Lecture at 2007 CNS Summer School

Di-neutron correlation and collective
excltation in neutron-rich nuclel

M. Matsuo (Niigata University)




Outline

1. Introduction: What is the di-neutron correlation

2. Origin of the di-neutron correlation: dilute neutron matter

Strong coupling pairing and relation to Bose-Einstein condensation

3. di-neutron correlation in medium and heavy mass n-rich nuclei

Density functional theory and Hartree-Fock-Bogoliubov method

4. Exotic modes of excitation and surface di-neutron mode

Linear response in the density functional theory and continuum
QRPA method



New region of nuclear physics

RI beam facilities in the third generation

RIBF@RIKEN, FAIR@GSI,

RIA ...

~4000 isotopes may be produced
among ~8000 (predicted)
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1. Introduction

What Is the di-neutron
correlation?




Exotic features in n-rich nuclel

T | Weakly bound many
F | | neutrons

Neutron skin

P neutrons y T Dilute(unsaturated) matter
r/r,=1/2—-102(?)

ror, >>N/Z

thikness < 1-2fm(?)

111t density distribution

———— lp-wave

28 - wave

r.Jro<102(?)
Neutron halo | Long tail

Nucleon density

Tanihataet a.
PLB287 (1992)




Exotic features in n-rich nuclel (2)

A. Ozawa et. Al.

llLi

A Borromean ring nucleus

oLi

n-n pair correlation is essential !
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Exotic features in n-rich nuclei (3)
Di-neutron correlation

Many predictions since ~late 1980’ for 2n-halo nuclei lLi and ®He

Di-neutron G.F.Bertsch, H.Esbensen, Ann. Phys. 209(1991) 327

config. Also K. Ikeda. 1992, P.G. Hansen et.al.1987,
M.V.Zhukov et a., 1993
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9|_| ;;‘ I dogggz ]
a ﬁf/ﬁ\\\\
- 0 5 10 15
Cigar config. K.Hagino et al., Phys.Rev. Lett.99, 022506(2007)
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0.04
0.035
0.03
0.025
) —0
G 9L| 0.02
0.015
0.01

0.005




Coulomb breakup and soft dipole excitation

2n halo nuclei, eg. 11L i = "4 Present work (RKEN
::1%'“ 151 :'_-‘ [st::u:{:flfl-.{mxmj
New Coulomb break-up N"E BN =i
exp. on 11Li at RIKEN “‘% with nn correlation
Nakamura et al. =
PRL30,252502 (2006) =~
=
=1
=

Suggesting a spatial di-neutron
correlation

q,, =484, deg
R ,=5.01+-0.32 fm




Condensation of di-neutrons ?
Possible new feature of the pair correlation

Di-neutrons = spatially compact pairs
= boson like objectsin nuclel

Several weakly bound neutrons in
medium mass n-rich nuclei

Many-body correlation like

boson condensation 77?7
(BEC like)

skin /halo




ABC’s of nuclear pair correlation

» V()
The origin: strong attraction of the nuclear force + “something”
Two neutrons in a nucleus form a pair coupled to JP=0* 5 r
2fm
. o . @ »
Standard pair correlation in stable nuclei Vi
excited states
[\@\ 2 unpaired Odd-A g.s.

Even-even g.s. nucleons
C.\\% 1 unpaired
Q_) nucleon
[ ]
@ [
. 2D

y N .
v D + odd-even mass difference

Pairing gap D=binding energy of the coupled pairs

Typical size of the pairing gap is 1-3MeV
D=12/sqrt{A} MeV

D<<er much smaller than Fermi energy ~40MeV

Weak coupling pairing => hard to expect the di-neutron correiauon °



2. Origin of the di-neutron correlation

Strong coupling pairing and
Bose-Einstelin condensation

Dilute neutron matter




Pairing correlation in uniform matter

Electrons in metal

Neutrons in a neutron star Etc.

