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proton-neutron pairing vibrations




Outline of this lecture:

v Basics of the vibrational modes of excitation in nuclei

surface vibration, like-particle pairing vibration, and then---

v Microscopic framework to describe the vibrations in spin-
ISOSpIn space




Vibrational excitations in nuclei

v Giant resonance: high-frequency vibration of “surface”

intuitive and classical picture of the collective modes

A=2 A=3

GQR and HEOR

v Soft mode: low-frequency vibration associated with “phase
transition”

How do we define “phases” and its transition in finite nuclei?



Quadrupole correlation and associated collective excitation
order parameter characterizing the quadrupole dynamics
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Quadrupole correlation and associated collective excitation

order parameter characterizing the quadrupole dynamics
Q20 = /dWQYzo(T)W(SUW(fC) = <@20> X B2

low-frequency quadrupole mode: precursory soft mode of the
guadrupole deformation
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collapse of the RPA solution: location of the critical point
divergence of the transition strength: nature of the “super” phase

anharmonicity and fluctuation
explicitly taken into account around the critical point for a quantitative description



Quadrupole correlation in rare-earth nuclei

shape ‘transition’ as an increase in the neutron number
SkM*-KSB
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selfconsistent mean-field model taking the breaking of symmetries
defines the “phases” of finite nuclear system



Shape evolution seen in photo absorption cross sections

SkM*-KSB-QRPA
KY and T. Nakatsukasa, PRC83(2011)021304R

two eigen frequencies

cf. Harakeh & van der Woude,
“Giant Resonances”
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Pairing vibration and condensation (of neutrons)
cf. Bes and Broglia

neutron-pair operator;a probe to see the coIIectivity
Proi7,-1,5= OZ—ZZ/dT¢TUT 0,0 (T|T |7 )Y (rG \/_/d’m?u D (r 1)
V(re7) = (—20)(=27)(r — o — 1)
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pairing condensation: order parameter <H>
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Proton-neutron pairing collectivity

T=1I (T,=0),S=0 pair
FA)T:LTZ:O,S:O = % Z Z/dT@;(TG’T)(SU,U/ <7"7‘0‘7-’>?72(’r‘5"7_-/)

o,0’ 7,7/

strong collectivity is expected as in nn and pp
pairings

T=0, S=1(5;=0,x1) pair
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many works on the possible occurrence of the
condensation, but largely unknown

“no evidence so far”

S. Frauendorf and A. O. Macchiavells,
Prog. Part. Nucl. Phys. 78 (2014) 24

E. Garrido et al., PRC63(2001)037304



Pairing phase diagram: Pairing vibration and rotation

G.G.Dussel et al., NPA450(1986)164
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two-level solvable model: ey L=t

H

T=0 and |

T=0 Yo, OE@N0) Sl 2AAE
super I
R T=1
T Ldg] sue sty
- super
normal

0;(5) ® 0;(5) (T=1 pairing)

vibrational rotational
motion motion

The two-dimensional space of phases of the model. Various limiting schemes are indicated.




Density functional theory

Hohenberg-Kohn theorem (1964)
Existence of the energy density giving the exact g.s. energy of many-body int. system

E = min(¥|H|¥) = min [ min (\If|ﬁ|\I')]
v p(r) |¥—p(r)

Elp(r)| :EDF

Kohn-Sham theorem (1965)
The exact g.s. of many-body int. system is given as a Slater determinant of the Kohn-Sham orbitals

Kohn-Sham (KYS) eq. particle density

p(r) = 2 :|¢i("')|
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Skyrme energy-density functional (EDF)

Energy functional: £ = /dré’[p(’r)] p(r) = (W(ro)di(ro))

Energy denSit)'Z 5 — T HSkyrme Hem

: dd
Skyrme energy density: HSkyrme = S S ( ?den Icf)tg )
[ O i, t3——t

Hyye™ = CF py, + C piis Apits + CF prigTees + CF T prig V- Jppy + C J?ttg

Hotd = CF 83, +CP spry- A, +CF s, Tar, +CY° (Ves, )2 +C1 570, +C 7 S0,V X

T-odd densities vanish in g.s of e-e nuclei

T-odd Skyrme energy density is not well constrained,
but plays a role in dynamics

Elp(r), p(r)] pair correlation is also important

A

ar) = (P(r DY(r 1)) : spin-singlet pair of like-particles



KY, PTEP2013,113D02

Self-consistent pn-QRPA for exploring vibrational modes
in spin-isospin space

starting point: Skyrme + pairing EDF &|p(r), p(7)]

o 3! T=1(nn and pp) pairing condensates
variation w.r.t densities

The coordinate-space Kohn-Sham-Bogoliubov-de Gennes eq. for ground states
J. Dobaczewski et al., NPA422(1984)103
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Recent progress
EDF-based self-consistent pnQRPA for axially-deformed nuclei

w/0 any free parameters (almost all the) arbitrary nuclel

PTEP Prog. Theor. Exp. Phys. 2013, 113D02 (17 pages)
DOI: 10.1093/ptep/ptt091

Spin—isospin response of deformed neutron-rich
nuclei in a self-consistent Skyrme
energy-density-functional approach

