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@ Two—Nucleon Transfer: Reaction Mechanism
@ Mechanism of Cooper pair transfer

Catania, December 1st, 2015 slide 2/48



Two—nucleon Transfer

@ Reaction A+ a(=b+2) — a+ B(=A+2).
@ Measure of the pairing correlations between the transferred nucleons.

@ Need to correctly account for the correlated wavefunction.
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Delocalization of the pair transfer process

R (@)

— = neutron matter

- N

/
Cooper pair’
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Two—nucleon transfer in a nutshell

|ber) = w(§b7r17r2)wA(£A)'
|oinT) = Ve(€p, r1)VE(Ea, 12);
|ponT) = Vp(Ep)VB(EA, 11, 12); Vi = Vna(nia), Vo = Vva(rna)
(H1 — E1)xe = 0,
(Ha — Ezi)XiNT = - <¢£NT‘ V1|¢e/> Xel>
= XinT = (B3 — H2) " {dinr | Valder) Xer
(H3 — BE3)xonT = — (PonT | Vi|Pel) Xet — Z (GonT|ValdinT) XinT

- Z (Pant|éinT) (H2 — E3)XinT
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Two—nucleon transfer in a nutshell

|Per) = Val&p, 1, 12)Wa(£a);
|oinT) = Ve (€ps 1)V E(Eas 1r2);
|ponT) = V(&)W B(Easr1,12); Vi = Vna(na), Vo = Va(ra)
(H1 — E1)xer = 0,
(Ha — Ezi)XiNT = - <¢1NT| V1’¢e/> Xel,
= Xint = (B3 — H2) " (Sl 7| VAl der) Xer
(Hz — E3)xonT = — (PonT | Vi|Per) Xel
=Y {oant|ValdinT) (B — Ha) " (@i nr|Valder) Xel

+ Z (dont|DinT) (DinTI Vil der) Xels
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Two—nucleon transfer in a nutshell

|Per) = Wal(&p, r1,r2)Va(&a);
|pinT) = Ve(€p, r1)VE(EA,12);
|ponT) = Vp(Ep)VB(EA, 11, 12); Vi = Vna(na), Vo = Vva(rna)
(H1 — E1)xe =0,
(Ha — Ezi)XiNT = - .<¢QNT‘ Vl"¢el> Xel> _
= Xinr = (B3 — H2) ™! (PINTIViIder) Xei
(H3 — E3)xonT= — Z (ponT|ValdinT) (B3 — Ha) ™ (dinr|Valder) Xel

i

V is a single particle operator (mean field potential)= 2NT is a sequential
process
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Simultaneous, successive, and non—orthogonal amplitudes

The final cross section is the result of a coherent sum of many amplitudes

a A f Fo b B
Q-0 =00
: A+a —w» f+F —w» b+B
) [7) [3) successive
Tonr = > BB (TOGie) + T8 i) = T i)
suce Uis Jf no\Jis Jf
JfJI
do Hilbf

2
E ( h2)2 k ’ 2NT‘

Simultaneous transfer

TO (i jr) —QZ/drderbldrAz[W”(rAl o1)W (1, 02)]5* XbB “(rpB)

0102

X v(rs0) (W (rpn, 01) W (b2, 02) I (1)
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Simultaneous, successive, and non—orthogonal amplitudes

The final cross section is the result of a coherent sum of many amplitudes
A f Fo b B

a
Q
DO -00-0r
, ~ 3 A+a —w» f+F —» b+B
) [7) [3) successive

Tont = Y _ BB, (T(l)(j,',jf) + TS Uinje) — T/(\/2(;(jiajf)>
Jri Successive transfer

TS (i Jr) = =2)" Z/dl’ﬂ—'drmdl’Az[W”(l’Al o)V (raz, 02) 15"
KM 192

0107

X Xg.‘_g) (rog)v(ren ) [V (rag, 02) W (rpr, o)1y

< [ ety G (e ) (W (s 03V (i, 1
20 :
x T v(F) [V (v, 0 )W (e, oIS ()
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Simultaneous, successive, and non—orthogonal amplitudes

