensity of the strong nuclear force between two neutrons
and two protons due to the charge symmetry and the very close mass of the two
particles. The nuclear force is also mostly charge independent, which means that
the nuclear interaction between two identical and two different nucleons is the
same [49]. In the isospin model, the neutron and proton are treated as two states
of the same particle, the nucleon [50]. Both the neutron and the proton own the
same isospin T = 1/2 but with a different projection (labeled with notation T3 or
T,): T3 = —1/2 for proton and Tz = +1/2 for neutron.

For many-nucleon systems, the 3-component represents the total neutron
excess of the nucleus [5]:

N-Z
Ii=—— (22)

The total isospin quantum number T can take the values:

A

T3] < T < (23)
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For the ground state of a nucleus, T is empirically defined as equal to |T3|. The
eigenvalue of the isospin projection, T3, ranges from -T to T. An isobaric multi-
plet of states T is formed by isobars owing one of the (2T + 1) eigenvalues of T,
T3. The Coulomb interaction is the main reason for the small isospin symmetry
breaking [51]. By using first-order perturbation theory on the Coulomb force and
Wigner-Eckart theorem [52], the masses of the members in an isobaric multiplet
(A,T,T3) are located on a parabola:

M(A,T,T3) = a(A, T)T3 +b(A, T)T3 +c(A,T) (24)

The so-called isobaric multiplet mass equation (IMME) has been first introduced
in by Eugene P. Wigner [53]. The reliability of the equation has been tested for
the first time for an isospin T = 3/2 quartet at A=9 [54]. In this test, the coeffi-
cients of Eq. were determined from the well-known masses of °Li, Be and
9B to calculate the mass of °C. The calculation showed a very good agreement
with the experimental measurement of °C mass value. Since then, the IMME
has been widely used to predict the masses of the exotic members of the iso-
baric multiplets. The IMME has been also used for isospin quintets since 1973
[55]. However, with the increase of the precision in the mass measurements, the
quadratic form of the IMME has been found to breakdown for A=7-8 [56], A=9
[57], A=20-21 [58], A=31 (Article II), A=32 [59], A=35 [60] and A=53 [61]. There
have been several explanations for the breakdown of the IMME. For A=32, the
isospin-mixing of T = 2 with T = 1 states has been pointed out, in addition to
a charge-dependent effects for A=9 [57]. The breakdown in IMME is still unex-
plained for the A=53 multiplets [61]. To overcome the failure of the quadratic
form, the need of additional polynomial terms in Eq. as cubic or quadratic
terms have been suggested [62] and have been calculated by shell-model calcula-
tion or fitted on experimental data if available [63, [64].

The mass of multiplet along N ~ Z can be also evaluated via calculation of the
mirror and triplet displacement energies (MDEs and TDEs) [65]. The MDEs and
TDEs are due to isospin symmetry breaking induced by charge-symmetry and
charge-independence breaking [66].



3 ASTROPHYSICAL MOTIVATION

By raising the eyes to a clear sky, we can contemplate the results of powerful nu-
clear reactions taking place in stars. Here, the time scale touches the extremes:
the explosive end of massive stars called supernova is a site of very fast nuclear
processes, involving also nuclei that do not live long enough to be synthesized
and studied directly in laboratories. At the other end, the lifetime of light stars,
smoothly burning their hydrogen in the main sequence, can be as long as several
thousands of billions of years. Astronomical observations have provided evi-
dence on the ongoing nucleosynthesis in the Cosmos. One of the earliest obser-
vations were the absorption lines of technetium from R Andromedae [67]. Tech-
netium does not have any stable isotopes and the longest lived isotope, *Tc, has
a half-life of around 4.2 million years (My) [68]. Therefore, it must have been
produced relatively recently on astronomical timescale. Later on, the observa-
tion of 1809 keV v-rays following the B-decay of 2°Al (T; s2 =~ 0.7 My) done by
the HEAO — 3 spacecraft [69, [70] yielded additional evidence for ongoing nucle-
osynthesis. Very recently, multimessenger observations from the binary neutron
star merger GW170817 [71], including gravitational waves, as well as the whole
electromagnetic spectrum (optical, ultraviolet, X-ray, y-ray, radio, infrared), ex-
panded our understanding of nucleosynthesis in such compact binaries.

3.1 Cosmic gamma rays from 2°Al

The 5F ground state of 2°Al has a long half-life of around 7.17 x 10° years [68]. It
decays via electron captures and f*-decays dominantly to the first excited state
of 2Mg which is further de-excited by emitting 1809 keV <-rays. These y-rays
yield direct information on the ongoing nucleosynthesis in different astrophysical
environments.

26 Al can be produced via proton-captures on Mg in stellar environments
provided high enough temperatures and hydrogen densities exist. This produc-
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FIGURE 5 Region around 2°Al and the sequence leading to the emission of 1809 keV
y-rays following the B-decay of 2°Al (left) and the bypass route (right). The
half-lives are given in italic in the boxes.

tion route can be bypassed by 2> Al(p, 7)?°Si proton captures. The 0" ground state
of 26Si will B*-decay to the 0" isomeric state at 228 keV in 2°Al, which further
decays via superallowed Fermi B-decay to the 0F ground state of 2°Mg. Hence,
no 1809-keV -y-rays are produced via this route (Fig. [5).

Several sites are expected to be sources of 2°Al: ONe novae, core-collapse
supernovae, massive stars as Wolf-Rayet stars, asymptotic giant branch stars and
reactions from low-energy heavy cosmic-rays [72]. Based on the HEAO — 3 ob-
servations, novae or a possible supernova remnant encompassing the solar sys-
tem were proposed as possible sites for the 2°Al production [73]. The Compton
Gamma Ray Observatory was launched on orbit in 1991. One of its instruments,
the Imaging Compton Telescope (COMPTEL) performed an all-sky survey on the
1809-keV <y-rays (see Fig. [f). The distribution gave important information on the
possible production sites [72]. The map shows localized and asymmetric concen-
tration of 26 Al through the galaxy plane that contradicts the former hypothesis of
novae as the main source. Dominant nova or low-mass Asymptotic Giant Branch
(AGB) star contribution to the 1809 keV y-rays would produce a smooth intensity
distribution because of their lower individual yields. The distribution given by
COMPTEL suggests that massive Wolf-Rayet and AGB stars, and core-collapse
supernovae that have a tendency to cluster are the dominant producers of 2°Al
[74]. This conclusion has been confirmed by more recent observations by the IN-
TEGRAL space telescope and its spectrometer, SPI. From the obtained spectra the
total mass of 26Al in the Galaxy has been estimated to be 2.8 M, [75] where the
solar mass M= 1.9884x10% kg [76]. The contribution of classical novae to the
whole 2°Al distribution has been estimated to be less than 0.4 M® [77]. Nev-
ertheless, the reaction rates leading to the production of 2°Al or its bypass are
important to constrain the possible production sites and estimate the amount of
26 Al produced.
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FIGURE 6 COMPTEL all-sky map of 26Al 1.8 MeV <y-rays in the Milky Way. Credits :
CGRO/COMPTEL.

3.2 Nucleosynthesis in novae

Novae are powerful astrophysical events taking place in binary star systems where
one of the stars is a white dwarf. It has been estimated that around 35+11 clas-
sical novae occur each year in the Galaxy [78]. Most of them are considered as
cataclysmic variables but some are also known as symbiotic stars. In the specific
case of symbiotic stars, the companion star is a red giant star from which a wind
will transfer material that will be partially captured by the white dwarf [79].

In classical novae, hydrogen-rich material from a low-mass star will be trans-
ferred around the white dwarf via Roche lobe overflow [80]. A fraction of the ma-
terial will end up on the surface of the white dwarf. At some point, the accreted
material will exceed a critical temperature and lead to a thermonuclear runaway
in the electron degenerate conditions on the bottom of the accreted layer. This ex-
plosive hydrogen burning together with the heat released from the compression
will lead to a powerful and rapid outburst. Novae are recurrent with around 10%-
10° years in between the explosions. The nova light curves follow a general trend
with a fast increase followed by a slower decrease the rate of which depends on
the nova [81]. The infrared and ultraviolet observations from novae yield infor-
mation on the composition of the ejecta [82] 83]. The produced ejecta will depend
on the composition of the white dwarf [84]. A picture of a classical nova, GK Per-
sei, is shown on Fig. [7]

In addition to light curves and luminosity, informations on nucleosynthesis in
novae have been also obtained from meteorites. A large carbonaceous chondrite
meteorite, the Murchison meteorite, falled in Australia in 1969. The presolar
grains on the surface of this meteorite have preserved the initial elemental ra-
tios and have been turned out to be valuable for nuclear astrophysics studies.
The grains composed of silicone carbide (SiC) have isotopic ratios similar to the
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FIGURE 7 Composite picture of the classical nova GK Persei with X-rays from NASA’s
Chandra X-ray Observatory (blue), optical data from NASA’s Hubble Space
Telescope (yellow), and radio data from the National Science Foundation’s
Very Large Array (pink). Credit: NASA

ratio expected from simulations and observations of the ejecta of ONe novae [85].
In particular these grains are rich in heavy silicon isotopes (*’Si and 3YSi), have
a low 12C/13C and MN/N ratios, and a high 26Al/?” Al ratio [86), 85]. In ONe
novae, %Si is produced via the *-decay of 3°P. This reaction competes with the
proton capture reaction 3°P(p, 7)3!S (see Fig. . The B-decay half-life of 3P is
long, 2.5 min, which is comparable to the timescale of nova nucleosynthesis [87].
The alternative route to 'S via B-decay of 3!Cl is hindered due to the low pro-
ton separation energy of >'Cl. Thus 3°P(p, 7)*!S is the key reaction controlling
the nucleosynthesis of elements beyond sulfur [88]. The precise knowledge of
the proton-capture rate on 3P is therefore required to determine the abundances
of heavier elements produced in novae. In addition, it is useful for nova nu-
clear thermometers O/S, S/Al, O/P, and P/Al [89]. It has been indeed observed
that the peak temperature reached during a thermonuclear runaway in a nova
is strongly correlated with the white dwarf mass, and consequently, to the ele-
mental abundances in the white dwarf. The composition of the white dwarf is
particularly important in the case of ONe novae because the nucleosynthesis to-
ward heavier elements is correlated with the mixing of the accreted material and
the white dwarf. The abundance ratio of Si/H from the ejecta is a relevant mixing
meter influenced by the 3°P(p, 7)3!S reaction rate [90].
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FIGURE 8 Representation of the two competing reactions **P(p, 7)*!S and the 3P g+
decay.

3.3 Rapid proton capture (rp) process in type I X-ray bursts

Type I X-ray burst (XRBs) remind classical novae: they also take place in binary
star systems but instead of a white dwarf they have a neutron star which accretes
material from the companion star. Thus, XRBs are of particular interest for the
studies of neutron stars, such as their composition.

Neutron stars are one of the densest objects known in the universe. With a size
of few kilometers and mass comparable to the mass of the Sun, a teaspoon of the
core of a neutron star would weigh about 5x10'?kg. Neutron stars are composed
of roughly three regions. The highest densities are reached in the core where the
matter is essentially neutron degenerate gas, and where even quark-gluon plasma
is plausible [91]. The second region, the inner crust, has a density of p ~ 4.3x 10!
to 2x10'g/cm? [92] and is made of neutron-proton clusters immersed in a sea
of free nucleons [93]. The last region, the outer crust, consists of nuclei and free
electrons. The matter is considered in nuclear equilibrium and in ground state.
The stability of the nuclei in the outer crust increases when going closer to the
surface. Close to the inner crust interface, the nuclei are predicted to be neutron
rich. The most external part of the crust consists mostly of stable iron and nickel
isotopes [93].

In XRBEs, if the companion star has a mass well above the neutron star mass (>10
M®©), it can loose material by stellar winds. Such systems are called High-Mass
X-ray Binaries (HMXBs) [94]. In the case of Low-Mass X-ray Binaries (LMXBs),
the low mass companion star (<1.5 M®) can transfer material to the neutron star
by Roche lobe overflow in a similar manner than in classical novae. These binary
star systems emit radiation mostly in the range of X-rays. The first X-ray bursts
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were observed from the globular cluster NGC6624 in 1976 [95] and from the con-
stellation Norma [96]. These X-ray sources differed from the previously observed
X-ray sources by their intensity and their luminosity curve [97]. There are two
types of XRBs: the type I XRBs, which will be discussed in this section, and the
type II XRBs which are rarer events and most likely due to accretion instabilities
[98].

In type I XRBs, the luminosity increases rapidly on a timescale of less than a
second to about 10 seconds, followed by a decay lasting from several seconds
to a few minutes [98] 99]. The bursts are recurrent with a periodicity of several
hours to days. Type I XRBs have a thermonuclear origin. The hydrogen and
helium rich matter from the companion star is accreted on a disk around the neu-
tron star falling onto its surface where it is gradually compressed. A part of the
energy from the accreting material is rapidly radiated away but the remaining
energy feeds thermonuclear reactions and the pressure and temperature become
high enough for the electrons to become degenerate [100]. The hydrogen fuses
to helium via hot CNO (HCNO) cycles and the material plunge deeper into the
star until the falling matter becomes unstable. The burst is initiated by a ther-
monuclear runaway which is the result of the ignition of helium through triple-x
reactions that will cause a series of proton-captures also known as the rapid pro-
ton capture process, the rp-process [99, [101]. The rp-process requires a hot and
hydrogen-rich environment [102]. It starts with a breakout from the HCNO cycle,
and continues then via proton-captures and 7 -decays toward heavier elements,
up to SnSbTe region in suitable conditions [103]. In this case, the rp-process ends
up in a closed SnSbTe cycle because 1%°~1%Te are very weakly a-bound and will
decay back to Sn isotopes.

On the rp-process path, there are a couple of nuclei with a low or negative proton-
capture Q value and a relatively long B-decay half-life. At these so called waiting-
points, the process has to wait for the slow B-decay to happen in order to con-
tinue its path to heavier elements [10I]. The presence of waiting points in the
rp-process flow has been used to explain the double peak in the bolometric lumi-
nosity of several XRBs observed as 4U/MXB 1636-53 [104], 4U 1608-52 [105], or
GX 17+2 [106]. One scenario proposes that the first burst would be a signature of
the helium flash shell and the second burst would be due to the rp-process wait-
ing points, such as 2?Mg, 2Si, 3S and 3*Ar [107]. During the rp-process, most of
the flow should proceed through these waiting points.

Of special interest for this thesis is the waiting-point nucleus °S. It has a long
half-life of 1.176(2) s [68], comparable to the time scale of type I XRBs. The route
through this point to heavier masses proceeds mostly via proton-captures that
are predicted to be non-resonant for low temperatures and resonant on the two
lowest excited states in 3'Cl for temperatures above T~0.13 GK (Article II). The
308 waiting point is also affected by the photodisintegration of >'Cl. The reactions
around S are illustrated in Fig. @ The unmeasured °S(«, p)33Cl reaction has to
be taken into account for higher temperature range and thus the 3°S waiting point
conditions are unknown above ~1.0+0.3 GK [108].
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FIGURE 9 Reactions around the 3°S waiting point in the rp-process.

3.4 Resonant proton-capture rates

Proton-captures on light nuclei, such 2 Al, 39P and 3°S, are expected to be dom-
inated by resonant proton-captures, and to proceed through a few narrow low-
energy resonances in 2°Si, 3!S and 3!Cl, respectively. The total resonant proton
capture rate is summed over individual resonances:

NA <0’Z)>

res

= 1.54 x 10" (uTo) 2} (w)ix
i (25)
exp(—11.605E,,s,;/ To) cm®mol s

where i is the reduced mass in atomic mass units u, Ty is the temperature
in GK, (w); is the resonance strength and E,, ; is the resonance energy for a state
i, both in MeV. The resonance energy E, ; is given by:

Eres,i = Ex,i - Qp,'y (26)

where E, ; is the excitation energy for a state i. Thus the resonance states
must have an excitation energy above the proton threshold defined by the Q,
value also known as the proton separation energy S,. The reaction rate depends
also exponentially on the temperature. The resonance strength wy for an isolated
resonance i can be determined as:

2541 T,T,
2(2Jt +1) Tor

where the spins of the resonance state and the target nucleus are given as J;
and J;, and the total width of the resonance I'tot, is:

wy (27)
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The proton width can be calculated using;:

21 [2Epes
R, U

Ip Py(Eres, Rn)C?S63 (29)

where R, is the interaction radius, P;(E,, R,) the penetration factor, C2S the
spectroscopic factor and 62 p. the single-particle reduced width. The proton width
I', can be scaled from known values using [109]:

T, o exp (—31.292122 Etles) (30)

where Z; and Z, are the atomic numbers of the incoming particles, y is the
reduced mass in u and E,; is the center-of-mass resonance energy in keV. At low
resonance energies, the proton widths are small compared to the gamma widths,
and hence T')I'¢/Ttt ~ I'y. The gamma widths can be determined from their
lifetimes according to I'¢=71/T where 7 is the reduced Planck constant and 7 is the
lifetime.
Most of the proton-captures occur in a narrow energy range corresponding to the
width A of the Gamow peak E [99]:

Eo = 0.122(Z2Z3u12)'/3

(31)
A = 0.2368(Z2Z2uTS)V/6

This energy range called Gamow window goes from Eyp-A/2 to Eg+A/2. Such
window does not exist if the resonance strength depends only on the y-ray width
ie. if I»T, [99].

For waiting-point nuclei, such as 30G in the rp-process, it is also critical to deter-
mine the ratio of the photodisintegration A, , to the proton-capture rate Na<ov>
[99]:

A’)’/P — 9.8685 X 109Tg)/2gfgp (GtGp % (mtmp )3/26—11.605Q/T9 (32)
N A <0’ ZJ> g f G f m f

where ¢, g and g are the statistical factors (§=2]+1), Gt, G, and Gy the

normalized partition functions and m;, m, and my the masses of the target, proton

and the final product, respectively [99]. For type I XRBs, the proton capture rate
can be determined using;:

X

Apy = Na (ov) pa (33)

where X; is the hydrogen mass fraction (X;=0.73) and p is the density (typically

p=10° g/cm?). It can be estimated that 3’S acts as a waiting point when at least

20% of the reaction flow must wait for its f7-decay [100]. This can be written

[108]:
APPS(p, )P CL(B )] < 4ALPS(BTve)] (34)

Where under equilibrium conditions [99]:

APS(p, 1) CL(B )] = %’; < AP'CI(B+ve)] 35)
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Combining Eq.([34) and leads to the waiting point condition for the ratio of
the photodisintegration to proton-capture rate:

A 30
P t1/2(*S) xl

(36)

With these equations and a precise Q value for the reaction, the waiting-point
conditions for 3S can be constrained. The upper temperature limit is constrained
by the unmeasured *S(«, p)33Cl reaction [110]. The reverse reaction, >*Cl(p, a)%°S,
has been however measured [111].

3.5 The weak r-process

The rapid neutron capture process, the r-process [112], produces around half of
the elements heavier than iron. The r-process is responsible for three abundance
peaks at A~80, 130 and 195. This thesis focuses on the A~80 peak. The lighter
r-process elements (A < 130) are predicted to be produced in astrophysical envi-
ronments that offers too low density of free neutrons to induce the production of
the heavier r-process elements [113]. Also, the abundances of heavy elements in
many very metal-poor halo stars reproduce well the solar system r-process abun-
dances. It is, however, not true for the lighter r-process elements [114] 115]. The
production site for the lighter r-process elements, produced in the so-called weak
r-process, is thus expected to be different than for the main r-process responsible
for the production of heavier elements [116].

3.5.1 Astrophysical conditions

The r-process requires a high flux of neutrons and temperatures high enough to
favor neutron captures but not too high to prevent a premature stop of the pro-
cess due to photodisintegration reactions. The weak r-process is expected to be
induced by neutrino wind associated with a core-collapse supernova or neutron
star mergers [117].

