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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,
T. = 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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@ 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.
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But, metals and nuclei are quite different, aren’t they?
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But, metals and nuclei are quite different, aren’t they?

metals
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questions still arise

* 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?

Theory 52 - Exp.
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Rep. Prog. Phys. 76 (2013) 106301
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The 2 neutron transfer process is very delocalized
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(p.t] reaction
heawy lon reactian

e {}

®, @
;] ““

3 o5

i) gl

‘ Lawrence Livermore National Laboratory N A‘S&% 8
LLN National

L-PRE S-xxxxxx Nucloar Security Administration



The 2 neutron transfer process is very delocalized

tron matter
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Computing 12Sn(p,t)*1%Sn in second order DWBA
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Computing 12Sn(p,t)*1%Sn in second order DWBA
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Computing 12Sn(p,t)*1%Sn in second order DWBA
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Computing 12Sn(p,t)*1%Sn in second order DWBA

do /dQ2 (ub/sr)
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Computing 12Sn(p,t)*1%Sn in second order DWBA

do /dQ2 (ub/sr)
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Computing 12Sn(p,t)*1%Sn in second order DWBA

do /dQ2 (ub/sr)
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The (t,p) process is essentially a successive
transfer of two correlated neutrons
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Computing 12Sn(p,t)*1%Sn in second order DWBA
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Theory should account for the absolute value of the cross section

10 ‘ — ® experiment B

—pure (d5 /2)2 configuration

— Shell Model
—BCS

enhancement factor with
respect to the transfer of
uncorrelated neutrons:

e = 20.6

do /dS) (ub/sr)

"sn(p,t)'"°sn, E,_, =26 MeV
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Experimental data and shell model wavefunction from Guazzoni et al.
PRC 74 054605 (2006)
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Reaction+Structure theory works well across the nuclear chart

do /dQ) (ub/sr)

Rep. Prog. Phys. 76 (2013) 106301 (21pp)

Cooper pair transfer in nuclei

G Potel', A Idini>**, F Barranco’, E Vigezzi* and R A Broglia®*%’

™ Lithium isotgpes (Nuclear Field Theory)
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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 Phvsics, Stony Brook, New York 11794, USA

and

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

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.

(Collective pairing mode predicted almost 50 years ago, awaiting experimental confirmation?J

LLNL-PRE S-XXXXXX National Nuclear Securi

. . 7l
Lawrence Livermore National Laboratory N A‘Sg’&“ 19



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

A

COMMUNICATIONS

ARTICLE
Received 28 Dec 2014 | Accepted 24 Feb 2015 | Published 27 Mar 2015 OPEN

Signatures of the Giant Pairing Vibration
in the 14C and ™>C atomic nuclei

F. Cappuzzellom, D. Carbone?, M. Cavallaro?, M. Bondi'%, C. Agodiz, F. Azaiez3, A. Bonaccorso?, A. Cunsolo?,
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(t,p) is an ideal process to populate the elusive Giant Pairing Vibration

A%\ monopole strength in 14C
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(t,p) is an ideal process to populate the elusive Giant Pairing Vibration
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Excited halo state in 2Be (0*,)
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Excited halo state in 2Be (0*,)

Li isotopes
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The Pygmy Dipole Resonance (PDR) as a two-quasiparticle mode

two-quasiparticle mode.

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

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.

bh

fCoqum b, inelastic, and y-induced
excitation on A:

* Ao(d,d’)Ao(PDR) '« A,(v,y') Ay(PDR)
* Ao(p,p’) Ao(PDR) « A (n,n’) Ay(PDR)
* Aola,a’) Ag(PDR) « A,(X,X’) Ay(PDR)

g

one-nucleon transfer on A,-1:
* Ay-1(d,p) Ag(PDR)
Spieker et al., PRL (2020)
Weinert et al., PRL (2021)

/

Pp

two-nucleon transfer on AO-ZN
* Ag2(t,p) Ag(PDR)

proposed
in this talk
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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.

/complementary classification of dipole modesx

isovector  {<—izmgtalar
ph — e

\ 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.

/complementary classification of dipole modesx

isovector  {<—izmgtalar
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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'2, F. Barranco®, G. Potel*®, and E. Vigezzi®
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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. Fernandez-Dominguez®, S.J. Freeman!2,
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 ''Li PDR has the structure of an elementary quantum vortex

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

. - (el
L Lawrence Livermore National Laboratory N "Sci% 29
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the ''Li PDR has the structure of an elementary quantum vortex

structure of a multipolar (1) Cooper pair: velocity field of 2°Pb dipole states
elementary quantum vortex E=6.>-10.5MeV  E>10.5 MeV
g8 - - 1 I
PRSI Wi
4 ///{':1::\\\ 1 \:\*T ‘]I /’H
/ SN {1/ N \ N |
= | Wil Wu
SO 1ty
N NNT s by N TS
== lh . Y \\\\:;f | \\‘//// i : | '1 ; ‘:‘
NS L P
K " 8] S v |
Vo 58 4 0 4 8 8 4 0 4 8
y ', ‘ p (fm) p (fm)

Ryezayeva et al. PRL 89 (2002) 272502

* |Is vorticity a signature of PDR?
* |sthere an experimental signature
forit?

