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Heavier elements ( Z> 26-28) can be assembled nuclear physics
within stars by neutron-capture processes

Superheavies
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Two main neutron capture
processes

S- ProcCess - slow neutron capture,
low neutron densities

p _~ 10%8cms3
life time
t~1-10years

I’ = Process - rapid neutron
captures

p~ 10%%/cm?
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Two-Phonon State Giant Dipole Resonance

Pygmy Dipole Resonance
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= Two-Phonon 1- Excitation: B(E1)~10-3W.u..

- Pygmy Dipole Resonance: B(E1) ~ 0.5 W.u.

- Giant Dipole Resonance : B(E1)~5-12 W.u.
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PDR: D. Savran, T. Aumann, A. Zilges, PPNP 70, 210 (2013). S~ | A Y
A. Bracco, F.C.L. Crespi, E.G. Lanza, EPJA 51, 99 (2015).
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A mapping of the complicated many-body
E(o., p.) = z 7,(24) + Eim (s £PL) problem to a simple one-body problem
n? P q q in n?
q

which preserves the local density p(r), the
energy E(p) and quantities depending on p(r).

Int(pn’pp)_ Int(p(O)’pI(JO))_I_ZU 5pq+_z fq q2 5pq2
Q1 dz
U = SE i HF Mean-Field
q 5pq
S2E. : : ot
int Residual Interaction =) Nuclear Excitations

q, .92 T

5pCI1 5pq2
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Quasiparticle States H,P" - separable multipole p-h interaction ;
Phenomenological EDF approach based on a fully Hq, " - separable spin-multipole p-h interaction ;
microscopic self-consistent Skyrme HFB theory. H,P?P- separable multipole p-p interaction .

In the QPM, the pairing part is simplified by using a

constant matrix element.

Bogoljubov transformation to quasiparticles

_ _ j—m +
a,, =ua, +(=)"va



The QPM basns is built of phonons:
Qﬂui :_Z[l/jjljz /‘w(Jl’ J2) — (= 1)/1 ﬂgojljz A — u(Jl’ JZ):I

iz
A;:/_,(j11 jz) = Z <j:|_m1 Jz > |2-’//l> Jlmla};mz

mymy

+ __ fermionic corrections
| Qi Qi | = 8228, 8- + c
-~ ajlmlajzmz

QRPA equations solved >

I:H ’ Qﬂtui:I = B, QL o o
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Multi-Configuration Multi-Quasiparticle Wave Function -Basis of QRPA phonons
., ph* and ,,pp“- type configurations
W, (JM) = R;(J)Q s + Pl [t . @t *Pauli principle, orthogonality
zi: I ,\% A2tz Qs © Wi s -Core polarization effects
A2tz (1) sLarge multi-particle-multi-hole

configuration space
*SPECTRAL FRAGMENTATION
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Nuclear Spectroscopy
M(XA) = (¥, [T(XD)|¥,)

T(X2) = [PPh(XA \+ TQPh (X 1)
.~

QrPA ~Qj, OPM ~ Q&

B(X4, J7—>J7) ~| M(XA)|2  reduced transition probability

G

V. Ponomarev, Ch.Stoyanov, N. T. , M. Grinberg, Nucl. Phys. A 635 (1998) 470.
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Parameter Present data EDF+QPM
Energy interval (MeV) 4.9 - 8.1 4.9 - 8.1
Number of F'1 states:
Within the exp. sensitivity® 100° 04
Total 340
ZRB(E1) T (e*fm?) 0.88 + 0.17 0.935
MNumber of M1 states:
Within the exp. sensitivity? 26% 28
Total 170
ER(M1) T (13) 8.25 + 1.97 8.9

2The sensitivity limit for a single E'1 transition is ~5x10 % &2 fin2
PThe sensitivity limit for a single M1 transition is ~ x 102 f-"?\'
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From the magnitude

of the (d,p) cross
section can be
determined the
strength of the
single-particle state
— §25(DWBA) generated by the
(d,p) reaction.

STRUCTURE \I; WV REACTIONS

- ¢y —n Many-body
QH EJV(ea)) =0 Hamiltonian) ai(r)
' r. s-pwfs o(r)
__‘_ ﬁ interactions U(r)
|

AN -’ ,u/ I". u'r \ — T

~— - . many-body wfs .—.r R

\ @ # |WE({A}}' E and energies “—

\ xe(R)

The single-particle orbit for the neutron N A g Scatterng wis Xe(R)
provides only one component of the total —— ) " oprcal porentals (e(r)
wave function which includes as well 5 (ol e(en ) wy "SPECtTOSCORIC R
excitations of the target nucleus plus ( PRl )Y amplitudest ) _jucrm
neutron in other orbits ‘
i

