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Introduction

Nuclear 5~ decay

A A — _

@ mainly determined by GT transition
@ energy conservation

Mi =M+ E*+T.+ E,

@ GT strength distribution
v’ spin-orbit splitting
V' spin-isospin channel of nuclear
effective interaction
@ [J-decay and GTR measurements
complement each other

Gamow-Teller strength distribution

Nuclear 3-decay

electron antineutring

Qg value = M; (atomic)- M (atomic)

B decay
window

Giant
resonance

Excitation energy in daughter nucleus E*
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Introduction Nuclear [3-decay

The r-process

neutron capture timescale: ~ 0.2 us

A
A

Seed | _ .

\ Equilibrium favors
(y,n) photodisintegration ~ ~ waiting point”

Proton number

The series of the maximum abundances
in each Z-chain is called r-process path.

Neutron number

-decay and -process

@ r-process: produce the heavy elements beyond iron
@ [J-decay half-life:
govern the abundance flow from neighbouring isotopic chains

—> set the time-scale of r-process
(~ the sum of (5-decay half-lives of nuclei in the r-process path)
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Introduction Experimental half-lives
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— Z. Niu, Y. Niu, et al., PLB 723, 172, 2013

v development of radioactive ion-beam facilities = important advances
"8Ni and around Hosmer, et al., PRL 94, 112501, 2005; Xu, et al., PRL 113, 032505, 2014
very neutron rich Kr to Tc isotopes Nishimura, et al., PRL 106, 052502, 2011

v/ most neutron rich nuclei relevant for r-process: out of experimental reach
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Introduction —  Theoretical investigations

(> ab-initio approach: for very light nuclei sarett, et a1 PPNP 69, 131, 2013

(> shell model: up to A =40 — 50 or around magic regions assuming a
frozen core

Langanke, et al., ADNDT 79, 1, 2001; Suzuki, et al., PRC 85, 015802, 2012; Li, et al., JPG 41, 105102, 2014

(> Random Phase Approximation (RPA)

v non-self-consistent

o Quasi-particle RPA (QRPA) based on

FRDM Moller, et al., ADNDT 66, 131, 1997
o DF3 + CQRPA Borzov, PRC 67, 025802, 2003

v self-consistent
o QRPA based on Skyrme density functional
Engel, et al., PRC 60, 014302, 1999
o QRPA based on covariant density functional
RHB + QRPA wiksi¢, et al, PRC 71, 014308, 2005;

Marketin, et al., PRC 75, 024304, 2007
RHFB + QRPA Wiy, et al, PLB 723, 172, 2013
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Introduction — Problems with RPA description
> Skyrme HFB+QRPA ¢ RHB+QRPA
Engel, et al., PRC 60, 014302, 1999 Niksi¢, et al., PRC 71, 014308, 2005
O HFB+QRPA+SKO' Lo _'
*+ HFB+QRPA+SkO’, V=0 » 10°E eo—eEXP E
10? F & FRDM+QRPA FAN F aa V=0 MeV R .
O ETFSI+QRPA [ A--aV=115MeV N
¢ Expt. 10 = xox V,=330 Mev ’ E
10' ot
—_— 10" =
210 : i
B : = 10E - 3
10-1 ] ; 10° F A /A 3
. P A* ;
107 f 10° e * N=50 E
N=50 - ]
10° et 10° | . | . | . | . | . |
20 22 24 26 28 30 32 ¢ 22 24 26 28 30 32

self-consistent QRPA

v Half-lives are systematically overestimated

v Half-lives can be reduced with the inclusion of attractive isoscalar pn pairing

v~ The isoscalar pn pairing has little or no effect on closed-shell nuclei, like "®Ni.
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%

Possible solution: tensor force
Minato, et al., PRL 110, 122501, 2013
Skyrme RPA + tensor
[3-decay half-lives are reduced

4

10— - - -
R (a) SkO

10% N\

10°%

10"

10%

--<$-- NO tensor
1| —e— tensor

1077 &~ exp.

10-2 132I 68I 34I 78I
Sn NI Si NI

— Possible solutions

{> Another possible solution:
Skyrme RPA + particle-vibration
coupling (PVC)

Niu, et al., PRC 85, 034314, 2012

RPA4-PVC
v" Include correlations beyond 1p-1h

configurations

v" The downward shift of excitation
energy and spreading of the GT
strength is found.

v It is expected the PVC could help with
reducing (-decay half-life.

