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r-process nucleo-synthesis
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BED (107 fm?)

E1 SERBOHEE: BEZ

Pygmy dipole resonance Whole E1 response : pygmy + GDR

Darmstadt (y,y’) on stable N=82 isotones
RCNP (p,p’) on 208Pb

Volz et al. NPA779,1 (2006 y
( ) Tamii et al. PRL107, 062502 (2011)
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E1 CEEBROHERE: 1%

Pygmy dipole resonance
not necessarily small S,
(Heavy mass nuclei)

S4,=7.3 MeV S,,=7.8 MeV

Et%. PEFEFRIEZ

Threshold strength
very small S,
(light mass nuclei)

11Be _S1n=0.5MeV
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Adopted E1 strength function
(schematic)

Existence of pygmy resonance
below S,
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Resultant r-process abundance
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DFT+QRPA (Hi#MIiH4&IE DFT+RPA)

Photoabsorption cross section
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Eg. S.Goriely, E.Khan, M.Shamin, NPA739(2004)331
E. Litvinova, et al. NPA823 (2009) 26

S.Goriely, S. Hilaire, S. Peru, K. Sieja, PRC98, 014327 (2018)
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Single-particle model of direct n-capture

dB(E1 2
% o ‘<¢ , ‘M (ED) ¢,-(E)>‘ Analytic expression

using the asymptotic wave forms
S. Raman et al. PRC32 (1985) 18
S. Typel and G. Bauer NPA759 (2005) 247
M.A.Nagarajan, S.Lenzi, A.Vitturi EPJA24 (2005) 63

bound orbit scattering state in
continuum

eV NEUTRONS

MeV NEUTRONS

INITIAL WAVE FUNCTION

FINAL BOUND p STATE
WAVE FUNCTION

normalized shape function

1.0 2.0 3.0 4.0

\r/ E/S, . Typel-Bauer

S. Raman et al.
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G.J. Mathews et al. Astrophysical
N J7-2270,7Z40 (;098,,3)& o , Y- Su, S.Griery, et al PRC90 , 024604(2018)
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Hohenberg-Kohn &
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1998 Nobel prize in chemistry
to W. Kohn

PR 136, 8844 (1964)
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PR 140, A1133 (1965)
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= [dEG(E)G(w-E)

Density & pair density oscillation
op(w)
op(w)
6P (w)

oMw)+V
O0A(w)
A" (w)

Matsuo, NPA696,2001
Mizuyama, et al PRC79,2009
Serizawa, et al PTP121,2009
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Propagation of quasi-particle
wave in the continuum
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thi F I 2R M EFEA D 4 & : Zangwill-Soven "

Cf . A.Zangwill, P.Soven, PRA 21(1980)1561
T.Nakatsukasa, K.Yabana JCP 114(2001)2550
M.Matsuo PRC91 (2015)034604

correlated response  External field

S() = =L Im[[[drdr'V 5, (1) Rups (7,7, 0)V o ( 2\ [ o(w-2,)

ex t

~ L Im[[drdr' Ve, (r,0)Ry (1.1, o)V, (r,0) = E\ iV, (o) )\ S(w-E,)

®Decomposition w.r.t. uncorrl. 2gqp states

Selfconsistent field uncorrelated

inel. correlation response ®Matrix elements of selfconsistent field
1-particle 2- ptal'tlcle
bound 2qp states continuum continuum

S(w) =Im
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E1 strength function (Photo-absorption cross section)

S(E) = S, (E) + > Sem(BE) + S, (E)

NS i€bound ,pEcont
—> p-deca
___________________ p y 1-particle 2-particle

GDR ~20 Sp bound 2qp states continuum continuum
MeV v decay
Pygmy l —> 2n-decay
Softdipole 2 | TV [T S,,
Sin~2MeV ™ oo - &==21n-decay

< A 4 gs

S(E) A

® Partial photo-absorption x sect. for dlrect indecay y+A— A" — (A-1)+

167°€°
O'(}/+A%(A_1)i+np)_ 9hC E Slc(lp)(E)

® Inverse direct neutron capture x sect. r21+(A-1 ) > A" > A+y

k
o((A-1),+n, =y +A4) =S~ k—ga(y+A —>(4-1),+n,)

n

NB. neutron energy E, ~ kT ~ 10-100-1000 keV



Demonstration

1. Sn isotopes beyond A=132: expected r-process nuclei

134G
1365

988n, S, =2-4 MeV
1403[‘1,

1425~ expected r-process nuclei

144Sn
146Sn
1485

2. HFB with Skyrme functional & DDDI
SLy4, DDDI pairing (mix)

E...=60 MeV, R, _..=20 fm

cut max

3. Continuum QRPA in coordinate space

Landau-Migdal approx.

Spherical code:
Serizawa-Matsuo, Prog.Theor.Phys. 121 (2009) 97

One-neutron separation energy
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Skyrme HFB + Continuum QRPA

Parameter set: SLy4 DDDI-mix
Landau-Migdal approx.

width=0.1MeV

1, R < S S N =P S s
10 | 1348 1| 1368 1 [ 140 .
; -
6 - -
4 . i
2 ) ‘: @W U ‘;
'§) A "V}'/' "\Q'/' ' ,,\4;/, :,,
10 ¥l 1a2g 1| 14480 T | 1465 “ 148§ -
4} 3 3 + :
155 LA = LA =N LW =

10 15 20 25A 5 710 15 20 25w10 15 20 25w10 15 20 25

Arrows: neutron separation energy S, ~ 2-3 MeV



Dipole strength in 142Sn
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‘*i - ¥ 2 .

| Smoothing width

solid: 100 keV
dotted: 1 MeV
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Photo-absorption cross section
Total vs Partial ( for 1n-decay)
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1 ®1n-decay probability
1 survives even above S2n,

®Branching ratio of 1n-decay

"" 1 decreases only gradually

with increasing energy

® The complex energy-
dependence reflects the

| configuration mixing &
1 correlations in the dipole
: states. .
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Decay branching ratio of photo-
excited dipole states

1.0 ]
1 ®Branching ratio of 2n-decay
0.8 [ -] increases only gradually with
] increasing energy
9 0.6 — ]
=
204 F ® Two states of '4'Sn are
§ populated after 1n-decay
< 0.2 ]
o
0.0

E (MeV)
S,.=2,796 MeV
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Partial photo-absorption o for

specific 1n-decay channel
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Comparison with single-particle transitions

Hartree-Fock + single-particle transition Hartree-Fock-Bogoliubov + QRPA

@ Simple structure
governed by energies and angular
momenta of orbits

®Threshold energy is higher due to
the additional binding caused by the
pairing

®Populate also 3p1/2 state of the
daughter

®Energy-dependence is complex

0.8 _""|""|Illl|u|||
| single-particle (HF)

[ Bl T

142Sn
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Direct neutron capture cross section

1418n (3/2-gs) + n(s,d) > 1428Sn (0* gs) + vy
® calculation with wide dynamic range: neutron energy = 1 keV - 6 MeV

® s-wave capture dominates at low energy
® threshold behavior o~ e =2 for very low neutron energy < 100 keV

zm SRR T
~ 103 | -
5 : s
< 12—
10° 3
1070 u

Y. 4N s 3 s aanl EPETEEETT |
109 101 102 103
neutron energy ¢ (keV) keV
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