S ky r m e Kenichi Yoshida*

COO r'd | nate-s pa ce PHYSICAL REVIEW C 87, 064302 (2013)

Large-scale calculations of the double-8 decay of "°Ge, *Te, 3*Xe, and *°Nd in the deformed
self-consistent Skyrme quasiparticle random-phase approximation

M. T. Mustonen'>" and J. Engel

suitable for weakly-bound nuclel

PHYSICAL REVIEW C 90, 024308 (2014)

Finite-amplitude method for charge-changing transitions in axially deformed nuclei

M. T. Mustonen,!>* T. Shafer,!-! Z. Zenginerler,”* and J. Engel'-*

PHYSICAL REVIEW C 89, 044306 (2014)

Gamow-Teller strength in deformed nuclei within the self-consistent charge-exchange G O g n y

quasiparticle random-phase approximation with the Gogny force

M. Martini,">3 S. Péru,® and S. Goriely'




Interactions employed for pn-pairing vibrations in fp-shell nuclei

KSB(HFB) eq:
SGIl + surface pairing
Vo =-520 MeV fm?3 AR
An = 1.82 MeV
Ap = 1.87 MeV
pnQRPA eq:

p-h channel: SGl|

p-p channel:
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428¢ JT =17 J"=0"

configuration FE, + Eg Mg;l’szzo MEF°

W
o

7T].f7/2 X V].f7/2 7.5 1.70 2.85
wlfra @Ulfss  15.2 0.62
7Tlf5/2 ® V1f7/2 147 051
T2p3/2 @ V2p3/0  16.1 0.17
7T1d3/2 % l/ldg/g 4.2 0.25
7'('281/2 X V281/2 6.6 0.25
7T].d3/2 X I/].d5/2 10.1 0.32
7T1d5/2 X I/ld3/2 10.2 0.32
7T1d5/2 & V1d5/2 16.1 0.16
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v coherent superposition of
(f)2 excitation
v sizable hole-hole excitations
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GT- strength (/MeV)
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Talk by Fujita this morning:
“Low-energy super GT state” in 44Sc
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T. Adachi, Y. Fujita et al.
NPA788 (2007) 70c




581 J =17 J" =0"

configuration FE, + Ej3 M&S*ﬁzl,szzo Mg;o

T2p3/9 @ V2P3 /9 4.5 1.28 1.90
T2p1/2 @ V2P3 /9 6.4 0.39

T2P3 /2 @ V21 /2 6.5 0.37

T2p1/2 ® V2P1/2 7.9

7T1f5/2 & I/1f5/2 9.7 0.15

7T1f7/2 & I/lf7/2 0.1 0.17

v coherent superposition of
0.20 MeV (p)2 and (fs/2)2 excitations
v (f7/2)2 excitation as a
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weaker collectivity than
in 40Ca
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Collective pn-pairing vibration mode precursory to
the T=0 pairing condensation

AE=0 1+ - Wo+

4 6
0 0.20.40.60.8 1 1.21.4 0 02040608 1 1.214
f

approaching the critical point to the T=0 pairing condensation

f=1.53 (°Ca)



Enhancement of the pair transfer strengths
pair addition and removal

(AP _,|0)[?
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enhancement of the cross section
in ©°Ca(*He,p)**Sc

oW exp _ 939

o ( 1+ ) unp
F. Pihlhofer, NPA116 (1968) 516




Microscopic transition density of the T=0 pair transfer
40C 3 (0%) = 42Q o (1%)




pn-pairing vibrations in the open-shell nuclei
w/ T=1 pairing condensation

Adding a T=0 pair
> 0-90-¢ needs to destroy (a part of)
i the condensed T=1 pairs

- u
=10/ n—addl’[l ON
R T T 1) T T N T S L SNl S Nl T
ek 7 8 e ke W PP sV EY o .-—';JI L S el Ll T

i"' oy,

Y W W W
L A . am

-
o
pe
St



pn-pairing vibrations in the open-shell nuclei
w/ T=1| pairing condensation

44T An=1.82 MeV, Ap=1.87 MeV

repulsive ph interaction

(GT-type)

< 10
% attractive pp interaction
-
)
O)
% PP int
t 0.99 MgV ceofore. PP INE:
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pn-pairing vibrations in sd-shell nuclei
cf. Talks by Lee and Lay;

(SHe,p) and (p,3He) exps. in ¢4Mg, 28Si,---@RCNP

24Mg
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Summary and outlook
Nuclear energy-density functional method for spin-isospin response

Microscopic and powerful framework to study a rich variety of nuclear
collective dynamics

Possible occurrence of a new kind of collective mode associated
with the spin-triplet pairing condensation

In LS-closed nuclei, the spin-orbit partners have a coherent contribution to
the collective mode
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