Advantage

v" Without introducing new parameters
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Introduction — RPA-+PVC: more than half-life

& Spreading Width
v (Q)RPA: coherent superposition of 1p-1h states
v Spreading width 't

energy and angular momentum of coherent vibrations
= more complicated states of 2p-2h, 3p-3h - - - character

& To describe the spreading width
v" Second RPA prozdz, et ai, PR 197, 1, 1990

configuration space 1p-1h, 2p-2h

v" RPA + PVC (particle-vibration coupling)
configuration space 1p-1h, 1p-1h ® phonon

o relativistic functional

Litvinova, et al., PLB 730, 307, 2014; Marketin, et al., PRC 706, 477, 2012

o skyrme functional colo, et a1, PRC 50, 1496, 1994
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Introduction — In this work

o To develop self-consistent skyrme RPA + PVC model by including the

whole two-body interaction in the PVC vertex

o To investigate the particle-vibration coupling effects on nuclear [5-decay

in magic nuclei

v' the spreading width and fragmentation of GT strength
v’ the [-decay half-life
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Theory framework —  -decay half-life

Half-life calculated in the allowed GT approximation

D
7-1/2 — > Qs ) (1)
ga | " S(E)f(Z,w)dE
@ D=06I1634sand g4 =1
@ S(E): GT strength distribution with respect to daughter nucleus
@ integrated phase volume
f(Z,wo) ! /wo Eo( E.)°Fo(Z + 1, E.)dE (2)
Wo) — eLelWp — Lo y Le e
; Wo (mac2)s meC2P 0 0

pe: momentum; E.: energy; Fo(Z + 1, E.): Fermi function of the electron

wo = Qs + mec® — E



Theory framework

Theory framework — Strength function from RPA+PVC

The nuclear excitation configuration space is divided into three subspaces: @, », P.
@ @q: 1p-1h within the set |/) — obtained by solving the HF equation
@ P: 1p-1h where the particle is in an unbound state = Escaping Width
@ (): “doorway states” |N): 1p-1h @ phonon = Spreading Width

Strength function

where

Q,(w) = Egpa + Re[(X)ar.ar(w)] (4)

and
[p(w) = —2Im[(X)arar(w)]: (5)

> or.ar(w) is the self-energy of the GT state.
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Pb Gamow- Teller strength distribution

Results and discussions
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Y. Niu, G. Colo, and E. Vigezzi, PRC 90, 054328 (2014)
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Results and discussions — PVC effects on -decay half-life

100 | | | | | | ?
S --#-- RPA :
10 Y —e— RPA+PVC
@1 i
T A
— . Wiz ///./Zé///_//_///%/_///
01 ;;/ ’ll///// PRSP WY E
EXP.
0.01
78Ni
1E-3 | | | | | |

SAMi SGII SkM* SllII  SLy5 Skx
Exp. : Hosmer, et al., PRL 94, 112501, 2005; Xu, et al., PRL 113, 032505, 2014.

o ®Ni: bottle-neck nucleus in r-process
@ Skyrme interactions are not well constrained in spin-isospin channel

@ PVC reduces half-lives for all interactions.

Reduction factor R=42 (SAMi), 10 (SGlI), 4 (SkM*, SlII, SLy5, Skx)

@ SkM*: reproduce well both GTR and [3-decay half-life
Y. Niu, Z. Niu, G. Colo, and E. Vigezzi, PRL 114, 142501 (2015)
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Results and discussions

How PVC reduces the half-life
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f(Z,w) = —w / peEe(wo — Ee)*Fo(Z + 1, E.)dE..
(mec ) mec?

12




Results and discussions

Results and discussions —  How PVC reduces the half-life
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Exp. : Xu, et al., PRL 113, 032505, 2014

@ With the inclusion of PVC, the RPA energy is shifted downwards by about 2 MeV.
@ The strength of each peak is basically kept conserved as the RPA case.
@ Due to the big increase in phase volume, the contribution to the half-life also changes

a lot from RPA to PVC.

Although the PVC doesn’t change the strength of each peak, it reduces the half-life
dramatically by shifting downwards the excitation energy.
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Results and discussions
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Summary and Perspectives

The self-consistent Skyrme RPA + PVC model is developed and used for
the calculation of the Gamow-Teller transitions and 3-decay half-lives in
magic nuclei.