The final cross section is the result of a coherent sum of many amplitudes
A f Fo b B

a
Q
DO -00-0r
: A+a —» f+F—m» b+B
) [7) [3) successive

Tont = Y _ B;:B; (T(l)(jiajf) + T8 G je) — T/%(fhff))
o Non-orthogonality term

T i Jr) = 2 >N / dr e drpy deag[VF (a1, 01) W (rag, 02)15"
K,M 0102

0109
X XS5 (roB) V(150 [V (ra2, 02) W (11, 01)]15
x / vy e o [V (Fag, o)W (i, IS

3 i +
X (W (¥, o)W (Ko, )X L) ()
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Contributions to the *2Sn(p,t)!!%Sn total cross section

do/dQ (u b/sr)
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Contributions to the *2Sn(p,t)!!%Sn total cross section

10

. .
= = =successive
— simultaneous

10 20 30 40 50 60 70
cM
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Contributions to the *2Sn(p,t)!!%Sn total cross section

10° ‘ ; ; ; : ‘
= = =successive
= simultaneous
ale = = =non-orthogonal
10°F "~ q

do/dQ (u b/sr)

10 20 30 40 50 60 70
cM
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Contributions to the *2Sn(p,t)!!%Sn total cross section

10 T T T
= = =successive
= simultaneous
ale — simultaneous+non-orthogonal
1000 T~ - = =non-orthogonal i

do/dQ (u b/sr)
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Contributions to the *2Sn(p,t)!!%Sn total cross section

10 T T T T : :
—total
= = =successive
B — simultaneous
10°f — simultaneous+non-orthogonalf
= = =non-orthogonal
% 10°
Qo
]
[@]
E 2
8 10°%
10"
0
10 ‘ ‘ ‘ ‘ ‘ ‘
10 20 30 40 50 60 70
8CM
Essentially a sequential process! |
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© Two-Nucleon Transfer: Structure
@ Two—nucleon transfer in stable nuclei
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Probing pairing with 2—transfer: 112Sn(p,t)!1°Sn @ 26 MeV

10* ® experiment H
—pure (d5/2)2 configuration

——Shell Model
—BCS

enhancement factor with
respect to the transfer of
uncorrelated neutrons:

e =20.6

do/dQ (u bisr)
=
o

sn(p,n*%n, E, =26 MeV

10 20 30 40 50 60 70
eCM

G.P., Barranco, Marini, Idini, Vigezzi, Broglia, PRL 107 (2011) 092501
G.P., Idini, Barranco, Vigezzi, Broglia, PRC 87 (2013) 054321

experiment very well reproduced with mean field (BCS) wavefunctions J
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© Two-Nucleon Transfer: Structure

@ Two—nucleon transfer in exotic nuclei
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Transfer in drip—line nuclei 'H(!Li,°Li)*H

We will try to draw information about the halo structure of 'Li from the
reactions H(*Li,°Li)*H and *H(*Li°Li*(2.69 MeV))3H (I. Tanihata et
al., Phys. Rev. Lett. 100, 192502 (2008))

1/2 My
‘o
Zaam\
P3/2
/Jp3/2(77)
ML Gz
Schematic depiction of Li First excited state of °Li
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Beyond mean field: particle-vibration coupling

°Li L

single particle states \ particle-vibration coupling

284 )

S,p

+
phonon states

P12
L 28y )

P32

) 18112

parity inversion
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Structure of the MLi (3/27) ground state

Ui=%Li core42-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)

R

+ +

Within this model, the Li wavefunction can be written as
0) = 0-45‘512/2(0» + O~55’P%/2(0)> + 0.04| 5/2( )
+0.70|(ps)1- ® 17;0) + 0.10|(sd )2+ ® 27;0).

highly renormalized single particle states coupled to excited states of the
core

Catania, December 1st, 2015 slide 13/48



Transition to the ground state of °Li

= mixed configuration
10" — pure (51/2)2 configuration . . . .
— pure (p,,? configuration differential cross section calculated with
D_experiment three M Li ground state model

wavefunctions:

c

=
o
]

@ pure (s;/5)* configuration

g @
g 5 e pure (p12)? configuration
g i’ | o 20%(s1/2)?+30%(py /2)?
1; configuration (Barranco et al.
(2001)).

compared with experimental data.

