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1. Nuclea;* models faf off s_tability_ are well 'g-aided by -decay data on short-lived nuclei.
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2 FRIB expeg'nents need reliable predlctlons of ,8 decay propertles
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3. Most of neutron-rich nuclei involved in the r-process have yet to be discevered."
Predictions of B-rates are unm(o:dable in the quellm_g of the r-process. .
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Classical (“hot”) r-process nucleosynthesis: T ~ 10(9)K ~ 100 keV
N, ~ 10(20) cm-3

(n,Y) - (Y,n) equilibrium is reached. Sn < 3 MeV
Neutron Capture / Photo-dissociation (1 [ 1 1 [
(Z,N)+n< (Z,N+1)+ nY) < g
n Y t(n,Y) =< 7 (f) 20 0w
Beta Decay c | [ ] O
ZN)—=(Z+1,N=1)+e +7v, g -
] O O

N (nheutron number)

The r-process paths goes far off the stability.

Isotopes @ N=50, 82, 126 are extra-bound.
Matter flow has to “wait” for several
beta-decays to occur.

Matter accumulates in the Waiting Points
@ N=50, 82, 126.
Main elemental abundance peaks :
@ A=80, 130, 195

The beta-half-lives define the timescale T®,
relative abundances and final abundance pattern




Astrophysical conditions: T Nn, S/b, Nn/Ns

Nuclear input:

.

Number of Protons (Z)

Masses (Qg Sn...),
Beta-decay half-lives T1/2, (n, ¥)- cross sections
for about 2000 nuclides !

Nuclear Data
Possible r-Process Path

Legend

B stable
|| Closed shells

B we know something
L] unknown
B Possible r-Process Path

Number of Neutrons (N)

| ot

Status: Helmholtz School 2014 !
Progress has been achieved in the last 3 years.




RIKEN: EURICA and BRIKEN CAMPAIGNS (N~50, 82)

440 isotopes! half-life (sec)
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GSI-FRS (20 nuclides N~126), CERN (N~34), ORNL, JINR-ALTO , ...



Outline (I)  Self-consistent approach to beta-decay.

Density functional theory is the method of choice.

GLOBAL MODELS :
Parameters are fitted to few sample nuclei and stay the same for all A

Nuclear Landscape

DF + Continuum QRPA Q:r:,f‘izi:ration Interaction
DF3- spherical =  ~300 quasi-spherical nuclei; il el b
Relativistic HB + QRPA o~
D3C*- spherical =  all nucleij; . e -
Finite Amplitude Method ﬂy ' A cogts
Sk(yrme) O’- deformed = all even-even nuclei ; St j
odd for A=80, 160 5% " neutrons /
DF : Quality of the ground state description:
cf. quasi-particle energies and Qg, S,, values Eff ects beyond the QRPA:
— . 2nd-QRPA
QRPA: - Reliability of B—strengtﬁ functions N with Quasiparticle-Phonon Coupling
cf. available decay schemes and integral quantities. (QPC)
and Shell-Model




GLOBAL SELF-CONSISTENT QRPA MODELS.
Gamow-Teller + First-Forbidden decays.

5.S.)

DF+CQRPA

Spherical g.s DF3,DF3a, ph: &-function 400 (quasi-) spherical nuclei

FaNDF_0 functional. 4+ + p meson exchange No direct fitting to T1/2.
t~ Nph2 - Nph3 A-dependent,density dependent pp: Z-independent &-function

6-pairing Full ph basis

Universal parameters

RHB+QRPA [2]

Spherical g.s. D3C* functional. ph: D3C* All nuclei.
Relativistic Hartree-Bogolubov. Fitting to the T1/2
t~ Nph2 - Nph3 Finite range pairing: pp:  (N-Z)-dependent, of the sample nuclei.
Gogny D1S. finite range: Gogny D1S.
FAM €[ | Spherical & Deformed g.s. ph: SkO’ fitted to All even-even nuclei.
. Skyrme functional SkO’. Landau-Migdal interaction Odd-odd , odd-A near A=80,160
Iterative QRPA Y &
t~N h | pp: density dependent Fitting to the GT energies and
P &-function T1/2 of 44 sample nuclei.
1. L.N.Borzov,, Phys. Rev. C 67, 025802 (2003).
2. T. Marketin, L.Huther, G. Martinez-Pinedo., Phys. Rev. C 93, 025805 (2015).
3. M. T. Mustonen, T. Shafer, Z. Zenginerler, J. Engel., Phys.Rev. C90, 024308 (2014).
M. T. Mustonen, J. Engel., Phys.Rev. C93, 014304 (2015).

T. Shafer, J. Engel, C. Fro:hlich, C.G. Mclaughlin, Mumpower, R. Surman., Phys. Rev. C 94, 055802 (2017).



LOCAL SELF-CONSISTENT MODELS

The ground state | NN-interaction

Shell-model [1]

Spherical & Deformed g.s. N= 50 [35]; Nuclei near the closed N=50,82,126
Self—consistent. N= 82 [36] shells.
< 10

an-nh = 10 Fine structure of beta-
strength function ! Fitting of (g,/G,)

Skyrme-FRSA Spherical g.s. ph: Separabilized Nuclei near the closed shells
Skyrme functional. Skyrme + tensor interaction N=20,28,50,82.

