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The beta-decay rates of neutron-rich nuclei far from the stability are
still very limited due to the lack of experimental data. In this paper, we
calculated the half-lives of the exotic nuclei close to the neutron drip line
by using a recent semi-empirical formula (Fyz,). The S-decay Q-values
calculated using the finite-range droplet macroscopic (FRDM) model and
taken from the AME2020 database (with and without uncertainty) were
used in the calculations to investigate the impact of the mass uncertainty
on the half-life predictions. We found that a deviation of 7% in the Q-value
can lead to an uncertainty of 40% in the half-life and a large change, up
to two orders of magnitude, in the r-process abundance. The approach
combining the AME2020 @-value and Fy;, model has emerged as a good
tool for the half-life prediction. The estimated half-lives are necessary for
the precise mass measurements and r-process simulations.
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1. Introduction

The rapid neutron capture (r-process) is believed to be the main nuclear
process for the origin of heavy elements beyond iron [1, 2]. This astrophysical
topic has been studied for many decades since the famous paper B2FH was
reported in 1957 [1| but the r-process has not been well understood so far
[3-12]. In general, a combination of the beta-decay, neutron capture and its
photodisintegration, beta-delay neutron emission and fission is thought to
occur in this process [13-16]. The beta-decay shifts the reaction flows back
to stability without changing the mass number A. The photodisintegration
impedes the evolution via the neutron capture, which slow down the neutron
enrichment for the neutron-rich isotopes. The neutron capture synthesizes
the A+ 1,A + 2,... isotopes to extend the nuclear chart to the neutron
drip line. As a result, under conditions of p, > 10?" neutron-cm~3 and
T > 3 GK [1, 17], the neutron capture dominates the S-decays to produce
more neutron-rich nuclei until the (n,v)—(y,n) equilibrium is established.
In such a scenario, there is a main competition between the S~-decay and
neutron capture in the r-process [18-20|. Hence, the beta-decay half-life (or
decay rate) is one of the most important factors for better understanding of
nucleosynthesis via the r-process [14, 21-23|. For instance, it was found that
a 45% increase in the °Sn half-life can lead to approximately 50% increase
of the r-process abundance of the A = 120-135 isotopes [15]. If the half-life
of 28Ru is decreased by a factor of 10, the r-process abundance is increased
by 100% for the isotopes around A = 128 but decreased by 30-50% for the
nuclei with A > 130 [15]. Obviously, the uncertainty in the beta-decay rate
significantly impacts the r-process abundance distribution. Unexpectedly,
most half-lives are unknown or very uncertain for the r-process neutron-rich
nuclei [24-27].

Recently, many theoretical [16, 28-30] and experimental attempts [25,
26, 31-33| have been conducted for more accurate half-lives of the extremely
exotic nuclei. For instance, Panov et al. [16] employed the beta-strength
functions based on the Finite Fermi-Systems Theory [34] to predict the half-
life of the nuclei close to the neutron drip line. With this model, there is
better accuracy of the prediction for the more neutron excess but a large un-
certainty up to a factor of 10 still exists for the nuclei heavier than lead [16].
In another work by Moller et al. [48], the macroscopic—microscopic ap-
proach using the finite-range droplet model (FRDM) |28, 29| and quasi-
particle random-phase approximation (QRPA) [35-38| was employed to es-
timate the nuclear masses and half-lives of more than 9300 isotopes from
160 to 339136. The comparison of the FRDM+QRPA results to available
experimental data indicated that the half-lives have a large deviation, up
to 2-3 orders of magnitude. Still, in a theoretical study, Borzov et al. [39]
employed the Gamow—Teller + first-forbidden transitions and developed the
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QRPA approximation to reduce the half-life uncertainty up to one order
of magnitude for the neutron-rich isotopes far from stability. The results
obtained by Borzov et al. were mostly by 30-60% shorter than those es-
timated by Suzuki et al. in Ref. [30] for the Z = 66-70 isotopes. With
the help of the Radioactive Isotopes Beam Facility at RIKEN, the half-lives
of many neutron-rich isotopes from 34Sn to " La were measured with an
uncertainty of up to 50% [26]. However, both calculations and experiments
still have a large uncertainty, which is from a few factors to 3 orders of
magnitude.

The semi-empirical approach is also an alternative to estimate the half-
lives of the nuclei far from stability with an accuracy level similar to that
in measurements, which is about one order of magnitude [21, 40-42]. For
example, a simple semi-empirical formula as a power function of the binding-
energy difference AFy, between the mother and daughter nuclei 7},, =

a(AE)? was proposed by Surman et al. [21], but it gives a large uncer-
tainty in the half-life prediction due to the lack of microscopic corrections.
In another study of Zhang et al. [41], a linear relation of the half-life in the
logarithmic scale and nucleon (Z, N) numbers was proposed by using the
Sargent law [43] and Fermi theory [44, 45]. By analyzing the dependence
of the half-life on the decay energy and shell effect, the aforementioned re-
lation was developed by adding a correction factor, which was described in
terms of the @-value and closed-(sub)shell numbers [41]. A more careful con-
sideration for the impact of the Q)-value, shell and pairing effects, nucleon
numbers, and neutron excess on the half-life calculation was conducted in
another work by Zhou et al. [42].