. . Jral
Lawrence Livermore National Laboratory N A‘Sgi‘!ﬁ 30
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Using the Surrogate Reaction Method (SRM) to infer AX(n,y)**X from
AX(d,py) X

| ‘A_
n
@ oo >
Sn
Desired reaction: neutron captufe on
target A
O
A

. = (el
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Using the Surrogate Reaction Method (SRM) to infer AX(n,y)**X from

AX(d,py) X
| AA_
Sn
Desired reaction: neutron captufe on
tfarget A
O
A

. = (el
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Using the Surrogate Reaction Method (SRM) to infer AX(n,y)**X from

AX(d,py) X
I | AA_
Desired reaction: neutron captufe on
o tfarget A
O
I A+]

. = (el
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Using the Surrogate Reaction Method (SRM) to infer AX(n,y)**X from

t’:‘urr‘oga’re: (d,p) reaction on ’rar'ge’r]
A

. = (el
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Using the Surrogate Reaction Method (SRM) to infer AX(n,y)**X from
AX(d,py) X

N
"
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
“
. ’

Sn

t’:‘urr‘oga’re: (d,p) reaction on ’rar'ge’r]
A

. = 7l
‘ Lawrence Livermore National Laboratory NA‘S&‘i'J 35
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Using the Surrogate Reaction Method (SRM) to infer AX(n,y)**X from

A A+l
X(d,py)**X
“““ - B
P o
S| ¢
Surrogate: (d,p) reaction on target
o A
N
O * Reaction theory needed to determine spin distribution
e Green’s Function Transfer (GFT) formalism used to
L A-l-l describe reaction process y

. = 7l
‘ Lawrence Livermore National Laboratory NA‘S&":J 36
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Using the SRM to infer #*1X(n,y)**2X from AX(t,py)**2X

E A
@ oo >
Sn
Desired reaction: neutron captufe on
target A+l
O O
!l A+1

. = (el
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Using the SRM to infer #*1X(n,y)**2X from AX(t,py)**2X

E A
Sn
Desired reaction: neutron captufe on
target A+l
O O
A+l

. = (el
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Using the SRM to infer #*1X(n,y)**2X from AX(t,py)**2X

| ‘A-

I
Desired reaction: neutron captufe on
o target A+l

O O

. = (el
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Using the SRM to infer #*1X(n,y)**2X from AX(t,py)**2X

| p_
@ s ,
teg

t’:‘urr‘oga’re: (t,p) reaction on ‘rarge’r]
A+l

. = (el
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Using the SRM to infer #*1X(n,y)**2X from AX(t,py)**2X

.."' E 1)
Pe”
Sy
Surrogate: (t,p) reaction on target
A+l
O
A

. = (el
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Using the SRM to infer #*1X(n,y)**2X from AX(t,py)**2X

”" | AA_
Pe” :
urrogate: (t,p) reaction on target
5 A+1 (A. Richards talk)
v
O o : )
Extension of GFT to (t,p) reactions
I A+2
‘ Lamﬁgg;l;iisi'more National Laboratory M‘,,‘m,sm% 42



Using the SRM to infer #*1X(n,y)**2X from AX(t,py)**2X

" E 1

*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
‘Q
*

Possible extension to (t,pf)
(talks by Devlin and Bulgac)

urrogate: (t,p) reaction on ‘rarge’r]
+1

¥
@

A+2

LExtension of GFT to (t,p) reactionsq

‘ 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 distribution-
1':"'
)
s
= 10!
)
1
w I P, a
L | = i i i e
107°F b Kapchigashew [1964) | — i e A
W D L. Musgrove [1976) i T I T "
Walsskopf-Ewing Approximation
—— "Maid, p) Surrogate Data {this work) /
11-21" 107! 10 1o

10
Meutron Energy (MeV) decay fit by |. 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'.,) is needed.
@ No need for separate determination of NLD and ~SF. J
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An opportunity to thoroughly benchmark the SRM with °>Mo(n,y)

95Mo (d,py) with 12.5 MeV deuterons ==

1e?

at Texas A&M £"|: = ~ ﬂ::
N N N N r i o e & b
spin distribution—_ | ™ / NS
—d ;___,.-' x__\x
- - N
.'-l-.;-p'. B a
)
[ =
=2
E in~? ;
F .
" 1 . -
L= 5
5 : e
107 o Kapchigashev (1964) it
W D L. Musgrove [1976) P S
Walsskapf-Ewing Approximation %
“Maid, ph Surrogate Data (this work) /
197 1071 107 141

Meutron Energy (MeV) decay fit by ). 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'.) is needed.

