Nuclear Reactions |I: Applications to Nuclear Structure
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@ Why do reactions? Probing nuclear structure
@ Elastic scattering
@ Inelastic scattering
@ One-particle transfer

© An advanced example: 2-neutron transfer and pairing
@ Pairing correlations and successive transfer
@ Reaction and structure models
@ A quantitative measure of pairing correlations

© Moving forward: integrating structure and reactions

@ (d, p) reactions: a unified approach
@ Choosing the potential: examples of calculations
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@ Why do reactions? Probing nuclear structure
@ Elastic scattering
@ Inelastic scattering
@ One-particle transfer
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Elastic scatterin
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FIG. 10. Elastic scattering for *He+ '°C at 38.3 MeV/nucleon in
comparison with (he OM results given by the real folded potential
(obtained with the CDM3Y6 interaction and the Gaussian ga den-
sity for ®He). The dashed curve is obtained with the unrenormal-
ized folded potential only. The solid curve is obtained by adding a
complex surface polarization potential to the real folded potential
Its parameters, and those of the imaginary part, are explained in the
text. The dotted line is obtained by folding the CDM3Y6 interaction
with the compact Gaussian density ro.

Eapoux et al, PRC 66 (02) 034608]
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rms radli, density
distributions.




Inelastic scattering
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One-particle transfer

populates states with “°Ca :

strong single-particle content ¢
b

Shape angU|ar Deuteron !

momentum.

magnitude: spectroscopic agne

factor (single-particle
strength).
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Brown et al. Nucl. Phys. A 225 (1974) 267
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© An advanced example: 2-neutron transfer and pairing
@ Pairing correlations and successive transfer
@ Reaction and structure models
@ A quantitative measure of pairing correlations
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2-neutron transfer and reactions

@ Reaction A+a— (a—2)+ (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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Let’'s remember the Born series

|9) = [¢o) + GoV|[9)
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Let’'s remember the Born series

[9) = |po) + GoV (|po) + GoV[9))
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Let’'s remember the Born series

|¢) = |po) + GoV (|po) + GoV [|do) + GoV[9)])
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Let’'s remember the Born series

= |po) + Go Vo + GoVGoV g + Go VG VGV g + .
%4
/> ) § + %
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Two-nucleon transfer: stick to second order

In order to account for the successive transfer of two nucleons, we stick to
2" order, A+a — (A+1)+(a—1) — (A+2)+(a—2)

|¢) = |po) + GoV o + GoVGo Vo

(A+2)+(a-2) (A+2)+(a-2)

v
+ v _|_G (A+1)+(a-1)
° v

A+a A+a A+a

@ V — one-nucleon transfer

@ Gp — Green's function of each one of the many intermediate states
(A+1)+(a—1)
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Reaction and structure models

Structure:

: 0
®i(r1,01,r2,02) = ZB, (r, 01)0 (r2, 02)]

0
Pr(r1,01,r2,02) = ZBJf 7 (ry, 01)0 (12, 02)]

0
10,
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MeV,
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40,
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60y

2 4 6 8 10 12

field potential radial wave functions radial wave functions
mean field potentials uf"(r) ijf(r)
Reaction:
Tont = Y _ Bj, (T (v je) + TS i e) — T/(\/2O)(jiajf)>

Jtli
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Introducing TW(ji, ji), Tsuce(ji, jr) and Ty

very schematically, the first order (simultaneous) contribution is

= (B|V]a),

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

T = T8+ T
—Z/BIVW (V) => (B @IV]a).
Y

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

(2)

closure condition and TNO cancels T(1)

the transition potential being single particle, two-nucleon transfer is a
second order process.
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Two particle transfer in 2—step DWBA

8 A f Fo b Bo
) ° O Potel et al., PRL 107 092501 (2011)
O > — c? >O = C)|3> Pgt:I ztzl.,PRL105172502 (2010)

|

Tont = Z ( UirJF) + Ts(uc)c(Jan) I(\I2O)(jiajf)>

Jtli

Simultaneous transfer

@i, je) —22/dl‘del’b1dl’A2[W”(l’A1,Ul)W”(I’Az,02)]0 XbB “(rpB)

0102

X (1) (W (rr, 1) W (b, 02) 130 ) (o)
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Two particle transfer in 2—step DWBA

O 5 O Potel et al., PRL 107 092501 (2011)
O| O O Potel et al., PRL 105 172502 (2010)
(l

T2NT — Z (T ) _/l Jf) + Ts(uc)c(./lv./f) T/(\lzo)(.lla./f)>

Jf]l .
Successive transfer

TS Uiy Jr) = =2)" Z/drf/—'drmdl’Az[W”(fAl 01) W (raz, 02)]5*
K,M 102
010%
X X8 (8 )V (i) [V (raz, 02) W (v, o)1
X/d"/der;aldr/AzG("fFvl’/fF)[\Ujf(rl;\z»Ué)wji(";ala0’1)]/’\(/1