The progenitor of a type Il supernova, also called core collapse supernova (CCSN),
is a massive star that runs out of its thermonuclear energy sources. A massive
star burns hydrogen to helium mainly via CNO cycles during the main sequence
which ends up when the hydrogen is exhausted in the core [99]. The formerly
created helium will start to fuse and produce carbon. Next step starts when
helium is exhausted in the core and several thermonuclear reactions will suc-
ceed until the end of the silicon burning stage. The main product of the short-
lasting silicon burning will be *°Fe which is one of the most tightly bound nu-
clei (B/ A=8790.354(5) keV [6]). At the end of Si burning, the temperature in the
stellar core increases and the matter becomes degenerate. The mass of the star
increases with the contribution from the ongoing burning in the overlying shells,
and the core will exceed the Chandrasekhar limit at some point. This limit states
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FIGURE 10 The kilonova AT2017gfo following the NS-NS merger detected by
LIGO/VIRGO observed by NASA’s Hubble Space Telescope during 6 days.
Credits: NASA/ESA.

that for a mass above around 1.4 M®, the electron degeneracy pressure cannot
counteract gravity anymore, and the core starts to collapse. When the matter in
the core reaches a certain density, the falling material will rebound and create a
shock wave. At that point the core of the star is described as a proto-neutron
star. Simulations show that for an iron core progenitor, the outgoing shockwave
is stopped before escaping the collapsing star [112]. It looses most of its energy
by neutrino emission and also by fission of heavy nuclei and by electron-capture
on free protons. The scenario that explains how the shock wave will be revived to
lead to the final explosion is still not fully understood. The huge flux of neutrinos
and anti-neutrinos, coming from the still collapsing inner layers of the star and
from the proto-neutron core, is a good candidate. The outward moving matter
will then very briefly undergo explosive nuclear burning stage, and due to high
velocity, it will escape the star and be spread into the interstellar medium.

The production of elements via the r-process is suspected to happen through neu-
trino winds when the core rebounds [113]. The neutrino winds originate from the
ablation of the proton-neutron star surface due to the energy deposited by the
neutrinos streaming out from the proto-neutron core [112} [118]. The r-process
depends on the conditions of the wind, such as the wind expansion time scale,
the entropy (related to the temperature and density) and on the electron fraction
[112], 99]. Recent studies have shown that the wind is not neutron-rich enough
(too high electron fraction) to produce heavier r-process elements [117].

A core collapse supernova generates a neutron star or a black hole as the
remnant of a massive star. Nearby neutron stars can form a pair. The first binary
neutron star system, PSR B1913+16, was discovered in the Aquila constellation
by the Arecibo Observatory, Puerto Rico in 1975 [119]. This system and those
discovered since, have had a great impact on physics as they emit gravitational
waves predicted by Albert Einstein’s general theory of relativity. Mergers of a
neutron star-neutron star system (NS-NS) have been expected from different ob-
servations to be the dominant source of the heaviest r-process elements [120] and
it is in agreement with the predicted rate of the mergers [121].

The first observation of gravitational waves originating from a NS-NS merger
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FIGURE 11 Solar system abundances of nuclei created for at least 50% by the r-process
(r-dominant) and at least by 90% (r-only).

near the galaxy NGC 4993 was done by LIGO/ Virgo detectors [71]. The GW170817
gravitational wave signal was followed by a gamma-ray burst (GRB 170817A)
about 1.74 s later [71], confirming the NS-NS mergers as a source of short GRBs.
The observed kilonova AT2017gfo following the merger (see Fig. was pow-
ered by the radioactive decay of r-process products, and therefore gave direct evi-
dence for the r-process in mergers, and support the importance of NS-NS mergers
in the production of the r-process elements[122].

3.5.2 Nucleosynthesis

The abundance distribution of r-process nuclei in the solar system is deduced
from the known abundance distribution of the slow neutron capture process, the
s-process [123, 112]. The r-dominant and r-only nuclei for which more than 90%
are produced via r-process are represented in Fig. The r-process flows far
from the valley of stability through neutron-rich radioactive nuclei. As the name
says, the process is rapid and takes place on a time scale of the order of ~1 s. The
r-process starts via neutron-captures on seed nuclei. In classical r-process picture
where an (1, y)<>(y, n) equilibrium is assumed, the abundances within an iso-
topic chain are determined by the waiting points, and the elemental abundances
by their f-decay half-lives. The waiting points have an even number of neutrons
and a significant abundance [99]. Due to the pairing effect, the Q, , value for
even-N isotopes is lower than for odd-N isotopes. A (1, )<+ (77, n) equilibrium is
established and the flow continues via p-decay to the next isotopic chain. Thus,
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the elemental abundance of an isotopic chain is inversely proportional to the total
B-decay constant for the chain. This refers to the steady flow approximation [99]
The three r-process abundance peaks at A~80, 130 and 195 are expected to be
caused by the magic neutron numbers N=50, 82 and 126. The peak at A~x130
has also been explained by fission cycling [124]. The Q,, value is particularly
small for nuclei with a magic neutron number, and a succession of f-decays and
neutron captures along the magic neutron number bring the flow closer to the
stability.

A sensitivity study has been performed by Surman et al. [116] to determine which
neutron capture rates have the highest impact on the abundance distribution in
the weak r-process. For this purpose, they compared the abundance pattern ob-
tained when varying the neutron-capture rate by a factor of 100, for about ninety
astrophysical trajectories. From the fifty-five rates given in the paper, the neutron
capture rates on 4’ Fe and %®Co have been pointed to be among the most influential
captures for the final isotopic abundances. The neutron capture-rate sensitivities
of ®’Fe and ®Co, determined as F = 100} | X(A) — Xpuseline(A)|, where X is the
mass fraction, were F=15.8 and 11.6, respectively (Fig. [12). The baseline calcu-
lations were done with the NON-SMOKER [125] rates from JINA REACLIB v1.0
[126].

The neutron-capture rate is commonly determined from statistical model
calculations [127, [128]. From the capture rate Ny < ov >, the rate of the reverse
reaction, the photodisintegration, is easily calculated:

Ai 2)i+1)(2)n+1) G

Aoy = 173/29 8685 x 10%e /KN 37
Yn AJ3[/2 (2]f + 1) Gf X e A <OV > (37)

with A being the mass number, | the spins, G the partition function and Q the
Q value for the reaction. We see that the Q value and therefore the masses of
the involved nuclei have an exponential impact on the photodisintegration rate.
At a certain temperature and neutron density, the photodisintegration rate and
the neutron capture rate are in equilibrium. From the Saha equation, one can
determine the abundance ratio between A(Z,N) and A+ 1(Z, N + 1) [99]:

& — H? 3/2 (2]f +1) ﬂ Q/kT

Ni N”(ZﬂﬂkT) 2; +1)(2]x + 1) G (38)

where N,, is the neutron density and y is the reduced mass p=(m; x my)/(m;+my).
To take into account more parameters and features, the neutron capture rates and
their reverse rates are nowadays computed via codes, such as Talys [129] or NON-
SMOKER [125], and implemented in nuclear reaction network programs, such as
Skynet [130, [131].
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4 EXPERIMENTAL METHOD

4.1 Production of radioactive ion beams at IGISOL

There are two main techniques to produce radioactive ion beams: in-flight and
isotope separation on-line (ISOL). The in-flight technique is used e.g. at NSCL,
GSI and RIBF 133, whereas the ISOL method is used e.g. at ISOLDE,
CERN [135] and at the ISAC facility at TRIUMF [136]. The in-flight technique re-
quires high-energy heavy-ion primary beams not available everywhere. On the
other hand, the ISOL technique uses typically thick targets and requires a sep-
arate ion source to produce the ion beams [137, [138]. To develop a faster and
chemically insensitive method, gas-cell based ion-guide method was developed
at the University of Jyvéskyla in early 1980s [138].

FIGURE 13 The IGISOL target chamber (left) and the fission ion guide (right). The pri-
mary beam is represented by a red arrow and the secondary beam by a
green arrow. Left figure reproduced with the permission of I.D. Moore.
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At the Ion Guide Isotope Separator On Line (IGISOL) facility, radioactive

ions are produced via fission or fusion reactions induced by a light or medium-
heavy beams on a thin target. The reaction products are stopped in a gas-filled
chamber and then extracted using an ion guide and helium gas jet (see Fig. [13).
Dedicated ion guides have been developed for different reactions at IGISOL, such
as the light-ion ion guide, heavy-ion ion guide and fission ion guide [139]. Nowa-
days, the ions are extracted out of the gas cell using a sextupole ion guide SPIG
[140] and electrostatically accelerated to 30 keV. The charge state of the ions g is
in most of the cases +1. A 55° dipole magnet is used as a mass separator with a
resolving power of M/AM ~ 500. An example of a dipole magnet mass scan for
ion beam intensities measured with a Faraday cup at the electrostatic switchyard
is shown in Fig.|14] Typical contaminants highlighted in Fig.|14|are related to air,
buffer gas impurities or outgasing to the gas cell walls [141].
The layout of the actual IGISOL facility is represented in Fig. The electro-
static switchyard is used to drive the beam straightforward to the radio-frequency
cooler and buncher RFQ [142] or to the spectroscopy line on the right or to the ce-
sium atom trap station [143] on the left. The ions are decelerated before entering
into the RFQ where helium buffer gas is used to cool them. In the RFQ, the ions
are radially confined by application of a radiofrequency electric field. The ions
are released as short bunches, typically 10-15 us. After the RFQ, the ions can
be either transported to the collinear laser spectroscopy line or to the JYFLTRAP
double Penning-trap setup.
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FIGURE 14 A typical mass scan in the lower-mass region performed with the 55° dipole
magnet using a Faraday cup at switchyard. The dominant stable ion beams
are indicated.

In 2010-2014, the IGISOL facility moved to a new experimental hall, and
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FIGURE 15 Layout of the IGISOL-4 facility. The red arrow represents the primary beam
coming from the MCC30 or K130 cyclotron. The green arrows indicate the
secondary beam path up to the double Penning-trap JYFLTRAP and the
multichannel plate (MCP) detector afterward.

IGISOL-4 was built and commissioned [144]. Several improvements have been
made since the development of the first IGISOL [145]. In the early 1990s, the
facility, thereafter called IGISOL-2 was moved to the Ylistonrinne campus and
connected to the new K130 heavy ion cyclotron which can deliver beams up to
energies of 130 Q?/A MeV. IGISOL was upgraded to IGISOL-3 during 2003 with
several technical improvements and an increase of the radiation shielding in the
front end. The skimmer that had been used to drive the ions from the ion guide
to the mass separator was replaced by a SPIG.

4.2 JYFLTRAP: A double Penning trap mass spectrometer

421 Ion motion in an ideal Penning trap

A Penning trap is a system to confine charged particles using a homogeneous
magnetic field and a quadrupolar electric field [146] [147]. It has been named after
the Dutch physicist Frans Michel Penning [148]. The motion of a charged particle
in an electromagnetic field is defined by the Lorentz force:

F=qE+q0AE (39)

where g is the charge of the particle, f is the electric field,?> is the particle
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—
velocity and B is the magnetic field. Thus, the first term represents the electric
e , —
force F,j,. and the second term the magnetic force Fye. The homogeneous mag-
netic force B=ByZ confines the charged particles radially. In order to confine
them axially, an electrostatic force with a quadrupolar form F = ?V is applied:

ZZ_pZ/z

V=W ¥

(40)

The potential is obtained with three electrodes: two end electrodes and one
ring electrode. Vj is the difference of potential between two different electrodes,
z and p are axial and radial coordinates, respectively, and d? is related to the trap
geometry:

_Ztp5/2
2
where zp and pgp are the minimum axial and radial distance to the electrodes,
respectively. To obtain the eigenmotion of a charged particle in a Penning trap,

one has to solve the equations of motion:

4 (41)

Vo — =
mp =q55p +90 A B
Vo
mz = —qﬁz
Thus in cartesian coordinates:
mx = qzdzx—i—qBOy
. Vo .
mij = q@y — qBox (43)
Vo

mZ = —qﬁz

For the axial coordinate z, the equation of motion is for the one-dimensional
harmonic oscillator, thus:

z(t) = Rycos(wzt + ¢2) (44)

where R; is the amplitude of the axial displacement, and w;, is the axial angular
frequency:

_ . ]1%
Wz = md2 (45)
and ¢, is the phase at t=0. To solve the radial equations of motion, we set:
u=x-+iy (46)
and V
mii = —igBoul + —— Al (47)

242"
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The solution for this differential equation gives:

u(t) = Ry exp(—iw4t + a4 ) + R_exp(—iw_t +a_) (48)

1
wy = E(wc + 4/ w? —2w?2) (49)

are the reduced cyclotron and the magnetron frequencies, respectively. The
parameters Ry and R_ are the cyclotron and magnetron radii, respectively. The
parameter w, is the cyclotron frequency:

where

B
W = w4 +w_ :qm_o (50)

The radial motion of an ion in an ideal Penning trap is thus:

x(t) = Ry(coswit + ¢p4) + R_(cosw_t + ¢_)

y(t) = Ry (sinwt + ¢4 ) + R_(sinw_t + ¢p_) (51)

In order to have Eq. real, we find out the conditions to confine ions in
a Penning trap in an ideal case:

2
gBy _ 2V
— > — 52
The eigenmotions of a charged particle in a Penning trap have important
features. The motions are represented in Fig. As it can be seen, the relative

magnitudes of the eigenfrequencies are:

Ve > Uy >V > VUl (53)
where v.=w. /27, v4=wy /27T, V;=w, /27 and v_=w_ /27t. Also, the so-called in-
variance theorem [146] gives:

vy v+, =1, (54)
and

vy =12 (55)
The magnetron angular frequency can be approximated by:

Vo

~ FBO (56)

Thus, the magnetron motion is independent of the mass of the ion whereas the
reduced cyclotron angular frequency:

V0 _qBo_ W
ZdZBO m ZdzBo

Wy & W (57)

depends on the stored ion’s mass.
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FIGURE 16 Trajectory of a charged particle having only magnetron motion (red), cy-
clotron motion (green), and with the combination of the three eigenmotions
i.e. the actual motion of an ion in a Penning trap (black). The magnetron
frequency chosen (v_=1.700 kHz) is a typical value at JYFLTRAP, the re-
duced cyclotron (v4=650 kHz) and axial (v,=10 kHz) frequencies have been
chosen with slightly smaller value than usual ones for the figure clarity.

4.2.2 From an ideal to real Penning trap

The Penning traps have two common geometries: hyperbolic and cylindrical.
Each configuration has its own advantages and weaknesses. The hyperbolic ge-
ometry is historically the first configuration used for Penning traps [149] because
the electric field is easy to make. But to let the ions enter, holes have to be made in
the end of the electrodes. The field imperfections created are hard to compensate
and the hyperbolical surface needs to be truncated. In a cylindrical configuration
as JYFLTRAP, the electric field imperfections are corrected by adding correction
electrodes between the ring and the endcap electrodes. The two main advan-
tages of this trap type are that the potentials can be calculated analytically and
the electrodes can be manufactured with high precision [150]. The hyperbolic
configuration is used for example at ISOLTRAP at CERN [151].

In a real Penning trap like JYFLTRAP (Fig. [152], one has to take into account
several factors that reduce the precision of the measurements, such as geometrical
imperfections of the trap affecting the electric field, inhomogeneities and fluctu-
ations of the magnetic field, and the presence of possible contaminants i.e. ions
with a different mass than the one studied.

In Eq. (40), the potential was given for an ideal case. In reality, the electric
field shows always imperfections which add multipoles to the trap potential. In
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FIGURE 17 The 7 T superconducting magnet housing the JYFLTRAP Penning trap (top)
and the JYFLTRAP with its different electrodes (bottom).

a real trap, the cyclotron frequency is shifted [147]:

elect V0 [3 Cy 15 Cq

Aw, ™ ~ 2428 Ed—z(Pz— —p3)+ Zg(P%(PZ— —p3) = (p* —p%))] (58)

Where p_, p4, p, are the amplitudes of the magnetron, reduced cyclotron and ax-
ial motion, respectively, and C4, Cg are multipoles of the electric field. Correction
electrodes placed between the ring and the endcap electrodes permit to compen-
sate the potential in order to reduce or get rid of the unwanted anharmonicities.

The magnetic field fluctuations are mostly due to temperature variation and pres-
sure change in the superconducting magnet vessel. They can be characterized ex-
perimentally and details of the procedure will be given at the end of this chapter.

4.2.3 Purification of the beam with the purification trap

In order to do precise mass measurements or to perform decay spectroscopy with
isotopically or even isomerically pure beams, it is necessary to perform high-
resolution beam purification. JYFLTRAP has two Penning traps, the purification
trap and the precision trap. The first trap is specifically dedicated to the beam
purification while the second trap is used for high precision mass measurements.

When a bunch of ions is released from the RFQ, it enters into the first trap of
JYFLTRAP. This trap and the precision trap are both inside the same 7 T super-
conducting magnet and they consist of a series of gold-plated copper electrodes
for a total length of 1046 mm (see Fig. (17)).

When the ions enter in the purification trap, the ions cool down by collisions
with the helium buffer gas. The pressure in the first trap is on the order of 10~*
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mbar. After some cooling time, a dipolar radiofrequency electric field is applied
to the four-fold split ring electrodes. The characteristic of a dipolar excitation is
to act only in one eigenmotion of the ions. In this case, the dipolar excitation will
increase the radius of the magnetron motion R_. The magnetron motion has a
negative contribution to the overall energy of an ion in a Penning trap:

E=hwy(ny+1/2)+hwy(n; +1/2) —hw_(n_+1/2) (59)

and its energy is maximum at the center of the trap. The increase of R_ causes
thus a decrease of the overall ion energy. Because the magnetron motion is mass-
independent, all ions will move away from the trap center. A quadrupolar ra-
diofrequency electric field is then applied to the ring electrode. The quadrupolar
excitation acts on several eigenmotions at the same time. It is applied on the
xy-plane with the amplitude:

Vi = 262B—— (60)
Trr

where ¢ is the inner radius of the ring electrode (16 mm) and Tgr is the excitation
time. With the appropriate amplitude and excitation time, the quadrupolar exci-
tation converts the magnetron motion to cyclotron motion. The helium gas will
act on the motion by damping the fast cyclotron motion, and selected ions will fi-
nally be centered in the trap [I53]. This method enables to get rid of contaminants
as the cyclotron motion is mass-dependent and the conversion is thus only acting
on the ions of interest with matching resonance frequency. The contaminants will
continue to have their magnetron radius increasing by collision with the buffer
gas until eventually touching the electrode. The selected ions are centered and
can be extracted out through a small diaphragm of 2 mm in diameter [152].

4.2.4 High-precision mass measurements with the precision trap

The precision trap is physically almost identical to the purification trap. The main
difference is in the pressure in the trap cavity. No buffer gas is used in the pre-
cision trap and the pressure is on the range of ~1078-10~° mbar. A 24 mm long
diaphragm with a diameter of 4 mm prevents the gas from the purification trap
to flow into the precision trap.

4.2.4.1 Time-of-flight Ion Cyclotron Resonance (TOF-ICR) technique

Shortly after the ions have entered in the precision trap, a short dipolar RF exci-
tation at the magnetron frequency v_ is applied to increase the magnetron radii
of the ions. A quadrupolar excitation is then applied to convert the magnetron
motion into fast modified cyclotron motion. The magnetron motion of the ion
of interest is fully converted to cyclotron motion when vgr=v, for the used exci-
tation amplitude Vrr and time Trr which have been determined experimentally
for JYFLTRAP [154]:

TRFVRF =11.2mVs (61)
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FIGURE 18 A typical TOF-ICR spectrum for 34Kr™ measured with a 437 ms trap cycle
using 200 ms quadrupolar excitation in the measurement trap. The blue line
is a fit of the theoretical curve to the experimental data points (in black).

After one full conversion, the ions are extracted from the trap and sent to a
microchannel plate detector (MCP). In combination with a trigger placed at the
extraction time, the time-of-flight of the ions from the extraction to the MCP is
recorded. There is a strong magnetic field gradient from the trap to the MCP, and
thus the axial force on the extracted ions is:

E_RE)B(Z)i

Fo_
Bo 0z

(62)
where Ey, is the radial kinetic energy. Therefore, the axial force is maximum for an
ion with maximum radial kinetic energy. This is obtained for ions with a full con-
version from magnetron to fast cyclotron motion, i.e. for ions for which vgp=v..
A typical time-of-flight spectrum is shown in Fig. [18|for 1441 84Kr™ ions.