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

(t.p) (p.t)
- N v N\

95Mo 96Mo 97Mo 98Mo
STABLE STABLE STABLE STABLE
15.84% 16.67% 9.60% 24.39%

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

1e?

95Mo (d,py) with 12.5 MeV deuterons ':.:'ZE':. .
at Texas A&M £[: e f;f -
spin distribution-__ ;7 ™/ AN
. S N
10k - "'\'H\-L':ﬂ-
: i
5
A o
k'
1 = -
" | . "
z . R b
L i smin
107°F b Kapchigashew [1964) =/lur fmreyem i
W D L. Musgrove [1976) S ———
Wealsskapf-Ewing Approximation %
“Maid, ph Surrogate Data (this work) /
197 1071 107 141

Meutron Energy (MeV) decay fit by ). 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'.) is needed.

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

(t.p) (p.t)

TN TN\

95Mo 96Mo 97Mo 98Mo
STABLE STABLE STABLE STABLE
15.84% 16.67% 9.60% 24.39%

"/
(p.d)

("« 94-%8\10 are all stable

e 9Mo(n,y) is known

*  9Mo(d,py) and *>*Mo(p,p’y) have been
measured

* Opportunity to benchmark many SRM

\ techniques

\

_J
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Thank you for your attention!

B Lawrence Livermore
National Laboratory
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Is there a pygmy resonance in 1Li? What’s its structure?

o RIKEN data
— Three-body model (£ﬁ=0.69 MeV)

— — B(E1) from inclusive breakup data

=
e 2755958, 337]17)
L T Lo ]

P
15 2 25
£ (MeV)

Fernandez et al. PRL 110,
142701 (2013)

Ocm=115°~124°
00

Coulomb breakup

dB(E1)/dE ., (e*fm®/MeV

AL=1

=
(o))
T

=
o
T

o
(9}
T

¢ Present work (RIKEN)

----- Ieki et al(MSU).

—1 Shimoura et al.(RIKEN)

- ——- Zinser et al.(GSI)
— Calculation

with nn correlation _|

1.0 1.5 2.0
E rel (MeV)

2.5

Nakamura et al. PRL 96,

. Harakeh-Dieperink

 Orlandini
; r

252502 (2006)

3.0

_/

= 10f
Q i
5 "'l
i Q::, o M, |
© 00 0
o 1 2 3 b
300 Ex(MeV) E
8
200 E
/ -.".._.":
100 _ AL=0
i
0 =t . 10!
05 0 051 15 2 25
EV(MCV)

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

Lawrence Livermore National Laboratory
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/~ \. AL-1 Optical model parameter

Z

\_

(d,d’)

E_ 1.03+0.03 MeV (a)
80 F
>k
Q E
-~ E
= 60F
v E
= F
L 4F
=) E
=] E
© F
© 20F
2 -1 0 1 2 3 4 5 6 7
] i excitation energy (MeV)
3 ()
— E
5 o8t
B -
é 0.6
= £
Q =
C} 04 E
—E E
S ozf
3 _ -7 =0
(o)) ST i I PV FUUI PUTN FUUTE FETEN PUTTE P
70 80 90 100 110 120
Bcm (deg)
Kanungo et al. PRL 114,

192502 (2015)

_

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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National Nuclear Security Administration



Structure of '°Li in nuclear field theory (NFT): the precursor of !1Li

15 J_ independent particle
' model

S1/2

. - 7l
‘ Lawrence Livermore National Laboratory NA‘S&":J 49
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Structure of '°Li in nuclear field theory (NFT): the precursor of !1Li

s

S1/2

1 P1/2

-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 '°Li in nuclear field theory (NFT): the precursor of !1Li

J S12
1.5+

2+
. S1/2 G2
/ S1/2 p1/2
Pauli-blocking,
0.5 repulsive contribution
S1/2
O
0.5 P12
\
-1 p1/2 Pip P32
-1.5
‘ Lawrence Livermore National Laboratory NA‘S%% 51



Structure of '°Li in nuclear field theory (NFT): the precursor of !1Li

s

S1/2

0.5

-0.5

1 P1/2

-1.5

‘ Lawrence Livermore National Laboratory
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Is the PDR a bona fide collective mode, distinct from GDR? |

r .

