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Introduction: superconductivity in metals
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@ In 1911, H. K. Onnes liquefies Helium and discovers
superconductivity in mercury.

@ When cooled below a critical temperature (e.g. T, = 7.26 K for lead,
Tc = 3.69 K for tin), many metals become superconductors.

@ Persistent supercurrents can be induced in superconducting coils.
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BCS theory and Cooper pairs
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More than 40 years later O lattice o
spacing

arrives the theoretical
breakthrough!

pairing gap A ~ kT,

energy
energy

normal metal superconducting metal

@ Below T, electrons form enormous (correlation length & ~ 10%A)
quasi-bosons (Cooper pairs).

@ The binding interaction results from the screening of the Coulomb
force and the exchange of lattice phonons.

@ An energy gap develops in the low-lying spectrum.

@ The Cooper pairs form a condensate
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Some experimental evidence of nuclear superfluidity

@ Gap in the spectrum of even—even nuclei associated with the breaking

of a Cooper pair.
@ Odd—even mass staggering: enhanced binding for even number of

nucleons.
@ Enhanced two—nucleon transfer reactions due to the coherence of the

Cooper pair wave function.

Bohr, Mottelson and Pines (1958) "
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But, metals and nuclei are quite different, aren’t they?

metals
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* Can we observe Cooper pairs in nuclei?

 How do we make a quantitative
assessment of pair correlations in
nuclei?

 How do we export our knowledge of
nuclear superfluidity to nuclear
matter?
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But, metals and nuclei are quite different, aren’t they?
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* Can we observe Cooper pairs in nuclei?

 How do we make a quantitative
assessment of pair correlations in
nuclei?

 How do we export our knowledge of
nuclear superfluidity to nuclear
matter?

(t,p) reactions are a specific probe
of nuclear pairing correlations
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But, metals and nuclei are quite different, aren’t they?
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Rep. Prog. Phys. 76 (2013) 106301
GP, Idini, Barranco, Vigezzi, Broglia

Lawrence Livermore National Laboratory
LLNL-PRES-xxxxxx

NYSE 7

National Nuclear Security Administratiol



The 2 neutron transfer process is very delocalized

(9
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The 2 neutron transfer process is very delocalized

eutron matter

heavy ion reaction
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Computing ?Sn(p,t)*'°Sn in second order DWBA
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Computing ?Sn(p,t)*'°Sn in second order DWBA
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Computing ?Sn(p,t)*'°Sn in second order DWBA
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Computing ?Sn(p,t)*'°Sn in second order DWBA

= simultaneous
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Computing ?Sn(p,t)*'°Sn in second order DWBA
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Computing ?Sn(p,t)*'°Sn in second order DWBA
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The (t,p) process is essentially a successive
transfer of two correlated neutrons
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Computing ?Sn(p,t)*'°Sn in second order DWBA
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Theory should account for the absolute value of the cross section

10 ‘ — ® experiment =
—pure (d, /2)2 configuration | |

— Shell Model
—BCS

enhancement factor with
respect to the transfer of

uncorrelated neutrons:
e = 20.6

"2sn(p,t)''%sn, E,_ =26 MeV
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eCM

Experimental data and shell model wavefunction from Guazzoni et al.
PRC 74 054605 (2006)

. . ( "‘I
Lawrence Livermore National Laboratory N A‘S’ioé‘\ 17
LLNL-PRES-xxxxxx National Nuclear Security Administration



Reaction+Structure theory works well across the nuclear chart
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Looking for something new in the nuclear spectrum: The Giant
Pairing Vibration (GPV)

Volume 69B, number 2 PHYSICS LETTERS 1 August 1977

HIGH-LYING PAIRING RESONANCES*

R.A. BROGLIA

The Niels Bohr Institute, University of Copenhagen, DK-2100 Copenhagen (), Denmark !
State University of New York, Department of Physics, Stony Brook, New York 11794, USA

and

D.R. BES?
NORDITA, DK-2100 Copenhagen @, Denmark

Pairing vibrations based on the excitation of pairs of particles and holes across major shells are predicted at an ex-
citation energy of about 70/41/3 MeV and carrying a cross section which is 20%—100% the ground state cross section.

Eollective pairing mode predicted almost 50 years ago, awaiting experimental confirmationﬂ

. . F
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(t,p) is an ideal process to populate the elusive Giant Pairing Vibration
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(t,p) is an ideal process to populate the elusive Giant Pairing Vibration

monopole strength in 14C
nature \ | 0few [ U

4 i i - pp-RPA .
COMMUNICATIONS i i i -- PVC.G =0 ]
= o — PVC.G_=0075 fm’/MeV
£ q :
(] I A .
= ik 0w |_~we predict a rather broad
‘c 2 il A 4 . .
ARTICLE 2 1l oo structure in the continuum
Received 28 Dec 2014 | Accepted 24 Feb 2015 | Published 27 Mar 2015 OPEN 2 [ I ! R )
I\ 1 + P
. . . . . 1 A | Oj(ctp) L c e -
Signatures of the Giant Pairing Vibration VAL E L @
M 14 15 : M /'/ 'I -\:: - \‘,’»ﬂ' .-'“\ ;_’/_.:L_ oy
Law® ) STy i e s ey | n f
in the "*C and '°C atomic nuclei e R
E (MeV
F. Cappuzzello'?, D. Carbone?, M. Cavallaro?, M. Bondi2, C. Agodi?, F. Azaiez3, A. Bonaccorso?, A. Cunsolo?, ( )
L. Fortunato®®, A. Foti"’, S. Franchoo3, E. Khan3, R. Linares8, J. Lubian®, J.A. Scarpaci9 & A. Vitturi>® 15
. I
E', (MeV) \ — Toul
N - "12
3 5 7 9111315171921 23 o — P
1,000 _II”II”II”III3”II”IIIIII1I2II”1I8I”.;éI”;‘;” 2)3 53/2
, '?c(*®0,"®0)"“C S b S ¥
Oiap = 9.5° © e — 4y
800 | E r —fn
2 o
@ 600 v 05
c
3
(@]
400 1
o, % S 0 —5— 10
200 1213 . E (MeV)
m Fragmentation of the Giant Pairing Vibration in '*C induced by many-body processes
0 2l Von Los g0 |, i Pl PP IS A AN
0 2 4 6 8 1012 14 16 18 20 22 L
E. (MeV) F. Barranco,! G. Potel,> and E. Vigezzi®
X
Lawrence Livermore National Laboratory \/ ﬁfgg‘ 21
LLNL-PRES-xxxxxx

National Nuclear Security Administration



(t,p) is an ideal process to populate the elusive Giant Pairing Vibration

AL\Q(\ monopole strength in 14C
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Excited halo state in 2Be (0*,)
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Excited halo state in 2Be (0*,)
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The Pygmy Dipole Resonance (PDR) as a two-quasiparticle mode

* The PDRis rather well described in the harmonic approximation (RPA, QRPA) as a
two-quasiparticle mode.