The resolving power is given by the line width of the resonance [147):

om v
Am  Av,

(63)

and is proportional to the excitation time Trr, R ~ v Tgrr. With the TOF-ICR
technique, typical resolving power is about 10° for A=100 ions with a typical
half-lives of 1 s [147, [152].

4.2.4.2 Time-separated oscillatory fields

Ramsey’s method of time-separated oscillatory fields has been broadly utilized
for example for measurements of molecular resonances [155], for determination
of frequencies for atomic transitions or nuclear magnetic moments [156]. Later on,
the method has been extended to Penning trap mass spectrometry to increase the
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FIGURE 19 Time-of-flight spectrum for 3°P* ions obtained using the Ramsey’s method
of time-separated oscillatory fields with an excitation pattern consisting
of two 25 ms excitation pulses separated by 350 ms of waiting time. The
blue line is a fit of the theoretical curve on the experimental data points (in
black).

precision of the measurements [157]. The theoretical foundation of this method is
extensively detailed in Ref. [158].

The precision of a cyclotron frequency measurement is directly related to the
width of the TOF resonance. In the Ramsey’s method, the RF quadrupolar excita-
tion is applied in the second trap as two short pulses separated by a waiting time
during which the excitation is off. Theoretically n-excitation pulses could also
be used but it has been shown that the reduction of the peak resonance width is
more efficient in a two-pulse excitation scheme [159].

In experiments, the width of the resonant peak is reduced by ~40% when the
Ramsey’s method is used instead of a one-pulse excitation scheme [159]. The re-
duced resonance line width increase the resolving power as it was shown in Eq.
(63). The precision of the measurement can be reduced by a factor of three. This
is mainly due to a thinner resonance but also due to the better resolution of the
sidebands [160]. Figure [19/shows a typical Ramsey TOF spectrum measured for
30P* jons in this work. A typical Ramsey timing pattern used at JYFLTRAP has
two 25 ms excitation pulses separated by 50-750 ms of waiting time. One limita-
tion for the use of the Ramsey’s method is the need to have a cleaner bunch of
ions than for the normal TOF-ICR (i.e. one excitation pulse pattern) to be able to
fit it. It is also not very good for the most exotic isotopes or when there are two
isotopes or isomeric states close to each other. The center fringe is checked by
doing a normal TOF-ICR measurement before applying Ramsey’s method [152].
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4.2.4.3 Phase-imaging ion cyclotron resonance method (PI-ICR)

A novel technique, the Phase-Imaging Ion-Cyclotron-Resonance method, has been
developed recently at SHIPTRAP at GSI [161]. During 2017, the PI-ICR technique
has been commissioned at JYFLTRAP [162]. The method is based on the pre-
cise determination of the phase of the radial motion of the ions with a position-
sensitive microchannel plate detector with a delay line anode. Two different pat-
terns are used to determine the ion’s cyclotron frequency [161) 162]. Firstly, a
dipolar excitation is applied at the opposite phase of ion’s coherent magnetron
motion, reducing the magnetron radius. In a similar way, a dipolar excitation is
applied to reduce the inherent axial motion of the ions. A third dipolar excitation
at the frequency v is used to excite the reduced cyclotron motion. A quadrupo-
lar excitation is then applied immediately after this excitation period ends, and
the converted magnetron motion is let to accumulate before being extracted and
detected by the detector. The total magnetron phase ¢ is then:

¢ = @_ +2mn_ =2mv_t (64)

where n_ is the integer number of revolutions after the accumulation time t and
@ is the phase measured on the detector. To determine the phase ¢_, the trap
center is determined beforehand by measuring the phase with a dipolar excitation
used only to correct a possible misalignment between the magnetic field and the
axis of the trap.
To determine the other radial motion, v, the same procedure is applied except
that the quadrupolar excitation is applied after a certain phase accumulation time
to convert the fast reduced cyclotron motion to magnetron motion just before the
detection. The ions are then immediately extracted and the phase of the reduced
cyclotron motion determined:

¢! = @4 +2mny =2t (65)

From the measured magnetron and reduced cyclotron phases, the ion’s cy-
clotron frequency v, can be computed using;:

e+ 2m(ny +n)
B 27t

Ve (66)
where «. is the angle between the positions of the two phase images. An example
of a spectrum obtained with the PI-ICR technique is given in Fig. In this ex-
ample, the reduced cyclotron motion is accumulated for 100 ms, and the ground
state (67) and the two isomeric states of °Cu (3~ and 1*) have been separated.
Therefore, the PI-ICR method needs a much shorter time to separate the states
compared to the TOF-ICR technique (e.g. 900 ms quadrupolar excitation was
used for 7°Cu using TOF-ICR method at ISOLTRAP [163]). Faster measurements
are very useful for the measurements of exotic nuclei with short half-lives and to
separate long-living isomeric state.

The capacity to resolve the phase difference of the cyclotron motions of two ions
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FIGURE 20 A PI-ICR spectrum for 7°Cu™ ions using 100 ms phase accumulation time
for the cyclotron motion.

species or states after an accumulated time ¢ defines the resolving power:

R— Ve | Vy  2mivg
T AT Avy T Ag

(67)

Where Ag is the resolution of the phase angle between the position before and
after the ion motion accumulation. Compared to the Ramsey method, the re-
solving power is about 40 times higher with the PI-ICR technique resulting to an
improvement of the mass value precision by a factor of five [162].

4.3 Analysis of the JYFLTRAP data

4.3.1 Measurement schemes used at JYFLTRAP

For the analysis of the collected JYFLTRAP data, it is useful to first understand
how the data are collected. A typical measurement scheme is given in Fig.
The first step (the line I) is the accumulation of ions in the RFQ. The number of
accumulated ions can be adjusted by selecting when the continuous ion beam en-
ters the cooler, i.e. setting when the beamgate is open. The beamgate is controlled
with an electrosctatic deflector at switchyard which deflects the beam to the spec-
troscopy line (instead of the RFQ) when the beamgate is closed. After ions have
been accumulated for some time (450 ms in Fig. 1)), the extraction electrode of
the RFQ is lowered to extract the ions from the RFQ and sent them to the first
trap (step II). The extraction from the cooler can also be delayed to keep the ions
in the RFQ for some time after the beam gate is closed. This is useful for example
for estimating half-lives for the ions of interest by measuring the number of ions
for different cycle times after the beamgate closure. For a radioactive ion beam,
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the ions are produced at rate P; when the beamgate is open and the number of
ions is: p
Ni(t) = 3-(1—e™™) (68)
i
where A; = In(2)/t;,; is the decay constant of the nuclide of interest. When the
beam gate is closed, the ions are not produced anymore and they decay according

to the radioactive decay law:
Ni(t) = Ni(t = tyg)e ! (69)

where £}, is the time for which the beamgate is open, i.e. ions are accumulated
in the cooler. The total time during which the ions decay according to Eq. (69),
t=tjecay is from the beam gate closure to the detection on the MCP detector.

The cycle II a) in Fig.2T]shows the trap cycle for a TOF-ICR measurement. After a
cooling time of some tens of ms in the first trap, a dipolar excitation at magnetron
frequency is applied for around 1 to 10 ms and finally the magnetron motion of
the ion of interest is converted to cyclotron motion by a quadrupolar excitation.
Then the ions are extracted from the purification trap and injected into the pre-
cision trap. There a dipolar excitation is immediately followed by a quadrupolar
excitation which is typically 50, 100, 200, 400 or 800 ms. When the extraction elec-
trode of the second trap is lowered, the MCP is triggered in order to measure the
time-of-flight for the ions. For Ramsey’s time-separated oscillatory fields TOF-
ICR resonance, preparation of the ions are otherwise the same as for a normal
TOEF-ICR (II a) but instead of a continuous quadrupolar excitation in the second
trap, the quadrupolar excitation is applied for a short time (25 ms) followed by a
waiting time (typically 150 ms, 350 ms or 750 ms) and another 25 ms excitation
in the end (see Fig. 21| II b). The total cycle in the trap stays the same as in the
normal TOF-ICR shown in II a).

4.3.2 Analysis programmes for JYFLTRAP data

Two programmes developed at JYFLTRAP over the years have been used to anal-
yse normal TOF-ICR or Ramsey-type of TOF-ICR resonances in this work. With
the Lakritsi programme [154], the TOF spectra can be fitted. For a single peak
TOEF-ICR, the time-of-flight is given by :

m [# 1
T(wrr) = \/;/20 \/Eo —qV(z) — Er(wRF)B(Z)/BodZ (70)

where z is the position of trap extraction and z; the position of the MCP, Ej is the
total kinetic energy of the ions, V(z) and B(z) are the electric and magnetic field
along the ion path, By is the magnetic field at trap extraction, and E,(wgr) is the
total radial kinetic energy of the ions:

1
E,(wrr) ~ EmPi(wRF)wi (71)

where p (wgF) is the amplitude of the reduced cyclotron motion. Thus, the fit
requires eight parameters that can be fixed or kept free in Lakritsi:
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FIGURE 21 Typical measurement schemes at JYFLTRAP. All measurements start with
the top cycle I. The cycle II a) is used for the TOF-ICR measurements and
II b) is applied for TOF-ICR measurements with the Ramsey’s method of
time-separated oscillatory fields.

* Cyclotron frequency v, (related to the mass m (Eq.[50))

* Pressure in the trap. The value should stay stable (P ~ 10~° mbar) and is
related to the amplitude of the motion p by acting as a damping parameter.

¢ Initial axial energy E,,;, that is linked to the total kinetic energy Ey =
E,xia + E; where E, is the radial kinetic energy of the ions.

e Initial magnetron radius p_ (t = 0) of the ions.
e Initial cyclotron radius p (t = 0) that is usually equal to zero.

* Phase difference between p(0) and the driving field, equal to zero also
following the last statement.

* Excitation time Trr that is fixed precisely for each measurement.
¢ Number of full conversions related to the excitation amplitude.

Lakritsi is also used to fit spectra from time-separated oscillatory fields. For two
excitation pulses of duration 7; separated by a waiting period T the fitting func-

tion is given by [160]:

_16g2 . 2, WRT 5’[‘0 WRT o . 51’0 . ,WRT\12
h(6,n,n8) = w3 sin”( 5 )[COS(T)COS( > )—w—RSl”(T)Sm(T)]
(72)

where ¢ is a coupling constant proportional to the quadrupolar field amplitude,
wr = +/(29)% + 4 is the analog of the Raby frequency and § = wgr — w, is the
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detuning of the quadrupolar field. For excitations with two fringes, a fit on the
TOF-ICR curve requires six parameters in Lakritsi:

¢ Cyclotron frequency ve.

* Axial energy E,yin-

e Initial magnetron radius p_(t = 0).
e Total time 7o = T + 13.

* Excitation time of one fringe 7.

* Quadrupolar field amplitude Agr that is proportional to the coupling con-
stant g.

During mass measurements, several TOF-ICR spectra for the ions of interest are
measured, sandwiched by measurements of a reference ion, which has a well
known mass. A time-of-flight gate is applied to accept only the ions with a correct
time of flight for the mass number in question. The number of ions per bunch can
also be selected in the analysis. To take into account shifts due to the presence of
possible contaminants, the data can be split according to the number of ions per
bunch in the so-called countrate class analysis [164].

Complicated Offline Mass Analyser (COMA) program has been used in this
work to obtain the frequency ratio r=v,, f /Vimeas between the fitted frequencies of
the ion of interest and the fitted frequencies of the reference ion. The final fre-
quency ratio is obtained as a weighted mean over all measured frequency ratios.
The atomic mass 45 can be determined from the measured frequency ratio r
for singly-charged ions:

Mineas = r(mref — me) + me (73)

where m, is the electron mass. The binding energy of the electron is here ne-
glected. If the reference ion is the daughter nucleus in the B-decay of the ion of
interest, the B-decay Q value can be very precisely determined as:

Q = (Mmeas — mref)c2 = (r—1)(myef — e)c? (74)

In the COMA program, the mass-dependent uncertainty, the error due to the
magnetic field fluctuations and the residual systematic uncertainty can be entered
and taken into account. The Birge ratio R is also calculated [165] :

lof
R = ext (75)
Oint
where 0, is the outer error and 0;,,; the inner error:
1
o2 (76)

int — )
2i0;
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and
2 21’ 0—1'_2(7/1' _?)2

Oext = (Tl . 1) Zi U_i_z (77)

where r; are the individual frequency ratios. The inner and outer errors give
indication about the quality of the measured frequency ratios. The final error
of the frequency ratio is the outer error if R > 1, otherwise the internal error is
adopted. If the Birge ratio is well above 1, the uncertainty of the frequency ratio
is not purely statistical may hint that some systematic errors have been omitted.

4.4 Systematic uncertainties of JYFLTRAP

Systematic errors have to be taken into account when measuring atomic masses
with a Penning trap. For the special case of a measurement of a doublet ion-
of-interest/reference with the same mass number, the uncertainties due to field
imperfections cancel out in the frequency ratio. However, the temporal fluctu-
ations of the magnetic field must be included for every measurement. Prior to
the relocation of the JYFLTRAP Penning trap to the new IGISOL-4 facility, the
magnetic field fluctuation has been studied twice at IGISOL-3 [166] [167]. The 7 T
superconducting solenoid magnet of JYFLTRAP was re-energized after the move
to IGISOL-4 in 2010. An updated value of the magnetic field fluctuation was thus
highly needed.

4.4.1 Time-dependent fluctuations in the magnetic field

The procedure to evaluate the magnetic field fluctuations at JYFLTRAP consisted
of a long series of cyclotron frequency measurements for 84Kr* ions. The col-
lected data were temporally divided into smaller subsets. The subsets were fur-
ther labeled as a measurement or a reference file so that every measurement was
sandwiched by two reference files. The cyclotron frequency from the reference
tiles was then interpolated to the middle of the measurement file. This interpo-
lated value was compared to the measured cyclotron frequency of the measure-
ment data file, and the procedure was repeated for different time intervals At
between the reference files.

At IGISOL-4, the cyclotron frequency for 8*Kr* ions was collected for one
week in December 2014, using a Ramsey excitation pattern of 25-350-25 ms (On-
Off-On) with an amplitude of 224 mV. The data was divided in ~9.5 min long
measurements and thus the shortest time between the references At was ~19 min.
Ideally, the interpolated and measured cyclotron frequencies are the same, and
the frequency ratio ¥=vjyserpor / Vmeas=1. To extract uncertainties related to tempo-
ral fluctuations in the magnetic field, the deviations:

ﬁ _ Binterpol — Bmeas _ Vinterpol 1 (78)

B Bineas Vineas
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FIGURE 22 Standard deviation of the magnetic field fluctuations obtained for $4Kr*
ions using different time differences At between two reference measure-
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are determined for each At, and their standard deviations are plotted as a func-
tion of At (see Fig. 22). The standard deviation for each time At was deter-
mined by fitting a Gaussian on the histogram of the frequency ratio deviations
from the weighted average (Fig. 23). The uncertainties related to temporal fluc-
tuations in the magnetic field have been estimated by fitting a straight line to
the data, which yields to 8.18(19) x 10712 /min x At. The two previous measure-
ments done at IGISOL-3 indicated stronger fluctuations in the magnetic field,
3.22(16) x 10711 /minx At [166] and = 5.7(8) x 107! /minx At [167]. The im-
provement of the magnetic field stability can be explained by improved condi-
tions at IGISOL-4. There is no longer direct access to outside, and hence the daily
temperature fluctuations do not exceed 0.6°C. In addition, the stand of the mag-
net has been changed to a non-ferromagnetic material, aluminum, and more in-
sulators have been installed for the high voltage cage.

4.4.2 Mass-dependent and residual systematic errors

The mass-dependent effect has to be taken into account in the analysis when the
ion of interest has not the same mass number as the reference ion. A system-
atic study of the mass-dependent uncertainty of JYFLTRAP has been carried out
in 2009 using carbon-cluster ions [168]. The study concludes on a value for the
mass-dependent uncertainty of oy, (r) /r=(7.540.4x 10719 /u) x Am for a mass dif-
ference not exceeding +24 u and of ¢y, (r) /r=(7.840.3x 10719 /u) x Am otherwise.
A residual uncertainty of oyes(r)/r=7.9x1072 and ¢y.s(r) /r=1.2x10~8 has been
computed for the first and second case, respectively.

The mass-dependent and residual systematic errors were restudied at IGISOL-4
after a realignment of the Penning traps in 2017. During one week long offline
experiment, a surface ion source made of K-Rb-Cs and a laser-ablation ion source
with In and Yb samples were used in front of the RFQ. We measured successively
8BRp T, WA T and 171172173174176ypt jons alternatively with the reference
ion 133Cs™ in order to obtain the frequency ratio between the reference ion and
the ion of interest. The masses of the studied nuclides are all known with a high
precision (6m/m< 2.2x107°). The measured frequency ratio r can then be com-
pared to the calculated ratio based on the literature mass values r;;; [6]:

e(r) _ =Tt
ror (79)

where:
Myef — Me

where 1005 and m,, £ are the atomic mass values based on the literature [6]. By
fitting a straight line on e(r)/r as a function of Am = Mypeas — My s the depen-
dence of the frequency ratio on the mass difference is obtained (see Fig. [24).
The resulting mass-dependent uncertainty is oy, () /r=(2.240.6x 10710 /u) x Am.
The relative difference of the measured frequency ratios corrected by the mass-
dependent effect 7., to the calculated ones, 7., is presented in Fig. The



60

determined reduced x? for 7corr-7cq1c Was less than one (x?/N=0.44) and therefore
no residual systematic error is needed.
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FIGURE 24 Relative differences of the measured frequency ratios to the literature val-
ues based on AME2016 [6].
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FIGURE 25 Relative differences of the measured frequency ratios corrected by the mass-
dependent effect 0, (r) /7=(2.240.6 x 10719 /u) x Am to the literature values
based on AME2016 [6].



5 RESULTS AND DISCUSSION

5.1 2°Al

5.1.1 Results

The mass measurement of 2> Al was done during one-week experiment in Septem-
ber 2014. It was the first on-line mass measurement at the IGISOL-4 facility. The
mass of 2 Al had never been measured with a Penning trap prior to this exper-
iment. The mass-excess value in AME2012, Aapp2012=-8916.2(5) keV [169], is
based on Q value measurements for the proton-capture reaction 2Mg(p, 7)*° Al
[170] 171, 172]. An independent Penning-trap measurement was thus important.
DALT ions were produced using 40 MeV protons on a Si target. The JYFLTRAP
mass measurement used time-separated oscillatory fields technique with an exci-
tation pattern 25 ms (On) - 150 ms (Off) - 25 ms (On) and Mg ions as reference.
The obtained mass-excess value, -8915.962(63) keV, is about 8 times more precise
than the AME2012 value, -8916.2(5) keV [169]. Using the new 2°Al mass value
together with the mass value of 2°Si measured previously at JYFLTRAP [173], the
proton-capture Q value for 2 Al(p, v)?°Si has been revised to: Qyp,4=5513.99(13)keV.
The electron-capture Q value Qg for the isosopin T=1/2 mirror nucleus 25 Al has
also been directly determined: Qrc=4276.805(0.045) keV. The Q¢ value is one
of the parameters needed to calculate the ft value for this mirror f-decay, and is
thus important for testing the Conserved Vector Current hypothesis [174, [175].

51.2 Resonant proton-capture rates for 2 Al(p, 7)?°Si

The new Q,,, value has been used to compute the resonant proton-capture rates
on PAl. Of the many states observed in 2°Si by various spectroscopic studies
[176], only a few are relevant for the proton-capture reaction (see Fig. 26). The
ground state spin of 2Al is 5/2F, therefore according to quantum mechanical
selection rules /=0 proton-captures will populate states with spins of 27, 3%, =1
states with spins of 17,27, 37,47, I=2 states with spins from 0 to 57, ect... The
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FIGURE 26 States in 2°Si populated by resonant proton-captures on 2> Al. The excitation
energies are given in keV. The arrow indicates the position of the Gamow
window for T=0.3 GK.

TABLE1 Excitation and resonance energies in keV for the main states in 2°Si contribut-
ing to the resonant proton-capture rate in 2°Si. The excitation energies E, have
been taken from NDS [176]. The resonance energies E,.s apmp12 have been cal-
culated with the AME12 mass values [169], and E,s jyr; with the JYFLTRAP
mass values determined in this work.