10 50 100 150
0

YH(*Li,°Li)®H at 33 MeV. Data from Tanihata et.al. (2008).
G.P., Barranco, Vigezzi, Broglia, PRL 105 (2010) 172502
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Transition to the first 1/27(2.69 MeV) excited state of °Li

do/dQ (mb)

O 1/27 experiment
—1/2" channel 1 (halo transfer)|
=—1/2" (total)
—channels c=2+c=3

50

100 150
CM

differential cross section calculated with
the Barranco et. al. (2001) !Li ground
state wavefunction, compared with
experimental data. According to this
model, the °Li excited state is found
after the transfer reaction because it is
already present in the Li ground state.

YH(MLI,°Li*(2.69 MeV))®H at 33 MeV. Data from Tanihata et.al. (2008).
G.P., Barranco, Vigezzi, Broglia, PRL 105 (2010) 172502
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© Results across the Nuclear Chart
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Cooper pair transfer across the nuclear chart

w 1
‘"‘ i ge) M ('L Li(1/27:2.60 Mev)°H
£,,-33MeV
o T! 8 _ E,,~33MeV
é } "’n ; o é 10' 10
s . ‘H 5{’ =1 Litp)°Li, E=15MeV
g iy g t 1086(t,p) % _
B VP 8 e(tp)'%Be, E=17MeV
o % ;
2 3 3
g g,
o2 40 6 8 10 120 10 160 T 50 00 150 S 0 g
fou . So R 3
10° 10 ° ©
122610 4120 _
Sn(pHTSN, Ey=26MeV "128n(p,Y)"'°8n, E,,,=26 MeV
10 107
13 0 30 60 90 120 0 20 40 60 80
2 O M
g
s . .
good results obtained for halo nuclei,
population of excited states,

*ow ow w e » o o superfluid nuclei,

retolfores normal nuclei (pairing vibrations),
heavy ion reactions...

G.P., Idini, Barranco, Vigezzi, Broglia, Rep.
Prog. Phys. 76 (2013) 106301

2% (t,p)2%Pb, E =12 MeV

00/dQ (1 bisr)

20 40 60 80 100 120 140 160
Ocu

Catania, December 1st, 2015 slide 17/48



@ Conclusions
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Conclusions

A quantitative account of two—neutron transfer cross sections can be
achieved for a wide variety of nuclear species.

@ A correct simultaneous description of both reaction and structure
aspects is essential in order to obtain the absolute value of the
transfer cross sections.

@ The reaction mechanism of Cooper pair transfer is described in terms
of the sequential transfer of two nucleons.

@ Pairing correlations are preserved during the transfer process despite
the localization of Cooper pair partners close in different nuclear
species.

@ An independent Cooper pair model gives a very good account for
Cooper pair transfer in superfluid nuclei.
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Reaction and structure models

Structure:
: A
®i(r1,01,12,02) = ZB, (re, o)y (r2, 02)]
0
Pr(r1,01,r2,02) = ZBJ, (r1, 01)9 (12, 02)
Reaction:
2),. .
Tont = Y Bj, ( Vi de) + TS Ui Je) — T,(\,o)(J;,Jf)>
Jeii
E _ Hilbf | |2
dQ ~ (anh2)2 k' 2NT
with:
TW (i jr) —22/drff—'dl’mdrAz[Wf("Al,Ul)¢”("A270’2)]0 Xog (res)
0102
X V(rbl)[wji(rblaUl)wi(rb2,0'2)],/)Xa: (ran)
etc...
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Neutrinoless double S—decay (550v)

eneutrino mass?

n P
eis the neutrino a Majorana particle? .
- w
55| A=76 ”hL 5

-60

Zn

|
=N
@

Mass excess (MeV)

|
=

neutrinoless v X
double-beta decay ™ 1
i

28 29 30 31 32 33 34 3 38 39
n w P e

3 Z. 35 36 37 38 °
(T35 = GOV(QBB,Z@<”7,35>2

Nuclear matrix elements My, needed from low—energy nuclear physics.