(pnQRPA) BCS pairing (T35, T44)
Quasiparticle-phonon Inclusion of FF transitions is possible
coupling Extension to the pp-channel

is done.

1. Q. Zhi, E. Caurier, J. Cuenca-Garc’ia, K. Langanke, G. Mart’inez-Pinedo, K. Sieja, Phys. Rev. C87, 025803 (2013).

PHYSICAL REVIEW C 90, 044320 (2014)

Influence of 2p-2h configurations on f-decay rates
A. P. Severyukhin,' V. V. Voronov,! I. N. Borzov,! N. N. Arsenyev,' and Nguyen Van Giai*
' Bogoliubov Labaratory of Theoretical Physics, Joint Institute for Nuclear Research, 141980 Dubna, Moscow region, Russia
nstitut de Physique Nucléaire, CNRS-IN2P3 and Univ. Paris-Sud, 91405 Orsay, France
(Received 26 June 2014: published 24 October 2014)

PHYSICAL REVIEW C 95, 034314 (2017)

Multi-neutron emission of Cd isotopes

AP E'm::'«ﬂa:l"_i,fuI\:hin,l'2 N. N. Arsan}fcv,] I. N. ]3-:||rz-:n"«-',3'l and E. O. Sushenok'-?
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An upper limit of exact E (5¢4)-

h— - A4
H=|
p2 —-A H— h
Elo,v]=Tr| ——p |+E. [o,V]
2M Int : L IE
. ~p
Kohn — Sham quasiparticle local EDF, M~ =1 2m 5,0
1 A = %
Ew= D, alpl+s v* Filplv Sv
main,Coul,sl 2 HFB —like iterative procedure
F< —volume + surface Porte = For o = 2111 = Ay

DF functional by S.A. Fayans et al.

(generalization of the Skyrme functional)

DF3 S.A. Fayans, S.V. Tolokonnikov,E.Trykov, D. Zawischa, Nucl.Phys. A676 (2000) 49.
I.N. Borzov, S.A. Fayans, E. Kromer, D. Zawischa Z. Phys. A335(1996) 117

FaNDF° S.A. Fayans JETP Letters 68,169 (1998)

Fitted to the masses, specially fitted to s.p energies of

very neutron-rich doubly-magic 1325n .

FaNDF also fitted to the neutron matter EOS.




Fayans EDF

Skyrme EDF

AtY=0 DF p-dependence is similar to Skyrme ansatz .

)
.. ap= 1 + ap?
E(p) = 'Ir f ;
2 1+ ~p
2
S s ap .
Eq"[p] = /f{,ﬂ[l‘]]ff‘lr — fT (14 ap”)d*r.

DF vs Sk
Effective mass = bare mass (m* /M, = 1)

Sophisticated density — dependence of ¢;,, :
linear-fractional (Pade-like) structure

Pairing DF depends on the gradient of density

NB! Deformed DF

S.V. Tolokonnikov, I.N. Borzov, M. Kortelainen,
Y.S. Lutostansky, E.E. Saperstein. J. Phys. G 42, 076102 (2015)

NB ! Proposal of hybrid functional = “normal part of Sk + pairing part of DF” :

P.-G. Reinhard, W. Nazarewicz. nucl-th 1704.07430 (2017)

DF

Sk



S$=0, T=1 (nn,pp) mass dependent g.s . paring + S=1, T=0 (pn) dynamic pairing
Continuum pnQRPA, full ph-basis, SO(8) symmetry

Moller, P.; Nix, J. R.; Kratz, K.-L.
ADNDT, Vol. 66, p.131,1996

Pairing only in the g.s.
Dynamic pairing ignored.
BCS + RPA, SU(4) .
Spurious effects.

u: Particle-hole channel:
é-interaction
with Landau-Migdal constant g’
+ IT-meson + p-meson exchange

V:  Particle-particle channel: CQRPA :
=0, 6-interaction NN-interaction parameters (ph):
with one parameter: g’ are the same for all nuclei with A>40.




CQRPA based on the self-consistent g.s.
_ S°E _ S°E
Y 0popT Tooviov'

Fo F

An impact of spin-dependent terms on nuclear masses is of order of 100KeV.
(J. Margueron et al. J.Phys.G 36(2009) 125103)

Approximation:
The spin-isospin (time-odd) parts of the effective NN-interaction
are defined independently of the scalar (time-even) parts.

Generalized Finite Fermi System Theory : DF+CQRPA

Q Universal (the same for all A) effective NN-interaction
in the particle-hole channel Landau-Migdal (6) + m-meson + p-meson.

(fitted to the GTR in a single nucleus 2%8Pb)

a Universal effective NN-interaction
in the particle-particle channel (S=1,T=0): pairing-like delta interaction

0 Anadvantage: full ph-basis CQRPA, the NN-interaction parameters
are taken as mass-independent.




pB—decay strength functions are needed !

Integral beta-decay properties are available...