J©  Ey (keV) Eres,AME12 (keV) Eres,]YFL (keV)
1T 5676.2(3) 162.4(6) 162.2(3)
0" 5890.1(3) 376.3(6) 376.1(3)
3T 5929.4(8) 414.909) 415.4(8)

dominant states above the proton threshold in 266§ (5p=5513.99(0.13) keV), are a
(4™) state at 5517.79(23) keV, a 17 state at 5676.2(3) keV, a 0" state at 5890.1(3)
keV, a 37 state at 5929.4(8) keV and a state with a tentatively (07) spin-parity at
5945.9(4) keV [176]. The total resonant proton-capture rate N4 < ov > has been
calculated as a sum of the resonant proton-capture rates to these states. However,
the level at 5945.9 keV has been ignored due to the lack of information about its
spin. The presence of the 5945.9(4) keV has been observed in two separate exper-
iments [177, [178], but only in Matic et al. [178] they conclude on a 0" spin-parity
assignment. However, the possibility of having two 07 states, one at 5890.1(3)
keV and one at 5945.9(4) keV, instead of having a 4™ spin for the 5945.9(4) keV
state, is still an open question [179]. In addition, the contribution of the 4 state
to the total resonant-proton capture rate at 5517.79(23) keV can be ignored due to
its very low resonance energy (E;es=3.8 keV).

The reaction rate Na<ov> depends exponentially on the Q, , value through the
resonance energy Es=Ex-Qp,. Thus a precise estimation of the Q,, value of
2 Al(p, 7)*Si is highly relevant. Based on the new Qp,,, the resonance energy
E,.s for the 3T, 01 and 11 states in 2°Si discussed above have been determined
(See Table[T).

The reaction rates Ny<ov> are tabulated in Table [2|and represented in Fig.
Below ~0.17 GK the 17 state (E;s=161.9 keV) in 2°Si dominates the resonant
proton-capture rate. For higher temperatures, the 3T state (E,es=414.7 keV) be-



63

TABLE2 Resonant proton-captures rate Na<ov> for the ®Al(p,7)*®Si reaction in

1

cm’mol s~ units.
T(GK) Ny<ov> T(GK) Ny<ov>
0.10 5.36x10~11 | 0.32 1.78x1072
0.12 9.41x10710 | 0.34 3.94x 102
0.14 7.28x10~? | 0.36 7.93%x102
0.16 465%x10~8 | 0.38 1.48x1071
0.18 459%x10~7 | 0.40 2.58%10!
0.20 4.67x107° | 0.42 4.25%10!
0.22 345%x107° | 0.44 6.66x107!
0.24 1.85x10~% | 0.46 1.00
0.26 7.61x10~% | 0.48 1.45
0.28 2.55%x10~2% | 0.50 2.04
0.30 7.21x1073
105 T T T T T T T
s
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FIGURE 27 The total resonant proton-capture rates N4 <cv>,,s and the individual reso-
nant proton-capture rates Nao<ov>; s for the main states in 26Gj calculated
with the Q, , value from this work.

comes dominant.
The reaction rate Ng<ov> obtained from our work is a few percent higher
than the one computed with the AME2012 value. The uncertainty on Ny<ov>
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related to the Q value has been reduced by around 10-15% compared to the
AME2012 value (Article I).

5.2 30p

5.2.1 Results

30P was produced using 40 MeV protons on a ZnS target at IGISOL-4. It was
done during the same week as the 2°Al mass measurement. The mass of 3P
was measured at JYFLTRAP via time-separated oscillatory fields technique with a
25ms (On) - 350ms (Off) - 25ms (On) excitation pattern and 3°Si* ions as reference.
The mass of 3P measured at JYFLTRAP, -20200.854(64) keV, is almost five times
more precise than the last published atomic mass evaluation value before the
experiment, =-20200.6(3) keV [169]. The AME2012 value is based on 2Si(p, 7)*°P
[180, [181] and 3°Si(p, 7)*°P reactions [182]. This value has been used to calculate
the proton-capture Q value for the 3°P(p, 7)3!S reaction, Qy,,=6130.64(24) keV,
where the mass of 3!S is from a JYFLTRAP experiment from 2010 [59]. The new
Qp,y value is about 1.7 more precise than the Q, , value from AME2012, Q) =
6130.9(4) keV [169].

5.2.2 Resonant proton capture rates for 3°P(p, 7)3'S

Resonant proton-captures on 3°P play a key role in nova nucleosynthesis toward
heavier elements as discussed in Sect. 3.2. The proton-captures on *'P are dom-
inated by resonant captures (Fig. [28). The total resonant proton-capture rate
NA<OVU>,es is determined as a sum over the resonant states in 3!S in the rele-
vant energy region for nova temperatures. So far, a direct measurement of the
30P(p, v)3!S reaction has not been possible due to too low radioactive 3°P beam
intensities and reaction cross sections. Therefore, other reactions have been used
to explore resonant states in 3S including their spins and excitation energies.
Among these experiments are studies employing 31P(?’He,t)?’lS [183, 110| [184],
28Gi(*He,ny)%'S [185] and 3°P(d,n)*'S [186] reactions. A thorough evaluation
on the excited states has been carried out in 2013 [187] but several studies have
been performed after it. Direct information on the excited states, and also on
their proton and gamma widths, have been provided via B-decay studies of 3'Cl
[188, [189] [190]. The number of states between Ex=6390 keV and E,=6405 keV and
the spin assignments for several states have been a subject of debate [87].
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FIGURE 28 States in 3!S populated by resonant proton-captures on *°P. The excitation
energies are given in keV. The arrow indicates the position of the Gamow
window for T=0.3 GK.

TABLE 3 Excitation and resonance energies in keV for the main states on 3°P contribut-
ing to the resonant proton-capture rate in 3'S. The excitation energies Ey have
been taken from NDS [187] and Bennett et al. [190]. The resonance energies
E,es amE12 have been calculated with the AME2012 mass values [169], and
E,es,jyrr. with the Q value determined in this work.

J" Ex (keV)  Epes,ame1n (keV)  Epes jyrr (keV)
1/27  62553(5)  124.4(11) 124.7(10)
3/2-  6327.05) 196.1(6) 196.4(6)
5/2-  6357.3(2) 226.4(5) 226.7(3)
9/2  6376.7(3) 245.8(5) 246.1(4)
3/2t  6390.0(6) 259.1(7) 259.4(6)
5/2t  6392.4(2) 261.5(5) 261.8(3)
11/2%  6394.4(2) 263.5(5) 263.7(3)
3/2-  6541.9(4) 411.0(6) 411.3(5)
7/2°  65829(2)  452.0(20) 452.3(20)

The total resonant proton-capture rate (see Table[) has been calculated based
on the resonances to the following states in 31G: 1/27F (Ees=128.4(10) keV), 3/2~
(Eres=196.4(6) keV), 5/27 (Ees=226.7(4) keV), 9/27 (Eyes=246.3(5) keV),5/27F (Eyes =
261.9(3) keV), 11/27F (E;5=263.6(3) keV), 3/27 (Ers=411.3(5) keV), 7/27 (Ejes =
452.5(20) keV) and 9/2~ (E,s=505.5(7) keV) [187]. Additionally a 3/27 state at
Eres=259.4(6) keV was taking into account. This state is populated by /=0 proton-
captures. The discovery of the 3/2" state has been published by Bennett et al.
[190] after the publication of Article I. The resonance energies have been calcu-
lated using our new value for 5,=6130.64(24) keV (Table 3) and from the excita-
tion energies given in literature [187, 190]. The proton-captures to the 3/27 state
with Eg=151.4(20) keV have been ignored in the calculation because they are
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TABLE 4 Resonant proton-captures rate Na<ov>.s for the 30P(p, 7)%!S reaction in
cm®mol s~ ! units.

T(GK) Ny <ov>|T(GK) Ny <ov>
010 3.75x10710 | 0.32 1.13x102
0.12 1.36x107% | 034  2.24x102
014 213x1077 | 036  4.20x1072
0.16 1.86x107% | 0.38 7.49%x102
0.18 1.06x107> | 0.40 1.27x107!
020  443x107° | 042 2.08x107!
0.22 1.47%x10~% | 044  3.25x10°!
024  4.18x10°* | 046  4.90x107!
0.26 1.06x1073 | 0.48 7.15%x107!
0.28  2.48x1073 | 0.50 1.01

0.30 5.44x1073
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FIGURE 29 The total resonant proton-capture rates Ny<ov> and the individual reso-
nant proton-capture rates N <ov>; for the main states in 3'S calculated with
the Q(p, v) value from this work.

isospin-forbidden [I85]. The resonance strength parameter wv has been
computed with the proton width scaled from the literature [183]. For the 3/2~
(Eres=196.4(6) keV) and 5/2" (E,es = 261.9(3) keV) states, the resonance strengths
have been taken from Ref.[186]. In this recent publication, the resonance strengths
for several resonant states of 3'S have been experimentally constrained for the
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first time. For the new 3/27 state, the resonance strength is given in Ref.[190].
The individual and total resonant proton-capture rate are represented in Fig.
The new 3/2% state dominates the resonant proton-capture for most of the peak
nova temperature range (0.16 GK<T<0.32 GK), whereas the 3/2™ (Eg=196.4(6)
keV) dominates for the lowest temperature and the 3/2™ (Egr=411.3(5) keV),7/2~
(Er=452.5(20) keV) states for the highest temperature.

With JYFLTRAP measurement, the mass-related uncertainty of Ny <cv> has been
reduced by around 5-20% compared to the AME2012 value (Article I).

5.3 31C1

5.3.1 Results

A 40-MeV proton beam on a 1.8-mg/cm? thick ZnS target was used to produce
radioactive 3'Cl* ions at IGISOL-4 (Article II). The TOF-ICR measurements of
31ClI were done using 50 ms quadrupolar excitation in the second trap. 3!P™ ions
were used as a reference. The mass-excess value in AME2012 [169], A=-7070(50)
keV, is based on a Q value measurement for the 3 Ar(®*He,?Li)?'Cl reaction done
around 40 years ago at Michigan State University [191]. The mass-excess value
obtained at JYFLTRAP, A=-7034.7(34) keV, is around 35 keV higher and about 15
times more precise than the AME2012 value. The proton separation energy of
31C] has been determined as Sp=264.6(34) keV using the new mass value of 3L
This precise value has been used to test the quadratic form of the isobaric multi-
plet mass equation (IMME) for the T=3/2 quartet and to study the astrophysical
conditions when 3YS can act as a waiting point in the rp-process.

5.3.2 Isobaric Multiplet Mass Equation for the T=3/2 quartet at A=31

The nuclei 31Cl, 31S, 3P and 3!Si form a T=3/2, 3/2+ isospin quartet with the
isospin projection T, equal to -3/2,-1/2, +1/2, +3/2, respectively. The IMME has
been computed using the mass values from AME2012 except for 3'Cl for which
the value from the JYFLTRAP measurement was used. The mass value for 3!S
in AME2012 is from JYFLTRAP, A(*'S)=-19042.52(23) keV [59]. The mass of 3!P
is based on a Penning trap measurement at Florida State University, A(}'P)=-
24440.5411(7) keV [192]. For 3!Si, the mass has been determined from a Pen-
ning trap measurement of 2°Si done at the Massachusetts Institute of Technol-
ogy [193] and well-known (1, ) energies [194, [195, 196] [197], resulting a mass-
excess value of A(*1Si)=—22949.04(4) keV. The lowest T=3/2, 3/2" state is at
E,=6280.60(16) keV in 3!S [187] and at E,=6380.8(17) keV in 3P [198].

The coefficients of the quadratic IMME fit are a=-15465.4(26), b= -5302.7(32)
and c= 209.1(32) as given in Article II. Therefore, the quadratic IMME breaks
down at A=31. The reduced chi-square value is x2=11.6 when it was x2=0.08
using the AME12 mass value for 3!Cl . Also, a cubic fit on the quartet leads to a
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FIGURE 30 Quadratic IMME fit of the T=3/2 isospin quartet at mass A=31 (solid line)
and its uncertainty (dashed lines).

non-zero cubic coefficient d=-3.5(11) keV. The quadratic IMME fit on the 31y, 31s,
31P and 3!Si masses is shown in Fig. 30, The reason for the breakdown is not yet
fully understood. One plausible explanation is a possible isospin mixing with the
3/2%, T=1/2 state [190].

5.3.3 S as a waiting point in type I X-ray bursts

A precise value of the proton separation energy in 3'Cl is needed to determine
the waiting-point conditions for 3°S during the rp-process in type I X-ray bursts.
The new value 5,=264.6(34) keV is about 15 times more precise than the AME12
value, 5,=296(50) keV [169]. Using the B-delayed proton data of 3! Ar with en-
ergies 446(15) and 1415(5) keV in the laboratory frame [199), the excitation en-
ergies for the two lowest excited states in 31C] were determined as 726(16) keV
for the 1/2" state and 1728(4) keV for the 5/27 state. These excitation energies
have been previously estimated based on mass value for 3!Cl determined with
the IMME [108]. The estimation was 745(17) keV and 1746(9) keV for the 1/2*
and 5/27 states, respectively. The excitation energies have been determined also
at GSI via Coulomb breakup of 3!Cl using R3B-LAND setup [200] . They obtained
782(32) keV and 1793(26) keV for the 1/2" and 5/27 states, respectively. The re-
sults from JYFLTRAP, using the proton energies from [199], are lower but the first
excited state is in good agreement with the value given by USDB shell-model cal-
culation (724 keV [200]).

Based on the proton energies from Refs.[199] and [201] and by using the S, value
from this work together with the excitation energy E, from Ref. [200], the reso-
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nance energies E,=472(14) keV for the 1/2" state and 1464(2) keV for the 5/2"
state were obtained as a weighted mean. With the resonant energies, the ratio of
the photodisintegration of 31y, A+,p, to the proton-capture on 30g, Ap,y, Was com-
puted for typical type I XRB conditions. 3°S becomes a waiting point for T>0.44(1)
GK in type I XRBs (Article II). The unmeasured 3°S(a, p)*3Cl reaction constrains
the upper-temperature limit for the 3°S waiting point to 1.0(3) GK [110].

5.4 Mass measurements of neutron-rich nuclei close to N=40

Neutron-rich nuclei in the vicinity of 7®Ni have been studied in a successful ex-
periment at JYFLTRAP. Altogether masses for 12 nuclides were determined, of
which the masses for ©°Co™, 7°Co, 7475 Ni were determined for the first time. This
PhD thesis focuses on the masses of Fe and %°7°Co. The other studied nuclides
will be discussed in separate publications.

The neutron-rich isotopes were produced via proton-induced fission on uranium
target using 35 MeV protons from K130 cyclotron. For each studied nuclide, 8*Kr
(A AmE16=-82439.335(4) keV [6]) was used a reference.

The studied nuclides, ®’Fe and %*7°Co have long-living isomeric states. The iso-
mers in ®Co and 7°Co have a long enough half-life (see Table. [5) to be detected
by a Penning trap. However, only one state has been observed in previous mass
measurement studies on these nuclides. ®’Fe has two isomeric states but with
half-lives too short to be detected by the JYFLTRAP Penning trap. The measured
value thus corresponds to the ground state of *’Fe.

TABLE 5 The known states in ¢ Fe, ®?Co and 7°Co, their suggested spins and parities,
half-lives, and excitation energies based on the NUBASE2016 evaluation [68].

Nuclide JT t1/2 Ey (keV)
67Fe (1/27) 394(9) ms

67Fe (5/2%,7/2%)  64(17) us 402(9)
67Fen (9/27) 75(21) us  450(100)#
Co 7/2# 180(20) ms

9Co™ 1/27# 750(250) ms  500(200)#
0Co 67,77) 112(7) ms

70Co™ 314 470(50) ms  200(200)#

5.4.1 ©"Fe

The mass of Fe was measured for the first time at the Los Alamos Neutron Sci-
ence Center (LANSCE) using the Time-of-Flight Isochronous (TOFI) spectrome-
ter [202] 203], A ansce=-46600(500)keV. A few years later, it was followed by an
experiment using isochronous mas spectrometry in the ESR storage ring at GSI
[204].
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FIGURE 31 TOF-ICR spectra for the ’Fe™ obtained with 100 ms quadrupolar excitation
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FIGURE 32 Mass-excess values for ®Fe from Seifert et al. (Sei94) [202], PhD thesis of
Matos (Mat04) [204], Estradé et al. (Est11) [205], Matos et al. (Mat12) [206],
AME2012 [169], PhD thesis of Meisel (Meil5) [207] and AME2016 [6] com-
pared to the mass excess value determined at JYFLTRAP (blue line) with its
uncertainty (red dotted line).

More recently, measurements have been performed at the National Super-
conducting Cyclotron Laboratory (NSCL) at the Michigan State University in
USA where fragmentation of 8°Kr beam on a Be target has been used to produce
neutron-rich isotopes and the masses were determined using the Bp-TOF tech-
nique [205] 206, 207]. The resulting mass-excess value, Ayscr=-45980(250) keV,
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is more than 600 keV higher than the LANSCE value but both have high uncer-
tainties.

At]YFLTRAP, %’ Fe was measured using both normal TOF-ICR with 100 ms quadr-
upolar excitation and with the Ramsey’s method of time-separated oscillatory
tields with an excitation pattern 25 ms (On) - 50 ms (Off) - 25 ms (On) (see Fig.
BI). The obtained mass-excess value using normal TOF-ICR is A=-45709.3(90)
keV and with the Ramsey’s method A=-45709.1(38)keV. It is about 70 times more
precise than the value given in AME16 (A g pp16= -45610(270)keV). A comparison
to the literature values is represented in Fig.

542 %Co

Similarly to ®’Fe, the first mass measurement on ®Co was done at LANSCE
[202] 203], followed by a measurement using the Bp-TOF technique at NSCL [205]
and via isochronous mass spectrometry [208]. In AME2016 [6], the ground state
mass value for ©Co is A snr2016=-50280(140) keV. Recently, a precise measure-
ment of ®*Co, produced via fragmentation of °Ge beam on a Be target, has been
performed with the LEBIT Penning trap at NSCL [209]. They assigned the mea-
surement to the shorter-lived (7/2)~ state, expected to be the ground state. How-
ever, they could not rule out that the measured state was the longer-living 1/2~
isomer [210].
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FIGURE 33 TOF-ICR spectrum of %?Co with 50 ms of quadrupolar excitation. The spec-
trum was collected without additional waiting time in the cooler.

The excitation energy for the isomeric state is estimated to be 500(200)# keV
[68]. The proximity of the states did not allow to separate them and fit the two
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TABLE 6 Fractions for the ground and isomeric state in ®Co states ratios when the
beam gate is closed (tg), after the shorter trap cycle (fs,0,=226 ms) and af-
ter the longer trap cyle (£5,,=726 ms).