In our previous study [46], all the mentioned available semi-empirical for-
mulae were evaluated to determine the uncertainty in the g-decay half-life
prediction caused by the calculation methods. The influence of the beta-
decay rates of the nuclei in the shell-closed region N = 50,82, and 126 on
the r-process abundance was in focus. In general, the empirical approaches
depend on various impact factors, such as -value, shell and pairing effects,
nucleon numbers, and neutron excess. Among these factors, nuclear mass or
Q-value is the most important parameter for the half-life prediction. Unfor-
tunately, nuclear masses of the extremely neutron-rich nuclei are unknown or
very uncertain. The sensitivity of the half-life calculations to the uncertainty
in the nuclear mass and/or in the other factors has not been well studied
so far. Unfortunately, previous studies mostly focused on the investigations
of the half-life theory instead of the sensitivity of the half-life to the impact
factors. Hence, the effects of the uncertainty in the impact factors on the
half-life prediction are still highly demanded.
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In the present study, we focused on the influence of the mass uncertainty
of the nuclei close to the dripline on the S-decay rates and, subsequently,
on the isotopic r-process abundance. We re-estimated the half-lives of the
exotic nuclei from Fe to La using the semi-empirical model proposed by
Zhou et al. |42], which was considered a good method for the half-life esti-
mations in previous studies [42, 46]. The nuclear mass (Q-value) including
uncertainty in the newly evaluated experimental data AME2020 [47] and
from the calculation based on the FRDM model [48] are used for the inves-
tigation. In other words, this work is studied to investigate the change in
the S~ -decay rate (and, subsequently, in the r-process calculation) due to
the mass uncertainty.

The paper is constructed as follows. The theoretical method for the 5-de-
cay half-life and r-process simulation is described in Section 2. The half-lives
of the extremely neutron-rich isotopes and r-process abundance calculated
with different half-life and @-value data sets are discussed in Section 3. The
important results of the present study are summarized in Section 4.

2. Theoretical framework

2.1. B~ -decay half-life calculation

Recently, many semi-empirical formulae [40-42] have been developed,
since modern accelerator facilities enable scientists to access the nuclear
properties of the exotic isotopes far from the stability through direct mea-
surements. Using experimental data, semi-empirical models together with
their fitting parameters have been improved. Among the models, a Q-value-
dependent function of the S~ -decay half-life proposed by Zhou et al. [42]
emerges as a good candidate for predicting the half-life because both of
newest experimental data and microscopic shell and pairing effects are taken
into account in the formalism. Additionally, this model allows us to directly
investigate the change in the half-life due to the experimental Q-value (or
nuclear mass) uncertainty of isotopes. Therefore, the 5-decay half-lives of ex-
tremely neutron-rich isotopes are determined using the Zhou semi-empirical
formula (Fzy,), which is given by [42]

N -7
Fzn :InTyjy = ap+ <a2Z2—5—a7 1 >ln(Q—a85)

1
+a9a222+§a2Z2 In(A) —aZr+ S(Z,N), (1)

where Z, N, and A are atomic, neutron, and mass numbers of 3 emitters,
respectively; a = 1/137 denotes the fine structure constant; and § = (—1)%+
(—1)" is the even—odd staggering reflecting the pairing effects on the 3-decay
half-lives against (J-values, which can be determined based on the masses of
the neutral mother (My,) and daughter (My) atoms as @ = My, — Mjy.
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The shell correction effect S(Z, N) is calculated as

(Z —20)* 4+ (N —28)?
12

(Z —38)2 + (N — 50)?]
43 ]

(Z —50)% + (N — 82)?]
13 ]

(Z — 58)? + (N — 82)?]
24 ]

(Z —70)% + (N — 110)?

+asexp |— 14 . (2)

S(Z,N) = ajexp |—

“+agexp |—

+asexp | —

+aqexp |—

The parameters of a; = 3.016, ao = 3.879, a3 = 1.322, a4 = 6.030, a5 =
1.669, ag = 11.09, a7 = 1.07, ag = —0.935, and ag = —5.398 in the equation
above were deduced by fitting all available experimental data to isotopes far
from the f-decay stability [42].

In this study, the nuclear masses and @Q-values, together with their un-
certainties, are taken from the last updated mass database AME2020 [47].
If the data are not available in AME2020, the masses of isotopes are calcu-
lated using the model proposed by Myer et al. [49] with the uncertainties
being assumed by 5%, which is mostly similar to the average uncertainties
of experimental data.