We recommend the timely development and deployment of a US—led
ton—scale neutrinoless double beta decay experiment.
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Experimental and theoretical challenges (Nuclear matrix

elements)
& SM
IBM-2
B PHFB X
oL ® (RJQRPA (T0)| 48T, a0 507
%47 {% * i 4Sc  [*8Se. | *°Sc
[ ] L { +2p
L n 4
’ " i == } n 4SCa 47Ca 4BCa
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

100 110, 124

Mo Pd 'sn Te  "Ng.
EW TR T re  %ye 4

- Xe  sm -2n
Experimental efforts:

@ 2—proton and 2—neutron transfer reactions.

@ Single and double charge exchange reactions.
Theory efforts:

@ Relationship between My, and Fermi and Gamow—Teller matrix
elements.

@ Theory for charge exchange reactions.
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@ Conclusions

Catania, December 1st, 2015 slide 23/48



knock-out experiments: transfer experiments:

strong dependence weak dependence
T T T T T T T T T T T T T T
LO0ele Spectroscopic strength | [ @WS*SM  m oqu |
l¢l40 o, : Theory (Eikonal +USD SM) “0(d,"He) o0 “odata
- 3 g th — o "
Ar A Gade, B. A. Brown and J. A. Tostevin (May 9, 2007) r H Odata —
0.8 #si 50! Flavigny et al Phys. Rev. Lett. 108 252501 (2012) _| B ]
s %o * B
o . 1 4 ",
° — o)
Y —\ T w |
3 06 5 v A f } t } }
o §c o 2O f (b) SCGF
- L ] - I b
o’ Y g Ni T Flavigny et al Phys. Rev. Lett. 110 122503 (2013)
04 we 494 N @
8 L i & 08 % E -
L R, p-knockout: AS=S,-S, 14&0 4 € +
® R_n-knockout: AS=S, -S, ArY o 04 -
02 ; B
L L 1 L L 1 L 1 1 02 1 L 1 L 1
20 10 0 10 20 20 -10 0 10 20
AS (MeV) aS=¢(S,-S,) (MeV)

<

Q o—
knockout ‘ evaplifation Q

Theory for eikonal inclusive breakup needed
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@ Conclusions
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Recent observation of GPV

ARTICLE

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

Signatures of the Giant Pairing Vibration
in the "C and '°C atomic nuclei

F. Cappuzzello2, D. Carbone?, M. Cavallaro?, M. Bondi'2, C. Agodi?, F. Azaiez3, A. Bonaccorso?, A. Cunsolo?,
L. Fortunato®®, A. Foti'’, S. Franchoo?, E. Khan?, R. Linares®, J. Lubian®, J.A. Scarpac‘\9 & A. Vitturi®®

Catania, December 1st, 2015 slide 26/48



Experimental and theoretical challenges (GPV)

F T, oo
3 {f! ém
E' (MeV) E', (MeV) 11
357 911131517 192123 67_97 127 157 187 217 247 b/, I
||||||||||| 600 ., %0)"*Cazz
1,000 [ J (%0 150y G . 3
0= 95° s00 0= 95° E -, 3
800 v
v
600 3 0 13 S
° o
2 5 300 ‘/Lh " "» sy
© a0 ¢ © s
1
200 ol ]
1
1941 ML oo
200 \ ) /A%:ﬂi;w‘,\:m o, . MJIW\ b ... 3
~
R 6 "3,
. A o Lllaah A T NI of e 4
0 A 4 6 810121416 18 20 22 0 2 4 6 B 101214 161620 Wb ¥ 3
E, (MeV) E, (MeV) . A o]
VY
b W 4
L B |

