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Thourough understanding of the r-process nucleosynthesis

Cowan+, RMP(2021)

• nuclear physics inputs
• nucleosynthesis modeling
• astrophysical conditions
• observations

uncertainties both in nuclear physics and astophysics
enhance the reliabity of nuclear physics inputs



β-decay: a key in the r-process

simulation by N. Nishimura (CNS, Tokyo)

seed nuclei
neutron capture
β decay

neutron-rich nuclei
reaching heavy nuclei

fission
neutron-induced fission
β-delayed fission
fission after β-delayed n-emission

late phase:
abandance pattern formed by β decay



Nuclear beta decay: looks simple

Heff =
GFVud

2 ∫ dx [e(x)γμ(1 − γ5)νe(x)Jμ(x) + H . c . ]
GF = 1.166 × 10−5 GeV−2

Vud = 0.9737

A semileptonic process governed by

an effective Hamiltonian for a low-energy ( ) charged current reaction:≪ mW



Nuclear beta decay: really simple?

Jμ(x) = 𝒱μ(x) − 𝒜μ(x)

Nuclear currents involving not only the nuclear many-body wave functions but 
the form factors and momentum tranfer

𝒱μ = (V0, V) 𝒜μ = (A0, A)vector currents axial-vector currents

v̄e
e−

L J

VCtransition matrix element:

Tfi =
GFVud

2 ∫ dxψe−(x)γμ(1 − γ5)ψν(x)⟨F |Jμ(x) | I⟩

I

F

Γ = (GFVud)2

π2 ∫
E0

me

dEe peEe (E0 − Ee)2
∑

J,κe,κν

1
2Ji + 1 ∑

L

⟨ f | |ΞJL (κe, κν) | | i⟩

2

multipole operator

decay rate:



• Linear-response TDDFT for all the nuclei

e−iωt ̂F = e−iωt ∫ drf(r)ψ̂†(r)ψ̂(r)δρ(r, t) ∼ δρ(r)e−iωt

δρ(r) = ∫ dr′￼χ0(r, r′￼)[ δ2ℰ[ρ]
δ2ρ

δρ(r′￼) + f(r′￼)]
vres =

δ2ℰ[ρ]
δ2ρ

δρ =
χ0

1 − χ0vres
f = χRPA f

equivalent to (Q)RPA

⟨Ψλ | ̂F± |Ψ0⟩ = ∫ drδρ(r; ωλ)f(r)transition matrix element : 

̂F± = ∑
τ,τ′￼

f(r)ψ̂†(rτ)ψ̂(rτ′￼)⟨τ |τ± |τ′￼⟩

proton-neutron (Q)RPA: linear response to the charge-exchange operator

Nuclear transition density

• Ab-inito and CI methods for light nuclei and heavy nuclei near the magic number
cf. talk by Miyagi
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β-decay rate is sensitive to the details of 
nuclear structure

S. Nishimura et al., PRL106(2011)052502
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β-decay as a probe of nuclear structure: many-body correlations



closed-neutron-shell nuclei along the r-process path. Our re-
sults agree fairly well with those of Ref. @12# for the very
proton-poor nuclei ~with N550 and N582) but less well for
larger Z. The trend is due to the closed proton shells at Z
520, 28, 40, and 50, where the particle-particle force has
little effect. Between these magic numbers, and particularly
just below them ~e.g., in 76Fe), the differences can be large.
To demonstrate again that they are due to T50 pairing, we
plot results once more with that component of the force
switched off (V050), a step that brings our results into
agreement with those of Ref. @12# in nearly all nuclei with
N550 or 82.
As discussed in Sec. III C, there are no experimental data

with which to fix V0 near N5126. The lack of closed shells
in this region suggests that half-lives will depend strongly on
V0. Our results with and without T50 pairing, however,
show that this is not the case. Even if we used a much
smaller value of V0, by extrapolating the drop in that param-
eter between N550 and 82, the lifetimes would not change
appreciably. In these heavy systems our results agree well
with those of Ref. @19#.