* Therefore, PDR in a nucleus A, can be better probed with two-quasiparticle fields,
i.e., particle-hole (ph), particle-particle (pp), and hole-hole (hh) fields.

ph I

fCoglorT\b, inelastic, and y-induced one-nucleon transfer on A,-1: two-nucleon transfer on Ao-a
. e’;\c'(tjg,‘;/': ?P”Dﬁ;J' . , + Acr1(d,p) Ao(PDR) * Ac-2(t,p) Ao(PDR)
oAy 10 Ao(1.Y') Ao(PDR) Spieker et al., PRL (2020)
* Ao(p,p’) Ao(PDR) « Ay(n,n’) Ay(PDR) e ’ roposed
« Ag(0,0’) Ag(PDR) «  A,(X.X’) Ag(PDR) einert et al., PRL (2021) pProp
in this talk
o / _/
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The Pygmy Dipole Resonance (PDR) as a two-quasiparticle mode

* The PDR is rather well described in the harmonic approximation (RPA, QRPA) as a
two-quasiparticle mode.

* Therefore, PDR in a nucleus A, can be better probed with two-quasiparticle fields,
i.e., particle-hole (ph), particle-particle (pp), and hole-hole (hh) fields.

ﬁomplementary classification of dipole modesx

tsovecktor ¢ >  isoscalar

ph ¢ v pp

\ Y,
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The Pygmy Dipole Resonance (PDR) as a two-quasiparticle mode

* The PDR is rather well described in the harmonic approximation (RPA, QRPA) as a
two-quasiparticle mode.

* Therefore, PDR in a nucleus A, can be better probed with two-quasiparticle fields,
i.e., particle-hole (ph), particle-particle (pp), and hole-hole (hh) fields.

ﬁomplementary classification of dipole modesx

tsovecktor ¢ >  isoscalar
ph = = PP
k &PR? ¢ > PDR? )
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Probing the 'Li PDR with 2-neutron transfer

Eur. Phys. J. A (2019) 55: 243 THE EUROPEAN
DOL 10.1140/epja/i2019-12789-y PHYSICAL JOURNAL A

Regular Article — Theoretical Physics

Characterization of vorticity in pygmy resonances and soft-dipole
modes with two-nucleon transfer reactions*

R.A. Broglia'?, F. Barranco®, G. Potel*:#, and E. Vigezzi®

10
] I
= 0084 % 08 dipole response
B E:=15 MeV = ]
S 0.04- 30-4‘_
= | Q
£ 0.021 = 027
X
T Ty Ty Ty Ry TR T
E (MeV) E (MeV)

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH
Probing the !'Li low-lying dipole strength via ‘Li(t,p) with the
ISS

Y. Ayyad!, E. Vigezzi?, G. Potel®, R. Broglia®®, B.P. Kay®,
A.O. Macchiavelli”,H. Alvarez-Pol®, F. Barranco®, D. Bazin?, M. Caamafo?,
A. Ceulemans'!, J. Chen', H.L. Crawford”, B. Ferndandez-Dominguez®, S.J. Freeman'?,
L.P. Gaffney'?, C.R. Hoffman®, R. Kanungo'*, C. Morse’, O .Poleshchuk!', R. Raabe!!,
C.A. Santamaria’, D.K. Sharp'?, T. L. Tang®, K .Wimmer!®, A.H. Wuosmaa!®

experiment approved at ISOLDE facility
(CERN). Spokepersons: Ayyad, Vigezzi
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the 1Li PDR has the structure of an elementary quantum vortex

structure of a multipolar (1°) Cooper pair:
elementary quantum vortex

. . ( "‘I
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the 1Li PDR has the structure of an elementary quantum vortex

structure of a multipolar (1) Cooper pair:
elementary quantum vortex

velocity field of 208Pb dipole states
E,=6.5-10.5MeV  E>10.5MeV

’ PSRN S
" | ///}\\\iffi\\\ \ T”WT M/”f
RS PR IR T
Eoltis s 2 b
N n \\\:, !1*\\\:‘::/// ff”f Tﬂ ﬁ‘ x"“\

SR

Ryezayeva et al. PRL 89 (2002) 272502

|s vorticity a signature of PDR?
Is there an experimental signature
forit?

LLNL-PRES-xxxxxx
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Using the Surrogate Reaction Method (SRM) to infer #X(n,y)**'X from

Desired reaction: neukron
capture ol tarqget A

Lawrence Livermore National Laborator \A, %)
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Using the Surrogate Reaction Method (SRM) to infer #X(n,y)**'X from
AX(d,py)*X

Desired reaction: neukron
capture ol tarqget A
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Using the Surrogate Reaction Method (SRM) to infer #X(n,y)**'X from

AX(d,py)*X
I E n_
Su||==i=====-
) Desired reaction: neukron
v capture on target A
G
I A+1
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Using the Surrogate Reaction Method (SRM) to infer #X(n,y)**'X from

S|l == o= =-
Surrogate: (d,p) reaction on
target A
O
A

ca)
t Lawrence Livermore National Laboratory NVYSE 3
LLNL-PRES-xxxxxx National Nuclear Sec inistra



Using the Surrogate Reaction Method (SRM) to infer #X(n,y)**'X from

S|l == o= =-
Surrogate: (d,p) reaction on
target A
O
A
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Using the Surrogate Reaction Method (SRM) to infer #X(n,y)**'X from
AX(d,py)*X

“v E
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
! o
)
-
-
-
-
-
-
)

Eurroga&e: (d,p) reaction on J
b

argebt A

~
* Reaction theory needed to determine spin distribution
e Green’s Function Transfer (GFT) formalism used to

@
J A'i“l describe reaction process

S

. . "‘l
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Using the SRM to infer A*1X(n,y)**2X from ~X(t,py)***X