T o .! ].'I- I
| B P I
| &1 b FRySICE LENETS B
| *1 TEE (B11T) IET
1
| 49 I
| Lk I

populating the "W POR
with (£} - &

miulti-messenger approach
in arder to characterize POR

L

slandard probes; (el (pp)
L.y

1
.
|

-

Tl ' 7 Broglis et al Eur Phys, | A
o (IELO) 58 343
particle-particle correlations might be a distinctive feature of PDEs J
Lawrence Livermore National Laboratory N" 9;_32‘1 53
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Structure of '°Li in nuclear field theory (NFT): the precursor of !1Li

S1/2

0.5

1 P1/2

-1.5

P12

-1
P3n

Cavallaro et al., PRL 118, 012701 (2017)
Barranco, GP, Vigezzi, Broglia PRC 101, 031305(R) (2020)

— 0ta]

3.0 = °Li(d,p)

. B T B
00 05 10 15 20 25 30 35 40 45
E, (MeV)

theoretical description validated by
experiment

Lawrence Livermore National Laboratory
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Nuclear field theory (NFT) highlights the role of the PDR in !'Li

structure

06T pys2

0.4 |3%/2 (0))

0.24- S1/2

o T | P E L U
-0.2
-0.4
we add 1 neutron to
-0.6 j— the s;/, orbital of 10Li

‘ Lawrence Livermore National Laboratory
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Nuclear field theory (NFT) highlights the role of the PDR in !'Li
structure

ol 0.63]52 (0)) + 0.761p% (0)) + 0.14]d2 ., (0))
ol S halo neutrons scattered

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

included in the picture)

o | IS S L P
0.2 L____]
-0.4 . .
bare NN interaction
Argonne v
0.6 (Arg 18)

. . 2
‘ Lawrence Livermore National Laboratory NA‘S&":J 56
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Nuclear field theory (NFT) highlights the role of the PDR in !'Li
structure

ol 0.63]52 (0)) + 0.761p% (0)) + 0.14]d2 ., (0))
ol e halo neutrons scattered

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

included in the picture)

o | E L b L P
0 pairing correlations induced by short-range,
""" bare interaction not enough to bind *!Li
-0.4
bare NN interaction
06 (Argonne vyg)

. = 7l
‘ Lawrence Livermore National Laboratory NA‘S&‘i'J 57
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Nuclear field theory (NFT) highlights the role of the PDR in !'Li

structure
i
O°T Pis2
0.4 T
0.45]575(0)) + 0.55]p7 5(0)) + 0.04]d3 5 (0))
0.2 S1/2 \ Jr0-7|(]01/2781/2)1—®1_;0>
L+ 0.1(81/2,d5/2)2+ ®2750)
. S
0.2 induced interaction 1R :[ J
-004 A gl S S A A
______ E [
-0.6

Lawrence Livermore National Laboratory
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Nuclear field theory (NFT) highlights the role of the PDR in !'Li
structure

O.GJ

P12
0.4 T \ 2 2 2
0-45’31/2(0» + 0.55]p1/2(0)> + 0-04|d5/2(0)>
0.24- S1/2 v \ +0.7|(p1/2: $1/2)1- ®17;0)
+0.1|(51/2,d5/2)2+ ©®27;0)
ol - VA
2 low-angular momentum
0.2 sates of opposite parity at
threshold: ideal scenario for
PDR
-0.4
-0.6

\E L
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Nuclear field theory (NFT) highlights the role of the PDR in !'Li

structure
j? half (0.7%=0.5) of the ground
0.6 1 p1/2 state wavefunction is coupled
\\\\\\ to the PDR
0.4 ‘ \
Q%s%/z(o» +0.55[p7 5 (0)) +0.0412 5 (0))
0.24- S1/2 (p1/2>81/2)1— ®17;0)
+ 0.1 ‘(81/2,d5/2)2—|— ®2 O>
o I | IS SO, VOIS S L b S
2 low-angular momentum
0.2 sates of opposite parity at
threshold: ideal scenario for
PDR
-0.4
-0.6

Lawrence Livermore National Laboratory
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Nuclear field theory (NFT) highlights the role of the PDR in !'Li
structure

J half (0.7%=0.5) of the ground
0.6 1 P12 state wavefunction is coupled
\\\\\\\ to the PDR
0.4 T \
Q45s§/2(0)> +0.55[92 ,(0) + 0.04]2 ., (0))

024l S1/2 A (p1/2781/2)1— ®17;0)

L4 0.1(s12,dsg0)ar ©27F;0)

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

Kthe PDR plays a central role in
providing the glue to bind !Li

* symbiotic relationship between

-0.4 halo and PDR: the halo provides A

the PDR scenario, and the PDR L'(PDR)

-
-0.6 k holds the halo together J ______ + (T 4 |
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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
PRL 105 172502 (2010)

0 50 100
eCM

150

0-45’5%/2(0» + 0.55|p%/2(0)> + O-O4|d§/2(0)>

+0.7[(p1/2,81/2)1- ®17;0)

+0.1](51/2,d5/2)2+ @ 27;0)1

reaction calculation in 2-
order DWBA, dominated by
successive transfer of the 2
neutrons (E. Vigezzi talk
yesterday )

do/dQ (mb)

107

O 1/2” experiment

—1/2" (total)

—1/2" channel 1 (halo transfer)

(H, 1’# +—channels c=2+c=3

ﬁ

9Li(E,=2.69 MeV 1/2°)