Experimental B-strength functions are incomplete. Sj s o, T T, r i)
Integrals over the full and partial sub-spaces help to constrain

At least T1/2, %FF and Pxn should be analyzed together !

T,,=In2/A, Pn tot Pxn
%FF = App A = (TGT_T)/TGT

T1/2 T1/2 P(x—1)n
Pn ’ Pxn Pxn

Systematics.

T1/2

Pn EA McCutchan, AA Sonzogni, TD Johnson, D Abriola, M Birch, B Singh

Physical Review C 86 (4), 041305 (2012).
In this systematics , the contribution of the FF has not been accounted for !
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- Beta decay near the shel/-closures

o

N-—50 82; 126

'%: o

1. 'IN. Borzov,, . Phys. Rev. C 67, 025802 (2003):

" 2. -T. Marketjn, L.Huther, G. Mar;ineziPin_ed'o., Phys. Rev. C 93, 025805 -
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Adequate description of the phase-space(s) is important.

Qg S, are treated on equal footing with & (q-p).

11 -
18 - - 104
m_ /A
g 16 . / i % 9
A 8
= 1 \'/ =
(oF . o 2]
121 o 64
104 N\ —a— FAM 5
@ —=—DF3a 4
8 / —o— AME 2012
3 4
| | .
6 4 Ni 2
4 T T T T T T T T 1 1 T T T T T T T T T
70 72 74 76 78 8 8 84 8 88 132 134 136 138 140
A A

Reference Ni, Sn chains:
DF3 [AQg [ is up to 0.6MeV, FAM underestimate Q ; up to 1.5 MeV, RHB ?

Underestimation of the Q gz may cause distortion of the B-decay half-lives, Pn values...
I.N.B. Phys.Rev. C67 025802 (2003); Phys. At. Nucl. 79 (6) 921 (2016).

DF3, DF3a functional was fitted to the experimental single-particle levels of 1325n and 208Pb

DF3a: a possibility to fix J/ n g.s. before variation.




Z2<28, N < 50 REGION.

GT decays dominate for Co isotopes at As77 .

1
—A— DF3+CQRPA
w —v— RQRPA
~ NN —e— NUBASE L
= ~v —A— Exp. RIKEN 2014 Th
ol 0,1 \V\ o\:’
\A_ A v\v\v o
\A\ \v
SR \\
0,01 N /Y\V
Co isotopes A \A
.............
70 72 74 76 78 80
A A
100
S .| 74Co
g % DF3+CQRPA
1
Sn=6.75MeV Qb=15.74Me
o777 | T | T
6 16

70 72 74 76 78 80 82
A

In all models (DF3, SM and RHB) at N < 50 the GT decays dominate,
%FF differs ( DF3: 5%, RHB 18%).

8
Ex (MeV)




N ~ 50 REGION:

Comparison of T1/2 in DF3,

RHB, FAM

RHB, FAM : T1/2-s are too long at N<50; a kink at N =50,
... nice agreement with the RIKEN N>50 data

A
ol AN —9—T1/2 RHB
N —4—T1/2 FAM
“ o AN, —=—T1/2 DF3a
S LN
= \QQ@\L\V\V —a— Texp NUBASE
] A —v— Texp-MSU
1 \T\%S \ —a—T-RIKEN
With ] = Nl
Quasi® | _ } A e
Part. NI \M\%
Phonon : T T T T T T T T T
Coupling 70 72 74 76 78 80 8 84 8 88
A

Balance of the GT and FF strengths !

%FF=AFF /A

DF3 predicts:
%GT > %FF at N<50, moderate %FF at N>50

_11 4

-13 -

-15

17 -

0f7/2

-19 -

1s1/2

N< 50
Main GT
n0f5/2 2p1f 5/2
VS.
Unique FF
(rank 2, A J=2)
n0g9/2 Apif 5/2

N >50
Non-unique FF
(rank1, A J=0,1)
nld5/2 2p0f 5/2...




N ~ 50 REGION: % FF or GT should reflect the selection rules

RHB : higher FF strength in Qb-window .

%FF = Age/ A = [t(GT) = T(GT+FF)] / t(GT)
o i\v —v—T1/2 RHB
N —a—T1/2 FAM
s A\v\ —=—T1/2 DF3a At A<78: Only Unique FF contribute.
a i -
=TET B ¥\VW o Texp NUBASE (199/22 0f5/2), rank 2, AJ=2
A —v— Texp-MSU
01 \ﬁs \ —4— T-RIKEN At A>78: Non-unique FF also appear
\\‘g\_ (2d5/2, 25 1/2 > 2p1/2,3/2, 1f5/2), rank 1, A J=0,1
4"
: e,
0,01 4 NI N\%
T NB! Unique FF are suppressed by factor §=Ze?/2R m c?
A Forz=28 §<10
oo RHB at N < 50i_v%ovaFvi$v\2_0 -40% RHB, FAM :
{r'/'”f'\g/ R At A<78: U-FF amount of 30-50% and T1/2 are longer.
~ ’ o At A>78  %FF~70-80% : T1/2are OK!
L L J
L o — = DF3 DF 3
] /-/H \ e EZ\E; At A<78:  U-FF contribution is < 3%
" —=—SM At A>78 %FF ~30%.
Ni In compliance with the expected suppression factor §
! 0 72 74 716 78 8 82 84 86 88 T1/ 2 are OK for A<80!




