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R-Process Abundances
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Nuclear Landscape
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To convincingly locate the
site(s) of the r process, we
need to know reaction
rates, particularly -decay
rates, in many
neutron-rich nuclei.
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Eventually, we will be able to compute all these rates in an ab initio
way (or ask ChatGPT v. 17 for them).

For now we still need approximate and phenomenological
methods, based on density-functional theory, a fancy name for
mean-field theory with a tailored interaction.



Mean-Field Theory

Ex: Hartree-Fock

protons neutrons




Sophisticated Mean-Field Theory

HFB with Skyrme Interactions

Gives you ground state density, pair density, etc. This is where
Skyrme interactions have made their living.

Zr-102: normal density and pairing density
HFB, 2-D lattice, SLy4 + volume pairing
Ref: Artur Blazkiewicz, Vanderbilt, Ph.D. thesis (2005)

., Neutron-Density Proton-Density Neutron—Pairing-Density Proton—Pairing-Density

19 )

HFB: 3,=0.43 exp: B,P=0.42(5) , J.K. Hwang et al., Phys. Rev. C (2006)

2/26/10 Volker Oberacker, Vanderbilt




QRPA

Self-consistent QRPA is time-dependent HFB with small harmonic
perturbation. Decay matrix elements obtained from response of
nucleus to harmonic perturbation F (t).
F(t) = Fe~ ™t 4+ Fleft
F= fklaZal

Response of density to perturbation given by response function
R(w):
5p(w) ~ R(w)f

R contains information about transitions to excited states:

S(w) = Im (fTR(w)f) =1 > |WIFIO)? 6w~ Q).

S is the “strength function”

In our case F is one of the operators that cause g decay:
Gamow-Teller operator or a forbidden operators.



Initial Skyrme Application: Spherical QRPA

Even Isotopes Only

Traditional matrix formulation of QRPA

126

Closed shell nuclei are spherical.



2014: Skyrme QRPA in Deformed Nuclei

Finite-Amplitude Method (FAM) — Nakatsukasa et al.
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Strength functions
computed directly from
linear response, in orders
of magnitude less time
than with matrix QRPA.
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2014: Skyrme QRPA in Deformed Nuclei

Finite-Amplitude Method (FAM) — Nakatsukasa et al.

TPacd K = 0,1

red = with tensor
2, blue = no tensor ~ )'\
g /

of /

Strength functions
computed directly from
linear response, in orders
of magnitude less time
than with matrix QRPA.

10 E) 10
RPA energy [MeV] RPA energy [MeV]

Beta-decay rates obtained Re 50010 I [5(6)0)
by integrating strength i i
with phase-space
weighting function in
contour around excited
states below threshold.




Global Skyrme Fit for Even Nuclei

Mika Mustonen

Fit the charge-changing time-odd functional

ngcd —Cs S" + CA S11 - V S+ C S11 T11 + C ]"

+C1’s11-V><]11+C1 s"-F11+C1S (V-sn)2+Vo><pnpair.

Included 7 GT resonance energies, 2 spin-dipole resonance
energies, 7 -decay rates in selected spherical and well-deformed
nuclei from light to heavy.



Results
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Results with All Nuclei
Evan Ney

Figured out how to adapt
FAM to treat odd-A and
odd-odd nuclei.
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What's at Stake Here?

Significance of Factor-of-Two Uncertainty
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Improvement I: Two-Body Current
Evan Ney

Leading order: Consider very simple wave function
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Quenching in the sd and pf Shells

|Mqr| Experiment
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Some quenching from correlations omitted by the shell model.

But a lot comes from the two-body current.

In these A < 50 nuclei, B-decay quenching doesn't much depend
onZand N. But what about in heavier nuclei?



Z- and N-Dependence of Quenching from Currents

Integrated GT Strength
Three sets of chiral parameters, no contact
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EGM - E. Epelbaum, W. Glockle, and U.-G. Meif8ner, Nucl. Phys. A 747,362 (2005).
RTS - M. C. M. Rentmeester, R. G. E. Timmermans, and J. |. de Swart, Phys. Rev. C 67, 044001 (2003)
EM - D. R. Entem and R. Machleidt, Phys. Rev. C 68, 041001(R) (2003).
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Effect on g-Decay Rates

Difference from rate with one-body operator, with g4 = 1.0

Focus on green squares
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Two-body current quenches rates less in neutron-rich nuclei, and
can even increase them near the drip line.
Why?



Enhancement of Low-Lying Strength

Can occur in neutron-rich isotopes
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Two body currents do the most
when density is large. Have little
effect beyond the nuclear surface.
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transition in 174Sn



Improvement IIl: Beyond QRPA

Quasiparticle-Vibration Coupling

RPA response function
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Improvement IIl: Beyond QRPA

Quasiparticle-Vibration Coupling

RPA response function

Has been applied in spherical nuclei, but never deformed
ones. We figured out how to build it into the FAM.

MRT= Ty T (9 + KT T
w0 0 Ky

Modification of particle-hole bubble by QVC




QVC Results

Called pnFAM* Here

GT Distributions (g4 = 1)

Phonon-exchange diagrams:
phonons are like-particle
excitations
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B Decay, No “Isoscalar Pairing”

Isotope S IE/XZP (s) tf/”zFAM (s) tf/nzFAM (s)
787n 0.12 1.47 408 377
8Gd  0.31  3.03 381 371
BlCe 029 140 931 19.0
56Nd 032  5.49 470 53.5
64Sm 033 142 142 17.2
54Ce 030 0.30 19.2 7.26
Mo -018 015 1.92 2.47
%Kr  -0.22 0.21 1.48 3.23
"Ry -021 175 93 27.0
106Mp -0.20 873 62.8 38.0
1007z, -0.19 7.1 124 1419

965y -0.21 1.07 23.8 20.0




Next

All these developments will require us to refit pieces of the Skyrme
functional and constants in the current, and to do UQ.

They also increase computation time a lot, and we will need more
efficient calculations.
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reproduces full strength distributions quite well.

We hope to have much better lifetimes before long.
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ThanKs for Listening.