@ Coupling with phonons is relevant to producing a more realistic strength distribution

characterized by a spreading width. As a result, very good agreement with experiment

is obtained for 2“6Pb.

@ Coupling with phonons shifts energy downwards by 1-2 MeV, and hence increases the

decay phase space. As a consequence, the [J-decay half-life is reduced, and reproduces

the experimental data very well.

Perspectives:
@ apply in other weak-interaction processes like electron capture.

@ include the pairing correlations for open-shell nuclei

@ include temperature effect
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Summary and Perspectives

Theory framework — Effective Hamiltonian

The nuclear excitation configuration space is divided into three subspaces: @, (), P.
@ (1: 1p-1h within the set |/) — obtained by solving the HF equation
@ P: 1p-1h where the particle is in an unbound state = Escaping Width
@ (: “"doorway states” |V): 1p-1h @ phonon = Spreading Width

In order to work inside the space (), the effective Hamiltonian is taken

H(w) = QHQ + W (w) + WHw)
1 1

= GWHQ: + QlHPw —PHP + iePHQl + Q1Hsz T OHO, + iEQzHQl- (8)

In this work, only the spreading width will be considered, i.e., the effective Hamiltonian
H(w) = QHQ + Wi(w) (9)

will be solved.
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Theory framework — Eigenvalue equation for effective Hamiltonian

The creator O] of state |/), solutions of effective Hamiltonian, is

ol =>» Fol - F"o}, (10)

wn>0

where O and O! are creation operators of RPA states |n) with energy w,, and |A) with
energy —w,.
The eigenvalue equation for the effective Hamiltonian is

[#.0]] = (@, ~ )0, (11)

The matrix form is

D + Al(w) Az(w) F(V) - I, F(V)
( “A(w) D Aw) ) LFw ) = @) (e ) (12)
where D is a diagonal matrix with the RPA eigenvalues, and the A; matrices contain the
spreading contributions.
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Theory framework — Spreading terms

The matrix element of the spreading term W+ in the basis of p-h configurations from @Q;

space Is
! (PhIVIN) (N|V|p'H')
th,p/h/(w) — Z W — Wi ; (].3)
N

which is a sum of the following four diagrams.

p h p h

p' hl p| hl

(1) (2)
p h p h
pl hl pl hl

(3) (4)
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Theory framework — Strength function

1 X 1
S(w) = ——Im > j<0\OGTiyu>2w o i D) (14)
v o 2

Diagonal Approximation

We could take Lorentzian form
rn( )
+ A 2
Z — (@) QBm B, = ‘<0’OGT_"7>‘27 (15)
(,d)) + (T = A)
or the Gaussian form of strength distribution
1 e [ o(w)
S{w) = e i B, o,=(—2%+A)/V2n2, 16
=3 (2 8)V (16)
where
Qn(w) = Egpa + Re[(A1)etr.cTr(W)] (17)
and
I’,,(w) — —2Im[(A1)GTR7GTR(w)]. (18)
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Summary and Perspectives

— Spreading terms

These four diagrams are expressed by
1

(ool |V ILjprs 1) (myi ||V L)
\J.

9)

WH(1) = Spmdjy, >

W — (wn+ep// —Eh)+iA

“2
Jp

0)

p/ .nL
1
1J _
W (2) N 5 léjmh'zw—(w —Eh//—|—€ )—I—IA
' nlL n p

 Njp—jy L L
wWa:Zw%() ,{#@Z

Jn Jp

— wn+ €p — €p) +iA

WU(4) _ Z — ( (_)Jp’—Jh+J+L | { ./..p J_'h

— Wy + €y — €p) + IA

The evaluation of the reduced matrix element

WWMQ\M+§:

VL (ihjp) +

where V) is the p-h coupled matrix eIement,

Vi(ihjp) =

all m

(ngnl |V s nL) S| [V |, L)
\L

"
Jh

}upfuvnfp, L) (i |V . nL) (21)

/ } Ul IV 1L L) GillV L L) (22)

Jn Jp/ L

+ (=) Y Vi(ipsh), (23)

S (Y I Gy — g LMY Gy — ma L) Giony, oms| V. o).

(24)
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Summary and Perspectives

— Spreading terms in RPA basis

To transform the spreading terms from p-h basis of (); to RPA basis, we get the matrices

elements A;.