C. Consequences for nucleosynthesis

The closed-neutron-shell nuclei are instrumental in setting
abundances produced in the r process; new predictions for
their half-lives will have an effect on the results of r-process
simulations. For N550 and 82 our half-lives are usually
shorter than the commonly employed half-lives of Ref. @12#,
and longer for N5126. Replacing those lifetimes with ours
should therefore produce smaller A'80 and 130 abundance
peaks, and a larger A'195 peak.
Without extending our calculations to other nuclei in the

r-process network, however, we cannot draw quantitative
conclusions from a simulation. Accordingly, we carry out
only one simple r-process simulation here, comparing final
abundance distributions obtained from the b decay rates of
Ref. @12# with those obtained from our calculations, leaving

all other ingredients unchanged ~we also change rates at N
584 and 86, by amounts equal to the change in correspond-
ing nuclei with N582!. By specifying an appropriate tem-
perature and density dependence on time, we mock up con-
ditions in the ‘‘neutrino-driven wind’’ from type II
supernovae, the current best guess for the r-process site.
The results appear in Fig. 10. As expected, the A'130

peak shrinks noticeably. The A'195 peak broadens with the
new half-lives because abundances around N5126 are built
up not just at the longest lived ~most stable! nucleus pro-
duced, but at more neutron-rich N5126 nuclei as well. As a
result, more nuclei are populated and the peak widens. By

FIG. 9. Predictions for the half-lives of closed neutron-shell nuclei along the r-process path. Our results appear with
(HFB1QRPA1SkO8) and without (HFB1QRPA1SkO8, V050) the pn particle-particle interaction. Also plotted are the results of Ref.
@12# ~FRDM1QRPA!, Ref. @19# ~ETFSI1QRPA!, and experimental data where available.

FIG. 10. Predicted abundances in a simulation of the r process.
The solid line corresponds to the rates of Ref. @12#, and the dotted
line to the rates obtained here around N582 and 126. All other
nuclear and astrophysical parameters are the same for the two lines.
The diamonds are observed solar-system abundances.
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J. Engel et al., PRC60(1999)014302
Jμ(x) = ψ̄p(x)[Vμ − Aμ]ψn(x)

Hadronic current

Vμ = gV(q2 = 0)γμ + igM(q2)
σμν

2mn
qν

Aμ = gA(q2 = 0)γμγ5 + igP(q2)qμγ5

geff
A = qgA

quenching

q ∼ 0.78

ℰ[ρ]

non-nucleonic d.o.f.
two-body currents
short-range correlation
truncation of many-body space

Pioneering microscopic cal. for β-decay based on DFT 
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✓ being not included in FRDM
✓ shortens the half-lives
✓ sensitive to the shell structure
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J. Engel et al., PRC60(1999)014302

Important role of the spin-triplet pairing revealed by the microscopic cal.



More Decay Data (T1/2, Pxn) ...  + ~ 200 Isotopes expected from BRIKEN

Decay Properties Surveyed

V. Phong, SN et al., PRL (2022)

courtesy of S. Nishimura (RIKEN)
EURICA
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FIG. 1. (Color online) Two-neutron separation energies for the
neutron-rich zirconium isotopes. The drip line is located where the
separation energy becomes zero. The 122Zr isotope is the last stable
nucleus against two-neutron emission.

Calculations performed with the HFB-2D-THO code used 20
transformed harmonic oscillator shells. Figure 1 shows the
calculated two-neutron separation energies for the zirconium
isotope chain. The two-neutron separation energy is defined as

S2n(Z,N ) = Ebind(Z,N ) − Ebind(Z,N − 2). (4)

Note that in using this equation, all binding energies must be
entered with a positive sign. The position of the two-neutron
drip line is defined by the condition S2n(Z,N ) = 0, and nuclei
with negative two-neutron separation energy are unstable
against the emission of two neutrons. As one can see, both
methods (HFB-2D-THO and HFB-2D-LATTICE) are in excellent
agreement for the two-neutron separation energy for the entire
isotope chain. Particularly, the 122Zr isotope is predicted in
both calculations as the drip-line nucleus. In addition, we
also give a comparison with the latest experimental data,
available only up to the isotope 110Zr [17]. As shown on Fig. 1,
the separation energy values obtained from the experiment are
somewhat larger than the theoretical calculations although the
trend remains the same.