Experimental efforts:
@ 2—nucleon transfer reactions
Theory efforts:
@ Nuclear structure (pairing correlations) in the continuum

@ 2—nucleon transfer in the continuum.
Catania, December 1st, 2015 slide 27/48



2—transfer in well bound nuclei “Sn(p,t)4~2Sn

"28n(p,)"18n, E,,=26MeV

0 10 20 30,40 50 60 70
oM

116, 113,
Sn(p.t)''*sn, E_ =26MeV

0 10 20 30 _40 50 60 7
(<]

"8sn(p.y'"®sn, E,,=24.6MeV

10
= ]
s B\o
S
2.0 °
e} kel
3 ®
<] °
o
10° 10

.
10 20 30 _40 50 60 7
M

2%8n(p.y)'*®sn, E, =21MeV

10 20 30 _40 50 60 7
‘oM

1228n(p)'2°8n, E,,,=26MeV

do/de (u blsr)

0 10

"24n(p.)'*sn, E,_ =25 MeV

20 40 60 8
Ocu

Catania, December 1st, 2015

10 20 30 _40 50 60 7
oM

Comparison with the experimental
data available so far for superfluid tin
isotopes

Potel et al., PRL 107, 092501 (2011)
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Cancellation of simultaneous and non-orthogona

contributions
very schematically, the first order (simultaneous) contribution is
T = (B|V]a),

while the second order contribution can be separated in a successive and a
non-orthogonality term

7O = TE + T3
-—Ej/ﬂVh (VIa) =) (B IV]a).
Y

If we sum over a complete basis of intermediate states =y, we can apply the

(2)

closure condition and T, exactly cancels T

the transition potential being single particle, two-nucleon transfer is a
second order process.
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Reaction and structure models

Structure:
: A
®i(r1,01,12,02) = ZB, (re, o)y (r2, 02)]
0
Pr(r1,01,r2,02) = ZBJ, (r1, 01)9 (12, 02)
Reaction:
2),. .
Tont = Y Bj, ( Vi de) + TS Ui Je) — T,(\,o)(J;,Jf)>
Jeii
E _ Hilbf | |2
dQ ~ (anh2)2 k' 2NT
with:
TW (i jr) —22/drff—'dl’mdrAz[Wf("Al,Ul)¢”("A270’2)]0 Xog (res)
0102
X V(rbl)[wji(rblaUl)wi(rb2,0'2)],/)Xa: (ran)
etc...
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Ingredients of the calculation

Structure input for, e.g., the 112Sn(p,t)*1%Sn reaction:

06! —3sy,
4 —1g,
—real part 05 2d” .
- —imaginary part m”
04 112

single particle wave functions

E (MeV)

15 proton—neutron potentia

=30

-35 o1 ¥ 200
4 optical potential o

45 -0.1 2

-|5|U§ ’Eh“e5Bj!(sioéé‘ti’déédbiﬁéﬁahfpfit‘uaésr’(rfeéd"e‘d %8 définé thé two—neutron =
wavefunction:

O(ry,01,12,00) = Z B; [W(rl,al)W(r2,Uz)]g
J
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Shape coexistence and 2—neutron transfer

15
=10 =10 -
0 £ ground state 0 E excited state
32 5 F d stat & ted stat
-3 F —_— = -3 E —_— =
Mg £ AL=0 £ AL=0
—~10F o T = F
> 10 ﬂ|'ca:17 w|'%:17
2 / E ] E
- /"
g 5t \ ," ‘\‘; </ W
T X /X-*’f’:— Teee- 3 10
05 5L X
——
0fF-— 07 T
‘ : ‘ ) 10%0""26""20" 60 50 400 720 140 160 180  10°0 20 40 60 80 100 420 140 160 180
-1 05 0 05 A1 15 S [° Sem

o Recent t(3?Mg,p)*°Mg @ 1.8 MeV.A at ISOLDE (Wimmer et.al.)
reaction.