£85(t1 = 180(20)ms)  f™(t1 /5 = 750(250)ms)
Epg 67(10)% 33(10)%
teort 51(13)% 49(13)%
Hong 19(9)% 81(9)%

states directly on the collected TOF-ICR spectra (see Fig. 33). Since the high-spin
ground state has a much shorter half-life , t; /,=180(20) ms, compared to the iso-
mer with 1 ,=750(250) ms [68] , the ratio of the studied states was manipulated
by keeping the ions for an additional 500 ms in the cooler after the production of
ions was stopped, i.e. after the beamgate was closed. During this time, most of
the ions belonging to the shorter-lived state decayed away. Therefore, the mea-
sured state had more longer-living state present. In the dataset with a shorter trap
measurement cycle, it took only 226 ms for the ions to arrive on the MCP after the
production of the ions was stopped (beamgate closed). In the second dataset, the
extraction from the RFQ was delayed by 500 ms after the beamgate was closed,
and hence the trap cycle after the beamgate closure was 726 ms in total. The yield
ratio between the measurements done with short and long trap cycles is:

R — Nshort (8].)

where Ngj,rt and Ny, are the average number of ions detected per one trap cycle,
which was 226 ms for N, and 726 ms for Nj,,e. The ions were accumulated for
the same time, 66 ms, in the cooler in both cases and therefore the differences
are due to radioactive decays of the ions. By denoting the number of ions in the
ground state and isomeric state at the time the production stops (beamgate is
closed) as Nj and N,, respectively, we have then:

NShOI’f — Nlef/\ltshort 4+ Nzef/\Ztshort

(82)
Nlong — Nle_/\ltlong + Nze_)\Ztlong

where A; and A; are the decay constants for the ground state and isomeric state
of ®Co, respectively. The fraction of both states when the production stops or in
other words when the beam gate was closed is obtained via:

N> e*/\ltshort — Re_)‘ltlong

I — =
Nl Re_/\Ztlong — ef/\Ztshort

(83)

With the shorter trap cycle, there is about 50%-50% of ground state and isomeric
state. With the long cycle, the resonance is dominated by the longer-living iso-
meric state. The isomer fraction at the time when the beam gate was closed (fy,),
and after tgy0,¢ OF 15, have been calculated and are presented in Table @
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We recovered then the masses for both states knowing that the measured
mass-excess values for the short and long trap cycles were Agj,,+=-50296(15)keV
and Ay,,,=-50238(20)keV respectively, as [28]:

Along = fl%sngAgS + fligngAm
(84)
Ashori‘ = ffhsortAgS + fsmhortAm
8s m 8s

short’ J short’ J long’

tions at the end of the short and long trap cycles, respectively (see Table6).

where fi, g are the ground-state (gs) and isomeric state (i) frac-

To estimate the uncertainties of the mass-excess values, we calculated A

and Ay, using the min-max method: the minimum and maximum of A,;,g, Asports
and the fractions r for the ground state and isomeric state were used to deduce
the uncertainties.
The mass-excess values obtained for the ground state and isomeric state using
this method were A(%?Co8%)= -50383(44) keV and A(®?Co™)= -50207(36) keV, re-
spectively. For the first time, the mass-excess values for both states were deter-
mined. Our values are compared to the literature values in Fig. For the
ground state, we are in agreement with Xu et al. [208] and AME2016 [6]. Our mass
value for the isomeric state is less than the extrapolated value from NUBASE2016
[68] but in very good agreement with the mass value published by 1zzo et al.
[209].
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5.4.3 79Co

The presence of a long-living isomeric state in 7°Co was observed already in
a B-decay study on 7°Co employing laser-ionization isotope-separation on-line
method at Louvain-la-Neuve [211]. They assigned a high-spin (67,77) for the
shorter-living state and a low-spin state (37) for the longer-living state. The ex-
periment used the same production method as in this work at IGISOL-4, namely
proton induced fission on 2*U target. At Louvain-la-Neuve, they measured that
the yield for the longer-living (1 ,,= 470(50) ms [68]) low-spin state was double
the yield for the shorter-living (t1 ,,= 112(7) ms [68]) high-spin state. Several mea-
surements on 7’Co have been performed using fragmentation reaction of 3°Kr
beam on a Be or Ta target at NSCL [205] 212| 213, 214]. In these studies, usu-
ally only the shorter-living high-spin state has been reported. The mass of the
ground-state of 7’Co is extrapolated in AME2016 [6]. Both the high-spin and
low-spin state can be either the ground state or the isomeric state as indicated
in the NUBASE2016 evaluation [68]. Estradé et al. report a value for the shorter-
living state A(7°Co"*)= -46820(280) keV but without giving details of how they
deduced the measured state [205].
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FIGURE 35 Expected evolution of the number of 7°Co™ ions N plotted using different
values for the fraction of the longer-living state at time =0 when the beam-

gate is closed (see the scale on the right). The total number of ions at =0 is
No.

At JYFLTRAP, we measured 7°Co with the TOF-ICR technique (see Fig.
following the same procedure as for 89Co. In the first set of measurements, there
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was no waiting time in the RFQ after the closure of the beam gate. A trap cycle
of 282 ms was employed for the first measurement and 232 ms for the following
ones without any waiting time in the RFQ after the closure of the beam gate.
In the second set of measurements, the ions had to wait 232 ms before being
extracted to the trap and therefore the total trap cycle length after the beamgate
closure was 513 ms (281+232 ms). No significant difference in the yield was seen
between the shorter and longer trap cycles. The primary beam intensity also
fluctuated a lot, and was substantially lower for some parts of the shorter-cycle
files making the yield measurements somewhat unrealiable. Hence, we did not
use the same method as for ®Co to deduce the mass-excess values for 7°Co.

In an ideal case, we should obtain a clear decrease of the yield of at least 34(3)%
between the short and the long trap cycle if we only observed the longer-living
state (Fig. 35). Due to fluctuations in the primary beam intensity, it was difficult
to obtain a reliable number for the yield ratio. For some of the shorter-cycle files,
the intensity had dropped into half of what it used to be, therefore reducing the
number of detected ions and bringing it closer to the values obtained with the
longer cycle and higher beam intensity.
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FIGURE 36 A TOF-ICR spectrum for 7°Co collected with a 513 ms cycle and using 100
ms quadrupolar excitation in the precision trap. The trap cycle after the
beamgate closure lasted 513 ms.

We also made two PI-ICR scans of 7°Co with 356.0 ms and 356.3 ms trap cy-
cles after the beamgate closure, both with 50 ms production and without any ad-
ditional waiting after beamgate closure in the cooler (Fig. B7)). Both spectra show
the projection of the reduced cyclotron motion converted into magnetron motion
via a quadrupolar excitation after 100 ms accumulation time. In the measurement
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with 356.3 ms trap cycle, the extraction happened 0.3 ms after the quadrupolar
excitation stopped and thus the ions accumulate magnetron motion for 0.3 ms
which is approximately half of a typical magnetron period in the trap. In both
spectra, a clear blob of ions is visible but there are also some background ions.
The statistics is rather low, the total number of ions is 91 for the first spectrum
and 87 for the second, with 61 and 56 ions in the dominant ion blob, respectively.
Since there is only one state clearly visible, we estimated an upper limit for the
possible contribution from the other state. This was done by setting a window at
about the same distance from the origin (see Fig. B7). This yielded an upper limit
of 7 and 10 ions for the first and the second spectrum, respectively. Considering
these values and the durations of the used trap cycles, we can estimate that at
least 95% of the measured ions belong to the longer-living state for the TOF-ICR
measurements with long trap cycle. For the TOF-ICR measurements with shorter
trap cycle, around 83% of the ions should belong to the dominant, longer-living
state. Finally the PI-ICR spectra confirm we measured only or dominantly one
state. Since the yields did not change with an increase in the trap cycle length, it
is most probably the longer-living low-spin state in 7°Co. This result is in agree-
ment with the previous proton induced fission experiment where the low spin
state was dominating [211], 215].

To be more safe, we used only the TOF-ICR data measured with the long 513 ms
cycle where which should be at least 95% of the ions belong to the longer-living
state. The obtained mass-excess value is A(7°Co’*)= -46525(11) keV.
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FIGURE 37 PI-ICR spectra of 7°Co collected with 356.0 ms and 356.3 ms phase accu-
mulation times, respectively. In the figure on the right, the ions have been
extracted 0.3 ms after the conversion (a half of the magnetron phase, i.e.
180°). The dotted black line show the motion orbit and the red dotted line
highlight the area on the orbit where the number of ion is maximum beside
the main state visible.

The new mass-excess value for 7°Co is compared with previously published
or extrapolated mass-excess values on Fig. The extrapolated values given in
NUBASE2012 [216] and 2016 [68] are expected to be for the isomeric state of 7°Co

)
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but the state assignment is uncertain. The mass-excess value for the longer-lived
low-spin state of 7°Co measured in Jyvéskyld is in accordance with the values
given in the literature.
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FIGURE 38 Mass excess value of 7°Co measured at JYFLTRAP (red square) compared
to Estradé et al. [205], AME2016 [6], NUBASE 2012 [43] and NUBASE 2016
[68]. The empty symbols indicate extrapolated values.

5.4.4 N=40 subshell gap

The magic nucleon numbers of the shell closures can change for nuclei far from
stability. The magicity can disappear as for the N = 20 shell closure in >*Mg [217]
or magic features can appear, for example for the N = 40 subshell closure in ®®*Ni
[218] 219]. For lighter N = 40 and therefore more exotic isotones, deformation
of the ground state seems to appear quickly [220]. The lack of experimental data
in this region make it difficult to conclude on the evolution of the N = 40 sub-
shell closure. With 26 protons and 41 neutrons, ®’Fe provides information how
the binding energies evolve beyond the N=40 subshell closure. A spectroscopic
study of the isomeric states in ®Fe has shown that it is a deformed nucleus [221].
The neutron-rich ®*Co and 7°Co isotopes are important for the evolution of the
N=40 neutron subshell gap at Z=27, one proton away from the nickel isotopes.
For both nuclei, the order of their ground state and isomeric state is still uncer-
tain. In %°Co, the shorter-living state has been defined as a 7/2~ state based on
systematics of the other odd-A Co isotopes and on the observed B-decay to a
(5/27) state in ®*Ni [212]. The longer-living state in ®?Co was assigned with a
spin and parity 1/2~ similarly to Co and ®Co in which a 1/2~ intruder state
has been observed [222] 223].
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FIGURE 39 Two-neutron separation energies (S»,) as a function of the neutron number
N. The values calculated using our results are plotted in red. The recently
published mass value of %8Co at LEBIT [209] is used to calculate the S,
represented in blue in the inset. The value taken from AME2016 [6] (in
black) are based on experiments except at N=43.

Previously, the ground state of 7°Co has been assigned as the shorter-living
high-spin (67,77) state whereas the isomer has been predicted to be the longer-
living state with a low-spin (37) [211), 221| 224] 225, 213, 214]. The primary single-
particle configurations suggested for the high-spin (assumed to be the ground
state) is 7T f7_/12 v 8q /32 and 7 f7_/12 v py /12g;r /42 for the low-spin state, assumed to
be the isomer [211]. However, based on recent 3-decay study of "’Fe performed
at RIKEN in Japan accompanied with Monte Carlo shell-model calculations, the
ground state of 7°Co has been assigned as the longer-living low spin state with
spin and parity (17,27) [215].

Using our results for 4 Fe and ®7°Co, we calculated the two-neutron separation
energy, defined in Eq. (12).

If we consider the measured, longer-living state of 7Co as the ground state,
the trend in the Sy, values is smoother at N=43 (see Fig. . We plotted Sy,
values both with and without the recent mass value of ®*Co measured at LEBIT
[209]. The result from LEBIT introduces a kink in the slope, suggesting a possible
measurement of a dominant isomeric state instead of a pure ground state [210].
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FIGURE 40 Two-neutron shell gap parameter D, as a function of neutron number N.
The values based on our work are plotted in red for Co and in magenta
for Fe. The inset gives Dy, as a function to the proton number Z for N=40
isotones.

Figure 40| shows the empirical two-neutron shell gap parameter D,, deter-
mined as:

D2,(N,Z) = 53,(N,Z) — Sp,(N +2,2) (85)

Due to the uncertainty in the measured state, the results from LEBIT were ex-
cluded. The two-neutron shell gap energy is slightly lower when using our mass
value for the °Co ground state. The Dy, values seems to confirm a decrease of
the N=40 subshell closure from Z=28 to Z=27. Figure 41| shows the evolution of
the N=40 shell gap deduced from various theoretical models (FRDM12 [36], HFB-
24 [27], SLy4 [19], UNEDF1 [23], Duflo-Zuker [44], WS4 [43]), experimental data
from AME2016 [6] and our mass measurement of ®*Co. The theoretical models
diverge a lot from each other and from the experimental values. It is thus impor-
tant to constrain the models with experimental data.

Our result for ®Co seems to confirm the reduction of the N=40 subshell gap at
7=27, below the Z=28 magic number. However, one has to be careful when dis-
cussing about shell closure based on mass measurements. Collective effects as
shape coexistence can be hidden in two-neutron separation energies trend [226].
The uncertainty at Z=26 comes from the ®Fe mass value from AME2016 A=-
43490(370) keV [6] that has been experimentally determined [203] 205| 207].
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FIGURE 41 Two-neutron shell gap parameter D;, for N=40 subshell closure as a func-
tion to the number of proton Z, for experimental data from AME2016 [6]
and theoretical models. The mass-excess value of the longer-living state in
%Co obtained in this work has been used to obtain D,,(N = 40) at Z=27
(in red).

5.4.5 Neutron capture rates for the r-process

Sensitive studies [116] have shown that the ¢ Fe(n, )%Fe and ®*Co(1, )*Co neu-
tron captures are relevant for the weak r-process and its abundance pattern (see
Sect. 3.5). The neutron capture rates computed with the Hauser-Feshbach code
Talys 1.8 [227, 228] and Q values based on AME2016 and JYFLTRAP mass values
are plotted in Figs. 42| and For theoretical neutron capture rate calculations,
three parameters are the most sensitive: the neutron-nucleus optical model po-
tential (NnOMP), the nuclear level density (NLD) and the y-ray strength function
(7SF) [112]. Two choices are offered in Talys 1.8 for the optical model, six for the
NLD and eigth for the electric dipole component (E1) of the /SF. For neutron-rich
nuclei far away from the valley of stability the microscopic approaches in each pa-
rameter are predicted to be the most reliable [112] 229]. Three NLD models (input
keywords Idmodel 4, 5 and 6) and two ySF models (strength 3 and 4) have a mi-
croscopic approach. The nOMP seems to be less sensitive than the NLD and the
7SF [230]. In this work, the semi-microscopic optical potential of the Jeukenne-
Lejeune-Mahaux (jlmomp y) was used instead of the phenomenological model.
The NLD and «SF have been experimentally constrained and compared to Talys
models for neutron capture reaction on 68Ni and ®Ni [231], 230]. In both studies,
the microscopic level densities (temperature dependent HFB, Gogny force) from
Hilaire’s combinatorial tables model (Idmodel 6) were excluded due to strong
odd-even effects. Within the vSF models, the Brink-Axel single Lorentzian model
(strength 2) was not considered due to inconsistency with experimental data at



lower -ray energies [231].
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FIGURE 43 Neutron-capture rate on %Co calculated with Talys using ®*Co mass value
from AME2016 [6] and from our work. The rate has been computed using
Idmodel 4 and Idmodel 5 as a nuclear level density model.

In Spyrou et al study of ®®Ni(n, v)*Ni reaction [230], the default Talys SF
model, the Kopecky—Uhl generalized Lorentzian (strength 1), was found to re-
produce very well the shape of the experimental data, and they constrained the
SF by scaling it to match experimental upper and lower limits. This model was
also adopted for Figs. 42| and For the NLD, two microscopic level densities
(Skyrme force), based on Goriely’s tables (Idmodel 4) and Hilaire’s combinatorial

tables (Idmodel 5) were used.
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The sensitivity studies in Ref.[116] did not employ Talys code for nuclear reac-
tion rate but a different nuclear reaction rate code, NON-SMOKER [232], also
based on Hauser-Feshbach statistical model, and the JINA REACLIB v1.0 library
[126]. Unfortunately the NON-SMOKER code is not available anymore. Using
other models and approaches may lead to a different conclusion on the sensitiv-
ity study. Although mass values impact somewhat on the neutron capture rates
as show in Figs. 42| and 43| the biggest impact of the reaction Q value is on the
photodisintegration rate:

Ay % exp(—Qu,/kT) (86)

The REACLIB v.1.0 library, used in the sensitivity study [116] employs experi-
mental mass values from AME1995 [233] by default and FRDM1995 otherwise
[30]. The Q values of *”Fe(n, 7)®Fe and %Co(n, 7)*Co neutron capture are tab-
ulated in Table [7] using same masses as in REACLIB v1.0, and with AME2016
masses and ®Fe and ®°Co masses from this work (AME2016 for ®8Fe and %3Co).
For 67Pe(n, 7)68Fe, the mass of ®Fe has been taken from FRDM1995 for REACLIB
v 1.0.

To study the effect of the new mass values on the photodisintegration rates, we
calculated the ratio of the photodisintegration rate A determined with the Q value
from this work using JYFLTRAP mass values for 67Fe and ®°Co, and AME2016
values for ®Fe and %®Co, to the photodisintegration rate given in REACLIB v1.0

(see Figs. 44 and [45):

A X EXP((—Qn,Y + Qﬁ,];yABUB)/kT) (87)
REACLIB

where QE,QAB“ B is the Q value used in REACLIB v1.0.

The photodisintegration rates calculated with the JYFLTRAP mass value for ¢’ Fe
and ®Co are estimated to be around 126000 and 7400 times higher than the REA-
CLIB rates at 1 GK, respectively. The uncertainty due to the Q value in the pho-
todisintegration rate of %®Fe(vy,n)*”Fe at 1 GK has been reduced by a factor of
around 190 compared to the REACLIB rate, or by 2600 if we only consider the
uncertainty in the ®”Fe mass value.

TABLE 7 Q values for the ¢ Fe(n, 7)%®®Fe and %Co(n, 7)®Co neutron captures. The un-
certainties related to ®Fe and ®’Co measured in this work together with the
total uncertainties are given.

671:6 68C0
Ql’l,’)/ Q}’l,’y
REACLIB | 6861(470)67(818)0r  7291(370)¢9(496)s0¢
AME2016 | 5951(270)67(458)s0r  6421(141)60(236)s0¢
JYFLTRAP | 5852(4)57(365)10r  6524(44)69(195)s0¢
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For #Co(7y, n)%Co, the uncertainty due to the Q value is decreased by a fac-
tor of 33 compared to the REACLIB rate at 1 GK, or around 70 if we only consider
the uncertainty in the °Co mass value.

The ratio of the photodisintegration rate to the neutron capture rate is a relevant
quantity for r-process studies. This ratio has been plotted in Figs. [46|and #7|using
the Talys code with the same parameters for the photodisintegration rate than for
the neutron capture rate detailed previously and with Idmodel 4. The ratio using
Idmodel 5 gives very close results and could not be distinguished visually. At 1.5
GK, the JYFLTRAP mass value for 67Fe reduces the uncertainty of the ratio by a
factor of ~70. The photodisintegration dominates for T 2 2.9 GK. The uncer-
tainty of the ratio is reduced by a factor of ~8 with the JYFLTRAP mass value of
%9Co. The photodisintegration dominates for T > 3.2 GK.

These results illustrate the importance of the temperature condition for the weak
r-process that is to say astrophysical events that undergo too high temperature
would not be able to trigger the process. By giving an estimation of the upper-
temperature limit, the astrophysical sites could be refined.
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6 SUMMARY AND OUTLOOK

In this thesis work, six nuclides have been studied using the JYFLTRAP double
Penning trap at the IGISOL-4 facility: 25 A1, 30p, 31, 7Fe, ¥°Co and °Co. Of
these, the mass of 2°Al, —8915.962(63) keV has been used to calculate the Q,
value of the > Al(p, 7)*Si reaction, 5513.99(13) keV. With the revised Qy,, value,
the reaction rate Ny<c, v> was determined. The 2?°Al(p, 7)?Si reaction is impor-
tant for estimating the production of 2°Al, responsible for the emission of the 1809
keV cosmic 7-rays. During the same experiment, the mass of 3’P was measured
as —20200.854(64) keV. 3°P(p, 7)3!S is a bottleneck reaction for the nucleosynthe-
sis of the heavier elements in ONe novae. The Q) , value of this reaction was
determined as 6130.64(34) keV and the resonant proton-capture rate N <c, V>,
calculated for a temperature range relevant for novae.

The mass-excess of 3'Cl, —7034.7(34) keV, determined in this thesis reduces the
uncertainty in the mass-excess value by a factor of 15 in comparison to the last
published value. 3°S is predicted to be a waiting point for the rp-process in type
I X-ray bursts. With the new proton separation energy in 3'Cl determined in this
work, 264.6(34) keV, the lower-temperature limit for the 3°S waiting point was
found to be T > 0.44(1) GK. The isobaric multiplet mass equation was tested for
the T=3/2 quartet at A=31 with the new mass value for 31C1, and a breakdown of
the IMME was concluded.