N ~ 50 REGION.

100

g4 —=—PntotRHB m
—=— Pn tot DF3a i
=] ]
/ v N

, %

60

| ]
40 / //5
(-]
. a/g/
s
20 Ni -

T T T T T T 1
70 72 74 76 78 80 82 84 86 88

Pn tot

DF3: P1n grows up to A=80 due to higher %GT
and decreases at A>80 due to increasing %FF.
At A>81 P2n is getting stronger than P1n

RHB : P1n grows at A<78, drops at A=78+1n .
At A>81 oscillation of P1n and P2n .

RHB : max P2n at A=85: ~28%
DF3: max P2n atA=81: ~65%

In DF3:  P2n s nearly 2.5 times higher

Different S, ((w).

Different functionals:

P1-Pg, %

different Sxn, Qs Eqp and Pxn

DF3a+CORPA Plnis max @80

60

—=—pl

40 v p4

20 4

At A=86 P3n > P2n - exactly like in DF3.

P1-Pg, %

80 ~

1 RHB = P1nis max @ 78
60 4

50 +

40 4

30

20




N ~ 82 REGION. RIKEN-2014

[ HEA2T
10°F ﬁ. . i petl
2 ¢ :
=
I
10} L

:IIIIIIIIIIIII-IIIIIIIIIIII -II 1 1 L1 1 -IIIIIIIIII_IIIIIIIIIII
TETH BO B2 84 85 B0 TS TH 80 42 B4 BE T4 THE TE B0 B2 B4 T4 TG TH B0 42 B

P T s tizz | : a1 : L Rb

4r 40

2

Half-iife {ms)

10F

[ b L [ L
N NP NP TP N N I N 1 I AN I I I I O N N ‘O T O N N A I I O Y A I O I P
TOT2 74 TETE BD B2 68 TO 72 74 76 TH B0 S8 68 70O 72 74 76 70 65 6B 7O 72 T4 ™6 &4 55 68 70 72 T4 B4 G5 &5 BT 88 65 B0 B2 B4 86 52

MNumber of neutrons N RIKEN - 2014

DF+CQRPA - closer to data - shorter than FRDM. G- Lorusso et.al.
An impact on the r-process timescale. Phys.Rev. Lett. 114, 192501 (2015)




N ~ 82 REGION : 1325n and beyond

100

132 Sn T1/2, s %FF

S n —=—11/2 DF3
Iyl Exp. 39.7 ]
3 —4—11/2 FAM
—v—11/2 RHB
:," "3 DF3a 35.7s 2.7%
—
|_
0,1 E
001 | | | | | 132 Sn T1/2, s 9%FF
' 152 12I34 156 1é8 14I10
A
RHB 610s 74%
132 Sn data half-lives are overestimated  fAm 820 s 70%

up to the factor of 20 by RHB and FAM.

The reason can well be in high %FF !



At 1325n GT dominate, for N>82 %FF grows with N,

for N>86 % GT wins

For 1325n %FF in DF3 is consistent 99% branching - 1*(1.325MeV)
with exp. decay scheme. =75 0.17% for 2" to 4™ FF decays
2 1323“ P
50 e
Q, =3300 =
%FF = AFF/A = [t(GT) - T(GT+FF)]/t(GT) 0.67% 1* & 226828
;ff“
FIad
100 7 —=—DF3a ag% ¥ 42 |4+ -5":-;‘%@ -?W 1325.15
FAM - 2.3) rﬁ‘me ' 10?3:31 -
6:‘:—». <2
80 1 +a Jl gﬁﬁ;ﬂ 5291
e UIINE N .
60 -] — — FQ‘T_;“.%E#:/_‘IW: 102ns
LL E:"_"h— — :EL‘;} 3555 145 ns
LL = L 279 m
o\o 40 N 51Sb
20 4 —=— Pn tot DF3
—— Pn exp.
< —a— Pn tot RHB
0 C,,’_.- 30
S
1|32 ' 154 ' 1ée ' 158 ' 1:10 &
A N Sn
For 40<Z<50 RHB predicts reasonable A
behavior of %FF. Pn (A) DF3 and RHB are consistent with “their” %FF

Z=50 - semi-magic Sn isotopes ...



N =50 and N=82

ISOTONES.