@ Shape coexistence (low—lying 0" excited state).

@ Ground state and first excited 0™ populated with 2—neutron transfer
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Elements of the calculation

V,(r, n), Vg(r, n): internal wave functions of the transferred nucleons
in each nucleus

X(R): distorted wave describing the relative motion in the optical
2
potential U(R) = V(R) + iW(R) (2”—5 + U(R)) X(R) = Ecux(R)

. _I_Lp”[ﬂ z) Wp(F, )

- -O IO Va,V,: mean field
\ i Wi
, //////% ] Eﬁzleenit als of the two

| IV

| R
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Elements of the calculation

V,(r, n), Vg(r, n): internal wave functions of the transferred nucleons
in each nucleus

X(R): distorted wave describing the relative motion in the optical
2
potential U(R) = V(R) + iW(R) (2”—5 + U(R)) X(R) = Ecux(R)

. _I_Lp”[ﬂ z) Wp(F, )

- -O IO Va,V,: mean field
\ i Wi
J //////% ] Eﬁzleenit als of the two

| Vs

I R |

Va (V) is the interaction potential that transfers
the nucleons from one nucleus to the other in the
prior (post) representation
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Elements of the calculation

V,(r, n), Vg(r, n): internal wave functions of the transferred nucleons
in each nucleus

X(R): distorted wave describing the relative motion in the optical
2
potential U(R) = V(R) + iW(R) (2”—5 + U(R)) X(R) = Ecux(R)

1
Wp(F, )

..... o

Q V4, Vs mean field
potentials of the two

J V//////%//% V nuclei

I R |

Va (V) is the interaction potential that transfers

the nucleons from one nucleus to the other in the it is a single particle
prior (post) representation potential!!

Catania, December 1st, 2015
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200pp(t, p)2%8Pb (gs): pairing in normal nuclei

206pPp(t, p)2°8Pb at 12 MeV. Data from Bjerregaard et.al. (1966)

= RPA: 0.52 mb
® Experiment: 0.68+0.24 mb

—TD: 0.34 mb

—single [ configuration: 0.08 mb |

do/dQ (mb/sr)

0 20 40 60 80 100 120 140 160
CM
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By
state nlj | ppRPA  (TDA)
lhyy | 015 (0.14)
26, | 021  (0.26)
liz, | 029  (0.28)
3ps2 | 023 (0.22)
2%, | 032 (031)
3, | 089  (0.85)
2g9/2 0.18
liy, | 0.15
isp | 013
3ds, | 006  (-)
45, | 0.06
2g7/2 0.10
3ds;, | 0.05




Non—-local, correlated form factor

F(ri,ra,vap) = ¢r(rp1,1p2) Von(rp1) Von(rp2)di(rai, raz)
3

3

2 2

1 1

5 fm
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Ingredients of the calculation

Structure input for, e.g., the 112Sn(p,t)

E (MeV)

s A L o boL AL

ol

110G reaction:

0] 9 |
—real part 05|
—imaginary part -
0.4]
03] single particle wave functions |s
3
= L
02 o 15 proton—neutron potentia
0.1
\¥ 200}
optical potential o . o
0.4 X
01 2 3 4 5 6 7 8 9 10 11 12 13 14 15 1.2 3 4 5 6 7 8 9 10 11 12 13 14 1€ 05 1 15 2 25

 (fm)

r(fm)

plus the B; spectroscopic amplitudes needed to define the two—neutron

wavefunction:

d(ry,01,r2,02) = Z B; [W(r1701)¢j(l’2702)}g
J

Catania, December 1st, 2015
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122Sn(p, t)'?°Sn (gs): role of induced interaction

® experimental data: 2505+ 376 p b
= bare+induced: 2466 p b
—bare: 969 u b

do/dQ(u b)

20 40 60 80
eCM

Differential cross section worked out
making use of two different structure
calculations:

@ Skyrme in p — h channel (mean
field)+-collective vibrations+bare
vi4 Argonne interaction and
particle—vibration coupling (induced
interaction) in p — p channel (black
line),

@ Skyrme in p — h channel (mean
field)-+bare vi4 Argonne in p—p
channel (red line),

compared with experimental data.