In Fig. 2, we compare the intrinsic proton and neutron
quadrupole moments calculated with the LATTICE code and
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FIG. 2. (Color online) Intrinsic quadrupole moments for protons
and neutrons.
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FIG. 3. (Color online) Mass quadrupole parameter β2 comparison
for neutrons. Calculations by Lalazissis et al. [19], HFB-2D-LATTICE,
and Möller et al. [18] (FRDM) (β2 total is shown).

the THO code. Available experimental data [16] are also given.
Generally, we observe a nearly perfect agreement between the
two codes as well as with the experiment. The deformations
(for neutrons ) in terms of the deformation parameter β2 for
those nuclei, namely, for the 102−112Zr isotopes range from
β2 = 0.42 to β2 = 0.47. Both the basis-spline lattice code and
the HFB-2D-THO code predict the 112Zr isotope to have the
largest ground state deformation. For mass numbers larger
than 112, we observe a transition to spherical ground state
shape. This phenomenon had been also found in calculations
performed by Möller et al. [18] [finite range droplet model
calculations (FRDM)] and in relativistic mean-field calcula-
tions by Lalazissis et al. [19]. We depict this comparison in
Fig. 3 . Experimental deformations for protons are available
for two isotopes, 102Zr and 104Zr [16]. Calculations agree
with the experiment reasonably well and give β2 values
of 0.42, 0.43; while the experiment predicts β102

2 = 0.42,
β104

2 = 0.45.
In Fig. 4, we compare the root-mean-square radii of protons

and neutrons predicted by the LATTICE code and the THO
code. Both codes give nearly identical results for the whole
isotope chain. Only one experimental data point is available,
the proton rms radius of 102Zr [12]. The experiment yields a
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FIG. 4. (Color online) Root-mean-square radii for the chain of
zirconium isotopes.
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A. Blazkiewicz+, PRC71(2005)054321

β-decay half-lives of r-process nuclei

predicted to be well deformed
by DFT cal.

Systematic measurement of β-decay@RIBF 

neutron-rich Zr isotopes:



KTUYþ GT2 model is shown in Fig. 4(b). It is noted that
the results display very little or even no systematic depen-
dence, and generally provide a better description of the
data across this mass region than the FRDMþ QRPA
model does. Below A ¼ 102, the KTUYþ GT2 calcula-
tion overestimates some of the experimental results by a
factor of about 2; however, it should be noted that the
magnitude of the experimental uncertainties of the half-
life for Kr isotopes is rather large. Figure 4(c) shows test
results of the FRDMþ GT2 model, rather than FRDMþ
QRPA, to extract differences in the treatment of the
!-strength functions. Much smaller deviations, predicted
by the FRDMþ GT2 model, suggest that the GT2 suc-
ceeds in capturing the essence of !-strength functions.
Figure 4(d) shows the difference between QFRDM

! and

QKTUY
! as a function of atomic number. A suppressed

odd-even staggering is clearly evident, but the FRDM
model predicts a Q! value of about 1 MeV less than that
of the KTUY model at A # 110. A small enhancement in
the FRDMþ GT2 predictions, by a factor of 2 or so around
A ¼ 110, may be explained by the underestimation of
Q! values in the FRDM calculation. The data suggest
that one of the main problems associated with !-decay
half-life predictions is related to uncertainties involved
with binding-energy calculations and!-strength functions.