? e,ﬁ Single-particle states
o ? ’? ° _ #2k?
Q.' ‘é ® g .’ H Eﬁg:;y e o () .\‘ Jek ) i':ikr
Po 3 s ate.
ottt

momentum k

® Fermi momentum K
® 21, 2
o o $°8,0 o & = hsz
Vnn m
Density
ke 3
r =2cyk = Ke




Pairing correlation in uniform matter

Bardeen-Cooper-Schrieffer 1957 Theory of superconducting metal

pairing gap D ~
Fermi sea + binding energy of Occupation probability
correlated pairs the correlated pair of s.p. orbits
(Cooper pairs)
A ekA ekA

€y

= S 1o

Wave function of pairs
— = o iK(F.-TF.
Ypair(rl’rz) =a g rZ)y (k)
k

Pairs are formed by
employing the states k
and -k within an interval
ec-D<e, <e+D



Weak coupling pairing

D<<e,

a narrow interval energy interval ec—D<e, <e +D
S.p. states in a momentum interval kF-dk <k < kF +dk

de, hok,

D= dk = dk
dk m
Size of Cooper pair (coherence length)
1 hk
» 7k mD
m e O
| S 2 2 é_?, o3 0
Cf. average interparticle distance / ./ oL - _\
d=r ¥3»3k . ‘é‘«méﬁ ¢
F Pair sizeis | a1 Z-% <3 ,' NS
/ N
Pair size / interparticle distance much larger \,“\'% o' O ? g\ﬁo
than the ,\&\ ' ?/ ’.I'
21,2 | = __.. \ .
i»h kF e average \ 6 o' o !

»—— >>1 interparticle >
d 2m D distance ?\\é é*\é- — —‘é/



Strong coupling pairing & Bose-
Einstein condensation

If the interaction is sufficiently strong, then the Fermion pairs form
tightly bound states

Size of pairs

h
X = T :
2ME, E,..¢= binding energy of a pair
Pair size / interparticle distance
X
2y | <1 For E..q> €
d Ebind ’Aé‘
XX/
If the pair size x is smaller than interparticle ")
: : : et Y
distance d, the pairs are almost like %9 =
“boson’s. N
&9

The g.s.is a Bose-Einstein /"g\
:> condensation of “bosons” /%}\ XN




BCS-BEC crossover

Leggett 1980, Nozieres & Schmitt-Rink 1985

BEC BCS
| nteraction: Strong Interaction: Weak
Infreespace:  Bound pair (boson) Infreespace: No bound pair is
isalready formed formed

In medium: Bound pairs (Cooper
pairs)_areformed,
then_condensate

— — = —‘,x-;.’\—",\—;.’\—‘ N
(i&)\‘ (f&) D/eF I// /’ n }: I)$ \\ \\
1.3~0.2 ] ! § ’é ‘

Vg WG

In medium:  Bound pairs (bosons) Crossover
condensate

X/d N N\_\:_\’(S\fi_\’(_ ’/
xid<<1, Dle.>1 0.2~ 1.10 xld>1, Die.<<1

Observed in ultra cold Fermionic atom gasin atrap
Regal et at. PRL 92(2004)040403




Demonstration of BCS-BEC crossover

A solvable BCS-BEC crossover modéel  Engelbrecht 1997, Marini et al 1998

Fermions in uniform matter

An attractive contact interaction v(r-r’)=-V,d(r-r’)

V, is related to the scattering length a of NN interaction

Dimensionless parameter 1/k-a

The force strength V, Is varied

From weak coupling to strong coupling



Variation of the pair structure

Occupation probability

Pair wave function

r.m.s. radius of pair

X = Qrd 1Y e (F) [P 1 2dF

£/d=21.0

2 2
\/k TF r ‘\(pmr(ﬁz)‘
s T S '
| ) |A/e_=0.01
-D- L | R
0
Single-particle energy e,
0

Weak coupling BCS pairing
x/d >>1 //éif‘:éf" N\

B
>

24 5 6 7 8 9 1011 121

Relative distance r,,/d

in unit of the average
interparticle distance d



Occupation probability Pair wave function

Ale_=0.4

£/d=0.51

oL 2 3 4 5 6 7 8 91011 121

Crossover region of weak BCS and BEC




Occupation probability Pair wave function

Ale=1.6] | t £/d=0.13

ﬂ L L d d I. d L L L i L L 4 1 : A 1 1 L '& .