50 100 150
CM
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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]53/2(0» + 0.55|p%/2 (0)) + O.O4|d§/2(0))
PRL 105 172502 (2010) 1 0.7|(pryass1/2)1. ® 173 0)
4+ 0.1 ‘( 81/2, d5/2)2+ &) 2+, 0>100 ‘ O 1/2” experiment
—1/2" channel 1 (halo transfer)
—1/2" (total)
ﬁ‘{’{, —channels c=2+c=3 7
107} + + :
Sl
g
E
1072 ]
9Li(E,=2.69 MeV 1/2°) |
) 10_30 5‘0 160 150
195 50 100 150 Yom
eCM

. . (el
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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 0.4557 /5(0)) + 0.55[p7 5(0)) + 0.04|d5 ,,(0))
PRL 105 172502 (2010) 1 0.7((pryas s1/2)1 ® 175 0)
+ 0.1 ‘( 81/2, d5/2)2+ &) 2+, 0>100 ‘ © 1/2” experiment
—1/2" channel 1 (halo transfer)
(H) : 1/27 (total)
1’ channels c=2+c=3 7
107} # + :
Al
3
3
107 ]
ILi(Ex=2.69 MeV 1/27) |
10_30 5‘0 160 150
' ‘ 2 2 2 Ycm
Beu 0-63’51/2(0» + O.76|p1/2(0)> + 0-14|d1/2(0)>
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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 0.4557 /5(0)) + 0.55[p7 5(0)) + 0.04|d5 ,,(0))
PRL 105 172502 (2010) 0.7 !(p1/2, 31/2)1— D1 0>
4+ 0.1 ‘( 81/2, d5/2)2+ &) 2+, 0>100 ‘ O 1/2” experiment
—1/2" channel 1 (halo transfer)
(H) : 1/27 (total)
1’ channels c=2+c=3 7
107} # + :
Y
| 3
: depletion of pp 3
’ strength due to 107 :
: coupling with PDR Li(E=2.69 MeV 1/2) |
10_30 5‘0 160 150
' : 2 2 2 Yem
Beu 0-63’51/2(0» + O.76|p1/2(0)> + 0-14|d1/2(0)>
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theory confirmed by !Li(p,t)°Li(gs;E,=2.69 MeV 1/2°)

0-45’5%/2(0» + 0.55|p%/2(0)> + 0. 04|d5/2( )
+0.7[(p1/2,51/2)1- ®17;0)
+ 0.1 ‘( 81/2, d5/2)2+ &) 2+, 0>100 ‘ © 1/2” experiment

—1/2" channel 1 (halo transfer)
/L depletion of pp
’ strength due to 2,

—channels c=2+c=3

%

‘H"{’ #

do/dQ (mb)

ﬁ

9Li(E,=2.69 MeV 1/2°)

do/dQ (mb/sr)

—1/2" (total)
coupling with PDR

0 50 100 150

1 1 | 1 . . 0
0 5w S0 0.63]s7,5(0)) + 0.76[pT 5 (0)) + 0.14[d} 5 (0))

CM

L Lawrence Livermore National Laboratory N S..
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The PDR as a two-quasiparticle mode

two-quasiparticle mode.

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

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.

bh

fCoqum b, inelastic, and y-induced

excitation on A:
* Ao(d,d’)Ao(PDR) '« A,(v,y') Ay(PDR)
* Ao(p,p’) Ao(PDR)

Ao(n,n’) Ay(PDR)
, Kh lo talk
o Ag(0L,0’) A(PDR) « A (X,X’) Ay(PDR) umalo talks)
\ (Vandebrouck talk)

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

/

Pp

two-nucleon transfer on AO-ZN
* Ag2(t,p) Ag(PDR)

proposed
in this talk

_/
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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.

/complementary classification of dipole modesx
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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.

/complementary classification of dipole modesx
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we compute the Li 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;, Y;

L y y

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

Pygmy resonances: what’s in a hame?

2S1/2 1p1/2 —0.780 0.078
3510 Ipis 0479 0.108
4S1/2 1p1/2 0.220 0.106
Ssi2 Ipypp 0.144 0.093
6512 lpip, 0106  0.080
Ips,  4dsp, 0166 0.139
Ips;s  Sds;, 0241 0.208
1psja  6dsp, 0250 0.221
Ips,  Tds, 0199 0.180
Ipss  8ds;, 0148 0.135
1ps;a 9ds;y 0110 0.102
Ipiy 4ds, 0103 0.075
1pijs S5dsy 0119 0.095
Ipis 6ds;n 0128  0.108
Ipria Tdsyy 0128 0.112
1pia 8ds;y 0117 0.106
2S1/2 1p3/2 —0.136 —0.131
Ipsp ds, 0337 0322