2.2. r-process simulation

Although astrophysical sites for the r-process have not been well identi-
fied yet [50, 51], it is commonly believed that they are the stellar environ-
ments having extreme neutron density and temperature so that the nucle-
osynthesis can proceed through neutron-rich nuclei far away from the beta
stability [2, 18, 52]. Several candidates, such as quark novae [53-56|, neutron
star mergers [57-62], and neutrino-driven winds [63-66] have been studied
so far. Among them, the high-entropy neutron-driven winds, namely high-
entropy wind (HEW), are thought to be a good astrophysical site for the
main r-process [18, 52, 67-71]. In such a scenario, temperature, seed nuclei
fraction, electron, matter, and neutron, etc. are changed due to an adia-
batic expansion of the HEW bubble, leading to a change in the abundance
of isotopes.
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The entropy S, which is changed with the temperature Ty (in GigaKelvin,
10° K) during the r-process evolution, is given by

45p 3p + 2my + my nph3

U213 Ty 5 1 2rmnkTy)>/

S = R In [ goZTNKT)TTN g
where p is the chemical potential of the fully degenerate relativistic electrons;
mpy = 939.1 MeV /c? is the neutron mass; and gg = 2 is the statistical weight
of the neutron. The temperature depending on the expanding velocity vexp
(in km/s) of the HEW bubble is given by [91]

Ry

0
Tg(t)Zng ) x Ro t oot
exp

(4)

where T, éo) and Ry (in km) are the temperature and bubble radius at the
starting time ¢ = 0 (in second), respectively. The matter density ps(¢) (in
the unit of 10° g/cm?) varied by the temperature can be estimated as [91]

T3 7T T2
H=121"2 |1 4+-—"2 | . 5
ps(t) S [ +4T92+5.3] 5)

As mentioned in the previous section, a combination of the (n,v) and
(v, n) reactions, 8 decays, and (-delayed neutron emission mainly occurs in
the r-process [14, 72|. Accordingly, the rates of these processes are taken
into the full network calculations for the abundance Y (Z, A) of the (Z, A)
isotope, which is given by [14]

Y(Z, A
d(dt’) =Y (Z,A-1)\ZAD + Y (Z, A+ 1)AEGATY
Y (Z,A) [NZAD 1 AGA L AP L A p A2 L\
Z—1,A Z—1,A+1
Y (Z -1, A0 1y (Z2 -1, A+ AL AT

Y (Z -1, A+ 200 P 1y (2 -1, A+ 30 Y (6)

where Ay, Ayn, Agn, and Aggy, are the rates of the neutron capture (n,7),
photodisintegration (,n), 8 decay, and 8 decay followed by the emission of
z(= 1,2, 3) neutron(s), respectively.

For the r-process computations, the (n,~) and (v, n) reaction rates were
calculated using the statistical Hauser—Feshbach model [73| with the help
of the TALYS code [74]. The B-decay rates of the isotopes were out of
the interest of the present study and [-delayed neutron-emission rates were
taken from the calculation by Moller et al. in Ref. [28]. The beginning of the
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r-process system is assumed to be in the (n,v) & (v,n) equilibrium with
the initial conditions of temperature Ty = 3 and neutron density n, = 1027
ecm~3. The initial conditions (i.e., neutron density, neutron-to-seed ratio,
temperature, mass density, etc.), which were calculated by Farouqi et al.
[75], were used in the calculation. The S~ -decay Q-values (with and without
uncertainty) obtained from the newly evaluated experimental data in the
AME2020 database |47] and those calculated using the FRDM model by
Moller et al. [48] were used to investigate the uncertainty in the half-life
prediction due to the mass uncertainty.

3. Results and discussion

We estimated the [-decay half-lives of 86 nuclei beyond the vicinity
of N = 50 shell closure important for nuclear structure and astrophysics.
Among these isotopes, 47 nuclides have no measured half-lives and the others
have large uncertainties in experimental data [26, 27, 33]. Our calculations
were separated into two data sets, which are based on the measured Q-values,

AME2020 database [47| (T: 1/}1;/1]3)’ and on those estimated using the FRDM
method (TFRPM) in Ref. [48]. These calculations were compared to the

1/2
predictions, in which the half-lives (TlF/l;‘DMWRPA

the FRDM @Q-values and the quasipartical random phase approximation
(QRPA), performed by Moller et al. in Ref. [48]. The results are presented
in Tables 1 and 2. It was found that the estimated half-lives based on
the semi-empirical formula of all the investigated exotic isotopes are much
shorter than 1 second, and are in the same order of millisecond similar to
those predicted in Ref. [48] and measurements of [26, 27, 33]. The shortest
and longest lifetimes can be observed to be about 9.5 and 457.5 ms for ®Co
and P°Ge, respectively. On the other hand, the lifetimes of isotopes for each
element are reduced by increasing the number of neutrons. Obviously, this
phenomenon reflects the less stability of excessive-neutron isotopes [76, 77|
since their binding energies per nucleon are decreasing by increasing the
neutron number [47].