oL 2 3 4 5 6 7 8 91011 121

Bose-Einstein Condensation

(48 4%




Signatures of BCS-BEC crossover

Weak BCS crossover BEC
region
Die- <0.2 02~13 >1.3
x/d >1.1 1.1~0.2 <0.2
Vkca <-1 -1~1 >1
Pair gap vs Fermi ener gy r.m.s. radiusvsav. inter-particle distance
l9L§r11!|f|1|: LD1§f11!||f|1|§
- | ' | ' D |
(- /E’E’Cfi ol | i B
' <, i "o
O o : . e 1 B
& 3 R
102 . ol L
5 BEC
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Variational BCS theory for the pair correlated
Fermi SyStem Bardeen, Cooper, Schrieffer 1957 ~

e A
. N k
pair correlated variational state

‘Y>:©(Uk+VkC:. c’,-)|0) \

Time reversal orbits k and -k are
pairwise occupied with amplitudes
Vi (& unoccupied amplitudes u,)

Hamiltonian

H=4(g-1)c+1a (iTMif)e'ce, | =
o ij | =
Energy functional

(H)=a (a-Dig'e)*ia (i iee o)

1]

' density matrix <C+C> :
Functional of y i Y Condensation

pair density matrix <C.+C.‘+>’ <CICJ> of Fermi pairs



Variational BCS theory for the pair correlated
Fermi system

Energy variation and minimum
0=d(H)=d(h)  (H)=8(s-1)cc)+3& (iTMii)ce (e

Generalized mean-field Hamiltonian
h=a(e-1)c+ia (iy n(cre)ee +ee (o)
=4 (g-1)cc +14 Do +DCC

|
Pair potential & pair gap
R
Equivalent to solve single-particle states for h ‘ ﬂ<ci+ci+>

pair

e - | D &6 a0 Density <C|+C|> =V
it =E¢ =
g D -(g-1 )évl @ gvi @ :> Pair density <C. Cr> = UV

: . _ o
Bogoliubov equation Pair wave fn Ymjr (r,)=a elkrlzukvk
k



Dilute neutron matter

Cf. inner crust of neutron star




Pairing property in dilute nucleon matter

_ _ _ 100
1. n-ninteraction in !Schannel N N
Strong attraction at low k: scat. length a=-18.5 fm (exp) % N1 Interactiontange
Less attractive with increasing k> 11 0.5fm s A\ © 1~-23fm
Bare force G3RS with core (Tamagaki 1968) — = % :
Gogny force (finite range effective int.) S 0 ]
2. Solvethevariational BCS eq. O
Pairing gap D(D) r [fm]
(o) e —
D(k) =aV(k- P)
J(e, - m?+D(p)?

Cooper palr wave functlon
krlz
palr(rlz) a € uka
r.m.s radius of Cooper pair)
— 2\ 12 217
X s ‘QrdlYpair(r)l redr

NB. Theresults at the BCS level iswell established
But large ambiguity in the higher order effects. polarization, induced interaction etc..)

For a review, see Dean, Hjorth-Jensen, Rev. Mod. Phys. 75 (2003),
Lombardo and Schulze, Lecture Notes in Physics 578



Pairing gap in dilute nucleon matter

Maximum pairing gap at around
ke=0.8fmt (r/r ,=0.1)

4 | |
' Halo SKin ~Saturated
Z nuclei
3 ; —
N :
L . - .
= °|
a) i
1 ;
0 LH—.—E"I’WI | IEEET1
104 103 102 101




Neutron Cooper pair wave function

Cooper pair wave function

0.20
0.15 ¢ Gogny DI symm. matter p/p =1
0.10 _ | ========= (33RS neutron matter 0 | r/r 0:1
005 HiY /A ]
00 LM Mﬁﬂﬂﬁﬁ
03 | L oplpEl2
_ 3
02 | 3 1 rir,=12
i ;
08 bl NN P e ]
[ I ]
o o | [ pIp,=1/8
= 02 P X r/r,=1/8
il :. | :
Strong di-neutron correlation 2 o1y o~
. . . 0.3% P — ' T T ——
at skin & halo density region 020 F !
' ] | p/p,=1/64
015 F X rir =1/64
rir, <1/10 il | :
0.05 Ef |
0.08 p——— -.I
W 3, NS | rir ,=1/512
S0 1 ae, 0.05 X :
7 I\ \\E ) - ]
(o8 ~=7 1 0,00 D L T :
UL N 0 5 10 15 20
, —:ﬂ:' AN 5\,\,\\{_' Relative di
‘453,\\‘3 2 r (fm) ative distance
v, ~- between paired neutrons