Desired reaction: neukron
capture on target A+l

t Lawrence Livermore National Laboratory N A‘Sﬁé‘g 37
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Using the SRM to infer A*1X(n,y)**2X from ~X(t,py)***X

E/\

Desired reaction: neukron
capture on target A+l

t Lawrence Livermore National Laboratory N A‘ Sf{é‘g 38
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Using the SRM to infer A*1X(n,y)**2X from ~X(t,py)***X

E/\

SM——'-_—Q—---

: Desired reaction: neukron
® capture on target A+l

w Lawrence Livermore National Laboratory N A‘ Sf{é‘g 39
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Using the SRM to infer A*1X(n,y)**2X from ~X(t,py)***X

]|
Surrogate: (Lp) reaction on
target A+l

O

w Lawrence Livermore National Laboratory NVYSE
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Using the SRM to infer A*1X(n,y)**2X from ~X(t,py)***X

*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
’0
*

Pe
Sull-=cmcmm-
Surrogate: (Lp) reaction on
target A+l
O
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Using the SRM to infer A*1X(n,y)**2X from ~X(t,py)***X

*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
’0
*

Sul|=i=i= === ==

"‘-.__v urrogate: (tp) reaction on
o target A+l (A, Richards talk)
A

LExtension of GFT to (t,p) reactionsq

| —

A+2
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Using the SRM to infer A*1X(n,y)**2X from ~X(t,py)***X

- £ 1 I
.......... _ Possible extension to (E,rf)
F’.’x : (talles by Deviin and Bulgac)

:"-_v urrogate: (tp) reaction on
@ target A+l

v

0 ® LExtension of GFT to (t,p) reactionsq

A+2

| —

. . a4l
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An opportunity to thoroughly benchmark the SRM with >>Mo(n,y)

95Mo (d,py) with 12.5 MeV deuterons
at Texas A&M

20} =~ NEBfort>3

spin distribution

& 15]

Z/ae(mmmv)
v 8 & B 8 8

10°
a
C
o .
S 107 ¢
o}
n o
u z
0 2
o i,
O
1072F J  Kapchigashev (1964)
+ De L. Musgrove (1976) Excitation Energyg(MeV)
Weisskopf-Ewing Approximation ]
—— 9Mo(d, p) Surrogate Data (this work)
-3 L L
10 1072 1071 10° 10!

Neutron Energy (MeV) decay fit by J. Escher
Ratkiewicz, Cizewski, Escher, GP, et al. Phys. Rev. Lett. 122052502 (2019)

@ Excellent agreement with (n,~) data.

@ The fitted Hauser-Feshbach decay is used to infer (n,~) rates.

@ No previous knowledge of Dy, and/or (I'y) is needed.

@ No need for separate determination of NLD and ~SF.

Lawrence Livermore National Laboratory
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An opportunity to thoroughly benchmark the SRM with *>Mo(n,y)

95Mo (d,py) with 12.5 MeV deuterons
at Texas A&M

spin distri butlon\f: e
100t 5 ,
i eV
o)
C
S
S 107}
)
n R
) H
n 3
° 2
O
1072F J  Kapchigashev (1964)
|-I-| De L. Musgrove (1976) Excitation Energy (Mev)
Weisskopf-Ewing Approximation N
—— %Mo(d, p) Surrogate Data (this work)
-3 L N
1010'2 1071 100 10!
Neutron Energy (MeV) decay fit by J. Escher

Ratkiewicz, Cizewski, Escher, GP, et al. Phys. Rev. Lett. 122052502 (2019)

@ Excellent agreement with (n,~) data.

@ The fitted Hauser-Feshbach decay is used to infer (n,~) rates.

@ No previous knowledge of Dy, and/or (I'y) is needed.

@ No need for separate determination of NLD and ~SF.

&p)

(p,t)

S Ny N\

96Mo
STABLE
16.67%

N/
(p,)
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An opportunity to thoroughly benchmark the SRM with *>Mo(n,y)

95Mo (d,py) with 12.5 MeV deuterons
at Texas A&M

spin distribution\géz

S Ny N\

100_

10—1_

Cross Section (b)

10—2_

+++  Kapchigashev (1964)

H+  De L. Musgrove (1976)
Weisskopf-Ewing Approximation

—— %Mo(d, p) Surrogate Data (this work)

N/
(p,)

1073

o 10_lNeutron Energy (MeV)100 decay fit b)l/oj. Escher
Ratkiewicz, Cizewski, Escher, GP, et al. Phys. Rev. Lett. 122052502 (2019) i

o Excellent agreement with (n, ) data. ("« %Mo are all stable A
° 95 1

@ The fitted Hauser-Feshbach decay is used to infer (n,~) rates. Mo(n,y) is known ’
*  9Mo(d,py) and *>Mo(p,p’y) have been

@ No previous knowledge of Dy, and/or (I'y) is needed. measured.

N df d .. £ NLD and ~SE * Opportunity to benchmark many SRM
@ No need for separate determination o and ~SF. _techniques (4. Mcintosh talk D

. . ( "‘l
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International School of Physics “Enrico Fermi”

Deadline for applications:
Apmt 10

COURSE 213 NUCLEAR STRUCTURE AND REACTIONS FROM A BROAD PERSPECTIVE

27 June - 2 July 2024

Directors
Francisco Barranco - University of Seville (Spain)
Enrico Vigezzi - INFN Milano (Italy)

Scientific Secretary
Gregory Potel - Lawrence Livermore National Laboratory (USA)

This School is dedicated to the memory of Ricardo A. Broglia.

https://www.sif.it/corsi/scuola_fermi/2024/213

e Marucci-tremezzina.co
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Thank you for your attention!
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Is there a pygmy resonance in 'Li? What'’s its structure?