In Fig. 1, we show the deviations in the half-lives based on the semi-
empirical model due to the S~ -decay (Q-value uncertainties obtained from
the mass AME2020 database. It is clear that the half-lives are increased with
decreasing @-values. For instance, if the Q-value is reduced (or added) by
about 6%, the half-life of the }2’Rh nucleus will be enhanced (or reduced)
by 35% (or 25%). Obviously, despite the same @-value uncertainty, the

) were calculated using

rates of the half-life change (TS2 /TSZ) are different for the increasing or

decreasing (Q-value. This can be easily understood by the natural logarithmic
relation described in Eq. (1). On the other hand, although the maximum
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Table 1. Estimated S-decay half-lives (in milliseconds) of extremely neutron-rich
nuclei from "Fe to '2Ru, which were calculated using the semi-empirical model
described in Egs. (1)-(2) with the measured AME and FRDM S-decay energies,
@3, taken from the AME2020 database [47] and Ref. [48], respectively. The half-
lives calculated using the FRDM+QRPA method [48] and available experimental
data [26, 27, 33] are provided in the two last columns for comparison. Notice that
TlA/g[_E and T{}g/{f (or TlF/g“DM) denote the half-lives based on the Q-values of Q —AQ
and @ + AQ (or QrrpM), respectively.

22X N A [Q+AQlamE QFRDM TlA/I\Q/IE TlA/l\sz TlA/l\;f TlF/f;DM Ref. Exp.
[48] (26, 27]