Size of Cooper pair

Size of neutron Cooper pair

r.m.s.radius X = QrdlYpair(F) [* redr inter-neutron distance d=r -3
fm 40 - \RmEaL ,[T
30 |
20 »
10 [ =
0 S FTYT A _' ' :_ITHT'-'“J.'"':
104 103 102 101 109
rir,
Size smaller than average distance Small pair sizex~5fm at
x<d atr/r, =1/5-10* (skin and halo) r/r =1/5-1/20 (skin)

Strong di-neutron correlation at these densities



Di-neutron correlation is an BCS-BEC
crossover phenomenon

r.m.s. radiusvs. inter-neutron distance x/d

||r||| T |||||||| T ||||||| T ||||||'i
10 s Gogny [

NEulren matter ~ weeeees
h}'lllllli".‘l.ri.l." matler p—

BCS-BEC crossover in a
wide interval of densities

rlr ,=1/5-104

BCS

GiARS neutron matier

~ E At neutron densitiesin skin

- unitarity ~ crossover " ] and halo
L Ly

erS/d

0.1

E o 1 Pair gap vs. Fermi energy Die,
104 10% 102 101 109 L A B R N

BEC

1 F---------- Gr OSSOV - - = = = = = - - =

crossover

Gogny Dl
neutron matter -
sYITme tric ma ter —

GRS neutron matter ]

0.01 F i Ginil i meriwnik 4 asiial

1074 10-3 10-2 10-1 100




Stronger interaction at low density

Viun(r)
A ‘
” ‘Q Large scattering length = -18 fm
zero-energy virtual state r
o 0 1l Z2im
K Weakening due to the \ﬁ.
g core repulsion
= X7
[
7y
0

E or k
Low density ﬁ> Low Fermi momentum

) Stronger (k)
) Stronger correlation



Dilute symmetric matter is more complex:
deuteron (pn pair) & alpha condensations

BEC’sat low density

_ . .. Ve ~
r/r, ~1-101  Deuteron condensation (pn-pairing) ’ %\R\l
rir, <10 Alpha condensation (pnpn-quartetting) N § U7
- \\
" ' - | / @? VA N
g = as T, (deuteron pairing) _ e _ /l '\%I
- T,” (x-quartetting) N_
2
= A1 .d
: '
& a. 2
—_ w4
— ‘< a\ 2
1 @‘ | ‘\‘@ / p
\@ @,/ S-~
PASES e = = 1 o’
, N 0 10 10° 10 10
" X J l dansity n, [fm ]
@M/
S

Roepke et al. PRL 1998



Correlations at dilute matter

symmetric matter

proton density

deuteron

BEC's

di-neutrons

O

-
-

o O

proton-neutron
Cooper pairs

Fermi liquid
BCS pairing

neutron Cooper

pairs

Drawing by Y. Kanada-En'yo

neutron density

asymmetric matter



3. Di-neutron correlation in medium &
heavy mass n-rich nuclel




Selfconsistent mean-field methods:
A promising theoretical framework

Hartree-Fock theory

Hartree-Fock-Bogoliubov theory

S, 28

20 heutrens- Density functional theory

AsS a review,
Bender,Heenen,
Reinhard,

: : RMP75 (2003
Y Drawing by W.Nazarewicz ( )




Self-cop&stent _m ean-field theory, .. ground state density i
& Density functional theory SIEPEs TUNEHMEN 15 €T
_ _ _ 2. Valid for both weak & strong
Hartree-Fock-Bogoliubov in coordinate space coupling
Dobaczewski et al 1984, .
K Density ) BCS pairing
orn)=ayny,(r) 6 o
Pair density o o 0
l\ r(r)= é. fo(rly (r) ™ oo " BEC
O (@)
@
O
Energy functional OO
E[r (r)] + Epair[r(r)] Q