Coulomb breakup

o RIKEN data —
—— Three-body model (8res =0.69 MeV)

— — B(E1) from inclusive breakup data

o
(% 2%55385 38331y

P e
1.5 2
£ (MeV)

Fernandez et al. PRL 110,
142701 (2013)

2.5 3

T T T
¢ Present work (RIKEN)
Teki et al(MSU).
—1 Shimoura et al.(RIKEN)
- ——- Zinser et al.(GSI)

1.5

LA —— Calculation
1.0 :

dB(E1)/dE ., (e*tm?/MeV

with nn correlation _|

,' \
05 - N -~
/ ‘\\- r
o/ = S
= 1

1.0 1.5 2.0
E rel (MeV)

Nakamura et al. PRL 96,
252502 (2006)

counts/150 keV

_/

Ocm= 115°~124°
00

o i — . : ;
g |, - Optical model parameter
wof 2% T Set V
=
0.00 > 3
300 Ex(MeV) 2
3 SO
% w3y AN AN
200 S S
2 Sl
]
100 | v
i AL=0 AL=1 " AL=1
?05 p ";)'5 1 1‘5 2 2‘5 . Harakeh-Dieperink _Orlandini

E.(MeV)

J. Tanaka et al. / Physics Letters B 774 (2017) 268-272

Lawrence Livermore National Laboratory
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do/dQ¢m (mb/sr)

(d,d’)

N

1.03+0.03 MeV

(a)

L excitation energy (MeV)
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0.8 E
06 E
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02F

(b)

0 N T T PV TN

70 90 B 100
Ocm (deg)

Kanungo et al. PRL 114,

192502 (2015)

110

120

_

some questions to address:

How do we
characterize the PDR?
Is it distinct from the
GDR?

How does it compare
with theory?
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Structure of 1Li in nuclear field theory (NFT): the precursor of 1Li

. SJ— independent
' Far&tte model

S1/2
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Structure of 1Li in nuclear field theory (NFT): the precursor of 1Li

s ]

S1/2

0.5

0.5

1 Pi/z

-1.5

d5/2

S12

S12

RPA quadrupole
phonon
(F. Barranco talk yesterday)
PVC vertex

attractive self-
energy contribution

@ Lawrence Livermore National Laboratory
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Structure of 1Li in nuclear field theory (NFT): the precursor of 1Li

ﬂ S12

1.5
2+
1 51/2 d5/2
_ _ / S1/2 Pl/z
0.5 Pauli-blocking,
repulsive contribution S1/3
0 _______________________________________________________________
0.5k o P12
\
1 Pi/z o P
-1.5
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Structure of 1Li in nuclear field theory (NFT): the precursor of 1Li

s ]

S1/2

0.5

0.5

1 Pi/z

-1.5

d5/2

/

S12

S12

P1/2
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Is the PDR a bona fide collective mode, distinct from GDR? )

57 5 I _‘ I T
multi-messenger approach §;‘ §‘3‘ °n ]
; ; g0 g°r 7 N. Nakatsuka et al.
in order to characterize PDR E of E of 5 1 Physics Letters B
2 N 2 i 1 768 (2017) 387
~0 ~o \‘ \‘ ' ]
£ 1ET ]
standard probes: (a,a'), (p,p') =2 1 ]
1 <3 1< 3f .
(Y'Y ) g4k o) 1 84" 8
5 L | L | L | L ] 5L L | L | L | L ]
¢ Ef(MeV) ! ¢ > Ef(MeV) !
9Li(t, p)Li(17), By = 15 MeV 10 ——
0.10 [— vy , .
- £ populating the *'Li PDR
> 0.084 o % ‘ . .-
z S ool \ with (t,p) & &
3 — \ !
5 0.021 S:i 0.2
0.00 . : ‘ . 1 g 00 . , : . 1 . Toseot
0 1 123(1\1 vé 4 5 0 1 E(M V?; 4 5 Broglia et al. Eur. Phys. J. A
e e
(2019) 55: 243
particle-particle correlations might be a distinctive feature of PDRs ]
Lawrence Livermore National Laboratory NVYSE s
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Structure of 1Li in nuclear field theory (NFT): the precursor of 1Li

f 12 Cavallaro et al., PRL 118, 012701 (2017)
1.5+
o+ Barranco, GP, Vigezzi, Broglia PRC 101, 031305(R) (2020)
s d5/2
1 1/2 3.5 —
1/2 e .
s P 3.0 . | CLi(d,p)
0.5 s
1/2 .
0 ________________________________________________________________
05 P12
\
1 P1i/z o P
E, (MeV)
15 theoretical description validated by
' experiment
Lawrence Livermore National Laboratory \/ ng"»‘ 55
LLNL-PRES-xxxxxx Mﬁsnﬁ;én




Nuclear field theory (NFT) highlights the role of the PDR in !Li
structure

O.GJ

i F‘l/z
0.4 |3%/2 (0))
00—
0.4 S1/2
Ol crsnsasssssnsnsssssnssssnssnstssssssssssssssssssnssnssnnsssssststistasasasnss
0.2
0.4

we add 1 neutron
0.6 bto the s,/ orbikal
of °LL
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Nuclear field theory (NFT) highlights the role of the PDR in !Li
structure

0 61 0.63]s7 5(0)) 4 0.76[p7 5 (0)) + 0.14]dZ 5 (0))
v Pz [
oal T . halo neutrons scattered

among p and s orbitals
0.2 S1/2 (and a little d, not

included in the picture)

O N cecsssssssssnsnssnsssssssssssssssssssssssnsnssssssnsasasssasssttssnaasaycnssa
0.2+  L___
0.4 | |
bare NN interaction
Argonne v
06 (Arg 18)
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Nuclear field theory (NFT) highlights the role of the PDR in Li
structure

061 0.63]s7 5(0)) 4 0.76[p7 5 (0)) + 0.14]dZ 5 (0))
v Pz [
oal T . halo neutrons scattered

| among p and s orbitals
0.2 S1/2 (and a little d, not

included in the picture)

O N cecsssssssssnsnssnsssssssssssssssssssssssnsnssssssnsasasssasssttssnaasaycnssa
02l pairing correlations induced by short-range,
""" bare interaction not enough to bind *Li
-0.4 | |
bare NN interaction
06 (Argonne vg)
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Nuclear field theory (NFT) highlights the role of the PDR in !Li

structure

i
0.6 1 Fl/Z

0.4

0.4 S1/2

~
~
~
~
1
~

0.45]57 5(0)) 4 0.55[p7 5 (0)) 4 0.04|dz ,5(0))

\ +O'7|(p1/2781/2)1— 034 1_,0>
V4 0.1[(s1/2,d5/2)2+ ® 271 0)

4

1-(PDR)