QPM
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Unprecedented access to the theoretical wave functions demonstrating the 1p-1h neutron origin of the PDR in 298Pb

M. Spieker, A. Heusler, B. A. Brown, T. Faestermann, R. Hertenberger, G. Potel, M. Scheck, N. Tsoneva, M. Weinert ,

H.-F. Wirth, and A. Zilges, Phys. Rev. Lett. 125, 102503 (2020)
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[B.A- Brown (LSSM) and N. Tsoneva (QPM)]
= Below S:
Z O (dp)exp. — 1524(17) ub
Z O(d,p);Lssm = 1470 ub

Z‘T(d.p):QPM = 1676 ub /

= Above S, andup to S;:

Z T(dp)exp. — 254(9) pub

Z O(d,p);LssMm — 22 ub x
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Accessing the Single-Particle Structure of the Pygmy Dipole Resonance

Novel EDF+QPM-+reaction approach : Angular differential
cross section populating a QPM 1~ state v:

do, _ papy Ky
"= @y (ny)and (1)
n(ny)an
fon of a8 DELLC ) cquibr?
i ica n, !
An indic o the (

|3 P3y
T U3ps o R3P3/2 (y} Y1 &3/2 TPS;: (9)

The experimental centroid energy including both 3p,;, and
3Py, 1S Ey®P=6.49 MeV.
The QPM+Reaction approach predicts:
E;nd™™ = 6.32 MeV.

Summed energy-integrated cross section
NRF data: Y INRF =337(21) keV , (d,py) yield >1%
YI9PM =243 - 360 keV fm? for 1- states with (d,py)
yield >1% and >0.5%.

Ig [kev fm?]  Yield [a.u.]

i A[a.u.]
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IB(E1)T strength [107 ¢? fm?/MeV]
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100 : Sn N ..;ﬁ’ﬁ Continuum analyzed and y
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(y,n) Lepretre et al.
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Talk of M. Spieker

ANL Physics Division Seminar,
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Experimental B(E1) strengths in '2°Sn summed between 4 and 9 MeV and corre-

sponding theoretical results

Ref. LB(E1) (e? fm?)
(p.p") AM. Krumbholz et al./ Physics Letters B 744 (2015)7-12  1.169(12)
v.¥) 139] 0.164(31)
(V. ¥ )corr [39] 0.228(43)
(¥ ¥")corr + unresolved [39] 0.348(76)
QPM Darmstadt [41] 0.553
QPM Giessen [7] 1364
2 phonon RQTBA [62] 2344
2q + phonon RQTBA [61] 9494

M. Miischer et al., PRC 102, 014317 (2020)

{Cologne/Kéln Group; A. Zilges)

January 25, 2021
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T. Shizuma,...,NT, PRC accepted
BU T T T T 2 T 2
NE 5ol EXP- YB(E1)1=0.613(6) e“fm*) |
“‘E 40+ A part of the E1 strength is hidden in |
T the continuous background of the
S 30r observed NRF spectra and BR are 1

50 QPM
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Experimental y-ray absorption cross sections derived from resolved
peaks (squares) and from the quasicontinuum analysis (red circles),
averaged over energy bins of 100 keV. Also shown are cross sections
predicted by EDF+threephonon QPM calculations confined in the NRF
energy domain

(blue triangles) and extended EDF+two-phonon QPM (green

————————————————————————————————————————(iamonds)calculations, Smeared by the torentziamwidth of 100 keV. 10
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We claim that the discrepancies are caused by
structural changes due to more complex
configurations at higher energies, where due to
these changes other y-decay channels open up.

el

nuclear physics

| Iph
-,,[3|;.3,~_.]. ]
'I-[-EFL."!-} L

Iph

ool hl

— 2ph+3ph

(b)




QPM spectral disrtibitions and cumulative B(E1) and B(E2)

strengths related to PDR and PQR modes in 1121181226 el

nuclear physics

PQR theoretically predicted in 2011 N>Z: PDR and PQR strengths
N. Tsoneva, H. Lenske, Phys Lett. B695 174 (2011). increase with the neutron number

...experimentally confirmed in 2015/2016 1245n(Y70,170%) L. Pellegri, A. Bracco, NT et al.,PRC 92, 014330 (2015).
12450 (a,ay) and 124Sn (yy) M- Spieker, NT et al., Phys. Lett. B752, 102 (2016).
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=*Many new states observed in 112Sn
and previously known confirmed.
=y-decay behaviour studied.

L —-— J" 2

@ 71

2000 3000

4000

3000 2000 3000
Energy [keV|

4000 5000

NT, M. Spieker, H. Lenske, and A. Zilges, NPA 990, 183-198 (2019).

phonen structure [7]

=Branching ratios reveal the fine structure of the
PQR states.
=Evidences for the existence of multi-phonon states.