2512 Ip1p  —0.119  0.048
3510 Ipia  —0.748  0.074
4S1/2 1p1/2 0.410 0.080
5510 lIpip 0181 0.075
6512 Ipip 0117 0.067
Ips;s S5ds;; 0243 0.183
ps,  Tds;, 0196 0.161
1ps;s 8dsp,  0.144  0.122
ps;s 9ds;y 0107 0.093
Ip1js 2dsp 0168 0.024
1pijs 3ds;y 0114 0.043
Ipijs 4ds;s 0117 0.063
Ipria S5ds;n 0126 0.081
Ipiy 6dsp 0131 0.094
Ipr, Tdsp 0128 0.099
Ipijs 8ds; 0116 0.09%4
2S1/2 1p3/2 —0.130 —0.12
Ipss ldsp, 0322 0.294

3510 1pijp  —0.118 0.040
4s1  1pip  —0.821 0.046
5s10 1pipp 0250  0.046
6512 lpip 0116 0.043
lps,  4dsp,  0.144  0.081
1p3/2 5d5/2 0.201 0.125
Ips;»  6ds;, 0201 0.135
lp3,  7ds;, 0156 0.112
Ip3» 8dsp,  0.113  0.085
Ipip 93 —0.126 0.014
1pip 10d3, 0187  0.026
1p1/2 11d3/2 0.121 0.040
Ipip 12d5 0113 0.053
1pip 13d3, 0111 0.064
Ipip  14d3;,  0.104  0.068
lps;n  lds;, 0245  0.210

R A Broglia'*’, F Barranco’, A Idini*®, G Potel’® and E Vigezzi®
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we compute the Li 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;,

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

y, Pygmy resonances: what’s in a name?

v 2510 1pip —0780 0078 : v 212 Apyp 20119 0 0048 v 3s10  _pyp 0018 0 0.040 gy go0ia127 F Barranco’, A ldini‘e, G Potel’® and E Vigezzi®
v 31 pip 0479 0108, (0 T35, py, | —07487 T0.074 YU T s, dp, 08217 0.046)
v ST Apyp T 02200 T 0006 v 4sin Ipy, 0410 0.080 {u Ssi2 Ipip 0250 0.046,
v Ssip Ipp 0144 0093 VT 7555 Ipy s T 0T8T T TO0TST 7 T 6sis” pr, T 0.T16 T 00R
v 6sin Ipis 0106 0080 v 6515 lpis 0117 0067 v Ipyn  4ds,  0.144  0.081
v 1p3§2 4415;2 0.166  0.139 v 1p3//2 4de2 0170 0121 v 1p3;2 5615;2 0201  0.125 la rgest components are
v Apspn Sdsp, 0241 0208 v Ips, Sdsp, 0243 0183 v Ips,  6ds, 0201 0.135 . .
v lps, 6ds, 0250 0221 v lpy, 6ds, 0249 0096 v lps,  Tdsp, o 0156 0.112 2-C| uasipad rticle neutron
v Apsp Tdsp, 0199 0180 v Ipsy,  Tds;, 0196 0161 v Ips,  8ds, 0113 0.085
v Apsn 8dsp, 0148 0135 v Ipy, 8dsp, 0044 0122 v Ipy,  9ds,  —0.126 0 0014 halo (51/2 p1/2)1— states
v Apsn 9dsp, 0110 0102 v Ipy, 9ds,, 0107 0093 v 1py,  10ds, 0187 0.026
v pin 4ds, 0103 0075 v Ipy, 2di, 0168 0024 v Ipy,  1lds, 021 0.040
v Apip Sdip, 0119 0095 v Ipys 3ds, 0114 0043 v Ipy,  12d5, 0113 0053
v Ipin 6dsp 0128 0108 v Ip, 4ds, 0117 0063 v
v Apip Tdsp, 0128 0112 v Ipy, Sds, 01260 0081w
v Ipin 8dsp, 0117 0106 v Ipy, 6ds, 0031 0.094 o«
w2512 lpzpp —0.136  —-0.131 v Ipyp Td3;,  0.128 0.099
7 Aps ldsp, 0337 0322 v Ipi, 8ds;, 0116 0.094
™ 2S1/2 1p3/2 —0.130 —0.12
7 lpsp ldsp, 0322 0294

Ipi, 13ds, 0111 0.064
1p1jy 14ds, 0104 0.068
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the PDR exhausts about 8% of the EWSR

dipole response function

DO
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the PDR exhausts about 8% of the EWSR

transition densities

dipole response function 015 e e
1y 5
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the PDR exhausts about 8% of the EWSR

dipole response function

I AVA\
/A WY
2+ I\ .
/ \
~“h /
B experiment approved at FRIB to probe
L»:/ ! the whole dipole response with (p,p’).
§1_ /’ Spokepersons: Ayyad, Zamora
A /
Sl | /
\ g
‘ //
R R G e R R
E (MeV)
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the PDR has the structure of an elementary quantum vortex

structure of a multipolar (1) Cooper pair: velocity field of 2°Pb dipole states
elementary quantum vortex E=6.>-10.5MeV  E>10.5 MeV
gl - - 1 I
J RN «‘\\*r\‘ w/’,
I AN PN R I 911 i
S RATESTEERRR AN M”Mn
S0\ }"HII' ! ITT !
™ 1
1 |