Single-particle states mean-potential

aé'+G(r): I D(r) ?i(r)g_ﬁg_i(r)g _/ G(r) = 'ﬂE[r ]
r

§ 00 -T-anv @0 05 | A - fir (r)
pair-potentia
ﬂEpair[ d

~ |




Skyrme functional and
pairing energy functional

The Skyrme functional Pair correlation energy functional

~

E = Egymell ,Nr,Dr t,§,8,J]+E [r,7,, ]

Density and derivatives

Pair density
Kinetic energy density
Current density
Spin density
Spin orbit tensor Parameter sets
S
E_‘:u'ﬂ.'_.',rr.rrfr' == /-TI'PH{Tj SkM*
h* SLy4, etc
H(r) = m*-"'[?“ + B, p(r) + By Zpﬂ
+ B;{[,ﬂ{‘r T} - J TH + B, ZIPﬁ{T r.r Jq {Tﬂ As a review
q ’
+ Bsp(r)Ap(r) + Bg Z Pa(T ) Apy(r) gi?ndhe;;zleenen’
+ B;pt(r) + Bﬁf;f’[r} N Iji{?‘} RMP75 (2003)

iy
+ B.‘J'{ “.; T}T‘I + j{T‘ Tf’xp + Z pqllr'i"'}?.}q{?"jl Sy jr; ]TK]‘JU[T”}

7

+ Bup’(r)+ By »_ p,(r) + Biap®(r)p*(r) + Biap™(r) > p5(r)

if i



Pair density functional, less known

Pairing interaction / Pairing energy functional = Density Dependent Delta Interaction

Epair,n :Vn[r n]‘Fn(r)‘z Vpair,n(ri Fl) :Vn[r n]d (F ) F')

Density-dependent strength

Neutron pair potential D(r) V.[r 1=V, (1- h (r NG /0.08)0'59) Garrido etal 1999,

205.. ——r— | TT____WG—

1S, scatte?ing length

a=-18fm
= |
= _
i h=0
h=0.3
] h=0.5
Stic | h=0,71 Reprofluce Dy, ~1
h=0.84 Repropluce D atter

120G r (fm)

Esbensen-Bertsch 1991

Pairing gap in neutron
matter (bareforce BCS)

o A R R AL et =" ]

I CAUEL BRIy -————-- \ _

A (MeV)

2 \ 1 13 102 1! 100
. PPy

bare-force

11



An example: ®2Cr

Neutron density Neutron pair density

15
15 T T T T T T T T T TTTTTT
a 0,03
10
0 0,025
0 0,02
5
0 0.015
0 _ 0.01
= =
£ £
N 0 N 0.005
0 0
-5
-10
e Ll e Ll
0123456748910 0123456 78910

r [fm] r [fm]



Pairs In ;
6 weakly bound neutrons above N=50

Two body correlation function
- =a,d(r- ), d(r-nd, - (T )r ()

2

»|Y . (F-.F ) Pair wave function

84Ni

one neutron
fixed at I

Skyrme-Hartree-
Fock-Bogoliubov
calc. with SLy4 &
mix-type DDDI

Strong di-neutron correlation

Strongly correlated at short
relative distances |r-r’ | < 2-3fm




Di-neutron correlation and high-L orbits

0.004

0.003

0.002 F

1 R s T

0.001

0.000

The coherent superposition of
high-L oribts|=3-8
In the continuum
forms the di-neutron correlation

X&=2r/ o




Di-neutron correlation in medium-mass n-rich nuclei

HFB calculation using

a finite range effective Pillet, Sandulescu, Schuck, PRC76, 024310 (2007)
force (Gogny)

14
ke & -
; : = )
12?.- ___ =cq
: S0y 1
10 - oz
,.«/ \ : FEE T )
= 8‘_/- ’,‘{_\‘\ g
g - ,' \\ ...... ‘fpb
I

FIG. 7. (Color online) W(R, r) for "™5n.