—e— SM 2013
—A—DF3

—o— RHB

—A— FAM

—v— RIKEN 2013

0,01 4

1E-3 T T T T T T T T T T 1
24 26 28 30 32 34

Charge number Z

100 4

T1/2, ms

—0— SM 2013
—%— DF3
—&— FAM
—v— RHB
—eo— RIKEN 2015

—I— FRDM+RPA(Fpp=0)

1 T T T T T T T T 1
42 44 46 48 50

10 -

Charge number Z

T1/2(N=50): overestimated by RHB and FAM

T1/2(N=82): overestimated by FAM
SM, RHB and DF3 are close to each other

FRDM+RPA: odd-even staggering
is due to F,,=0




N ~ 82 REGION:

1346h : an impact of FF decays
140Sp : g.s. spin inversion effect as in 3%8Ga

1000

T

—A— DF3+CQRPA
e~ NUBASE

o FRDM
--7-- RQRPA

100 |

Tip (5)

£ Sb isotopes i

.. O
[ Vg
0’01 1 1 1 1 1 1 1 1 1 1 1 1
130 132 134 136 138 140 142

A

1. Very strong reduction of the T1/2
at A=134 (N=82+1n)
is due to the opening of the
g.s0- > g.s. 0  FFdecay

2. EURICA : N. Lozeva et al., Phys.Rev. 93, 014316 (2016)
7/2+ 2> 5/2+ g.s. spin inversion at N =89

Stabilization of the half-lives at A=140.
The Exp. gives an INCREASE of T1/2

T1/2 exp (13°Sb)=93 (+14 -3) ms
T1/2 exp (*4°Sb)=124 (30) ms
Also has been seen in 84-85Ga

M. Madurga, .... I.N.B. ... et al.
Phys. Rev. Lett. 110, 117 (2012)

DF approach: A provision to fix the J/ i of the odd nucleon before variation.
Gives correct g.s. spin-parity and describes possible g.s. spin inversion.




N ~ 82 REGION: 13Sb: FF decay impact on Pn tot.

Importance of QPC — redistribution of the strength near Sxn.

£ 136Sb e
Z2>50, N>82 g’ 1 —t
Strong suppression of Pn tot Qp2n
due to the FF decays ’ Qpn
undergoing outside \ Qp
the Qbn- windows ’ : ‘
Pn(Df3) =5.4%, P2n= 3.1% transition energy, MeV
Resulting P,,, - values are extremely
Pn(RHB)=3.8%, P2n= 0.2% sensitive to the strength function near

the xn-thresholds !

Pn exp=16.3(0.32)%,

P2n=0.26(2) - 2.0(0.2) IMPORTANCE OF

Quasiparticle-Phonon Coupling !
DF3 with np-nh spreading

Pn (Df3-s) =15.6%, P2n= 0.7 %
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FIG. 3. GT strength distributions of '**"'**Cd as functions of the
excitation energy of the daughter nuclei. The QRPA calculations
with the tensor interaction and without the tensor interaction are
shown as dashed lines and dotted lines, respectively. The solid lines
correspond to the quadrupole-phonon coupling effect on the QRPA
results obtained with the tensor interaction.
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FIG. 6. The phonon-phonon coupling effect on the f-transition rates in '*’Cd (top) and '*>Cd (bottom). The left and right panels correspond

to the calculations within the QRPA and taking into account the [1;” ® 2} ]orpa configurations, respectively. The calculated @, and Qpap
energies are denoted by the solid and dashed arrows, respectively.

PHYSICAL REVIEW C 95, 034314 (2017)

Multi-neutron emission of Cd isotopes
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Skyrme-FRSA + QPC.
Beta-rates with tensor and pp- interactions incl.

Sushenok E.O., Arseryev N.N., Severyukhin A.P., Borzov I.N.,
Preprint JINR P4-2017-40




N~126 region.  Predictions for the

GSI experiments 2014-16

—&— Experiments (see text)
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Figure 2. (Left) Comparison between theoretical predictions and measurements in the region
around N = 126. Experimental values from '*Re to ?°’Ir are from Ref. [8], values between
HALT] and 219Bi are from Ref. [11]. (Right) Theoretical values published in the literature for the
waiting point nuclei along N = 126 (adapted from Ref.[17]).




Beyond N = 126.

GSI, Darmstadt.
T1/2 for 20 new isotopes of Au to Bi. Pn for Hg and TI.

First measurement of several 5-delayed neutron emitting isotopes beyond N=126

R. Caballero-Folch!:2, C. Domingo-Pardo®*, J. Agramunt®, A. Algora®#*, F. Ameil®, A. Arcones®, Y. Ayyad®,
J. Benlliure®, LN. Borzov™*, M. Bowry”, F. Calvifio', D. Cano-Ott'?, G. Cortés!, T. Davinson'!, I. Dillmann®%'2,
A. Estrade™!?, A. Evdokimov®!2, T. Faestermann'?, F. Farinon®, D. Galaviz'®, A R. Garefa!?, H. Geissel™!2,
W. Gelletly?, R. Gernhéuser'*, M.B. Gémez-Hornillos!, C. Guerrero!®17, M. Heil®, C. Hinke*, R. Kn&bel®,

1. Kojouharov®, J. Kurcewicz®, N. Kurz®, Yu. A. Litvinov®, L. Maier'*, J. Marganiec'®, T. Marketin'?,

M. Marta®12, T. Martinez'®, G. Martinez-Pinedo®, F. Montes?-2! | 1. Mukha®, D.R. Napoli?2, C. Nociforo®,

C. Paradela®, S. Pietri®, Zs. Podolydk®, A. Prochazka®, S. Rice®, A. Riego!, B. Rubio®, H. Schaffner®,

Ch. Scheidenberger®!2, K. Smith®20:21:23:24 ' Sokol?®, K. Steiger'*, B. Sun®, J.L. Tain®, M. Takechi®,