Ryezayeva et al. PRL 89 (2002) 272502

* |Is vorticity a signature of PDR?
* |sthere 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 EE5S$éJARL().I;SG§NAL A

Regular Article — Theoretical Physics

Characterization of vorticity in pygmy resonances and soft-dipole

modes with two-nucleon transfer reactions (We oredict the population of the PDR with \
R.A. Broglia'2, F. Barranco®, G. Potel*®, and E. Vigezzi® the 2-neutl"0n tranSfer reaCtIOI’\
ILi(t,p)Li(PDR), with cross section 6=0.3mb

10 & 107 * shape of differential cross section very

o = ] similar to that of the dipole response
=0.08 % O8] dipole response PR
E 0.087 o ity o P P * absolute value of cross section is a measure
=0.061 Li(t,p)™Li(PDR) = 067 of the pp nature of the PDR
E E=15 MeV = \_ j
ry 0.044 & 047
'U <4 S—
5 0.02- % 0.2

0.004 % 0o

o 1 23 4 a 1 2 3 4 5

E (MeV) E (MeV)
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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'2, F. Barranco®, G. Potel*®, and E. Vigezzi®

10
0.10 = ]
—_— 0 =0.13mb o= ]
_ o 08 _
= 0.081 R dipole response
= 9 111 ST
< 006 Li(t,p)*'Li(PDR) < 06
E E.=15 MeV = ]
g 0041 S
go 02- ::; 0.27
0.00 8 0.0
o R 1 2 3 4
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. Fernandez-Dominguez®, S.J. Freeman!2,
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
* our calculations point to a strong pp component of the PDR, as opposed to the more ph nature of

the GDR
¢ complementary classification of dipole modes \

isovector  {——isosealar
talks by Vandebrouck, ph e o 5

Spieker, Weinert,

Khumalo GDR? {—PDR?

PDR of !Li as a vortical excitation of the halo. Extrapolable to neutron skins?
A proved experiments: 11L|(p, )11L| @ FRIB, and 9L|(t p)11L|(PDR) @ ISOLDE

along W|th (d, p) and (n,n’), (t,p) tOJom the ranks of novel probes to the PDR
e personal wish: (t,p) measurements on nuclei with neutron skin. Maybe with new FSU triton

.~ beam?
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we compute the '1Li 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" 255" dpi; —0780 0078 ) v 25, Ipyp  —0.119 0048 v s Ipyn 0118 0.040
o 351 dpin 0479 0108 ) (0 T35 0 dpy, | 0748 T0.074 Y0 Tds . dp, 08217 0.046°
v ST Apyp T 02200 T 0006 v 4sin lpy, 04100 0080 v Ssip Ipip 0250 0.046 |
v Ssi0 lpip 0144 0093 VT TS5 T Ipis T 0T8T T TO07ST U T 6si,  Iprn, T 0.116 T 0043
v 6sip Ipip 0106 0.080 v 655 lpia 0117 0067 v lpyn  4ds, 0144 0.081
14 1p3/2 4d5/2 0.166 0.139 4 1p3/2 4d5/2 0.170 0.121 14 1p3/2 5d5/2 0.201 0.125
v lpsn Sdsp 0241 0208 v lps;, 5ds;, 02430 0183w lpys,  6dsp 0201 0.135
v lps;n 6dsp 0250 0221 v lpy,  6ds;, 0249 0196 v Ipy,  Tds, o 0156 0.112
v lpsp Tdsp 0199 0180 v Ipyn  Tdsp 0196 0161 v Ipy,  8ds, 0113 0.085
v lpspn 8dsp 0148 0135 v Ipspn 8ds;, 0044 0122 v Ipys 9dipn —0.126 0 0.014
v lpspp 9dsp 0110 0102 v lpy,  9dsp, 0107 0093 v lpy,  10d3, 0187 0.026
v lpip 4dsp 0103 0075 v Ipyn 2d3;, 0168 0024 v lpyy  1ldy, o 01210 0.040
v piya Sdip 0119 0095 v Ipip 3dsp, 0114 0043 v dpyp  12d3, 0113 0.053
v Ipip 6dsp, 0128 0108 v lpyn 4ds, 0017 0063 v 1py,  13d3, 0111 0.064
v pip Tdyp 0028 0 0112 v Ipyp 5ds;, 00260 0081 v Ipys,  14dy, 0104 0.068
v lpip 8dsp 0017 0106 v lpy 6ds;, 0131 0094 w0 lpy,  lds, 0245 0210
w2512 lpzpp —0.136  —-0.131 v Ipyp Td3;,  0.128 0.099
T lpsyn ldsp, 0337 0322 v Ipyp 8dy, 0116 0.094