G0 -

a0 b

0 -

—— one phonon —— two phonon —=— three phonon

2452 2TEG 3212 3255 3437 3558 3838 3950 4082 4224 4410 4486 4596 45329 4903 4955 4985 5000

10

-
p—

—
DI
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. > sLifetimes of 2* states determined in 14Sn =Branching ratios reveal the fine structure of the
What ISNew: for the first time. PQR states.

»y-decay behaviour studied. =Evidences for the existence of multi-phonon states.
L (a — =2 10 ]
¢ 50 r ( ) _ﬁ_“lﬁ:[.l'zl] 1r ( ) 114-@ b = 100 114 —0— one phonon —#— two phonon —#— three phonon
—T 40 C — Upper hmie?] [ =n 7 w s o S P 1
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= 08 1r 4
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| I U | B I I N O I 5
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L 1L + [ ol [ ]
— 10 () 1@ = 10¢ v 1,
= L 4 b e ]
= N8k 4 - I . b J
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N. Tsoneva, M. Spieker, H. Lenske, and A. Zilges, NPA 990, 183-198 (2019).



Commonly PQR states have large b, BR and prefer to decay directly to the ground state. However, due to the
admixture of collective two-phonon configurations some PQR states might have larger b, BR instead.

Energy B(E2)T by by Energy B(E2)T b b
[MeV] [e*fm?] [MeV] [e*fm?]

Exp. Exp. Exp. Exp QPM QPM QPM

2.45 1(2) 0.22(0.03) (77 (0.02)) 2.85 1.9 0.1 0.94
2.02 0.4(1.3) D.ng.ﬂa} 3.46 203 C 0.93 _X.05
3.10 29(4) 0.37(0.04) @ 3.62 13.7 :

3.33 4(2) 0.3(0.05) W} 3.68 2.1

3.56 9(3) 0.14(0.05)  3.90 14.9

3.60 7(3) 0.32(0.06)  4.06 18.6

3.87 20(7) 0.1(0.05)  4.31 7.3
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PANDORA COLLABORATION
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= \Very similar to the experimental case of 120Sn!
= v-Decay channels that are inaccessible by NRF open up.
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N.Tsoneva, A. Ramirez, A. Tonchev et al., in preparation
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R. Raut, A. P. Tonchev, G. Rusev, W. Tornow, C. lliadis, M. Lugaro, J. Buntain, S. Goriely, e]
J. H. Kelley, R. Schwengner, A. Banu, and N. Tsoneva, Phys. Rev. Lett. 111, 112501 (2013). et sipes

A. Tonchev, N. Tsoneva, S. Goriely, J. Piekarewicz, H. Lenske et al., PLB 773 20 (2017).

10° — Recommended
— QPM+OQRPA .
— =The combined PDR plus core
= polarization contribution is crucial !
10" L
L 5Pb(n 1)2°Pb =M1 contribution small, less than
107 [ —  QPM+QRPA (E1+Ml) . 5%.
3 — — QPM+OQERPA (EL only)
. -—— QRPA incl. PDR 1
— 107 '_ — QRPA excl. PDE
=l ? At stellar femperature of kT= 30 keV
S MACS of 130(+25,-25) mb
e —
10 .
107 10 107t 10° 10t
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Neutron Capture Cross Sections

—EDF+QPM o
- —EDF+QRPA (PDR in)
- EDF+QRPA (PDR ex)
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J 10t

+ Walter (1984)
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* n=0: Energy Weighted Sum Rule (EWSR)
* n=1: Non-Energy Weighted Sum Rule (NEWSR) - total transition strength
* n=2: Polarizability sum rule

Model o — r—3 R skin (fm) L (MeV) Ksym (MeV)
(mb MeW) (mb/NMeW)

RMFO12 3653 17 012 [0.13] : 48.3 98.7
FSUGarnet 3689 18 0.15 [0.16] ! 51.0 59.5
FSUGold 3638 19 0.19 [0.21] d 60.5 —51.3
EMF028 3711 21 0.26 [0.29] . 112.6 26.2
EMFO032 3812 21 0.30 [0.32] . 125.6 2B8.6
GIiEDF 3060 18 0.15 [0.16] . 53.9 —188.4

Symmetry Energy <« GDR Restoring Force:

D2E( S . .
S(po) = 7( pz ) ~E(P,5=1) — E(p.5 = 0).
a8 —0
. 2 — Po
S = L Tk 24+ ... th =
0) J + Lx + B symX~ + w1 X 300
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Strong impact of PDR on of s- and r- process nucleosynthesis rates.