(A1)mn =

(A2)7mn
(As)omn

(Aa)omn

2w

ph,p'

2w

ph,p'

2 W

ph.p'H

2 W

ph.p'H

ph p’h’

ph p’h’

ph p’h’

ph p’h’

)X(”) 4 Wi*

/h/

(m)y,(n) b
Ph Yp’h’ T th

(m) y/(n) Jx
Yon KXo T Wohp

(m) y/(n) P
Yor Yo + Won,

(=) YUY,

(=) Y X)

(=) XY,

(=) XX,

(25)
(26)
(27)

(28)
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Numerical details

@ HF equation: solved in coordinate space Rpox = 21 fm, dr = 0.1 fm.
@ RPA configuration space: ¢, < 100 MeV

@ Phonons: 07,1°,27,37,47. 5. 6"

@ Phonon energy w < 20 MeV

@ Phonon strength (isoscalar or isovector) > 5%

o intermediate particle in the door-way state: ¢, < 100 MeV
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Results and discussions — PVC effects on GTR with different interactions

T T T T T g | 6 ey e rprrerprrrrp e
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||_ 18 - - [ 4 —_ E 3 i L SO @---"""" :
9 R P . ...... - : I — [ —-
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O Boneve W 2085 1 = F 20851,
Ul we Pb [ ) Pb
A A | Loy o] 1 L | | | |
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go gO

PVC Effects

weakly dependent on the interactions

o peak energy is shifted downwards by 1.2 MeV
o A width of ~ 3.5 MeV is acquired
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Results and discussions Pb Gamow-Teller cumulative sum

140 ] ] ] ] I ] L) L) L) I L) L) L) L) I L) L) ] ) 100 B ] ] ] ] I ] L) L) L) I L) L) L) L) I L) L) L) L)
120 E °®Pb SGlI [ L *®Pp SGI
80 Y-
100 S RPA scaled
— — RPA+PVC P - —— RPA+PVC scaled
i— 80 exp. | 0 - exp. 7
O ]
m 60 _'
0] 40 .
40 ]
20 F -
20 . ]
O L o v [} [ [ [ [ [ O - -+ [ [ [ [ [ [ [ [ [ [ [
5 10 15 20 25 5 10 15 20 25
E [MeV] E [MeV]

RPA RPA+PVC
lkeda sum rule 99.99% 95.2% (97.3% for A = 0.2 MeV)
Above 25 MeV 3% 15%

@ £ =25 MeV : exp. strength/RPA+PVC strength ~ 71%
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Appendix Pb Self-Energy

(A X (GTR) y (GTR) 1L+ (GTR)y/(GTR)
x = (A) GTR,GTR — Z ph p’h’ ph Xp’h’ WPh P’h'( w)th Yplh'
ph,p'H

Re(X)(EgTr): energy shift — —2Im(X)(Eg7r): width

2.0 ,
15f---- 1 ===3 1 208pp
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L -15F i
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@ 2", 4" phonons (isoscalar): not important <= cancellation betwwen W, W, and W5,
W, diagrams

@ 17,3 phonons (isovector): most important phonons <= no cancellation betwwen I/,
W, and W5, W, diagrams
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Appendix Pb Why are ~ phonons important?
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important!
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Results and discussions How PVC reduces the half-life

— 40 v ) v ) v e 7 4 20 L | v e;( p' ) ML 2 4 40 | v | v L} v | RS 8 100 ML L L IQ' b v 20

G L 132 : o L 63n - . o L 34 - ¢ L 78n1: N

> 30F >Nexp. Qi 1315} NI ! Qi 1330S po; Qbé le 75 N bt 115
2@ T P L (9) P L () ¢ 1w
< 20 2 20} i {4 50} ¢ {105
f L IE p S ¢ —]
o 10 1 10 : ~
»n ol H :

19250 SkM*E

) SB(GT)
O P N W O

O Fr N W O DN A OO O

0.2} () i ] 1.0
o S, N [
201} —rpa+pvci 1 0.5
=} P
HOO R T B A OO IREETY TR LY 2 al s TR T
O 1 2 3 4 2 0 2 4 6 0 2 46 81012
E (MeV) E (MeV) E (MeV)

Exp. : AME2012, Chinese Physics C 36, 1603 (2012)
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