The neutron-rich nuclei ®”Fe, ®°Co and 7°Co were studied during an experi-
mental campaign on nuclei close to 7*Ni at JYFLTRAP. For ®’Fe, the determined
mass-excess value, —45709.1(38) keV, is about 70 times more precise than the
last published value. Masses for the ground and isomeric state in ®*Co were
determined based on comparisons of normal TOF-ICR spectra collected using
different trap cycle times. The mass-excess value obtained for the shorter-living
ground state is —50383(44) keV. For the isomeric state, the determined mass-
excess value, —50207(36) keV, yields an excitation energy of E, = 176(57) keV.
The mass values for both ®’Fe and ®Cog° were used to calculate neutron capture
rates relevant for the weak r-process, ®Fe(n, )®’Fe and %®Co(n, v)%°Co, respec-
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tively, and their inverse photodisintegration rates.

The PI-ICR method was employed for 7°Co™ ions for the first time. With
the PI-ICR measurements and the collected TOF-ICR spectra, we confirm the
presence of only one state. The measured mass-excess value, —46525(11) keV
belongs to the longer-living state in 7°Co expected to be the low-spin state.
Two-neutron separation energies and empirical two-neutron shell gap energies
for N = 40 were studied with our results for ®’Fe, ®°Co and 7°Co. They confirm
the reduction of the N=40 subshell closure for Z<28.

In order to provide accurate mass values with a Penning trap, the sources
of uncertainties have to be carefully reviewed. During this thesis work, an up-
dated value for time-dependent fluctuations in the magnetic field at JYFLTRAP,
8.18(19)x 10712 /min x At, was determined. In addition, the mass-dependent
uncertainty has been determined to be 2.24-0.6 x 101 /ux Am, and no additional
residual systematic error is needed for the measured frequency ratios.

Recently, new techniques have been implemented at JYFLTRAP that help to
increase the precision of the measurements and also to push further the limits of
what can be measured. The PI-ICR method, used to identify states in 7°Co in this
thesis, should increase the resolving power by a factor of around 40 as compared
to the normal TOF-ICR method [162]. Additionally, a multi-reflection time-of-
flight mass separator/spectrometer (MR-TOF) is under installation between the
RFQ and the JYFLTRAP double Penning trap. The MR-TOF will improve the pu-
rification of the beam and thus will allow the access to more exotic nuclei [93]. It
can also be used for mass measurements as such.

With these new devices we can extend the mass measurements at JYFLTRAP to
regions experimentally unattainable nowadays. Combined with observational
data, such as the recent multiwavelength observations of GW170817, it opens a
promising future for our understanding of nucleosynthesis, and an opportunity
to complete the story of the origin of elements.
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Abstract. The masses of the astrophysically relevant nuclei ??Al and 3°P have been measured with a
Penning trap for the first time. The mass-excess values for ??Al (A = —8915.962(63) keV) and *°P (A =
—20200.854(64) keV) obtained with the JYFLTRAP double Penning trap mass spectrometer are in good
agreement with the Atomic Mass Evaluation 2012 values but &~ 5-10 times more precise. A high precision is
required for calculating resonant proton-capture rates of astrophysically important reactions 25Al(p, 7)%Si
and *°P(p,~)3!S. In this work, Q(p,y) = 5513.99(13) keV and Q(,,4) = 6130.64(24) keV were obtained for
25A1 and 3°P, respectively. The effect of the more precise values on the resonant proton-capture rates has
been studied. In addition to nuclear astrophysics, the measured Qgc value of 2°Al, 4276.805(45) keV, is
relevant for studies of T'= 1/2 mirror beta decays which have a potential to be used to test the Conserved

Vector Current hypothesis.

1 Introduction

Classical novae are frequent and bright phenomena occur-
ring when a white dwarf accretes hydrogen-rich material
from its companion star [1,2]. This leads to a thermonu-
clear runaway which is observed as a sudden increase in
the star’s luminosity. Novae reach peak temperatures up
to &~ 0.4 GK which limits the nucleosynthesis to nuclei
with masses below A =~ 40. Detailed reaction network
calculations have been carried out for nova nucleosynthe-
sis (see, e.g., refs. [3-5]). As the light nuclei close to the
N = Z line have become more and more accessible ex-
perimentally, the calculations start to have a solid experi-
mental foundation offering a unique possibility to compare
with observations. In this work, we have studied nuclei rel-
evant for nova nucleosynthesis, 2°Al and 3°P.

Novae have been proposed to contribute to the amount
of cosmic, 1809 keV beta-delayed y-rays of 26 Al [6,7] which
gave the first evidence for ongoing nucleosynthesis in the
interstellar medium [8]. More recent observations with the
COMPTEL telescope on CGRO [9] and SPI on INTE-
GRAL [10] have shown that the 2°Al distribution in the
Galaxy is irregular with some localized regions extended
over the entire plane of the Galaxy, thus pointing towards
massive stars and their supernovae as a source for galactic
26Al y-rays [10-12]. The nova contribution to the galac-
tic 26Al has a smoother distribution and is estimated to
be less than 0.4 solar masses [6] compared to 2.8(8) so-
lar masses determined from SPI/INTEGRAL data [10].

a
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However, this contribution has to be taken into account,
e.g., when estimating the distribution and frequency of
core-collapse supernovae in the Galaxy from the amount
of cosmic 1809 keV ~-rays.

The production of the ground state of 26Al can be
bypassed in novae and other astrophysical scenarios via
a reaction sequence leading to the shorter-lived isomeric
state of 20A1: 25Al(p,~v)?6Si(31)26Al™. The isomeric state
26 A1™ decays via superallowed beta decay to the ground
state of 26Mg, and thus does not contribute to the amount
of galactic 1809keV ~-rays. The proton-capture rate for
> Al(p,v)?°Si has a direct effect on the production of
26 Al: the more likely it is to proceed via proton captures
than via the sequence 2°Al(31)?°Mg(p,v)?°Al, the fewer
1809keV ~y-rays will be produced. The @ value for the
25 Al(p,v)?0Si reaction is essential as the reaction rates
for the proton captures as well as for the inverse photo-
disintegration reactions depend exponentially on it. Since
the mass of 26Si has already been determined with a high
precision at JYFLTRAP [13], the mass of °Al remains
the limiting factor for the precision of the @) value.

About one third of novae have an underlying white
dwarf containing oxygen, neon and magnesium. These
ONe novae reach higher peak temperatures and can syn-
thesize heavier elements than classical carbon-oxygen no-
vae [14]. There, the reaction 3°P(p,~)3!S acts as a gate-
away towards heavier elements since the beta-decay half-
life of 3P is long (~ 2.5min) compared to typical no-
vae timescales. The alternative route via *°S(p,~)3!Cl is
hindered by inverse photodisintegration reactions on 3! CL.
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José et al. [15] have shown that changing the 3P (p,~)3'S
rate has a dramatic effect on the abundance of 3°Si pro-
duced via B% decay of °P. The abundance of 3°Si is
important for assigning presolar grains as being of nova
origin [16,17]. These grains have higher than average
308i/?8Si and close to solar 29Si/?8Si abundance ratios.
Therefore, a more accurate knowledge on the 3°P(p,~)3!S
reaction is needed for calculating abundance ratios for dif-
ferent nova environments, to increase our knowledge of no-
vae and underlying white dwarfs in general. The reaction
rate depends exponentially on the proton-capture @ value
for which the mass of 'S is already well known [18], thus
the mass of 3P is the limiting factor in the precision.

In this paper, we have determined the masses of 2°Al
and 3P with a Penning trap for the first time. The cur-
rent mass values in the Atomic Mass Evaluation 2012
(AME12) [19] are mainly based on old (p,7) experi-
ments on 2*Mg and 2°Si, respectively. The described ex-
periment was also the first on-line mass measurement of
neutron-deficient nuclei at the new Ion Guide Isotope
Separator On-Line facility, IGISOL-4, at the University
of Jyviaskyld [20,21]. The 7T superconducting solenoid
housing the JYFLTRAP double Penning trap spectrom-
eter [22] had to be re-energized at IGISOL-4. Therefore,
we have also carried out a new measurement of temporal
fluctuations of the magnetic field strength in this work.

2 Experimental method

The IGISOL-4 facility at the Accelerator Laboratory of
the University of Jyvaskyla was employed in combination
with the JYFLTRAP double Penning trap mass spectrom-
eter [22] for the mass measurements of 2?Al and 3°P. A
beam of 40 MeV protons from the K-130 cyclotron im-
pinged into a thin, few mg/cm? thick Si or ZnS tar-
get at the entrance of the IGISOL gas cell. The fusion-
evaporation reaction products were stopped in helium gas
and extracted with the help of a sextupole ion guide
(SPIG) [23]. The continuous beam was accelerated to
30keV and the mass number A was selected using a 55°
dipole magnet with a mass resolving power (M/AM) of
~ 500. The mass-separated beam was further sent into a
radio frequency quadrupole cooler and buncher (RFQ) [24]
which decelerates and cools the ions and releases them into
JYFLTRAP as short bunches. JYFLTRAP mass spec-
trometer consists of two Penning traps, the purification
trap, which is used for isobaric purification of the beam
via the mass-selective buffer gas cooling-technique [25],
and the precision trap, which is used for precision mass
measurements.

The time-of-flight ion-cyclotron resonance method
(TOF-ICR) [26,27] was utilized for the mass measure-
ments. Once the ions were injected into the precision trap,
a short magnetron excitation v_ was applied followed by a
quadrupolar excitation. The frequency of the quadrupolar
excitation was scanned around the cyclotron frequency v,:

(1)

Ve =Vy +V_,
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Fig. 1. A Ramsey time-of-flight ion-cyclotron resonance for
30P obtained with an excitation pattern of 25 ms (On) - 350 ms
(Off) - 25ms (On). The number of ions per bunch has been
limited to 1-2 ions per bunch and the total number of ions to
obtain this spectrum is 1203. The black squares with uncer-
tainties are the average TOF, and the solid (blue) line is the
fitted line shape.

where v is the reduced cyclotron frequency and v_ the
magnetron frequency of the ion. The motion of the ions
in the resonance is fully converted from magnetron to cy-
clotron within the excitation time if the amplitude has
been chosen correctly. As a result, the ions in resonance
in the strong magnetic field gradient undergo a stronger
axial force. Therefore, they have a shorter time of flight
from the Penning trap to a micro-channel plate detec-
tor (MCP). In this experiment, we used time-separated
oscillatory fields for the quadrupolar excitation (Ramsey
method) in the precision trap [28-30]. The quadrupolar
excitation was applied as two 25 ms fringes separated by
150 ms for 2°Al and by 350 ms for 3°P. A typical TOF-ICR
obtained for 3°P is shown in fig. 1.

The mass of the ion m;,, depends on the measured
cyclotron resonance frequency via eq. (2):

1XqB

21 Mion

Ve (2)
where ¢ denotes the charge of the ion and B is the mag-
netic field strength in the trap. The magnetic field is reg-
ularly determined via similar measurements with a ref-
erence ion whose atomic mass my.s is already precisely
known, and linearly interpolating the cyclotron resonance
frequency vc res to the time of the measurement of the ion
of interest. The measured frequencies were corrected for
the count-rate effect [31] whenever possible. The atomic
mass m for the isotope of interest is then determined via:

(3)

where 7 = v, e/ is the frequency ratio between the ref-
erence ion and the ion of interest, and m, is the electron

m =1r(Mpef — Me) + Me,
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Fig. 2. Standard deviation of the magnetic field obtained for
different time differences At between two reference measure-
ments taken during one week of frequency measurements using
a Ramsey excitation pattern of 25 ms (On) - 350 ms (Off) - 25 ms
(On). The slope of the fit is 8.18(19) x 1072 /min.

mass. The differences in electron binding energies are suf-
ficiently small to be neglected.

In this work, Mg (m = 24.98583698(5) u [32]) and
30Si (m = 29.973770136(23) u [32]) were used as refer-
ences for 2°Al and 39P, respectively. Both reference ions
were directly produced from the Si and ZnS targets. The
use of 2°Mg and 308Si as references had the benefit that sys-
tematic effects resulting from field imperfections cancel in
the frequency ratio [33]. However, the uncertainty due to
temporal fluctuations of the magnetic field strength has to
be taken into account for the measured frequency ratios.
Since JYFLTRAP was moved to IGISOL-4, the 7T super-
conducting solenoid housing it had to be re-energized. To
quantify the present magnitude of temporal fluctuations
in the magnetic field strength, a separate experiment was
carried out in December 2014.

The temporal fluctuations of the magnetic field were
studied by measuring the cyclotron frequency of ®4Kr+
ions for one week with a Ramsey excitation pattern of
25ms (On) - 350ms (Off) - 25ms (On) with an ampli-
tude of 224 mV. The fluctuation was determined by com-
paring the cyclotron frequency obtained via interpolat-
ing from two reference measurements separated by time
At to the cyclotron frequency measured in the middle of
these two reference measurements. The data were split
into &~ 9.5min long measurements, thus the shortest time
difference between the references was &~ 19 min. Standard
deviations from the weighted average of the frequency ra-
tio were computed for each possible At and plotted as a
function of At (see fig. 2). The obtained magnetic field
fluctuation as a function of time is op(Verer)/Verer =
8.18(19) x 10712/ min x At which is less than previously
measured at IGISOL-3, 3.22(16) x 107/ min x At [34]
and 5.7(8) x 1071 /min x At [35]. This is likely to be
due to smaller temperature variations at IGISOL-4. Daily
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Table 1. Number of measurements #, frequency ratios r and
the mass-excess A, Qrc and Qp, ) values (in keV) determined
in this work in comparison with the AME12 values. 2?Mg* ions
were used as a reference for 2°Al and 2°Si* for °P.

Ton A1 30p

4 42 12

r 1.0001837618(19)  1.0001515804(22)
A —8915.962(63) —20200.854(64)
Aampiz —8916.2(5) —20200.6(3)
Difference 0.2(5) —0.2(3)

QEcC 4276.805(45) 4232.106(60)
QEc,amE12 4276.6(5) 4232.4(3)

Q) 5513.99(13) 6130.64(24)
Qp.y),AME12  5513.8(5) 6130.9(4)
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Fig. 3. Measured frequency ratios for 2°Al. The red line cor-
responds to the weighted mean of the frequency ratios and the

dashed lines show the 1o uncertainty limits.

fluctuations of temperature were below 0.6 °C in the labo-
ratory. The facility is now located in a separate hall with-
out direct access to outdoors and insulators have been
added to the high-voltage cage of JYFLTRAP resulting
in more stable conditions. Also, the magnet stand is now
made of aluminium and thus does not contain ferromag-
netic material anymore.

3 Results
3.1 The results for °Al

The results of this work are summarized in table 1. In
total, 42 frequency ratios were measured within 20 hours
for 2°Al. The weighted mean of the frequency ratios gives
r = 1.0001837618(19) (see fig. 3). The Birge ratio was
0.98 [36] which shows that there are no hidden systematic
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Mg(p,v)?*° Al [38], Piiparinen **Mg(p,v)?°Al [39], Uhrma-
cher et al. **Mg(p,v)** Al [40], AMEO3 [41] and AME12 [32].

errors in our data. Therefore, the inner error was taken as
the final uncertainty.

The measured mass-excess value for 2°Al
—8915.962(63) keV, is very close to, but about 7 times
more precise than the adopted value in the AME12 [32].
The AME12 value is based on 2*Mg(p, n)**Al [37] and
24Mg(p,v)?5 Al [38-40] experiments (see fig. 4). With our
new direct mass measurement of 2°Al we can confirm the
adopted value and improve the accuracy of the 22 Al mass
considerably.

We also directly measured the Q g value of 2° Al which
is important for fundamental physics as it is an isospin
T = 1/2 mirror nucleus. Mirror beta-decay Qg values
can be used to extract data for testing the Conserved
Vector Current hypothesis provided that the Fermi to
Gamow-Teller mixing ratio is already known [42,43]. In
this work, we have improved the precision from 500¢eV to
45eV. A more precise Qpc value will result in a more
precise ft value for the beta decay which can be used to
determine, e.g., the mixing ratio.

Since the mass of 25Si has already been precisely mea-
sured with JYFLTRAP [13], a precise proton-capture @
value for Al(p,~)?*Si, Q(p.) = 5513.99(13) keV, is ob-
tained with the new 2°Al mass-excess value. The impact
of the new @ value on the astrophysical resonant capture
calculations is discussed in sect. 4.

3.2 The results for 3°P

Altogether twelve frequency ratios were measured for 3°P
(see fig. 5). The Birge ratio was 1.13, and thus the outer
error was adopted as the final error of the weighted mean
r = 1.0001515804(22). The obtained mass-excess value
for 30P, —20200.854 (64)keV, is a little lower than in
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Fig. 5. Measured frequency ratios for 3°P. The red line corre-
sponds to the weighted mean of the frequency ratios and the
dashed lines show the 1o uncertainty limits.

AMEI12 but almost five times more precise. The adopted
mass value of 3°P in AME12 has been mainly based on
298i(p, v)3°P [44-46] and 3°Si(p, n)3°P [47] measurements
(see fig. 6). Our new Penning trap measurement is in a
good agreement with the earlier experiments.

The proton-capture @ value for the 3°P(p,~)3'S re-
action, Q) = 6130.64(24) keV, has been determined
with an improved precision using the AME12 mass for
31S based on a previous JYFLTRAP measurement [18]
and the newly measured 3°P mass. The impact of the new
proton-capture () value on resonant proton-capture rates
is discussed in sect. 4.
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Fig. 6. Mass-excess values of 2°P from previous experi-
ments in comparison with the new JYFLTRAP value. From
left to right: Harris et al. *°Si(p,v)*°P [44], Freeman et al.
30Si(p, n)3°P [47], Reinecke et al. *Si(p, )P [45], Wallace et
al. 2°Si(p,v)*°P [46], AMEO3 [41] and AME12 [32].
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reaction rates.

4 Discussion

In this section we discuss the impact of the new Q)

values on the resonant proton-capture rates on 2°Al and
30P. For both nuclei, the proton captures are dominated
by resonant captures to a few states above the proton
threshold in 26Si and 3'S, respectively. In general, the total
resonant proton-capture rate N4(ov),.s can be summed
over individual resonances to resonance states i located
at excitation energies F, ; with resonance energies E, ; =

Eri = Qo
Na(o0)res = 1.54 x 10" (uT5) ™2 > " (wy);

K2

x exp(—11.605E,. ; /Ty) ecm®mol ™ 's7t, (4)

where the resonance energies are given in MeV, u is the
reduced mass in atomic mass units, Ty temperature in GK
and wy; is the resonance strength. The resonance strength
w7, for an isolated resonance in a (p,7) reaction is given
by

2J; +1 I,TI

= — s 5
“TT 500 + 1) Thor (5)

where J; and J; are the spins of the resonance state and
the target nucleus (J; = 5/2 for 2°Al and J; = 1 for 3°P)
and the total width I3 is the sum of the proton width I,
and the gamma width I’,. The proton widths have been
scaled from the literature values using the relation [48]:

I, x exp <31.2921221 /5) , (6)

where Z; and Z; are the proton numbers of the incoming
particles, p is the reduced mass in u and F,. is the center-
of-mass resonance energy in keV [48].

The new proton-capture @ value for 25Al(p,~)?5Si is
5513.99(13) keV, which is 0.2keV higher than in AME12
(Q(p,y) = 5513.8(5) keV [32]) and around 3 keV lower than
in AMEO03 (Q(p.) = 5517(3) keV [41]). Although the Q
value did not change dramatically, the uncertainties re-
lated to the proton-capture () value have been reduced
considerably with the high-precision measurements of 2% Al
(this work) and 26Si [13] at JYFLTRAP: the Q value is
now 23 times and 4 times more precise than in AMEOQ3
and AME12, respectively.
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The resonant proton captures on 2°Al are dominated
by captures to a few levels with rather low resonance ener-
gies. The knowledge of these states has improved consider-
ably thanks to several measurements on the excited levels
of 26Si [49-61]. Gamma-decay studies of 26Si performed at
Gammasphere [54,60] have shown that there is a 4T state
at 5517.0keV, a 17 level at 5675.9keV and a 0T state at
5890.1keV. A 37 state at 5928.7keV has been confirmed
via beta-decay studies of 26P [51,58] and it is also sup-
ported by [50,53,56]. The spin for the next excited state at
5946 keV is unclear. It has been claimed to be a 0" [52] as
well as 37 [49]. The shell-model calculations [62] suggest it
to be 0 but interestingly, they do not predict another 0T
state at around 5890 keV although it has been experimen-
tally observed [57,59,60]. The resonant proton captures to
the 17 state at 5676 keV dominate the total reaction rate
at temperatures below T =~ 0.15 GK. At higher tempera-
tures, the captures to the 37 state take over (see fig. 7(a)).