Y
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Nuclear field theory (NFT) highlights the role of the PDR in !Li

structure
f
0.6 &%
oad 7
045152 5(0)) + 0.53[12 5(0)) + 00412, (0))
0.2 51/2 o H0.TI(pryz: s1/2)1- ®1750)
L +0.1|(s1/2,d5/2)2+ ®2750)
oY | N G WIS LS S
02 \ ‘ opposite parity at
threshold
0.4 y N <,
1-(PDR)
o064 + + )
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Nuclear field theory (NFT) highlights the role of the PDR in !Li

structure
J half (0.72=0.5) of the ground
0.6 F?l/z state wavefunction is coupled
\\\\\\\ to the PDR
0.4 \
VL 0.45]52 5 (0)) + 0.55(p% ,(0)) + 0.04]d2 ., (0))
0.2 S1/2 (p1/2,81/2)1— ®17;0)

+0.1|(51/2,d5/2)2+ ®27;0)

2 low-angular momentum
sates of opposite parity at
threshold: ideal scenario for

PDR

4

1-(PDR)

5
""" +\:\‘\'\'\+\N\'\'\
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Nuclear field theory (NFT) highlights the role of the PDR in Li
structure

J half (0.72=0.5) of the ground
0.6 F?l/z state wavefunction is coupled
\\\\\\ to the PDR
0.4 T

045153 5(0)) + 05|03 5(0)) +0.04]a2 5(0))

024l S1/2 \ (P1/2,81/2)1— ®17;0)

+0.1|(51/2,d5/2)2+ ®27;0)

2 low-angular momentum
sates of opposite parity at
threshold: ideal scenario for

(the PDR plays a central role in
providing the glue to bind *Li
* symbiotic relationship between

PDR
-0.4 halo and PDR: the halo provides | 4 N

the PDR scenario, and the PDR 1(PDR)

-
-0.6 k holds the halo together J ______ + (o 4 fe

|
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theory confirmed by Li(p,t)°Li(gs;E,=2.69 MeV 1/2)

GP, Barranco, Vigezzi, Broglia 0-45|8%/2(0)> + 0.55|pf/2 (0)) + O.O4|d§/2 (0))
PRL 105 172502 (201 —
05 172502 (2010) +0.7|(p1/2,51/2)1- ®17;0)
-+ 0.1 ’( 81/2, d5/2)2—|— %9 2+, O>1OO ‘ O 1/2” experiment

——1/2" channel 1 (halo transfer)

= 1/2" (total)
CH)‘{’ 1) —channels c=2+c=3

reaction calculation in 2-

order DWBA, dominated by "7
successive transfer of the 2 fé, (f
neutrons (E. Vigezzi talk g

yesterday ) 3 . %

do/dQ (mb/sr)

SLi(E,=2.69 MeV 1/2F)

10 0 50 100 150
CM

105, 50 100 150
eCM

' (274
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theory confirmed by Li(p,t)°Li(gs;E,=2.69 MeV 1/2)

do/dQ (mb/sr)

GP, Barranco, Vigezzi, Broglia 0-45|8%/2(0)> + 0.55|pf/2 (0)) + O.O4|d§/2 (0))
PRL 105 172502 (2010 —
( ) +0.7|(p1/2,51/2)1- ®17;0)
4 0.1 ’(Sl/Q,d5/2)2—|— 029 2+;0>1OO ‘ O 1/2” experiment
—— 1/2" channel 1 (halo transfer)
= 1/2" (total)
CH)‘{’({) — channels c=2+c=3 7
107} + + 1
e ]
3
3
1072 1
*LUE,=2.69 MeV 1/27)
. 10_30 510 0 160 150
105, 50 100 150 CM
Oom
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theory confirmed by Li(p,t)°Li(gs;E,=2.69 MeV 1/2)

do/dQ (mb/sr)

GP, Barranco, Vigezzi, Broglia 0-45|8%/2(0)> + 0.55|pf/2 (0)) + O.O4|d§/2 (0))
PRL 105 172502 (2010 —
( ) +0.7|(p1/2,51/2)1- ®17;0)
+0.1( 51/2; d5/2)2+ ® 27, 0)10° | © 1;§'eﬁperirr:e1n:h S
- ~ channe alo transfer
CH) = 1/2" (total)
({) — channels c=2+c=3 7
107} ++ + ]
e ]
g
3
1072 1
*LUE,=2.69 MeV 1/27)
) 10_30 510 0 160 150
197 50 eCIv1|oo ' 150 0.63‘8%/2(0» + 0.76‘]9%/2(0» + 0.14‘d%/2(0)> o

B 0 ("‘l
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theory confirmed by Li(p,t)°Li(gs;E,=2.69 MeV 1/2)

GP, Barranco, Vigezzi, Broglia 0-45|8%/2(0)> + 0.55|pf/2 (0)) + O.O4|d§/2 (0))
PRL 105 172502 (201 —
05 172502 (2010) +0.7|(p1/2,51/2)1- ®17;0)
-+ 0.1 ’( 81/2, d5/2)2—|— %9 2+, O>1OO ‘ O 1/2” experiment
—— 1/2" channel 1 (halo transfer)

= 1/2" (total)
<H,+ 1) —channels c=2+c=3

ﬁ

SLi(E,=2.69 MeV 1/2F)

] )
i E
| 3
< depletion of pp 3
‘ strength due to 102

coupling with PDR

do/dQ (mb/sr)

0 50 100 150

10 ‘ ‘ ’ ‘ 0
0 0 150 0.63s75(0)) + 0.76|p7 5 (0)) + 0.14d7 ,(0))

B 0 ( "‘I
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theory confirmed by Li(p,t)°Li(gs;E,=2.69 MeV 1/2)

0.45]57 5(0)) 4 0.55[p7 5(0)) 4 0.04|dz ,5(0))

+0.7[(p1/2,81/2)1- ®17;0)
-+ 0.1 ’( 81/2, d5/2)2—|— %9 2+, O>1OO ‘ O 1/2” experiment

——1/2" channel 1 (halo transfer)

= 1/2" (total)

‘H,({) 1) —channels c=2+c=3

‘{’

10 |

1 depletion of pp
| strength due to 102

coupling with PDR

do/dQ (mb)

ﬁ

SLi(E,=2.69 MeV 1/2F)

do/dQ (mb/sr)

3 I L L
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The PDR as a two-quasiparticle mode

* The PDR is rather well described in the harmonic approximation (RPA, QRPA) as a

two-quasiparticle mode.

* Therefore, PDR in a nucleus A, can be better probed with two-quasiparticle fields,
i.e., particle-hole (ph), particle-particle (pp), and hole-hole (hh) fields.