26Fe 49 75  15.86+0.72 15.61 20.3 15.9 12.6 17.3 29.7

26Fe 50 76 15.07+0.78 14.48 14.1 10.9 8.6 13.2 21.3

27Co 51 78 19.5640.81 20.15 12.2 9.5 7.5 8.0 5.9

2eNi 52 80 13.44+0.67 13.14 29.0 22.9 18.3 25.5 56.2 30422

2gNi 53 81 15.824+0.76 16.30 23.5 18.1 14.1 15.5 38.9

2aNi 54 82 15.01+0.89 14.84 15.9 12.0 9.1 12.6 29.4

20Cu 53 82 16.58+0.40 17.03 37.2 32.2 27.9 27.5 65.1

20Cu 54 83 15.9040.58 16.11 23.6 19.4 16.0 18.1 25.5

30Zn 55 85 14.6440.50 14.43 38.9 32.4 27.1 34.9 22.1

30Ge 54 86  9.56+0.44 8.74 208.3  243.0  199.5  358.4 161.5 221.6+11

30Ge 57 89 13.4940.50 13.31 62.6 51.4 42.4 55.1 15.2

30Ge 58 90 12.52+0.64 11.87 38.8 30.5 24.3 38.9 20.3

33As 55 88 13.43+0.20 12.81 261.9  239.1  218.7  318.7 78.8 2704150

33As 56 89 12.46+0.30 11.76 136.6  120.3  106.3  162.7 58.9

33As 57 90 14.81+0.52 14.72 93.7 75.6 61.5 78.4 20.5

33As 58 91 14.08+0.59 13.22 48.5 38.8 31.3 53.9 28.5

33As 59 92 16.34+0.64 16.11 35.5 28.0 22.3 30.4 13.3

34Se 56 90  8.20+0.33 7.62 544.3  457.7  387.1  623.1 126.5 210480

34Se 57 91 10.53+0.43 10.53 326.5  262.8  213.3  262.8 36.5 270450

34Se 58 92 9.51+0.40 9.14 160.9  133.5  111.5  158.6 52.7

34Se 59 93 12.03+0.59 11.74 104.5 80.3 62.6 91.3 57.4

34Se 60 94 10.85+0.54 10.56 63.8 50.8 40.9 57.4 45.8

34Se 61 95 13.39+0.58 13.29 43.4 34.4 27.5 35.8 23.8

35Br 61 96 14.8740.30 14.75 47.1 41.7 37.0 43.8 34.3

35Br 62 97  13.42+0.42 13.51 37.8 32.0 27.2 30.9 38.5

35Br 63 98 16.07+0.50 16.39 26.8 22.2 18.5 19.8 26.0

36Kr 65 101  13.99+0.50 13.64 27.0 22.3 18.6 25.5 12.9

36Kr 66 102 12.67+0.63 12.15 22.4 17.7 14.2 21.4 19.3

37Rb 66 103 14.12+0.45 13.53 24.7 20.8 17.7 26.0 15.9

37Rb 67 104 16.314+0.58 15.98 22.4 18.1 14.7 20.4 12.1

37Rb 68 105 15.0340.75 14.61 18.7 14.3 11.1 16.6 10.8

37Rb 69 106 17.67+0.88 17.12 14.6 10.8 8.1 13.0 8.7

38Sr 65 103 11.18+0.20 10.91 80.1 72.9 66.5 82.8 31.8 53410

38Sr 68 106 11.4940.78 10.65 36.6 26.7 19.9 37.5 34.9 2148

38Sr 69 107 13.72+0.86 13.15 32.0 22.8 16.6 28.5 26.9

38Sr 70 108 12.5640.63 12.18 21.7 17.2 13.7 19.8 20.1

30Y 71 110 15.57+0.78 15.98 30.3 22.3 16.7 19.1 11.7

30Y 72 111 14.54+0.73 14.69 20.9 16.0 12.4 15.2 12.0

40Zr 72 112 11.6540.76 10.92 31.9 23.6 17.7 31.5 42.7 43421

40Zr 73 113  13.87+0.50 13.42 24.6 20.3 16.8 24.1 26.3

40Zr T4 114  11.4040.57 11.73 31.6 25.1 20.1 22.1 15.2

41Nb 75 116  15.98+0.58 15.47 22.4 18.0 14.6 21.8 12.9

41Nb 76 117 14.69+0.73 14.30 18.7 14.3 11.1 16.5 10.4

42Mo 77 119  13.5940.58 12.90 26.7 21.3 17.1 27.9 21.6

43Tc 79 122 15.48+0.58 15.36 26.1 20.8 16.7 21.8 13.5

44Ru 81 125 13.4640.58 12.16 28.7 22.8 18.3 38.7 33.0



Beta-decay Half-life Uncertainty of the Extremely Neutron-rich . . . 8-A3.9

Table 2. Estimated (-decay half-lives (in milliseconds) of extremely neutron-rich
nuclei from '2“Rh to °"La, which were calculated using the semi-empirical model
described in Egs. (1)—(2) with the measured AME and FRDM S-decay energies,
Q3, taken from the AME2020 database [47] and Ref. [48], respectively. The half-
lives calculated using the FRDM+QRPA method [48] and available experimental
data [26, 27, 33| are provided in the two last columns for comparison. Notice that
TlA/g/IP and Tf/g/[f (or TlF/%DM) denote the half-lives based on the Q-values of Q —AQ
and @ + AQ (or QrrpM), respectively.

zX N A [QE+AQ]aME QFRDM TlA/I\Z/IE TlA/l\Q/IE TlA/I\;f T1F/P§DM Ref. Exp.
[48]  [26, 27]
45Rh 82 127 13.494+0.78 12.77 34.2 25.1 18.7 33.4 22.1 28+14
45Rh 83 128 17.054+0.58 17.43 16.1 13.2 10.8 11.6 8.4
46 Pd 84 130 13.174+0.52 12.50 18.4 15.3 12.8 19.4 68.5
46Pd 85 131 15.0140.58 14.97 17.1 13.9 11.4 14.1 54.7
a7Ag 85 132 16.074+0.50 16.85 26.2 21.7 18.1 16.5 27.7 30+14
48Cd 86 134 12.5140.36 11.65 22.4 19.6 17.3 27.0 150.0 65115
49In 88 137 14.3240.50 14.11 19.3 16.1 13.4 17.3 40.1 70440
5051 88 138 9.14+0.50 10.07 84.0 66.1 52.6 43.5 226.3 14849
505n 89 139 10.744+0.57 12.57 90.5 68.3 52.3 30.3 162.1 120438
5051 90 140 9.90+0.67 11.12 54.8 40.5 30.4 24.3 68.2
515b 90 141 11.134+0.64 11.17 75.5 55.6 41.7 54.6 63.0 103429
515b 91 142 12.9440.58 13.62 73.0 55.3 42.5 40.7 42.8 80+50
52 Te 88 140 7.33£0.02 6.86 202.7 200.6 198.5 262.4 338.8 360+21
s2Te 89 141 9.26+0.40 9.24 206.4 164.5 132.4 166.3 61.0 193416
52 Te 90 142 8.25+0.50 7.83 122.9 94.7 73.9 117.8 120.8 14748
s2Te 91 143 10.26+0.54 10.30 110.9 83.9 64.5 82.3 39.1 12048
52 Te 92 144 9.11£0.50 8.98 73.6 57.9 46.0 61.5 54.8 93+60
52Te 93 145 11.1240.58 11.34 71.0 53.8 41.4 48.7 24.4
531 89 142 10.434+0.01 10.65 272.2 271.2 270.2 237.7 73.7 235+11
531 90 143 9.41+0.20 9.37 162.5 145.5 130.7 148.8 128.4 18248
531 91 144 11.5440.40 11.64 146.1 117.6 95.5 111.5 49.3 9448
531 92 145 10.3640.50 10.39 102.9 79.8 62.6 78.6 76.2 89.74+9.3
531 93 146 12.4240.30 12.73 83.4 71.9 62.2 61.9 36.6 941426
531 94 147 11.2040.36 11.36 62.6 52.9 45.0 49.2 48.1
54Xe 93 147 9.52+0.20 9.15 138.5 124.2 111.7 152.2 79.4 88+14
54Xe 94 148 8.26+0.30 8.07 105.6 90.5 77.9 99.7 105.2 85+15
54Xe 95 149 10.3040.50 10.09 108.5 84.0 65.8 93.4 46.8
54 Xe 96 150 9.18+0.50 9.06 75.4 59.4 47.3 62.9 53.5
55Cs 95 150 11.7240.40 11.52 133.6 108.0 88.1 120.0 140.0 90+15
55Cs 96 151 10.6640.64 10.49 100.9 73.4 54.5 79.8 42.6 48428
56Ba 96 152 7.68+0.50 7.36 174.6 132.6 102.1 157.8 169.2 148421
s56Ba 97 153 9.59+0.50 9.32 175.4 133.3 102.8 154.3 66.9 109459
56Ba 98 154 8.61£0.58 8.28 116.6 87.1 66.1 102.6 85.0 53148
s7La 94 151 7.91£0.44 7.67 454.7 339.8 258.0 397.5 731.0 5104330
s7La 95 152 9.69+0.36 9.79 467.0 367.4 292.1 344.3 493.6 270+100
s7La 96 153 8.85+0.36 8.72 248.4 201.0 164.0 216.8 312.1 210+120
s7La 97 154 10.694+0.36 10.71 261.2 211.1 172.1 208.7 92.1 221489
s7La 98 155 9.85+0.50 9.73 162.1 124.2 96.4 132.2 130.4 94+59
s7La 99 156 11.774+0.50 11.72 163.3 125.3 97.4 128.6 91.9 84+78