To demonstrate the effect of the JYFLTRAP Q, -)

value for the 25Al(p,~)?Si reaction, we have calculated
the resonant proton-capture rates in 26Si using the Qp.y)
values from AMEO3 [41], AME12 [32] and from this work

(see fig. 7) to the dominating 1%, 0T and 3% states. The
level at 5946keV was not included due to its uncertain
spin and parity assignments. The corresponding excitation
energies 5675.9(11) keV, 5890.1(6) keV and 5928.7(7) keV
were taken from Doherty et al. [60] for the 1T and 0
states, and from Bennett et al. [58] for the 3T state.
We also calculated upper and lower limits for the rates
by taking into account the uncertainties in the ) values
and compared the widths of these uncertainty bands to
each other. For calculating the resonance strengths, proton
widths from ref. [62] for the 1T state, I}, = 6.30 x 107 eV
(Eres = 163keV), the 0T state I, = 1.6 x 1072eV
(Eres = 434keV) and the 3T state I, = 3.5eV (Epes =
403keV) have been scaled using eq. (6). A gamma width
of Iy = 0.12eV was used for the 11 and 3% states and
I, =8.8x 1072 eV for the 0T state similar to ref. [62]. As
can be seen from fig. 7(b), the JYFLTRAP and AME12
rates are very close to each other: the JYFLTRAP @ value
gives a few percent higher capture rate than the AME12
value. The @Q-value-related uncertainties have been re-
duced by around 10-15% compared to the AME12 value
and 60-80% compared to the AMEO3 value (see fig. 7(c)).
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The proton-capture @ value obtained for 3°P(p,~)3!S
in this work, 6130.64(24) keV, is ~ 0.2keV lower than in
AME12 (Qp,) = 6130.9(4) keV [32]) and 2.4keV lower
than in AMEO3 (Q,,) = 6133.0(15) keV [41]). The Q, -)
value is now known with an ~ 6 times better precision
than in AMEOQ3 and almost 2 times better than in AME12
due to the JYFLTRAP measurements of 3P (this work)
and 3'S [18]. The impact of the new @ value on the res-
onant proton-capture rate on ‘P was studied similarly
to the 2Al(p, v)?0Si reaction. There are more known res-
onant states above the proton separation energy in 3!'S
than in 26Si, and they are rather well-known via stud-
ies at Gammasphere employing both heavy-ion fusion-
evaporation reactions [63,64], and more recently, light-
ion fusion-evaporation reactions [65,66]. The resonance
states have also been explored, e.g., via 3'P(*He, t)3'S
reactions at Yale University’s Wright Nuclear Structure
Laboratory [67,68] and at Maier-Leibnitz-Laboratorium
in Garching [69]. A recent review [70] gives a thorough
summary of the previous studies and relevant states in 3'S.

Here, we have calculated the resonant proton-capture
rates to the 1/2% (E,.s = 128.4keV), 3/27 (Eres =
196.4keV), 5/27 (Eres = 226.7keV), 9/27 (Eres =

246.3keV), 5/2% (Eres = 261.9keV), 11/2% (E,s =
263.6keV), 3/27 (E.s = 411.3keV) and 7/27 (Epes =
452.5keV) states to demonstrate the effect of the new

Q@ value (see fig. 8). The resonant proton captures on
30P are dominated by captures to the 1/2% (E,.., =
128.4keV) state below T ~ 0.08 GK and to the 3/2~
(Eres = 196.4keV) state at T ~ 0.08-0.2 GK. At
around T = 0.2GK, captures to the 11/2% (E,., =
263.6keV) state become important, and at higher tem-
peratures, the 3/27 (E,.s = 411.3keV) and 7/27 (Eyes =
452.5keV) states dominate. The proton widths have been
scaled from ref. [67] using eq. (6) and the excitation en-
ergies were taken from [65,70]. The state at 6357keV
(Eres = 226.7keV) has contradictory spin assignments
of 3/2% [69], 5/2% [67,68], and 5/2~ [65,66]. Here we
have adopted the same assignment as in refs. [67,68] but
note that this choice may have an effect on the reaction
rate at lower temperatures. The revised total resonant
proton-capture rate is very close to the result obtained
with the AME12 value (see fig. 8(b)) and the mass-related
uncertainties have been reduced by 5-20% compared to
the AME12 and 40-70% compared to the AMEO3 (see

fig. 8(c)).

5 Conclusions

We have performed the first Penning-trap mass measure-
ments of 2°Al and 3°P at JYFLTRAP resulting in un-
paralleled precisions of 63 eV and 64 eV, respectively. Our
results agree with the adopted values in AME12 [32] which
are mainly based on (p, ) reaction studies, and thus con-
firm that those experiments have not suffered from signif-
icant systematic uncertainties. The experiment was also
the first on-line mass measurement of neutron-deficient
nuclei at IGISOL-4, and therefore an additional study of
the stability of the magnetic field inside the JYFLTRAP
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was carried out using ®*KrT ions. The temporal fluctua-
tions in the magnetic field were found to be smaller than
at the old IGISOL-3 facility, likely to be due to better tem-
perature regulation in the new laboratory hall. The effect
of new, more precise mass values on calculated resonant
proton-capture rates on 2°Al and 3°P have been studied.
These reactions, 2°Al(p,~)?°Si and 2°P(p,~)3!S, are cru-
cial for estimating the production of 26Al in Galaxy and
the abundancies of elements heavier than sulphur synthe-
sized in novae. Although the JYFLTRAP @ values did not
change the calculated resonant capture rates considerably,
the more accurate ) values reduce the mass-related un-
certainties in the reaction rates by ~ 15% compared to the
AME12 values, and confirm that there are no systematic
uncertainties related to the adopted @) values.
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The scaling values on the y-axis of fig. 8(a) were not properly indicated. The correct fig. 8 is given below.
This does not affect the results of the publication and the overall shape of the plot.
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Fig. 8. (a) The resonant proton-capture rates to the 1/2%, 3/27, 5/27, 9/27, 5/27, 11/2%, 3/27 and 7/2~ states in *'S
calculated with the Q, ) value from this work (JYFL). (b) Ratios of the total resonant proton-capture rate calculated with
the JYFLTRAP Q) value and the values from AMEO3 [41] or AME12 [32]. (c) Ratios of the Q-value-related uncertainties
in the calculated total resonant proton-capture reaction rates.
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Mass of astrophysically relevant *'Cl and the breakdown of the isobaric multiplet mass equation
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The mass of *'Cl has been measured with the JYFLTRAP double-Penning-trap mass spectrometer at the Ion
Guide Isotope Separator On-Line (IGISOL) facility. The determined mass-excess value, —7034.7(34) keV, is
15 times more precise than in the Atomic Mass Evaluation 2012. The quadratic form of the isobaric multiplet
mass equation for the 7 = 3/2 quartetat A = 31 fails (x> = 11.6) and a nonzero cubic term, d = —3.5(11) keV,
is obtained when the new mass value is adopted. *'Cl has been found to be less proton-bound, with a proton
separation energy of S, = 264.6(34) keV. Energies for the excited states in 31C1 and the photodisintegration rate
on *'Cl have been determined with significantly improved precision by using the new S, » value. The improved
photodisintegration rate helps to constrain astrophysical conditions where 3°S can act as a waiting point in the

rapid proton capture process in type-I x-ray bursts.

DOI: 10.1103/PhysRevC.93.041304

3!Clisashort-lived [T}, = 190(1) ms[1]] sd-shell nucleus
and a well-known beta-delayed proton emitter [ 1-5]. However,
its mass-excess value (A = —7066(50) keV [6]) is still based
on a single Q-value measurement of the 3 Ar(PHe ,®Li)*'Cl
reaction performed at Michigan State University in the 1970s
[7]. The mass of 3'Cl is relevant for testing the isobaric
multiplet mass equation (IMME) [8,9] because it is a member
of the T = 3/2 isobaric quartet with isospin projection 7, =
(N — Z)/2 = —3/2. According to the IMME, the masses of
the isobaric analog states (IASs) in a mass multiplet should
show purely quadratic behavior: M(A,T,Tz) = a(A,T)+
b(A,T)T7 + c(A, T)TZ2 after treating the Coulomb interaction
by using first-order perturbation theory. Previous IMME
evaluations have shown that the quadratic form works well
for the T = 3/2 quartet at A = 31 [10-14] but the test has not
been very stringent, mainly due to the uncertainty in the *'Cl
mass. Overall, the quadratic form of the IMME has failed only
in a few cases, such as at A =8 [15], A =9 [16], A =21
[17], A =32 [18,19], A =35 [20], and A = 53 [21]. The
breakdown of the IMME has been explained, e.g., by isospin
mixing of the states and charge-dependent effects [16,22].
However, for some cases, such as for the A = 53 quartet [21],
even detailed shell-model calculations have not been able to
describe the breakdown.

The mass of 3! Clis also relevant for the rapid proton capture
(rp) process occurring in type-I x-ray bursts (XRBs) [23,24].
There, most of the nucleosynthetic flow proceeds through
305, which can act as a waiting point due to its half-life
[1.178(5) s [25] ] and low proton-capture Q value establishing
a(p,y) — (v, p) equilibrium towards 3°S at high temperatures.
The route via the 3°S(«, p)*>Cl reaction is hindered by the
Coulomb barrier at typical XRB temperatures of around 1
GK. Waiting points, such as S, have been proposed to be
responsible for the double-peaked structure observed in XRB
luminosity curves [23].

*anu.kankainen @jyu.fi
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Nonresonant proton captures contribute to the total proton-
capture rate of 3°S at lower temperatures, whereas above
T ~ 0.13 GK, the rate is dominated by resonant proton
captures to the two lowest excited states in >'Cl. These have
been studied via beta-delayed proton decay of *' Ar [26-29]
with observed laboratory energies of 446(15) and 1415(5)
keV [26] and 1416(2) keV [28]. Recently, 3!Cl has been
studied via Coulomb breakup of *!Cl at high energy in inverse
kinematics by using the R’B-LAND setup at GSI [30]. The
two lowest-lying levels, 1/2% at 782(32) keV and 5/2% at
1793(26) keV [30], were found to be in a reasonable agreement
with the estimates, 745(17) and 1746(9) keV [31], based on
the IMME and beta-delayed proton data. A similar Coulomb
dissociation study of *'Cl performed at RIKEN resulted in
resonance energies around 0.45 and 1.3 MeV [32]. In order to
compare the results from R’B-LAND with the beta-delayed
proton data and to verify the excitation energies of the lowest
resonance states in >'Cl, the proton separation energy of 3!Cl,
i.e., its mass, has to be known more precisely.

To estimate the waiting-point conditions for 3°S, also the
rate for photodisintegration reactions on *'Cl (A,,p) has to be
taken into account. The ratio of A, , to the proton-capture
reaction rate N4(ov) depends exponentially on the proton-
capture Q value on *°S (i.e., the proton separation energy S,
of >'Cl) [33]:

A GsG
1P — 98685 x 109T93/2%(M>
Ny(ov) gcr \ Ga

msm 3/2
><< S p) 6—11.605Q/T9’ (1)

mcp

where m; are the masses in atomic mass units, g; are
the statistical factors g; = 2J; + 1, and G; are normalized
partition functions for *°S, p, and 'Cl. The normalized
partition functions [34] are close to one in the relevant energy
region. The uncertainty in the present Q value has been shown
to significantly affect XRB nucleosynthesis calculations in
a high-temperature (Tpeax = 2.50 GK) scenario with normal

©2016 American Physical Society
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FIG. 1. TOF-ICR spectrum of 3'Cl* with a quadrupolar ra-
diofrequency excitation of 50 ms. The spectrum represents a typical
resonance of >'Cl obtained in 140 minutes. The blue squares indicate
the number of ions in each time-of-flight bin: the darker the color, the
greater the number of ions.

burst duration (*100s) as well as in a short-burst (=10 s)
scenario with Tpe = 1.36 GK [35].

3IC1* ions were produced via 32S(p,2n)*!Cl reactions by
using a 40 MeV proton beam impinging on a 1.8-mg/cm?-
thick ZnS target at the IGISOL facility [36]. The reaction
products were stopped in helium gas and extracted with a
sextupole ion guide [37] and accelerated to 30 keV before
mass separation with a 55° dipole magnet. A radio-frequency
quadrupole cooler and buncher [38] was implemented to con-
vert the continuous A = 31 beam into short ion bunches which
are released into the JYFLTRAP double-Penning-trap mass
spectrometer [39]. Simultaneous magnetron and cyclotron
excitations were applied for the ions in the purification trap
for 40 ms to select the *'C1+ ions by using the mass-selective
buffer gas cooling method [40]. In the precision trap, a 10-ms
magnetron excitation was followed by a short, 50 ms cyclotron
excitation to minimize the decay losses of *'Cl. The ion’s
cyclotron resonance frequency v, = g B/(2mrm), where g and
m are the charge and mass of the ion, respectively, was
determined by using the time-of-flight ion cyclotron resonance
(TOF-ICR) technique [41] (see Fig. 1). The magnetic field
strength B was calibrated by using 3'P * ions as a reference
[mC'P) = 30.9737619984(7) u [6] ]. Thus, the atomic mass
of 3'Cl was determined using mC'Cl) = r(mys — me,) + me,
where r = ”‘\'}"e" is the cyclotron frequency ratio of 3'p+

and 3'C1™, my, and m, are the 3'P and electron masses,
respectively. The weighted mean of the measured frequency
ratios was r = 1.00060330(12) resulting in a mass-excess
value A = —7034.7(34) keV (see Fig. 2), which is 31 keV
higher than the value in the Atomic Mass Evaluation 2012
(AMEI12) [6]. The uncertainty is dominated by the statistical
error of the frequency fit. The systematic uncertainties, as
described in Ref. [42], have a negligible contribution to the
final result.

The IMME was studied at A = 31 by using the new
mass value for 3!Cl. The ground-state masses for the other
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FIG. 2. Mass-excess values determined in this work. The red line
shows the weighted mean of the results and the dashed blue lines 1o
error bands.

members of the multiplet have been taken from AMEI2 [6]
(see Table I). The mass values of 3'S and 3'P are based
on Penning-trap measurements at JYFLTRAP [18] and the
Florida State University trap [43], respectively. The mass of
31Siis linked via (1, ) measurements (see, e. g.,Refs. [44—47])
to 2°Si, which has been precisely measured with a Penning
trap at the Massachusetts Institute of Technology [48]. The
excitation energy for the T = 3/2 IAS in 3'S is based on
data from beta-delayed y rays of *'Cl [1,5] as well as from
3p(*He,t) [49] and 3S(p, 1) reactions [50]. The energy for the
IAS in 3!P has been determined with high precision by using
the Gammasphere detector array [S1]. A similar excitation
energy, E, = 6380.0(20) keV, has also been obtained via
3OSi( p,y) measurements [52-54]. Thus, the data for the
IMME are based on various independent measurements which
do not show any significant discrepancies.

Table IT summarizes the IMME fit results. With the new 3! Cl
mass value, the quadratic IMME fails ( X,% = 11.6) and a signif-
icant nonzero cubic coefficientd = —3.5(11) keV is obtained.
The more precise mass for 3'Cl reveals the breakdown of the
IMME: with the AME12 mass value for *'Cl the quadratic
IMME fits perfectly well (x> = 0.08). So far, only A =9
[16], A = 35[20], A = 53 [21], and recently A = 21 [17], of
the known T = 3/2 quartets have shown significant nonzero

TABLE I. Mass-excess values A and excitation energies E, for
the J™ = 3/2*,T = 3/2 isobaric analog states at A = 31. The mass-
excess value of 3'Cl is from this work, the others are from the AME12

[6].

Nucleus T, A (keV) E, (keV)
e —3/2 —7034.7(34) 0

s —1/2 —19042.52(23) 6280.60(16) [60]
3p +1/2 —24440.5411(7) 6380.8(17) [51]
318 +3/2 —22949.04(4) 0

041304-2
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TABLE II. Coefficients for the quadratic and cubic IMME fits
(in keV) for the T = 3/2 quartet at A = 31.

Quadratic Cubic
a — 15465.4(26)" — 15463.2(10)
b —5302.7(32)* —5296.9(20)
c 209.1(32)* 209.5(10)
d —3.5(11)°
X2 11.6

#The parameter uncertainty has been scaled with \/)Tf .

®During the review process, E, = 6279.0(6) keV [59] for the IAS in
31S was published. The new value, which differs 2.6 from Ref. [60],
yields x2/n = 16.2 for the quadratic IMME and a cubic coefficient
of d = —4.3(11) keV.

cubic coefficients (see Fig. 3). New precision measurements
pave the way toward a more fundamental understanding
of the reasons behind the breakdown. Isospin mixing has
successfully explained the breakdown of the IMME at A =9
[16] and A = 32 [22] but failed at A = 21 [17], albeit detailed
shell-model calculations were carried out.

The role of isospin mixing in the IMME is not straightfor-
ward. The quadratic IMME works well for the A = 33, J* =
1/2*, T =3/2 quartet (x2 = 0.06 [13]), although isospin-
forbidden beta-delayed protons observed from the IAS at
5548 keV in *3Cl (see, e.g., Refs. [55,56]) imply that there
must be isospin mixing in the TAS. Interestingly, the cubic
coefficients for the A = 31 [d = —3.5(11) keV] and A = 35
[d = —3.37(38) keV [13] ] J™ =3/2%, T = 3/2 quartets
are very similar, which motivates further theoretical studies
of these neighboring members of the A = 4n + 3 series of
the T = 3/2 quartets. Isospin mixing has been discussed for
A =35 [20,57] but no clear explanation for the breakdown
has been given so far. Isospin mixing is plausible also for

sof | ]
o] }

<301
q) 4

= 20

10775 ;}
o] ol

[
{1 ren
H

dl/s,

5 15 25 35 45 55

FIG. 3. Cubic coefficients for the known (lowest) T = 3/2
isobaric quartets. The value for A = 31 (red square) is from this
work, for A = 21 from Ref. [17], and the rest have been adopted from
Ref. [13]. The lower panel shows the significance of the deviation
from zero.
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the A =31 quartet because there are candidates for the
T =1/2,3/2" states [58,59] close to the T = 3/2 IAS.

The breakdown of the IMME at A = 31 is a crucial finding
since the proton separation energy S, = 282.8(44) keV based
on the quadratic IMME prediction from Ref. [1] has been used
in Ref. [60] to determine the adopted level energies in >' Cl from
the beta-delayed proton data of 3! Ar [26-29]. The new mass
value of 3'Cl shows it is less bound than previously expected.
The proton separation energy S, = 264.6(34) keV is 31 keV
lower and ~15 times more precise than the AME12 value
[S, = 296(50) keV [6] ]. The new mass measurement shifts all
levels based on beta-delayed proton data [26-29] 18 keV lower
in energy and reduces the inherent systematic uncertainties
from 50 keV to 3.4 keV. The revised energy for the J* =
5/2%,T = 5/21AS in *'Cl, the member of the T = 5/2 sextet
at A = 31,is 12292.2(23) keV based on Refs. [26,28] and the
Sp and S, values from this work.

The two lowest excited states in *!Cl are relevant for
the radiative resonant proton captures in the rp process. By
combining the new §, value with the beta-delayed proton
data of Refs. [26,28], excitation energies of 726(16) and
1728(4) keV are obtained for the 1/2% and 5/2" states,
respectively. The excitation energy for the first-excited state
agrees well with the USDB shell-model value of 724 keV [30].
However, the excitation energies are lower than the presently
recommended values [740(50) and 1746(5) keV [60] ] and the
recent results from R>B [782(32) and 1793(26) keV [30] ].
The weighted mean for the resonance energies was calculated
from Refs. [26,28,30] by using the S, value from this work for
Ref. [30]. The resulting resonance energies, E, = 472(14) keV
and 1464(2) keV, are very close to the beta-delayed proton
data [26,28] [E, = 461(16) keV and 1464(2) keV]. The
resonant proton capture rate to the first-excited state is
slightly lower with the new resonance energy but, because the

10°4 p=10°g/em®

102; ,=0.73 ]

> ©

—JYFLTRAP ]
- AME12

10

0.2 ' 0.4 0.6 ' 0j8 ' 1.0 1.2 ' 14
T (GK)

FIG. 4. The ratio of (y,p) to (p,y) rates for typical XRB
conditions. The uncertainties related to the JYFLTRAP Q value are
shown by the blue lines and to the AME12 value by the gray-shaded
area. The dashed lines indicate the temperatures where 1, , is equal
tOAp,y.
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resonance energies agree within the error bars, the calculated
proton-capture rates do not change significantly from Ref. [31].