(Coulomb, inelastic, and y-induced

excitation on A,:

* Ao(d,d)As(PDR) ¢ Ay(y,y’) Ao(PDR)
* Ao(p,p’) Ag(PDR)
 Ag(a,a’) Ag(PDR) e

g

Ao(X,X’) Ag(PDR)
(Vandebrouck talk)

Ao(n,n’) Ao(PDR)] Khumalo talks)

one-nucleon transfer on A,-1:
* Ap-1(d,p) Ao(PDR)
(Spieker, Weinert, and

FE

* Ao-2(t,p) Ao(PDR)

proposed
in this talk

/

.

two-nucleon transfer on Ay-2: |

_/
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The PDR as a two-quasiparticle mode

* The PDR is rather well described in the harmonic approximation (RPA, QRPA) as a
two-quasiparticle mode.

* Therefore, PDR in a nucleus A, can be better probed with two-quasiparticle fields,
i.e., particle-hole (ph), particle-particle (pp), and hole-hole (hh) fields.

ﬁomplementary classification of dipole modesx

tsovecktor ¢ >  isoscalar

ph ¢ v pp

\ Y,
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The PDR as a two-quasiparticle mode

* The PDR is rather well described in the harmonic approximation (RPA, QRPA) as a
two-quasiparticle mode.

* Therefore, PDR in a nucleus A, can be better probed with two-quasiparticle fields,
i.e., particle-hole (ph), particle-particle (pp), and hole-hole (hh) fields.

ﬁomplementary classification of dipole modesx

tsovecktor ¢ >  isoscalar
ph = = PP
k &PR? ¢ > PDR? )
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we compute the 1Li PDR structure in RPA

3 representative low-lying dipole RPA peaks

E=0.65 MeV E=1.21 MeV E=2 MeV
i j X, Y, i j X, Y; i j X;; vy, Pygmy resonances: what’s in a name?

10P Publishing Physica Scripta
Phys. Scr. 94 (2019) 114002 (18pp) https://doi.org/10.1088,/1402-4896 /ab2431
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451, 1pip 0410 0.080
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we compute the 1Li PDR structure in RPA

3 representative low-lying dipole RPA peaks

E=0.65 MeV E=1.21 MeV E=2 MeV
i j X; Y, i j X, Y, i j X; vy, Pygmy resonances: what’s in a name?

10P Publishing Physica Scripta
Phys. Scr. 94 (2019) 114002 (18pp) https://doi.org/10.1088/1402-4896/ab2431

-ees e e T T e e e e e e e = e

\
fy 2S1/2 Ipy —0.780 0.078 | v _2311_2_ —lp—l/% - :Q;llg_ _0.;0&8_ vo_ :isllz_ - I-PI-ZZ_ _?_0'_1 1_8_ _0949 R A Broglia'?’, F Barranco®, A Idini*@, G Potel’® and E Vigezzi®
3510 Ipis 0479 0108, (v T35, dpin  —0748 0074 YU T, dpi,  —08217 0.046)
4si0 pip 0410 0080 |v Ssip Ipys 0250 0.046
=555 g5 T 0181 T T0075T 7 T 65, T ipy.” T 0.116 T 043
6510 Ipi;a 0117 0.067 Ipsp,  4ds;, 0144 0.081
1psp  4dsp 0170 0.121 1psp  Sdspp 0201 0.125 largest components are

14
1%
1%
14
v dpss Sdsp 0243 0.183 Ipss  6ds;, 0201 0.135 : :
v 1p3;2 6d5;2 0249  0.196 1193;2 7d5j2 0.156  0.112 2-qua5|part|cle neutron
v Apys Tdsp 0196 0.161 Ipss  8ds;, 0113 0.085
v lps, 8ds, 0144 0.122 Ip1a 95, —0.126 0014 halo (51/2 p1/2)1- states
v Ipsn 9ds, 0107 0.093 1pin 10ds,, 0187  0.026

1pija 4dyp 0003 0075 v Ipis 2dy, 0168 0.024 1pis 1lds, 0121 0.040
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s
T

Iprp 3dsn 0114 0.043 Ipis 12d3;, 0113 0.053
Iprp 4ds, 0117 0.063 Ipra 13ds, 0111 0.064
Iprp 5ds; 0126 0.081 1p1, 14ds, 0104 0.068
Ipria 6ds;y 0131 0.094 Ips;p lds;y 0245 0210
Ipro Tds, 0128 0.099
p1a 8ds; 0116 0.094
21, lpsp —0.130  —0.12
Ipsp,  ldsp, 0322 0.294
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the PDR exhausts about 8% of the EWSR

dipole response function

(N}

EdBE1/dE (e? fm?)

. . F
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the PDR exhausts about 8% of the EWSR

dipole response function 0.15 trlanslltloln dgns!t|e§

L B B e A B L B L B DL BN 0.10L

IIIJi
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== neutrons

== protons ||

1IIJi
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0.10}
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the PDR exhausts about 8% of the EWSR

dipole response function

I AVA)
/A U
2F I\ .
/ \
& /
= experiment approved at FRIB to probe
= ! the whole dipole response with (p,p’).
= :
= | /’ Spokepersons: Ayyad, Zamora
|y /
< ) /
.\ 5
. //
T T B G R S T ) BRI
E (MeV)

. . (2748
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the PDR has the structure of an elementary quantum vortex

structure of a multipolar (1) Cooper pair:
elementary quantum vortex

velocity field of 208Pb dipole states
E,=6.5-10.5MeV  E>10.5MeV

Ryezayeva et al. PRL 89 (2002) 272502

|s vorticity a signature of PDR?
Is there an experimental signature
forit?
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Probing the 'Li PDR with 2-neutron transfer

Eur. Phys. J. A (2019) 55: 243
DOI 10.1140/epja/i2019-12789-y

THE EUROPEAN
PHYSICAL JOURNAL A

Regular Article — Theoretical Physics

Characterization of vorticity in pygmy resonances and soft-dipole
modes with two-nucleon transfer reactions*

R.A. Broglia'?, F. Barranco®, G. Potel*:#, and E. Vigezzi®

"
= 0.081
= ILi(t,p)1Li(PDR)
\E/ Et:15 MeV
[ 0.04+
E ]
£ 0.02-
0.00 £ E——
0 1 2 3 i 5
E (MeV)

E x d(B(FE1))/dE (e* fm?)