s7La 100 157 10.86+£0.50 10.59 102.8 80.7 64.1 91.9 43.9
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value of the current Q-value uncertainties in measurements is only 7%, it can
lead to large deviations, up to 40% in the estimated half-lives. It is observed
that to achieve a better prediction (i.e., less than 10%) for the half-life,
the Q-value uncertainty is desired to be smaller than 2%. For example,
with a deviation of 1.5% (about 200 keV) in the @-value, the predicted
half-life of §3As is varied by only 9%. Therefore, the accuracy of Q-values
is important for the predictions of the [-decay half-lives of neutron-rich
isotopes, especially for the semi-empirical model used in this work.
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Fig.1. Dependence of the half-lives on the S~ -decay @Q-values of isotopes. The
upper panel shows the half-life deviations due to the @Q-value uncertainties (lower
panel). Notice that T32 denotes the half-lives TlA/g/IP or TAME refers to Tables 1

1/2+
and 2 calculated with Q* = Q — AQ or Q* = Q + AQ, respectively.

To evaluate the importance of the mass model, we calculated the half-
lives of the investigated isotopes using the same semi-empirical model but
with different @-value data sets, which are available from the AME2020
database (experimental data) and from calculations using the FRDM method
in [48]. The differences among the S~ -decay Q-values calculated using
FRDM and measured data are shown in the lower panel of Fig. 2. It was
found that the FRDM (Q-values overestimate experimental data by up to
18% only for 1337140Sn but overall the FRDM calculation differs from the
measurements by up to 10%. This deviation is much larger than that (7%)
observed in measurements, as published in the AME2020 database. Besides,
most of the FRDM @Q-values underestimate those measured in laboratories.
This discrepancy leads to a large deviation in the half-lives predicted using
the semi-empirical approach, as can be seen in the upper panel of Fig. 2.
For instance, with a @-value difference of about 10%, the estimated half-life
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of 122Ru is changed by 70%. Hence, the FRDM mass model needs to be im-
proved for better predictions of nuclear masses and, subsequently, S-decay
half-lives of isotopes far from the stability.
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Fig.2. Lower panel: The difference between the FRDM and measured @-values
and upper panel: A comparison between the estimated half-lives calculated using
the FRDM and AME2020 @Q-values (TlF/%DM and TlA/g/IE, respectively).

By using the semi-empirical formula together with the FRDM @Q-values
(namely FRDM+Fyy,), we calculated the half-lives (TIF/%DM) of the investi-
gated isotopes and compared them to those predicted by using the FRDM-+
QRPA method [35-38] in Ref. [48] to consider the impact of theoretical mod-
els on the half-life predictions. As can be seen in panel (A) of Fig. 3, the
FRDM-+QRPA half-lives mostly differ by up to a factor of about 6 from
those based on the FRDM+Fy, method. In general, the FRDM+QRPA
approach overestimates the FRDM+ F7;, method for Z = 26-29 and 46-50
isotopes, and wvice versa for Z = 30-45 and 51-57. This difference can be
understood by unavoidable uncertainties of microscopic parameters in the
QRPA calculations and the inability of the Fy;, expression to capture all
the variability in the half-lives of the isotopes under study. It should be
noted that the Gamow—Teller strength taken into the FRDM+QRPA half-
life calculation in Ref. [48] is very sensitive to the deformation parameter, S,
[78-80] which is unknown or very uncertain for the investigated isotopes. In
the study by Moller et al. [48] of the FRDM+QRPA half-lives, the deforma-
tion parameters were calculated using the FRDM method [29]. Additionally,
the shell correction terms, S(Z, N), calculated using the FRDM and semi-
empirical Fyy, (see Eq. (2)) approaches are also very different from each other.
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The large discrepancy between the FRDM+QRPA and FRDM+ Fyy, results
indicate that the -decay half-lives are still very uncertain due to different
calculation methods. In other words, together with precise nuclear mass, a
reliable model for predicting 8~ -decay half-lives of extremely neutron-rich
nuclei are still highly demanded.
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Fig.3. Panel A: The ratios of the QRPA half-lives (TlQ/I;PA) in Ref. [48] to those
based on the FRDM @-values and semi-empirical formula (7’ 11;22*‘) in the present
study. Panel B: A comparison of the half-lives calculated using semi-empirical
approach with AME2020 Q-values (T, 1A/I;/[E+FZ*‘) and those (T F/P;DM+QRPA) taken
from the previous study [48]. The dotted lines are to guide the eyes.