122Gn(p, t)1?°Sn at 26 MeV. Data from Guazzoni et.al. (1999).

Catania, December 1st, 2015
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Two—neutron transfer with 8He

10 10
*He(p,H"He(0)gs *He(p,yHe(2)
\ ot Eqie = 1.8 MeV
\  eprer L=0 vy L=2
2.0\ /\
g1 \/ 1
=]
g
s
S

: reret ..
. ,E/’\‘
10% \/ 107
£ \ /
i V

T T T T T T T T T P T
0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160

10 10
*He(p.t)’He(") *He(p,t)"He(*)
Eqee = 2.6 MeV

do/dQ (mb)

=)

TR TR
0 20 40 60 80 100120140160 0 20 40 60 80 100 120 140 160
Scm om

o X. Mougeot et al. PLB 718, 441 (2012) ®He(p,t)°He(gs),8He(2")
with SPIRAL and MUST?2;

@ Coupled Reaction Channels (CRC) analysis by N .Keeley.
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schematic structure of 8He in NFT

Neutronic Structure of 8He

@ particle
O  hole
#7X 0 pairing correlation
1pa2 § 2" surface vibration
1812

angular momentum coupling

p-p / h-h correlations (pp-RPA)
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8He(p, t) reaction in 2-step DWBA

® [57AMeV
— ppsd wavefunction
— p p wavefunction

+ 613 AMeV

“]W

@ Sensitive to ®He structure.
o Nuclear Fied Theory calculations for 8He(g.s.),°He(g.s,2") (°He as a
pair removal mode of 8He?).
o Consistent description of elastic and one—neutron transfer channels
and the overlap 8He(g.s.)/%He(2") is essential.
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Pairing vibrations in exotic nuclei: °Be

8rece(12 4.8 MeV
=57 . EourTMev ?S_( )”Q.S(l ‘) g
2, oy o1,
z k Al 8 10 10 12
3 \ ; Be(P,t) Be and Be(t,p?_ Be
B3F /1 reactions can probe the pairing
%2_ T vibrations around 1%Be (N = 6 shell
3 closure).
21 o0 10 12
° Be(t,p) “Be data by Fortune et al,
< o PRC 50 (1994) 1355.
[aa]
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Coupling of pairing vibrations with phonons

Population of excited 27 state with (t, p) reaction

Diagrams contributing

|
b

Catania, December 1st, 2015

— N

2+ phonon particle ~ hole

X

transfer operator

pair removal mode

~N~N—
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Prediction of GPV

tania, December 1s

Volume 69B. number 2 PHYSICS LETTERS. 1 August 1977

HIGH-LYING PAIRING RESONANCES*

R.A. BROGLIA
The Nicls Bohr Institute, University of Copenhagen. DK-2100 Copenhagen 8, Denmark !
State University of New York, Department of Physics, Stony Brook, New York 11794, USA

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

Received 1 April 1977

Pairing vibrations based on the excitation of pairs of particles and holes across major shells are predicted at an ex-
citation energy of about 70/4 !> MeV and carrying a cross section which is 20%-100% the ground state cross section.

3D-surface deformations

Fermi surface deformations

7

pairing vibration giant pairing vibration




Example: 2Sn(p,t)!1%Sn in 2-step DWBA

Mg oy 7 N /
2d,
3541,

2ds, .\.
197

112G Vnp 118n Vnp 110G

°p d
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simultaneous and successive contributions

a A
O o
Q, 8]
> ==
o ) ON O@ A+a —»f+F —» b+B
|ev) [7) |13) successive

Correlation lenght of Cooper pair = 30fm
@) = ¢a(&b, 11, 12) X
Pa(§a)Xaa(ran)
18) = éb(&b)PB(Ea, 11, 12) X