Pair size <r2>-12




4. Exotic modes of excitation and
surface di-neutron mode




Experimental facts: low-energy E1
strength

Light halo nuclei L Heavy mass n-rich nuclei

= . =
Nakamura et al. PRL 2006 i E
= ' ' - ' & | 160 e ©
'_-:'__: +_ p?.-m.m work ]r_nuccu] 0
o — Shimaura et sl (RIKEN) 100
5 - et a
3; (yp)J/
"%L % ’ 2 R L '.f-.
g cE f ¥+ 300 ':
3 0l ; g 200
.0 0.5 1.0 1.5 2.0 25 3.0 7 3 (] &
Fea AT 8 */*w 100
— 0 _ -Z ——t
Very large B(E1) strength at low- £ - ™
energy, just above threshold © O o
E=0.3 MeV 200
-’f¥ 1iH]
gs e n U
10 5
E (MeV) P!\"] F.:' [“‘:1,'_]
Leistenschneider et al. PRL Adrich et al. PRL

2001 2006



Experimental facts: Low-energy E1
strength

Heavy stable nuclei Z=82 isotones

I | | I I | .
30 |-
20 |-
0 I
30 |- 140Cea
— 20}
Small but E ok ‘
significant E1 < . il 1 . 1
strength below = | ! | ! ! 142N
threshold D 20l
(na]
. "
0 ———y ——
30 |- 144G m
20 |
Volz et al. NPA 2006 10 ]. ‘I"I
0 [} I II I I

4000 6000 8000
E (keV)



Exotic modes of excitation ?

Candldates for the nature of the soft dipole

Giant dipole resonance

“—>

, \ Break-up emission of a
o ) re—= weakly bound neutron

Eg. Sagawa et al. 1995

Pygmy dipole resonances

dB(E1)/ dEX Collective excitation of

neutron skin (excess
neutrons)
Suzuki,Ikeda,Sato 1987

We explore 3-rd senario

& Break-up emission of

Jen
o neutron pairs

—v
EXx /‘
N

Eg. Shimoura et al. PLB 1995



Microscopic theory to describe exotic
modes of excitations in n-rich nuclel

“Microscopic” means that the model incorporates all the three aspects.

1. Collective vibrations
2. Weakly bound orbits and particle emission (unbound continuum states)

3. Pair correlation/ di-neutron correlation

based on the

density functional theory / selfconsistent mean-field method

As a review, Paar, Vretenar, Khan,
Colo, Rep. Prog. Phys. 2007



Time-dependent density functional theory

(TDHFB)

Nucleons can move
collectively through the
common mean-fields

Time-evolving density

rty=ay 0yt

Time-evolving pair density

F(r=af oty (r

V

Energy functional

E[r (r 1t)] t Epair [ I:w(r ’t)]

Time-dependent single-particle motion

1@ (LDo_aB G- |
& .(rt)g & -D(rt)

D(r,t) G (r,1)0
-T-Qr,t)+l gi(r’t)g_//

\ (@)

€ "V, (1)

Time-dependent mean-

potentlaIG(r’t) _ TE[r |
TIr (r)
pair-potential
......... E . I:"‘
D(r,t):ﬂ palr[ ]

(),

External perturbation




Small amplitude limit of TDHFB
Quasiparticle Random Phase Approximation (QRPA)

Density oscillation & pair density | dr(r,w) = dy,(rw)y,(r)+bw
oscillation dr(r,w) =g df . (r,wly . (r) +bw.
aalr (1) O gB(r') +Ve (') 0
ng(r) 2= c‘ylr'(Rabo(r,r',w))g 30 (3 N

P & D)
Linear response equation _
Response function (ph, pp, hh) Energy functional External perturbation

(r,r',w) = cpEG(r,r',E)G(r',r, E+W)
" Qj E[r] Epalr[ ] 'WtV (r)

\ \ Induced mean-fields

Response in single-particle motion -

aely ; (r,w)o )aEdG(r W) dD(r,w) ¢eg;(r)o
gdfi(r,w)g ng (rw) -do(rw) . (Ng| ——

d3(r,w) = ﬂzﬂf—[zr]dr (r,w)

dD(r,w) = dr(r,w)

can be solved using the

HFB Green function —\\

ﬂ palr [r }
qr 2




" M. Matsuo, Nucl. Phys. A696, 371 (2001)
CO ntinuum Q R PA aso E. Khan et al. Phys. Rev. C66, 024309 (2002)