.
o

o
oo

<
>

o
.

<
)

—_
o

] dipole response
o 1 2 3 4
E (MeV)

we predict the population of the PDR with
the 2-neutron transfer reaction

ILi(t,p) LLi(PDR), with cross section 6=0.3mb
shape of differential cross section very
similar to that of the dipole response
absolute value of cross section is a measure
of the pp nature of the PDR
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Probing the 'Li PDR with 2-neutron transfer

Eur. Phys. J. A (2019) 55: 243 THE EUROPEAN
DOL 10.1140/epja/i2019-12789-y PHYSICAL JOURNAL A

Regular Article — Theoretical Physics

Characterization of vorticity in pygmy resonances and soft-dipole
modes with two-nucleon transfer reactions*

R.A. Broglia'?, F. Barranco®, G. Potel*:#, and E. Vigezzi®

10
] I
= 0084 % 08 dipole response
B E:=15 MeV = ]
S 0.04- 30-4‘_
= | Q
£ 0.021 = 027
X
T Ty Ty Ty Ry TR T
E (MeV) E (MeV)

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH
Probing the !'Li low-lying dipole strength via ‘Li(t,p) with the
ISS

Y. Ayyad!, E. Vigezzi?, G. Potel®, R. Broglia®®, B.P. Kay®,
A.O. Macchiavelli”,H. Alvarez-Pol®, F. Barranco®, D. Bazin?, M. Caamafo?,
A. Ceulemans'!, J. Chen', H.L. Crawford”, B. Ferndandez-Dominguez®, S.J. Freeman'?,
L.P. Gaffney'?, C.R. Hoffman®, R. Kanungo'*, C. Morse’, O .Poleshchuk!', R. Raabe!!,
C.A. Santamaria’, D.K. Sharp'?, T. L. Tang®, K .Wimmer!®, A.H. Wuosmaa!®

experiment approved at ISOLDE facility
(CERN). Spokepersons: Ayyad, Vigezzi
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Conclusions

* the PDR plays an important role in the structure of the exotic two-neutron halo nucleus !!Li: halo-

PDR symbiotic nature

e our calculations point to a strong pp component of the PDR, as opposed to the more ph nature of

the GDR
fcomplementary classification of dipole modes\
tsovector {——) isoscalar
talks by Vandebrouck, | <:::,>
Spieker, Weinert, @:’EDQ? ‘PF'IEQ?
Khumalo k : <:::> ¢ J

PDR of 1Li as a vortical excitation of the halo. Extrapolable to neutron skins?
proved experiments: Li(p,p’)!Li* @ FRIB, and °Li(t,p)Li(PDR) @ ISOLDE

g along with (d,p) and (n,n’), (t,p) to join the ranks of novel probes to the PDR
personal wish: (t,p) measurements on nuclei with neutron skin. Maybe with new FSU triton
[ beam?

-

.
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we compute the 'Li PDR structure and the °Li (t,p)*'Li(PDR)
cross section

3 representative low-lying dipole RPA peaks

E=0.65 MeV E=1.21 MeV E=2 MeV
i j X;; Y; i j X;; Y; i j X;; Y;
0 T Znpn s =080 0078 ) v 251 dpyp 0119 0.048 v 3sip _lpys_ —0.118_ 0.040
W 3sip dpin 0479 0108, (v T30 py, | —07487 T0074 Yo T s, dpy, 08217 0.046°
v T4, s T 02207 T0.006 v 4sin dpn 04100 0080 f v Ssin Ipy, 0250 0.046,
v S5s10 Ipip 0144 0093 v 7557 Apip T 081 T T0075T U T 6si,  Ipr,” T 0.116 T 0.043
v 6s10 lpip 0106 0080 v 65, lpip 0117 0067 v lpy,  4ds;, 0144 0.081
v Apsp  4dsp 0166 0139 v lpsp  4ds, 0070 0021 v lpy,  Sdsp, 0201 0.125
v Apss Sdsp, 0241 0208 v ps;, Sdsp, 0243 04183 v Ipy,  6ds;, 0201 0135
v 1psp 6dsp 0250 0221 v lps,  6ds;, 0249 0196 v Ipsy,  Tds, 0156 0.112
v Apsp Tdsp 0199 0180 v lpsp Tds, 0196 0061 v lpy,  8dsp, 0113 0.085
v o Apss 8dsp 0148 0135 v ps;, 8dsp, 0044 0122 v Ipy,  9ds;, 0126 0.014
v 1psp 9dsp 010 0102 v lpsp  9ds;, 0107 0093 v Ipy,  10ds, 0187 0.026
v Apip 4dsp, 0103 0075 v pyn 2ds, 0168 0024 v Ipy,  1lds, 0021 0.040
v Ipip Sdsp 0119 0095 v pyn 3dsy 0114 0043 v Ipy,  12ds, 0113 0.053
v 1pip 6ds 0128 0108 v Ipy, 4dsy 017 0063 v Ipy,  13ds, 0011 0.064
v Apip Tdsp 0128 0012 v dpys Sdip, 0260 0081 v Ipy,  14ds, 0104 0.068
v Ipia 8dsp 0117 0106 v lpyn 6dss 0031 0094w Ipy,  ldsp, 0245 0210
T 2510 lpsp —0.136  —0.131 v lpy,  Tds, 0128 0.099
7 Apsp lds;, 0337 0322 v py, 8dy, 0116 0.094
T 251 lpspp —0.130  —0.12
7 ps;n ldsp, 0322 0.294

—
=

G

~—
N

velocity field of 298Pb dipole states

E=6.5-10.5MeV  E,>10.5MeV |
g - -
IR x ‘] f r
RS WISNN " AR /
4 /TNy =N N pt
///fj’jliﬁ;::\\\\ HTTTHH TMI]TTM
N\ Mp 1 rﬂw:
" \\\\:; R \;////_ (1 E 5‘ Ty
< /U= i T
SN
gl I v
8 -4 0 4 8 4 0 4 g
p (fm) p (fm)

Ryezayeva et al. PRL 89 (2002) 272502
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Ground state of 11lLi

(h)

S —Sin
P—Pir
d—dsp

(k) (1 (m)
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we compute the 'Li PDR structure and the °Li (t,p)*'Li(PDR)
cross section
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proposal to measure °Li(t,p)''Li(PDR) approved at ISOLDE