™ 2S1/2 1p3/2 —0.130 —0.12

T lpsp  ldsp 0322 0.294

—_—
=

—

—
™~

velocity field of 2°8Pb dipole states

E=6.5-10.5 MeV  E>10.5MeV
g . -
IR \ ‘1 f] r
ISR ‘\H If;’
4H S N 1o f
NS H‘TMTIT%HT | t}i“r:rf
0\\\\» w.}.(“:* 4ff/] *fff-flul]-t 1 T H1 “\1:
AENPTINSZ2 I (R I
> /j t N T f ]" L\ X
NS Flhh
8 I

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

(b) (c) (d) (e) (f) (9) (h)

S —Sin
P— Pz
-d
i < 10)= 0.45032(0))

+0.55|p2(0)) + 0.04|d2(0))

s |ind) = 0.1](3,d)o+ ®27;07)

+0.7/(3,p):- ®17;07)

(k) (1 (m)
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we compute the '1Li PDR structure and the °Li (¢t,p)!Li(PDR)
cross section

B - 4l
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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. Vigezzi2, 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'l,
C.A. Santamaria’, D.K. Sharp'?, T. L. Tang®, K .Wimmer!®, A.H. Wuosmaa!®

. . 7l
Lawrence Livermore National Laboratory N A‘Sg’&“ 83

LLNL-PRE S-XXXXXX National Nuclear Securi




the structure of the PDR can be addressed with different probes

Experiment QPM

_ 03 : 0.5 _ Vandebrouck talk
% 04 ) (a,a”) 04 %
T 03 03 E
S 02 02 S
5l o ¥

0.0 et S ) 8 ke 1 | O ] Ll 0.0
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Inelastic excitation and two-nucleon transfer populate the same
states

s o 2
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Two neutron transfer, a novel probe for the PDR?

ro g I spbgerae’ MOpiaRcE | o F T R e g
in ordesr o charscierins FOE : E :......_.._.__,...,._.g.
l SIEFT 1
darsdsr:s pretan: o el IpED . g I
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Low-lying dipole strength

[0), = 10) + 0.7|(p1/2, $172)1- @ 17:0) + 0.1](s57 /2, d5/2)2+ ®2%;0)

M)\jrtial _
occupation
vy A

v

1

(b)

Y

>
ds Ey

S5 Pin
Sip P32

10) = 0.55|p} ,) + 0.45|s7 ,) + 0.04/d3 ,)

|17, pygmy) = @ I“:,ygmylhalo) + B I“TGDRlcore)

/\J (a) k/\ ot
/\—/\‘/_\ /\_/%

1pip2s12 | 1p7)535172 1p; L4512 lp,'/'zltl_x,: 11)51'24115,3 1p3,5ds)> l[);/lz6d5/2

1/2
X | -0.780 0.479 0.220 0.103 0.166 0.241 0.250
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Full dipole strength

1-4'"'I""I'"'I'CZ:B'Ell/'d'E?I""I""I""
— RPA
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Transition densities
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Deformations in 3D space and in gauge space

3D-surface deformations
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NFT

particle-vibration coupling

single particle states N

partlcle particle interaction

At

quasiparticles, multiplets, fragmentation

comparison with experiment
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1Li summary

do/dQ (mb/sr)

<]

NFT. Renorm.

2 5

]
x3 (fm)

n=75fm

0y, = [0) + 0.7] (P12, 51/2)1- ® 1750) +0.1|(51/2, d5/2)2+ @ 27:0)

0) = 0.45[s7 5(0)) + 0.55|pF /5(0)) + 0.04|dZ ,(0))

N=0.5

Barranco et al
EPJ, A11 (2001) 305

Tanihata et al

PRL, 100 (2008) 192502

Potel et al

PRL, 105 (2010) 172502

Barranco et al
EPJ, A11 (2001) 305

2
1-++ P n (0) Jp = 5 fm R R

[ 3 12

B T o =
R f & = = SN

X, (fm)
B o S o o o

10°

TH("'L, %Li(1/2752.69 MeV)) 3H

do/dQ (mb/sr)

| 10} = 0.63[575(0)) + 0.77|p} 5(0)) + 0.06|d3 5(0))
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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

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

ﬁ‘l’ 1) —channels ¢c=2+c=3

do/dQ (mb)

0 50 100 150
CM

. - ("QI
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From 9Li to 19Li...

Li "L
sngle paricle states particle-vibration coupling
—— 2B,

Ea
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... and from 1°Li to 11Li

11i=°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 2* phonons ( # 80% of the binding energy)

Within this model, the 11Li wavefunction can be written as

|0/ = 0.45|s?,,(0)/ + 0.55|p%,,(0)/ + 0.04|dZ ,(0)/
+ O?OI(pS)l— 21 ;07 + 010|(31)2+ @2+,O/

Note that the ps, proton doesn't play any role and is not taken into
account.
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Spontaneous symmetry breaking in nuclei
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