Nuclei near the neutron drip-line
Particle escaping in the continuum
Correlation among the continuum and weakly bound orbits

1-particle 1-particle 2-particle |
continuum continuum continuum  G(r,r’,E+w)

: G(r,r’,E)

1. Useexact single-particle Green function G(r,r’ ,E) with proper r - o asymptoticsand
out-going wave boundary condition  Belyaev’s construction 1987

G(r,r',E)= § c% ***(r.,E)] "*'(r.,E) Regular and outgoing waves

=1,2
2. Summing up continuum gtates using a contour integral in the complex E-plane
1
r,r',w)=—cyEG(r,r',E)G(r',r, E +w) +b.w.
Ro(F.raw) =5 - EG(r 1 E)G( )




Physical quantities obtained in QRPA

Linear response equation
oalr (r) ¢ ) +Ve, (1) 6
gdr(r);z(‘yr'(Rabo(r,r',w))g d(r) =

Response function (ph, pp, hh)
R, (T, F',w) = @iEG(r,r',E)G(r',r,E+W)

& (N g & dr) 5

Solve the linear response
equation at each excitation
energy w

dr (r,w),dr (r,w),dr (r,w)

7 J

E1 Strength function as a function of w  Transition density at a given w

dB(ED) _ 1
dw p

AN

CFr rYydr (r,w)

dB(E1)/ dw

Excitation energy w

particle-hole transition density

0 Ph(rY= (il 5, ¢l (ro)eb(ro)0) |

particle-pair transition density
| PPR(r)=(alwi(r Lyei(r 1)0) |

hole-pair transition density

| Phh(r)= Gl T(r 1)[0)




Multipole responses in 84Ni

Skyrme-HFB + Continuum QRPA calc.

with SLy4 (Landau-Migdal approx) & mix-type DDDI

Multipole strength function

strength [e2 fm2/MeV]

strength [e? fm/MeV]

Dipole Quadrupole
T T T )
2 s} IS L=2

30

strength [1 0° fm4/MeV]

E [MeV] E [MeV]

strength [107 fmbMeV]

strength | 107 fm&MeV]

I'DJ

Octupole

84Ni

8

O

5

IS L=3 -

1 15 20 25 30
eV

/.

T ;
I [MeV]



Soft dipole as Surface di-neutron mode

Strength function

strength [e2 fm2/MeV]

2 I 1 .
. El1 L=l

N Ea—

E|MeV|

Emission of di-neutrons

pp ph,hh
High-L orbits

K
.:%

k2

Neutron transition densities @ E=4.0M eV

2" (r) [t

2P (r) [fim1)

r3P’!’h(r} [fm—1]

0.02

0.01 |

0.00

-0.01 |
-0.02 |

0.04 |
0.03
0.01
0.01 L

-0.01
0.01 |

0.00

-0.01

H max (1=17)

i 1=9
~ =5

No dynamical




low-lying 2% : surface vibration

Strength function Neutron transition densities @ E=1.2MeV
1) e .
% : ]
Eol || — s y
- n {19 = 0.006 |
= S —p ] =
= i ] L@
o p ; 2
g, . L 0.001
0 3 4 5 6 7 8
E [MeV]
= 0.005
1. Pronounced 2,* statebelow E,,,| =
. . g
2. Surface vibration of ph-character = 0.000
3. No pair emission =
(few emission even in the resonance case) g
4. Some pairing effect, E 0.001 }
but di-neutron feature is weak. ;f




Octupole: surface vibration + surface

dineutron mode i

Strength function N

Neutron transition densities @ E=3.0M eV

[N =

strength | 10° fm&MeV]

b
6
iq L
2
0

There aretwo modes

A. Surface vibration of ph character
eSimilar to 2,*
«Shar p resonance even above E,,

B. Continuum surface di-neutron mode

=
S

=
3

=
=

r2p(r) [fmt]

Max(1=17)

1 1=13

PPP(r) [fm]
i

.01

eemission of di-neutron
eSimilar to soft dipole,
but the di-neutron feature is slightl

2P () [fim~!]