The new S, value was used to compute the ratio of
photodisintegration rate on 3!'CI to the proton capture rate
on ¥§ according to Eq. (1) and using A, , = Ny (crv)r,onf—;
for typical XRB conditions with density p = 10® g/cm?
and hydrogen mass fraction of Xy = 0.73. The uncertainty
related to the Q value has been significantly reduced and
the photodisintegration rate takes over at lower temperatures
compared to the ratio calculated with the AME12 Q value (see
Fig. 4). Above 0.44(1) GK, at least 20% of the reaction and
decay flow has to wait for 7 decay of 3°S and it becomes a
waiting point. The upper-temperature limit for the 3°S waiting
point, 1.0(3) GK, comes from the rate of the unmeasured
30S(oe,p)33C1 reaction [31].

The JYFLTRAP Penning-trap mass measurement of *'Cl
has shown that the quadratic IMME fails at A = 31 and the
cubic term is nonzero. Theoretical calculations are anticipated
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to explain the deviation from the quadratic form and to
explore possible underlying reasons for similarities in the cubic
coefficients for A = 31 and A = 35. Isospin mixing between
T =1/2 and T = 3/2 states is plausible because there are
candidates for 3/2" states lying nearby the IAS. The improved
precision in the proton separation energy of >'Cl has reduced
the uncertainties related to excitation energies in >'Cl and the
photodisintegration rate of *'Cl. Photodisintegration starts to
dominate at lower temperatures than previously thought. The
improved rate will be useful for future XRB model calculations
helping to interpret the observed double-peaked structure in the
luminosity curves.
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under the Finnish Centre of Excellence Programme 2012-
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Masses of neutron-rich iron and cobalt isotopes "Fe and ®®7°Co have been determined with the
JYFLTRAP double Penning trap mass spectrometer. The measurements yield a smoother trend
on the mass surface and extend it beyond N = 40. The moderate N = 40 subshell gap has been
found to weaken below ®®Ni, region known for deformation and shape coexistence. The excitation
energy for the 1/27 intruder state in °°Co has been determined for the first time and is compared to
large-scale shell-model calculations which predict a reversed order for the 7/27 and 1/27 states. The
new mass values also reduce mass-related uncertainties for the astrophysical rapid neutron capture

process.

Nuclear mass is an intrinsic property of atomic nu-
clei. It provides a way to determine nuclear binding
energy, which holds the nucleons together and reflects
subtle changes in the inner structure of nuclei (see e.g.
[1]). Binding energies yield information, for example, on
the evolution and magnitude of shell closures at magic
neutron (N) and/or proton (Z) numbers (see e.g. [2—
5]). They are one of the main nuclear inputs for the
rapid neutron capture process (r-process) [6-8] produc-
ing around half of the elements heavier than iron. Nu-
clear masses have a strong effect on the calculated final
r-process abundances [9-11]. Whereas heavier r-process
elements have recently been confirmed to be synthesized
in binary neutron star mergers [12], several astrophys-
ical sites are likely to contribute to the production of
lighter r-process elements [13-18]. Sensitivity studies [19]
have shown that the neutron capture rates 6" Fe(n,v)58Fe
and %8Co(n, v)%°Co have a particularly strong impact on
the calculated abundances in the weak r-process. These
rates, and in particular their inverse photodissociation
rates, depend sensitively on the reaction @Q-value, i.e on
nuclear masses. In addition, long-living excited states
known as isomers can play a role in stellar environ-
ments where nuclei are thermally excited [7]. Isomers
can be studied by mass measurements and by decays
spectroscopy. They provide data on nuclear structure
with respect to nucleon degrees of freedom, such as dif-
ferences in angular momentum, its orientation and shape
coexistence [20, 21].

In this Letter, neutron-rich iron (Z = 26) and cobalt
(Z = 27) isotopes beyond the N = 40 subshell closure are
investigated. The studied nuclei lie below %Ni (Z = 28,

N = 40), which exhibits some typical doubly-magic char-
acteristics: a high excitation energy of the first 2% state
at 2033 keV [22] and a low reduced transition probability
of B(E2) = 260(50) 2 fm* [23, 24] to the first excited 2
state. The observed values, however, have not been inter-
preted as evidence for a strong N = 40 closure. Detailed
theoretical calculations [25] have shown that most of the
B(E2) strength is located above 4 MeV, leaving only a
small fraction to the first excited state which is domi-
nated by neutron excitations. Furthermore, one particle
- one hole (1p-1h) excitations from the negative-parity
vfp orbitals are no longer allowed and only a pair of
neutrons can be promoted to the positive-parity vgg /o
orbital to make a 27 state [26], increasing the excitation
energy. So far, precision mass measurements on nickel,
copper and gallium isotopes have indicated only a lo-
calized weak subshell closure at ®®Ni [27, 28] but have
not provided sufficient data on the N = 40 subshell clo-
sure below nickel. While cobalt and iron isotopes up to
59C0 [29, 30] and OFe [29, 31] have been studied at the
LEBIT Penning trap, the overall trend after NV = 40 has
remained unclear, partly due to long-living isomers. Here
we extend these studies to 5"Fe and %97°Co.

The N = 40 region is known for shape coexistence [32].
Low-lying 0% states have been observed in ®Ni [33-37]
as well as in ONi [37-39]. In %8Ni, the 0] ground state
is spherical but the Oér state at 1604 keV and 0; at 2511
keV are expected to be weakly oblate and strongly pro-
late, respectively, based on large-scale shell-model cal-
culations [35, 36, 40, 41]. The 05 state has been inter-
preted to originate from 2p-2h excitations across N = 40
whereas the 03+ state is dominated by proton excitations



across Z = 28. The presence of neutrons in the gg /o or-
bital makes these proton excitations more likely due to
attractive interaction between the f7/ and f5/o proton
orbitals, triggered by the tensor force [40, 42, 43].

Beta-delayed [44, 45] and prompt «-rays [46] observed
from %7Co suggest shape coexistence also in %”Co, which
has one proton less than ®*Ni. The (7/27) ground state in
67Co is described by shell-model calculations as a proton
hole coupled to the spherical 8Ni ground state. On the
other hand, the (1/27) isomeric state at 491.6(10) keV
with a half-life of 496(33) ms [44] has been interpreted
as a prolate [321]1/2~ proton intruder state where one
proton from the f7 /5 shell has been excited across Z = 28
[44]. The role of 4p-4h excitations across N = 40 reduc-
ing the effective proton gap for the 1/2~ state has also
been discussed in [46]. Strong quadrupole correlations
drive these intruder states lower in energy, and an island
of inversion can occur in the N = 40 region [47].

The energy of the deformed 1/27 state in %°Co has
remained unknown although two long-living states have
been observed [48]. The shorter-living (7/27) state
(Ty)2 = 180(29) ms [48]), feeds strongly (5/27) states
in %Ni, and has been observed in several studies [48-
52] whereas only Ref. [48] reports on a longer-living
750(250) ms state, based on a fit on the total decay curve
of %Fe. Further evidence for the existence of two long-
living states are the ~-transitions at 1128, 1319, 1343,
1545, and 1642 keV, which were unplaced in Ref. [50]
but found to be much more populated via beta decay
of 9Fe (1/27) than via prompt %°Co production in [48].
Therefore, the longer-living state is likely 1/27, similarly
to the proton intruder states at 491.6(10) keV in 57Co
[44] and at 1095.0 keV in %°Co [45]. The order of the
two states is not yet certain, however, the excitation en-
ergy for the intruder state has been estimated to be less
than 467 keV based on the unobserved 1/2= — 7/27
M3 transitions [48]. In this Letter, we employ Penning
trap mass spectrometry to determine the location of the
(1/27) state beyond the N = 40 subshell closure.

The evolution of the states in even-A Co isotopes is
more complicated. In "°Co, the ground state has been
predicted to be the shorter-living high-spin state with
(67,77) and Ty, = 112(7) ms, and the isomer the
longer-living state with T}, = 470(50) ms and a spin 31
based on systematics [53]. Previous decay studies of "°Co
[38, 54-56], have mainly employed fragmentation of "6Ge
or 3Kr, which seems to favor the shorter-living high-
spin state, whereas the only experiment employing the
same production method as in this work, proton-induced
fission on uranium, favoured the longer-living low-spin
state [57]. A recent beta-decay study of ’Fe [58] and
Monte Carlo shell-model calculations based on the A3DA
Hamiltonian [59], suggest that the ground state of 7°Co is
a (17,2%) state with T3 =508(7) ms. The long half-life
is explained by the stabilizing effect of the type II shell
evolution [40]. The minimum of the potential energy sur-
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FIG. 1. Time-of-flight spectrum for "°Co collected with 100
ms quadrupolar excitation for the longer, 513 ms measure-
ment cycle. The solid red line is a fit of the data (black
points) to the theoretical line shape [62].

face of "9Co has been predicted to correspond deformed
single-particle orbitals analogous to Nilsson 7[321]1/2~
and v[301]1/27 orbitals [58]. The 1/2~ isomer in 5"Fe
has also been interpreted as v[301]1/27, however, the
isomers in 5"Fe [60, 61] are too short-living for Penning-
trap mass spectrometry.

The neutron-rich iron and cobalt isotopes were pro-
duced by 35-MeV protons impinging on a 15 mg/cm?-
thick "'U target at the IGISOL facility [63]. The re-
action products were thermalized in helium gas, ex-
tracted out from the gas cell using a sextupole ion
guide SPIG [64] and accelerated to 30 keV before mass-
separation with a dipole magnet. A radiofrequency
cooler and buncher (RFQ) [65] released the ions as short
bunches into the double Penning trap mass spectrome-
ter JYFLTRAP [66]. There the ions were first purified
via buffer gas cooling technique [67] before transfer to
the precision trap for high-precision mass measurements.
The ion’s cyclotron resonance frequency v. = %% ,
where ¢ and m are the charge and mass of the ion,
respectively, was measured using the time-of-flight ion
cyclotron resonance (TOF-ICR) technique [62, 68] (see
Fig. 1). The magnetic field strength B was determined
with K1 ions as a reference. For 97°Co, quadrupolar
excitation times of 50 ms and 100 ms were employed.
The "Fe data were collected using Ramsey’s method
of time-separated oscillatory fields [69-71] with an ex-
citation pattern of 25-50-25 ms (On-Off-On). System-
atic errors due to temporal fluctuations in the magnetic
field, o5 (Ve ref)/Verer=(8.18(19) x 1072 /min) x At [72],
and the mass-dependent uncertainty o,,(r)/r=(2.2(6) x
10710 /u) x Am [73], were quadratically added to the sta-
tistical uncertainties.

The results are summarized in Table I. The mass of
67Fe is about 70 times more precise and around 100
keV lower than the previously recommended value [74]
based on less precise methods, such as the time-of-flight
isochronous (TOFT) spectrometer at Los Alamos [75, 76],
Bp-TOF method at NSCL [77-79] and isochronous mass
spectrometry at the ESR storage ring [80].

For %9Co, it was not possible to separate the two long-
living states from each other using the TOF-ICR tech-



TABLE I. The half-lives, spins and parities for the ions of interest based on [53], measured frequency ratios r = v,y /v, and
mass-excess values A in comparison with the literature values from [53, 74]. '#’ denotes a value based on extrapolations or
systematics. Singly-charged ions of #*Kr (m = 83.911497729(4) u [74]) were used as a reference for all studied cases.

Nuclide T1/2 I T AJYFL (keV) Alit (keV) Diff. (keV)
5"Fe 394(9) ms (1/27) 0.797874190(8) -45709.1(3.8) -45610(270) -99.1(270)
%900 180(29) ms (7/27)# 0.821649141(428)* -50383(44) -50280(140) -103(147)
89 Co™ 750(250) ms 1/27# 0.821651504(291)* -50207(36) -49780(240)#  -430(240)#
0CoP 508(7) ms [58] 1+, 2158 0.833615937(21) -46525(11) -46430(360)# 105(300)

& Calculated based on the isomeric fractions f; for the longer-living state and the frequency ratios determined from the files using the
226-ms cycle (f; = 49(13) %, r = 0.821650299(36)) and the 726-ms cycle (f; = 81(9) %, r = 0.821651055(92)), see text for details.
b Assigned as the ground state in [58]. Considered as an isomer 200(200)# keV above a (67,77), T1/2=112(7) ms state in [53].

nique. Since the half-lives of the two states are signifi-
cantly different (see Table I), the composition of the ion
bunches was manipulated by changing the waiting time,
twait, from the moment the ion beam accumulation in the
cooler was stopped to the extraction toward JYFLTRAP.
The two measurement sets for 5°Co had otherwise iden-
tical measurement schemes, except for t,q;; = 500 ms
in the long cycle, which lasted in total 726 ms after the
ion beam production had stopped. There was no wait-
ing time in the short, 226 ms cycle. Due to the much
longer half-life of the (1/27) state, it is likely to domi-
nate the measurements using the long cycle. Based on
the ratio of the average number of ions in the short- and
long-cycle measurements, R = Ngport/Niong = 2.6(4),
the fraction of the longer-living state in the beam (f;)
was determined at the moment the production stopped
(fi = 33(10)%), as well as 226 ms (f; = 49(13)%) and
726 ms (f; = 81(9)%) after it, assuming the short-living
state makes fs = 1 — f; of the beam. The mass-excess
values for the longer and shorter-living states (A;),
were determined from the measured mass-excess values,
which were —50296(15) keV and —50238(20) keV for the
226 ms and 726 ms cycles, respectively, obtained using
Ameas(t) = [1 - fl (t)]Ae + fl(t)Al

The determined mass excess for %°Co, —50383(44) keV,
is in good agreement with the most recent Atomic
Mass Evaluation (AME16) [74] value based on mea-
surements using the TOFI spectrometer [75, 76], Bp-
TOF method [77, 78] and isochronous mass spectrometry
[81]. The determined mass excess for the isomer ®Co™,
—50207(36) keV, is in perfect agreement with the ground-
state value, —50214(14) keV [30], reported recently from
the LEBIT Penning trap, suggesting they have actually
measured the isomer.

The excitation energy E, = 176(57) keV for the de-
formed 1/27 state in 59Co has been determined for the
first time. While the energy differences between the 1/2~
and 7/27 states for 575°Co match well with the shell-
model calculations employing Lenzi-Nowacki-Poves-Sieja
(LNPS) interaction in the pf-sdg valence space [82] (see
Fig. 2), predicting a minimum for the 1/27 states at
59Co, the experimental 1/2~ state remains above the
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FIG. 2. Experimental level schemes for ®”Co [44, 46] and ®°Co
(based on this work, in red) in comparison with the shell-
model calculations for the deformed K = 1/27 and spherical
bands. The 23 states [36, 38, 39] for Ni (in magenta) and
7/27 states [83] for Cu isotones (in green), stemming from
proton excitations across Z = 28, follow a similar trend as
the 1/2~ states in Co (in blue). The 2J energies have been
divided by two.

7/2~ level in %°Co, contrary to the predictions.

For "°Co, the new phase-imaging ion-cyclotron-
resonance technique (PI-ICR) [84, 85] was used to iden-
tify the composition of the beam. Unfortunately, there
was no sign of another long-lived state at a statistically
significant level. The production rates and determined
mass-excess values for °Co changed only moderately
when the measurement cycle was increased from 232 ms
to 513 ms, supporting that it was the 508(7) ms, (17,2%)
state [58]. Using the PI-ICR data, we could set an up-
per limit for the (6=, 77) state contribution in the beam,
which was < 17% and <5% for the short and long cycles,
respectively. For the final result, the value determined
with the long cycle was adopted.

Our mass-excess value for "°Co agrees with the extrap-
olation given in AME16 [74], and is 295(280) keV above
the only previous experimental value [77] which was re-
jected in AME16 as an anomalous point, e.g. it intro-
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FIG. 3. Two-neutron separation energies based on experi-
mental values from AME16 [74] (in blue) and including the
results from this work (in red). In the inset, the black dashed
line is plotted with the recent value for ®®Co [30] which is
likely to belong to the isomer. For "°Co, AME16 is based on
extrapolations and our value is for the (17,2%) state.

duces a kink on the S5, values. A much smoother trend
is obtained with our new value as shown in Fig. 3 giving
further support that the (17,27) is the ground state as
suggested in Ref. [58]. If we measured the isomer, then
the Sa, value for °Co would be larger, introducing a
prominent kink at N = 43. We also noticed that using
the value from [30] for %8Co introduces an anomaly from
N = 41 to 43 suggesting that the longer-living isomeric
state was measured both for ®*Co and %°Co in Ref. [30].
This is further supported by a measurement done at the
ESR storage ring for an unknown mixture of ®*Co [86]
which falls 195(96) keV below the value reported for the
ground state in Ref. [30].

The present data confirm that the N = 40 subshell clo-
sure gets weaker below nickel. Two-neutron separation
energies in the studied iron and cobalt isotopic chains do
not drop significantly after N = 40, and the empirical
two-neutron shell-gap energy for N = 40 at %7Co is al-
most 0.7 MeV lower than at 58Ni (see Figs. 3-4). This
supports the earlier spectroscopic studies [87-90] indicat-
ing increased collectivity below nickel.

Mass surface close to N = 40 is also relevant for as-
trophysics. %7Fe(n,~)%Fe has been highlighted as one
of the most influential neutron-capture rates Na{ov) for
the weak r-process with an impact factor F' = 15.8 on the
abundances when the rate is varied by a factor of 100 [19].
More importantly, its inverse photodissociation rate A, .,
also affecting the abundances, depends exponentially on
the reaction Q-value: A, , o« Na(ov)exp[—Q/(kT)] for
temperature T. Figure 5 shows a comparison of pho-
todissociation rates and mass-related uncertainties for
68Fe(v,n)%" Fe from this work and from REACLIB v1.0
[91] used for the sensitivity study in Ref. [19]. The pho-
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FIG. 4. Two-neutron shell gap parameter D2,(Z,N) =
Son(Z, N)—Son(Z, N +2) based on AME16 [74] (in blue) and
this work (red/magenta). The inset shows Da,, for N = 40.
Including ®®Co from LEBIT [30] (in black) results in a kink
at N = 40, pointing toward an isomeric state measurement.

todissociation rate calculated with ®"Fe from this work
and %8Fe from AME16 [74], Q = 5.85(37) MeV, is signif-
icantly higher than obtained with REACLIB v1.0, which
relies on NON-SMOKER [92, 93] neutron-capture rates
with @ = 6.86(82) MeV, based on experimental AME95
[94] and theoretical FRDM1995 [95] values for "Fe and
68Fe, respectively. At 1.5 GK, the new rate is around
2500 times higher and mass-related uncertainties have
been reduced by a factor of ~30.

In conclusion, we reported on the first precision mass
measurements of 57Fe and "Co. The position of the de-
formed 1/2~ state in %°Co was determined for the first
time. The trend of the K = 1/2~ band-heads in neutron-
rich 65:67:69Co isotopes follows a parabolic pattern, a typ-
ical shape coexistence characteristics observed across the
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FIG. 5. Rates and mass-related uncertainties for

58Fe (7, n)%"Fe based on this work (JYFL) and REACLIB [91].



chart of nuclides. The results are in agreement with the
large-scale shell-model calculations but the order of the
(7/2)~ and (1/27) states is reversed at %9Co. No strong
subshell closure is observed below nickel and the mass
surface is rather smooth. In future, precision mass mea-
surements of 8Co, %8Fe, and "*Co would be highly de-
sirable to further extent our knowledge of the evolution
of isomeric states in this fascinating region exhibiting
shape coexistence, and to provide accurate Q-values for
the weak r-process.
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