As can be seen in panel (B) of Fig. 3, the half-lives calculated in the

present study (TlA ngJFFZh) are up to one order of magnitude different from
those (TlF/};DM+QRPA) obtained from Ref. [48]. Since the predicted half-lives

strongly depend on the Q-values and microscopic parameters in calculations
as discussed above, it can be understood that this large uncertainty is rising
from the differences in both nuclear mass models and calculation methods.
Together with the results in panel (A), we can conclude that the uncer-
tainty in the predictions of the ([-decay half-lives is still large, about one
order of magnitude, due to the uncertainty in nuclear mass and difference
in theoretical models.

Figure 4 shows a comparison of the calculated half-lives based on the
semi-empirical and QRPA approaches in two cases of the experimental and
FRDM @-values to those measured in laboratories. Table 3 presents the aver-
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Fig.4. Half-lives (in logarithmic scale) of 39 nuclei calculated using the semi-
empirical formula in Eq. (1) with @-values obtained from the AME2020 database
(red filled squares) and FRDM (purple opened diamonds) calculation [48] are com-
pared to those estimated by using the FRDM+QRPA method in Ref. [48] (blue
opened triangles ) and available experimental data (black solid dots). The red
thin (or black thick) lines indicate the half-life uncertainties due to the measured
Q-value deviations (or the errors in available experimental half-lives of the investi-
gated nuclei).

Table 3. Deviations between B~ -decay half-lives calculated using semi-empirical
formula with the AME2020 (AME+F%,) and FRDM (FRDM+Fzy,) @-values and
available experimental data of the investigated nuclei [26, 27, 33].

AME+Fz, FRDM+Fz, FRDM+QRPA
é 0.058 0.034 0.097
rms 0.205 0.239 0.284

age () and standard (rms) deviations, which are deduced using Eqgs. (7)—(8),
between the calculated and measured half-lives. It is clear that, by consid-
ering the measured @-value uncertainties, the deviations in the estimated
half-lives are much larger than the measured half-life uncertainties. However
in general, the experimental data fall in the AME+ Fyy, results if the Q-value
uncertainty is taken into the calculation. This again reflects the important
role of the precise Q-values in the lifetime estimation for exotic isotopes.
On the other hand, with the smallest standard deviation (rms = 0.205), the
AME+ Fyy, approach is the most reliable model for estimating the ~-decay
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half-lives of extremely neutron-rich isotopes beyond "Fe. The results also
indicate that the FRDM+Fy;, approach (§ = 0.034, rms = 0.239) is better
than the FRDM+QRPA method (§ = 0.097, rms = 0.284) in predictions of
the half-lives

39
-1 Ty )9
0 = — lOg exp | » (7)
39 Pt T1/2
39 ‘1 T4 s — logT®|"
0g171/9; — 108
ms = |y — (8)

=1

As mentioned in Section 2, together with the neutron capture process,
the ™ -decay influences the reaction flows and abundance of isotopes in the
r-process [14, 81, 82]. Hence, we examined the deviations in isotopic abun-
dances due to the uncertainty, which is caused by the mass (or S~ -decay
(@-value) uncertainty, in the estimated S~ -decay half-lives of the investigated
nuclei. Since the high entropy wind (HEW) surrounding a proto-neutron
star in collapses of supernovae is believed to be the r-process scenario for
the synthesis of nuclei beyond Fe [18, 52, 67-71|, we calculated the r-process
abundance under the typical HEW conditions [75] at S = 400 (kg /baryon).
The initial conditions of temperature, electron fraction, and expansion ve-
locity of HEW bubbles were assumed to be T = 3 x 10° K, Y, = 0.3, and
v = 7500 km /s, respectively, for the calculations. Notice that these condi-
tions were well determined by Farougi et al. in Ref. [75].

Figure 5 shows the abundances of isotopes with A = 80-260, which were
calculated by using the S-decay rates (Ag = In2/T s71) based on different
Q-values (AME2020 [47] and FRDM calculations [48]) of the investigated
nuclei. The results show that the second (A ~ 130), rare-earth-element
pygmy (A = 140-180), and third A =~ 195 peaks can be produced in the
HEW conditions at S = 400. Regardless of the magnitude, these peaks are
in good agreement with those obtained in the solar system [83] and r-process
pattern [70]. This is the evidence for the main contribution of the r-process
in the solar system at the A ~ 130, A = 140-180, and A ~ 195 peaks.
Notice that the difference of about 3-4 orders of magnitude between the
abundance in the solar system and that in the present study is the common
problem in the r-process calculations [52, 70, 84-86|, which is caused by
unavoidably ambiguous factors in the astrophysical sites of the r-process
(i.e., entropy, matter density, expansion velocity, etc.) and in the nuclear
process (i.e., neutron capture rates, beta-delay neutron emission probability,
fission probability, etc.) as reported in previous studies [14, 26, 82, 87]. On
the other hand, the third peak at A ~ 195 in the calculation of the present
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study is slightly shifted to lower mass as compared to that in the pattern.
This phenomenon can be understood by the unsatisfactory feature of the
astrophysical trajectory employed to produce the abundance as reported in
Ref. [70]. Additionally, in contrast to the previous study by Otsuki et al. [70],
the beta-delay neutron emission and lower neutron-to-seed conditions, which
strongly impact the distribution of isotopes in peaks [52, 88, 89|, were taken
in the calculation in the present study.
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Fig.5. The r-process abundance (in logarithmic scale) in the HEW environment
at a high entropy S = 400 calculated with various beta-decay rate estimations
and @-values. The shaded yellow (or gray) areas indicate the difference among
the abundances calculated using Q* = @Q + AQ and @ in the AME2020 mass
database (or Qrrpm and @) values. The dashed gray curves denote the r-process
pattern calculated by Otsuki et al. [70]. The solar-system abundance (black dots)
is adapted from Ref. [83].