As discussed by Möller et al. [1], the sum of the half-
lives of the r-process nuclei up to the midmass region, i.e.,
around A ¼ 130, determines the rate of r-matter flow at

N ¼ 82. Following this prescription, the relatively short
half-lives of the Zr and Nb isotopes deduced in the present
study suggest a further speeding up of the classical
r process, and shed light on the issue concerning the low
production rates of elements beyond the second r-process
peak. The results presented here also make an impact on
the abundances of nuclei at the second peak, since the peak
position and shape in the solar abundances around
A ¼ 110–140 can be reproduced better by decreasing the
half-life of the r-process nuclei by a factor of 2 to 3 [2].
In summary, the !-decay half-lives of the very neutron-

rich nuclides 97–100Kr, 97–102Rb, 100–105Sr, 103–108Y,
106–110Zr, 109–112Nb, 112–115Mo, and 115–117Tc, all of which
lie close to the astrophysical r-process path, have been
measured (for 18 nuclei) or their uncertainties have been
reduced significantly. The results suggest a systematic
enhancement of the !-decay rates of the Zr and Nb iso-
topes by a factor of 2 or more around A ¼ 110with respect
to the predictions of the FRDMþ QRPA model. The
results also indicate a shorter time scale for matter flow
from the r-process seeds to the heavy nuclei. More satis-
factory predictions of the half-lives from the KTUYþ
GT2 model, which employs larger Q! values, highlights

the importance of measuring the half-lives and masses of
very exotic nuclei, since such knowledge ultimately leads
to a decrease in the uncertainty of predicted nuclear abun-
dances around the second r-process peak.
This experiment was carried out at the RIBF operated by

RIKEN Nishina Center, RIKEN and CNS, University of
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Short half-lives in the Zr region
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Neutron-rich Zr isotopes: shape phase transition

shape changes can be seen in β-decay?



A drop with the shape-phase transition at N=74
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Consideration going beyond the RPA
fragmentation of the strengths

Y. Niu+, PRL(2015)

RPA
single peak above Qβ

T1/2 = ∞

beyond RPA (1p1h)

particle-vibration coupling (PVC)

spreading
lowering

low-energy collective states 
strongly affect the PVC effect



Consideration going beyond the RPA

0

1

2

3

4

5

6

7

0 1 2 3 4 5

quadrupole

(a)
St
re
ng
th
(1
03

fm
4 )

Energy (MeV)

pro
sph
ob

0

5

10

15

20

0 1 2 3 4 5

octupole

(b)

St
re
ng
th
(1
05

fm
6 )

Energy (MeV)

pro
sph
ob

114Zr

114Zr

appearance of the collective states 

quadrupole state in the oblate config.

octupole state in the spherical config.

RPA sph 6.4

PVC(q) sph 3.9 obl 2.6

PVC(o) sph 1.1 obl 5.4

PVC(q+o) sph 0.9 obl 2.4

T1/2 (ms) T1/2 (ms)



Further shortening in the shape transition to spherical
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Summary
We need a theoretical framework to provide nuclear data involved in the r-process.

DFT for entire region of nuclear chart in a single framework

reliability and accuracy

development of EDF (input of cal.) and many-body techniques

We need experimental data in n-rich nuclei to verify the framework.

beta-decay half-life in the Zr region undergoing the shape phase transition

first order



A(r) =
A

∑
j=1

δ(r − rj)gAσjτ
±
j

One-body charged-current operators: Impulse Approx.

V0(r) =
A

∑
j=1

δ(r − rj)gVτ±
j

q = p′￼j − pj

momentum transfer:Gamow–Teller type

Fermi type

gA(q2 = 0) = gA

gV(q2 = 0) = gV
⟨ f | |∑

L

ΞJL(κe, κν) | | i⟩ = sign(κe)∫
∞

0
dr r2 [ρσ

J−1J(r)ϕa(r) + ρσ
J+1J(r)ϕb(r)]

leptons wfs

ρJ(r) = ⟨ f | |
A

∑
j=1

∫ dΩrδ(r − rj)τ
±
j YJ( ̂r) | | i⟩

ρσ
LJ(r) = ⟨ f | |

A

∑
j=1

∫ dΩrδ(r − rj)τ
±
j [YL( ̂r) ⊗ σj]J | | i⟩nuclear transion density:

⟨ f | |∑
L

ΞJL(κe, κν) | | i⟩ = sign(κe)∫
∞

0
dr r2ρJ(r)ϕA(r)

usually  is only consideredJ = 1,L = 0

spatial component

time component

usually  is only consideredJ = L = 0

“allowed"