D. Testov®:2%, H. Weick®, E. Wilson”, J.S. Winfleld®, R. Wood®, P. Woods!' and A. Yeremin®

® This work o FRDM+QRPA
®  Prev. Experiment A.l. Morales, et al. (2014,2015) o Pliat e
®  Prev. Experiment Z. Li, et al. (1998) O RHB+RQRPA
[ ] ] 1| _]
103 - Re 05_:_ Ir - Pt 1 Au 1 Hg Tl é’b : Bi -
i o8 %00 5 3
- i N _ o ]
Ty
£ :D& AAE@VE@ Eizg?gf .83 P . Eggsz
Ny 1® L | JimR I ol YV e |
T O0F ek E?$ %2 5 - Exgx A v9g ! gQ%
- O C 1 ] 1 O
v @ [ ] 1] o FANAY al
1= + 4 &igd o _aa -
= : T 3 V3 U4 Rt w =
- ; S S Opi Yo 3
10-1 ] 1 e s s s s s A o A Q |
SEEEREREEREE L EREEEE R EERER LR REEE T
Neutron number N

FIG. 3. Experimental half-life values (solid symbols) on both sides of N = 126 from previous experiments [48-50] (bold circles)
and [51] (bold squares) and from the present work (red circles). Open circles show published theoretical half-lives [22, 23, 25,

92,52 fseelezend). - physical Review Letters 117, 012501 (2016)



N~ 126 REGION /Low Qg decays.

0 e Physical Review Letters 117, 012501 (2016)
3 P

—a— Thiswiork

) $ ‘3‘ o Additional constraints when comparing microscopic
E 10 ; o o = models with experiment can be found in the neutron-
g branching ratios of the Tlisotopes, which are shown

’ : % in Fig. 4. The discrepancies found between the

) RHB+RQRPA predictions and the measured Tl-decay

107 s half-lives (Fig. 3) are at variance with the quite good

1 . ! ! agreement that is found with the measured neutron

“Hg  THg  TT TEm ERpp ey wEp e branching ratios. As the GT and FF decays are treated

in a single RQRPA framework, this may reflect that the

- - integral of GT+FF strength is overestimated both in
FIG. 4. Measured neutron emission probability (%) or upper Qpn and Q5 windows, The good agreement between the

limit (EIET]] for T':he Heg- afld .Tl—isntc:-pes (solid red circles and experimental half-lives and the FRDM+QRPA predic-
arrows). Theoretical predictions from Refs. [22, 25] and phe-  tions for the entire Tl-isotopic chain (Fig. 3) is in con-

nomenological models [30, 31| are shown with open symbols. trast with the factor of five discrepancy found for the
FRDM+QRPA predicted branching ratios of 2!5216TL

In the Os chain (N-Z= 52), %FF(A) is similar in RHF and DF3

100
804

In the Bi chain, %FF (A) at high N-Z > 64 are different

60
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% FF / Total

. As in all considered isotopic chains,
%FF (A) is important for simultaneous
description of the T1/2-s and Pn-s
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__Model CONCLUSIONS

Comparison of the RF3, RHB and FAM:

DF+CQRPA Some difference in describing the “standards”.
[2] .
Main reasons:
RHB+QRPA Density fgnct/ona/ structur‘e; N
3] Imposed constraints ( 3,, s.p. basis, fitting protocol...)
Structural indicators:

Q. Zhi, E. Caurier, J. Cuenca-Garc’ia, K. Langanke, G. Mart’inezPinedo, K. Sieja, Phys. Rev. C87 (2013).
I.N. Borzov., Phys. Rev. C67, 025802 (2003).

T. Marketin, L.Huther, G. Martinez-Pinedo, Phys. Rev. C 93, 025805 (2016).

M. T. Mustonen, T. Shafer, Z. Zenginerler, J. Engel., Phys.Rev. C90, 024308 (2014);

M. T. Mustonen, J. Engel., Phys.Rev. €93, 014304 (2015).

A.P. Severukhin, VV.Voronoy, |.N. Borzov, N.N.Arsenyev, N.Van Giai., Phys. Rev. C90 044320 (2014).
A. P. Severyukhin, N. N. Arsenyey, |. N. Borzov, and E. O. Sushenok., Phys. Rev. €95, 034314 (2017).

€ spr Qg,5,, and T;;,, Pntot, Pxn
should be treated simultaneously

Sensitive marker: % of the GT and FF in the total rate
Competition of the Gamow-Teller and first-forbidden (FF) decays.
Consistency with decay schemes.
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Classical model can not solve the problems of the

r-process site and mechanism.