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

Probing the 'Li low-lying dipole strength via “Li(t,p) with the
ISS

September 22, 2020

Y. Ayyad!, E. Vigezzi?, G. Potel®, R. Broglia*®, B.P. Kay®,
A.O. Macchiavelli”, H. Alvarez-Pol®, F. Barranco?, D. Bazin"', M. Caamafo®,
A. Ceulemans!'!, J. Chen!, H.L. Crawford’, B. Ferndndez-Dominguez®, S.J. Freeman'?,
L.P. Gaffney!?, C.R. Hoffman®, R. Kanungo'4, C. Morse’, O .Poleshchuk!!, R. Raabe!!,
C.A. Santamaria’, D.K. Sharp'?, T. L. Tang®, K .Wimmer!®, A.H. Wuosmaa!®
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the structure of the PDR can be addressed with different probes

Experiment QPM

_ 03 : 0.5 _ Vandebrouck talk
% 04 (a,a”) 04 %
ERCE 03 E
S 02 02 g
S o [l | 01 3

0.0 F=t=tt Cetill 0.0
= 0.06 | b) ‘(p,p’)‘ 0.06 =
5 5
€ 0.04 004 E
S S
T 0.02 N 0.02 T
SER RS &8 o : S Savran 2018

0.0 0.0
i c) ‘(%’Y’)‘ 2
= 100 1002
% o
= 50 50 =

0 ‘ il ili‘..,kﬂ.‘w | L1 .” 0

d) ()|

A 02 . 02

0.1 ¥t 0.1

e, -
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Inelastic excitation and two-nucleon transfer populate the same
states

h o 2
1 £ (Mev) e 37
u_.
o 27 4
£ (MeV) ° 3° Mg
Y O
o—]-a
op AZCQ o
50 1
L 2
{ X ¥3) o B
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o0
oD
. 3G
T T (X %) D -— —0
20 410
Cr 0
+ 10
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Two neutron transfer, a novel probe for the PDR?

e B aneiser)y s ' B g . MRS M M
N order to characisrioe FOR : g Snardes Larse s B
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Low-lying dipole strength

10)y = |0) + 0.7|(p1/2, $172)1- ® 17:0) + 0.1](51/2,d5/2)2+ ® 275 0)

u\jrtial ‘
occupation
V2 A

vV

1

(b)

>
ds Ey

Sip Pin
S1p2 P32

10) = 0.55(p% ) + 04553 ,) + 0.04/d2 )

|17, pygmy) = @ F:,ygmylhalo) + BT Z}DRlcore)

/\J (a) K/\ sl

e T

1pih2si2 | 1pih3si2 | 1pihadsip | 1pihdsp | 1p3)ddsp | 1p3),5ds | 1p3),6ds)
X -0.780 0.479 0.220 0.103 0.166 0.241 0.250
Y 0.078 0.108 0.106 0.075 0.139 0.208 0.221
8% EWSR E\- = 0.7 MeV
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Full dipole strength

_dBE1/dE

14—

— RPA
— = unperturbed

0.35

0.30+ / S

— RPA (x0.2)

unperturbed |
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Transition densities

0.30 . . . . . .

[} == jeutrons
E*= 0- 8 MeV 0.25k (b) == protons |]

0.20+

0.10

Spr? (fm™1)

0.05

0.00

_0'050 5 10 15 20 25 30 35

(a) r (fm)

S
(e}

r’p(r) (e fm™)

E*= 8- 20 MeV 74

= 0.00
=

o
~

Axial distance (fm)

£ 005

s\
Q —0.10
o

—0.15

o
N

r2p(r) [fm™]

5 10 ~0.20
r (fm) —0.25

5 10 15 20 25 30 35 40
r (fm)

VS

National Nuclear Security Administration

Lawrence Livermore National Laboratory
LLNL-PRES-xxxxxx




Deformations in 3D space and in gauge space

3D-surface deformations
AU(r)

77

Fermi surface deformations

S

\
A |

V2

v

N
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NFT

particle-vibration coupling

single particle states N

partlcle particle interaction

A

quasiparticles, multiplets, fragmentation

comparison with experiment
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1Li summary

2 2
S n (0) , I = 5 fm : ++ P n (0) Jp = 5 fm l--‘i-:+++++++++++++++1

Barranco et al
EPJ, A11 (2001) 305

R
e

-12 B 0 [

X, (fm)

B it i o o T S SR S S S S

X, (fm)
FHtttt

10°

THOL, %Li(1/2752.69 MeV)) 3H
Tanihata et al

PRL, 100 (2008) 192502
E p,=33MeV

do/dQ (mb/sr)
do/dQ (mb/sr)

Potel et al
PRL, 105 (2010) 172502

Barranco et al
EP), A11 (2001) 305

| 10y = 0.63s7/5(0)) + 0.77|p} 5(0)) + 0.06|d3 ,(0))

5

0
X, (fm)

rn=75fm
|0y, = |0) + 0.7|(p1/2, 81/2)1- ©17:0) +0.1](81/2. d52)2+ @ 2%;0) I N — 1
0) = 0.45s7 5,(0)) + 0.55(p} 5 (0)) + 0.04dZ ,(0)) N=0.5 |
. . (274
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Role of ground state correlations
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Transition to the first 1/2(2.69 MeV) excited state of °Li

10 O 1/2” experiment
—1/2" channel 1 (halo transfer)
=1/2" (total)

<H;1) 1} —channels c=2+c=3 7
107} + ]
= ]
S
% (O}
3
107
-3
10 0 56 160 150
E)CM

. . ( "‘I
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From 9Li to 1OLi...

10Li

particie-vibration coupling

b Lawrence Livermore National Laboratory N A‘S’Q‘i‘g 96
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... and from 1°Lj to 1Li

HLi=Li core+2-neutron halo (single Cooper pair). According to
Barranco et al. (2001), the two neutrons correlate by means of the bare
interaction (accounting for ~ 20% of the !Li binding energy) and by
exchanging 1~ and 27 phonons (~ 80% of the binding energy)

Within this model, the Li wavefunction can be written as
6) = 0.45[s2,,(0)) + 0.55(p2,,(0)) + 0.04d2,,(0))
+0.70|(ps);- ® 17;0) + 0.10|(sd)o+ @ 27 0).

Note that the p3/, proton doesn’t play any role and is not taken into
account.
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Schematic depiction of !Li First excited state of °Li
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Spontaneous symmetry breaking in nuclei
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