Xb8(rs8)
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simultaneous and successive contributions

a A f Fo B

b
Q
OO O O &)
 m— [}
. 3 A+a —» f+F —» b+B
! | > successive

‘a> = gba(éba ri, rZ)X
da(éa)Xxan(ran)
1B) = ¢b(Ep)PB(EA, 11, 12) X

XbB(rbB)
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simultaneous and successive contributions

a A f Fo B

b
Q
OO O O &)
 m— [}
. 3 A+a —» f+F —» b+B
! | > successive

‘a> = gba(éba ri, rZ)X
da(éa)Xxan(ran)
1B) = ¢b(Ep)PB(EA, 11, 12) X

XbB(rbB)

<7
Non-zero overlap
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simultaneous and successive contributions

a A f Fo B

b
Q
OO O O &)
 m— [}
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simultaneous and successive contributions

a A f Fo B

b
Q
OO O O &)
 m— [}
. 3 A+a —» f+F —» b+B
! | > successive

uccessive tran

‘a> = gba(éba ri, rZ)X
da(éa)Xxan(ran)
1B) = ¢b(Ep)PB(EA, 11, 12) X

XbB(rbB)
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simultaneous and successive contributions
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simultaneous and successive contributions

a A Of Fo b B
‘Q = Q ( ) = Q@ ()°
|ev) 7 13)

A+a —w» f+F —m b+B
successive

Corfelation lenght of Cooper pair = 30fm

) = ¢a(&p, r1,12)%
da(§a)xaalraa)

18) = ()8 (EAs 11, 12) %

Xb8(rs8)

Because of the large correlation lengt
of the Cowper pair, pairing correlations are miaintained
during the whole process
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Pairing vibrations in exotic nuclei: 32Sn

E [MeV]

Catania, December 1st, 2015

g.s.(130)®g.s.(134) (pairing vibration)
6.6 MeV —

1 \
\

a et
<

I’ r\|
] '
ﬁ \
g.s(130) ,  E—
1308['] “ ,9.5.(134)
1
\“r al, 134Sn

1
!

\
1g.s.(132)/

1328n

80 82 84
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1326,

Q& Xeem Yadd XremYodd \UhArem \UAadd

atania, December 1s

a1 | 4 |-9.78[0.220]0.080| 0.018 | 320 | 216 A
ds2| 3 |-9.010.255[0.078| 0.020 | 278 | 1.88
siya | 1|-7.68[0.286(0.058 0.017 | 1.60 1.08 hole states
hp| 6 |-7.52(0.791/0.147| 0.116 | 392 | 2.64
dip |2 |-735(0.529]0.088| 0.047 | 226 | 1.52
e = Er
Yiem Xadd Xadd¥rem \QjAadd \QjArem
fir | 4|-2.44[0.200[0.922 0.192 | 320 | 216
pi2 |2 |-159(0.121{0.265| 0.032 | 226 | 152
hop | 5 |-0.88[0.166(0.281| 0.046 | 358 | 242
pi2| 1]-078|0.073[0.120[ 0.009 | 160 | 1.08
fs2 | 3 |-0.44[0.119{0.180| 0.021 | 278 | 1.88 \/
30Sn(t,p)*2Sn(2*)@5.4 MeV A

@
|
«

o

= x
¥ red curve
20}

10}

\

particle states

E=3.35 MeV

1

black curve
gé + i-ﬁ-& %




B(Pad/rm0) (fm°)
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30

25

20

luid isotopic chain

3500
Integrated cross section for tin isotopes
3000 1
25001 4
=
3 20000 1
5]
1500+ o —> experimental result q
@ —> theoretical prediction
10001 1
50004 108 112 116 120 124 128
A 6
DDDl-bare’ o DDDl-bare’ ¢
(a) mx © 51 () mix  ©
volume volume ~ x
~ 4
ground state B
Q
s 3
o |
o ¥ A;
oRRR5ER N v\&& .
D&x;{\x % \{Q'?NX
120 130 140 150 120 130 1/40 150

Shimoyama and Matsuo, nucl-th/1106.1715
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