Few “state of art” astrophysical scenarios

1. Supernovae “neutrino-driven wind” or PNSW,
a) “HOT” r-process;
b) “COLD” r-process. (No (n,Y) -(Y,n) equilibrium)
S. Wanajo Ap.J.Lett. 770 L22 (2013)
2. Neutron star merger
“COLD” r-process.(Yn/Yseed>1, fission cyclingis possible)
S. Rosswog et al. MNRA Soc. 439, 744 (2014)
3. Magneto-rotational supernovae
Prompt-magnetic jets
C. Winteler et al. Ap. J.lett 750, L22 (2012)
4. Quark-hadron phase transition.
N. Nishimura et al. Ap.J 758, 9 (2012

(Nn, T, Ye orinitial composition, S/b, Nn/Nseed)



Sensitivity of the r-process abundances to beta-decay rates

—@— DF3a+Blocking
—/\— FRDM(GT+FF)
—v— FRDM(GT)_deformed
—— FRDM(GT)_spherical
—&— Exp. Data
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A

Standard FRDM-RPA+Gr.Th (GT+FF):
- overestimates exp.data at N<54

- and shorter than DF3 at N>54 (A=85)

M. Madurga, R. Surman et. al. PRL 109 (2012
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Fig. 1. (left) The r-process abundances (note logarithmic

scale) calculated using new experimental and theoretical
half-lives (red curve) are compared to previous FRDM
simulations (blue curve).

The longer DF3 half-lives above A=85 caused more material trapped in the first peak. Since less material
escape the A=80 region , fewer neutrons are used up, more neutrons available for capture in A>90 region.
The path is a bit further from stability, where the half-lives are faster, less material trapped in A=130
peak. These two effects combine to greatly increase the abundances at A>140. Substituting the FRDM
half-lives for A=27-32,51 leads to even more significant redistribution of the pattern including more
vigorous third peak. New half-lives allow the r-process to reach higher mass before freeze out efficiently

enhancing the abundancies at A>140.
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FIG. 1: Logarithm of the ratio of the two sets of 3 decay rates
used in our nucleosynthesis calculations. The black points
mark the nuclei with experimental half lives. The dashed
lines correspond to magic numbers.
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Local and global effects of beta decays on r-process
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FIG. 2: Final abundances for cold r-process conditions based
on two sets of beta decay rates (see text for details). The dots
represent the scale solar abundances.

arXiv:1405.0210 (2014)

Our two beta decay sets differ mainly for nuclei in
the regions of the magic neutron numbers N = 82 and
N = 126. Therefore, one expects abundance differences
between our two r-process simulations in the region of
the second and third peak, ie., 4 =~ 130 and A = 195,
peaks. We can hence conclude that the changes in the

beta decay rates have two effects on the r-process abun-
dances: a local which affects the abundances in the re-
gion of nuclei with changed half-lives and a global that
changes the general abundances pattern, including nuclei
which half lives have not been modified. Global changes
occur because changes in the nuclear half lives influence
the flow of matter to heavier nuelei. Furthermore, such
changes affect how fast neutrons are exhausted during
the r-process with the important consequence that the
freeze-out can occur under different astrophysical con-
ditions. This can have important impact on the final
r-process abundances.


https://arxiv.org/abs/1405.0210

110 Beta decay half-lives of very neutrom-rich Rb to Sn.
G. Lorusso et al. Phys.Rev. Lett. 114, 192501 (2015).

40 new half-lives.
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DF3+CQRPA is closer to exp. for spherical nuclei (Z>42) cf. FRDM and GT2



Using 110 new half-lives from RIKEN
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Assumption: (n,y)# (y, n) equilibrium. Mass A

Local and Global impact
of new half-lives:

1. Soften under-production @ A=130. 2. Using new half-lives of Ag, Cd,In
No shell quenching needed. and Sn(N>82) help to IMPROVE
Still a “dip” problem @ A=120. description of the REE Peak @ A=160 !




Key to the universality of the r-process:

REE Peak Z>55, A~160 in SoS and MPS

Abundancies of Rear-Earth Elements match coherently
both in SoS and (OLD )Metal-Poor Stars!

2
= HD108317 - solar system _
15 Sn o o HD128279 o= ;g ms Comparison of elemental r-process
A7) X v BD173248  “RZ U TR abundancies in 4 metal-poor stars (MPS)
1 S| § | Bg 4HDI0BE17 T 0 350 o Ir ) :
/ A 3 “ T = osl ! and in solar system (SoS) with calculated
Pd ! 1 Vo S .
0.5 d N P -~ Hf for a wide r-process parameter space

given by the expansion time t,=10 -300ms.

Normalized to the abundance of Eu.

Abundance log(9
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In SoS — the abundance pattern is a result of many r-process events averaged over t.

In contrast, earlier generation of stars ( MPS) display very few r-process events !
Example: in MPS robust Te production is known. It is supported by above calculation for t,=10 -300ms.
Despite the different r-process conditions varying the outputs for 4 stable Te isotopes , the compensation
occurs resulting in robust Te production (cf. with | and Cs having one stable isotope and being very sensitive
to the r-process conditions).
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FIG. 3. (color online). Systematic trends of G-decay half-lives from this work (solid circles) and previous measurements (open
triangles) [26] with neutron number for thirteen elements. The measurements are compared to predictions of three theoretical
models: FRDM+QRPA [28] (green), KTUY+GT2 [29, 30] (red), and RHB+pn-RQRPA [31] (blue). The shaded areas are the

currently known-masses region for each element [27], except for the unknown mass of gz"Th (red arrow).




® Baseline simulation — fix conditions & nuclear physics models.