The impact of the S~ -decay Q-values on the r-process abundance is
shown in Fig. 6. Panels (A), (B), and (C) show the differences between
the abundance based on @* = Q — AQ (Yame-), @ = Q + AQ (YamEe+),
and FRDM (Yrrpm) mass data, respectively, and that (Yayg) based on the
mean values ) in the AME2020 database. It was found that an uncertainty
of 40% in the half-life due to the 7% deviation in the Q-value (see Fig. 1)
leads to a large change, up to one order of magnitude, in the r-process
abundance. The abundance Yayg_ overestimates Yayg for the isotopes
ranging in A = 80-130, while they are mostly the same for the nuclei with
A > 130. On the other hand, with the 10% of Q-value difference between
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the FRDM model and AME2020, the half-life was changed up to a factor
of about 2, leading to a large deviation of up to two orders of magnitude in
the isotopic abundance (panel (C)).
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Fig. 6. Ratios Yo« /Y of the abundances calculated using Q* = Q@ +AQ (Yame+),

Q" = Q—AQ (Yamr+), and QrrpMm (YrrpM) to those (Yamg) based on the Q-val-
ues. The horizontal dashed lines are to guide the eyes when ratios are equal to 1.

We found that the 5~ -decay rates of the nuclei from Fe (IV ~ 50, A ~ 80)
to Sb (N ~ 82, A ~ 130) strongly impact the abundances in the range
of A = 80-130. For instance, the higher decay rates (shorter half-lives)
estimated using Q* = Q — AQ and Qrrpwm of these nuclei lead to the higher
contribution of the A = 70-130 isotopes as compared to the abundance
(Yame) based on the @, see panels (A) and (C) of Fig. 6. In contrast, the
slower decay rates (longer half-lives) calculated using Q* = @ + AQ results
in the lower distribution, as can be seen in panel (B). This result can be
understood by the dominance in the competition between the decay and
the neutron capture. The fast decay shifts the reaction path towards the
stability without changing the mass number A, leading to the enrichment
of the isotopes in the same mass region [90, 91]. On the other hand, the
slight change in the A = 140-180 mass range indicates that the abundance
of the isotopes in the rare-earth-element pygmy peak is not sensitive to the
decay rates of the extremely exotic nuclei close to the neutron drip line.
However, slower decay rates based on Qrrpm of these isotopes impact the
enhancement of the nuclei heavier than bismuth (A > 210), as can be seen
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in panel (C). This phenomenon is a result of the combination of beta decay,
neutron capture, beta-delay neutron emission, and fission of heavy nuclei in
the r-process, as well described in Refs. [13-16].

The results discussed above indicate that precise mass measurements
for the extremely neutron-rich nuclei close to the neutron drip line are nec-
essary for better understanding of the nuclear structure, decay rates, and
astrophysical calculations. By considering the half-life (and its uncertainty),
we find that it is difficult to measure the precise masses of the ®Co, 19°Rb,
and 128Rh isotopes by using a technique with a measuring time longer than
10 ms. All the isotopes of interest can be measured by using the Multi-
Reflection Time-of-Flight method [92, 93|, which has a few milliseconds of
the measuring timescale.

4. Conclusion

We examined the S~ -decay half-lives of the extremely exotic nuclei close
to the neutron drip line. The half-lives were calculated using a reliable
semi-empirical formula (Fyy) with different 5~ -decay Q-values, which were
evaluated in the newly updated mass database, AME2020 (with and with-
out uncertainty), and calculated using the finite-range droplet macroscopic
(FRDM) model. We confirmed that the half-lives based on the AME+Fyzy,
model are in good agreement (rms = 0.205) with available experimental data
and better than those calculated using the FRDM+Fy;, and FRDM+QRPA
models for the isotopes ranging from Fe to La. The uncertainty in the half-
life prediction is mostly similar to that in the measurements. To achieve a
deviation of less than 10% in the half-life prediction, the Q-value uncertainty
is required to be smaller than 2%. On the other hand, a mass uncertainty of
10% can result in a large uncertainty, up to two orders of magnitude, in the
r-process abundance, especially for the isotopes ranging in A = 80-130 and
A > 210 mass regions. However, the abundance of the isotopes in the rare-
earth-element pygmy peak (A = 140-180) is just slightly impacted by the
decay rates of the nuclei close to the neutron drip line. Hence, precise mass
measurements for the isotopes of interest are highly recommended. The
estimated half-lives are also very important to consider the mass measure-
ment techniques. The present study provides useful information for further
studies on the neutron-rich isotopes and nucleosynthesis via the r-process.
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