Produce a final abundance pattern matching reasonably to the main
solar pattern A>120.

® Modified simulation : change a single piece of nuclear data (say, a
single mass or beta-decay rate. Repeat the simulation !

All the final mass fractions of this simulation X(A) are compared to those
of the baseline simulation X, ,..;.,.(A) making use of

Global Sensitivity Measure
F=100 2 A / Xbaseline( A) -X (A) /
where

JAX(A)=1  Mass conservation
X (A)=AY (A) Mass fraction (X)é<>abundance (Y)

e The process is repeated for every mass or beta-rate !
 OUTPUT: Sensitivity Measure F for each nucleus in the Network.
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Some important nuclides are still out of reach



The REE peak can be used as a unique probe of the r-process freeze-out conditions
and it eventually might help to reveal the currently unknown r-process site.

(b) Same as a) but
for the elemental
abundance

pattern compared
with one metal-poor
star HD108317.

(a) The r-process
abundance

pattern observed in the
solar system (open circles),
Cf. calculated using the
experimental half-lives
from this work (black line).
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The colored areas represent the uncertainty of calculated abundances related to varying by a factor
2 the half-life predictions of the FRDM+QRPA (green),KTUY+GT2 (red) and RHB+pn-RQRPA (blue).

Changing the astrophysical conditions may change the peak shape
but it does not change the relative impact of the half-lives.
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FIG. 2. Influential S-decay rates in the rare-earth region for
hot, cold, and merger r-process conditions. The hot conditions are
parametrized as in Ref. [50] with entropy s/ k = 200, dynamical time
scale gy, = 80 ms, and initial electron fraction ¥, = 0.3; the cold
conditions are parametrized as in Ref. [51] with 5/k = 150,74y, =
20 ms, and ¥, = 0.3; and the merger conditions are from a simulation
of A. Bauswain and H.-Th. Janka, similar to that of Ref. [52]. We
performed two sensitivity studies for each trajectory, looking at the
results of increases and decreases to the rates by a factor of K = 5.
In order of lightest to darkest, the shades are white ( fi,cq = 0), light
blue{Ol < floca = 0.5), medium blue (0.5 < fiocw < 1.0), dark blue

< fiocat = 5), and darkest blue ( fioca = 5).

In a sensitivity study

70 influential nuclei found (dark blue).

PHYSICAL REVIEW C 94, 055802 (2016)
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FIG. 14. The effect of our new fS-decay rates on final r-process
abundances. The same trajectories are used as in Fig. 2: (a) hot,
(b) cold, and (c) nsm. Black circles mark solar abundances.

FRDM vs 6 high-end ED-functionals

a,b) Low rates species build up the REE-peak !

c) For NS-NS : low-rate species broaden REEP,

shorter-lived — narrow it.



“Hot” vs “cold” r-process

— T~ 1GK — — T~0.5 GK

hot r-process cold r-process
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At T~<3GK: the evolution proceeds under At T<0.5GK: here t(n,y)=1tB < t(y,n)!

(n, y) 2 (v, n) equilibrium (y,n) is out of game.

with t(n, y) = t(y,n) L B The subsequent evolution (here at t>5(-2)s)
proceeds via competition solely between beta

It lasts until neutrons are exhausted. decay and neutron capture with comparable

(Hereitisat~1s). rates.

Then beta-decay takes over:
its timescale is getting shorter that 2 others.

T. Marketin, L. Huther, G. Mart’inez-Pinedo PRC 93 (2015)



Abundances at the 3rd peak (A~195).
The beta decay half-lives: RHB+CQRPA vs FRDM+RPA
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The abundances of heavy nuclei. Hot r-process The evolution of the neutron-to-seed ratio during
(upper panel),cold r-process(lower panel). The half-  the r-process. The freeze out (R=1) occurs earlier

lives obtained from the FRDM and the RHB+QRPA. for DC3* i.e. at higher density which speeds up it.
Notice the differences for A=195. Less time for n-captures during the freeze out!

T. Marketin, L. Huther, G. Mart’inez-Pinedo PRC 93 (2015)



Faster evolution with new half-lives leads to B-flow

equilibrium:

Average beta-rate:

—— FRDM, hot SN
— D3C", hot SN

1
5(Z)

As Y (Z) are proportional to the lifetime t(Z),
the material accumulates in regions with the
longest life-times, namely
near the magic shell closures.

As(Z) =

— Y(I.Z’) g A\s(Z,A)Y (Z, A).

proton number

The lifetimes are substantially longer for the FRDM+QRPA approach
particularly near magic neutron numbers N = 82, corresponding to Z ~
50, and N = 126, corresponding to Z ~ 70.

T. Marketin, L. Huther, G. Mart’inez-Pinedo PRC 93 (2015)



Conclusion : Nuclear physics uncertainties

of r-process nucleosynthesis

The most important nuclear B-decay data
in all scenarios of the r-process
are
for nuclei near the closed shells
=50, 82,126
as well as in rare earth region
(10-20 neutrons away from stability).

These nuclei can be recommended as targets
for acting RIB facilities.
Improved theoretical predictions are welcome!
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