2u i
S V()W (o, o)W (e, oINS ()
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Two particle transfer in 2—step DWBA

O 5 O Potel et al., PRL 107 092501 (2011)
O O O Potel et al., PRL 105 172502 (2010)

|cv)

T2NT = Z BJfBJ, (T 1)(ji,jf) + Ts(uc)c(jivjf) - T/(\I2O)(jl7jf)>

Jtli

Non-orthogonality term

T\o Ui r) = =2y Z/dl’del’bldrAz[\U”(rAl o)W (ra, 02)10

K, I\/I‘7102
0107

3 XU (P v (o1 ) (W (r a2, 02) Wi (v, 000
[ eyl (g, ) (v )]

X (W (¥, o)W (g, o) IS (Fn)
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Contributions to the 2Sn(p,t)!!? total cross section

Oak Ridge, June 28 2019

do/dQ (u b/sr)

=
(=]

107+

— simultaneous
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Contributions to the 2Sn(p,t)!!? total cross section

= = =successive
— simultaneous

do/dQ (u b/sr)

o900 20 30 40 5 60 70
9CM
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Contributions to the 2Sn(p,t)!!? total cross section

10 ;
= = =successive
= simultaneous
B = = =non-orthogonal
10"« E

do/dQ (u b/sr)

107+

10 0 10 20 30 40 50 60 70

9CM
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Contributions to the 2Sn(p,t)!!? total cross section

10 T -
= = =successive
= simultaneous
ola = simultaneous+non-orthogonal
1000 %~ = = =non-orthogonal f

do/dQ (u b/sr)

10 20 30 40 50 60 70
9CM
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Contributions to the 2Sn(p,t)!!? total cross section

10 T
—total
= = =successive
B = simultaneous
10 — simultaneous+non-orthogonal
= = =non-orthogonal

do/dQ (u b/sr)

10 20 30 40 50 60 70
9CM

Transfer driven by single-particle potential (mean field) — essentially a
successive process!

Oak Ridge, June 28 2019 slide 15/32



Probing pairing with 2—transfer: 112Sn(p,t)!1°Sn @ 26 MeV

® experiment H

2 . .
—pure (dslz) configuration

— Shell Model
—BCS

enhancement factor with
respect to the transfer of
uncorrelated neutrons:

e =20.6

do/dQ (u b/sr)
=
(=}

2sn(p,yM%n, E, =26 MeV

100 20 30 40 50 60 70
eCM

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

experiment very well reproduced with mean field (BCS) wavefunctions J
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Examples of calculations

10 10f

‘"‘“L' Lo gs) M TH(TILILI(1/27:2.69 MeV)PH
£ =33MeV 10' 10'
Litp)°Li, E=15MeV
10’ . — E,_ =33MeV N .
5 F* iuaﬁ 1 = a3V ' 198¢(t,p)2Be, E=17MeV
F] - 3 T
¢ ST
3 ﬂ A& 3 = =
3 Y l’ B 8 k4 9
w yl 3 2
{ ] ]
m €10 g
N <] <]
g 3
Yo 2 4 e 8 10 120 140 160 W 50 100 150
o ) Ocm
10° 10
228n(p,t)'2%Sn, E,=26MeV |
Tab "128n(p,Y)"'°8n, E,,,=26 MeV 0 30 60 90 120 04 20 409 60 80
10° Fou -
2 good results obtained for halo nuclei,
g
g . .
population of excited states,

superfluid nuclei,

“r s s @ w o » normal nuclei (pairing vibrations),
rotolorr heavy ion reactions...

Potel et al., Rep. Prog. Phys. 76
(2013) 106301

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

6o/ (mbisr)
00/dQ (1 bisr)

Absolute cross sections reproduced |

20 40 60 80 100 120 140 160
Ocu
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© Moving forward: integrating structure and reactions
@ (d, p) reactions: a unified approach
@ Choosing the potential: examples of calculations
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Extracting the structure information: a standard approach

STRUCTURE REACTIONS

_ - many-body
GH E)W(ea)) =0 Hamlltonlan> 6i(r)
. s-pwfs ¢i(r)
‘-7 g interactions U;(r)
Ui(r)
y many-body wfs p R
»‘w‘(f“»‘ Ei and energies ‘-7 l—.

C(R) scattering wfs Xc(R)

- Ec optical potentials U(r)

— (oW "spectroscopic
(5"’<W<’>»o<€A—l)\w> amplitudes" ) I
0=S; oﬁ(

@ Factorization of structure and reactions.

D(R)or(r) D(R)o (r>>|>

@ Can suffer from inconsistency between the two schemes.

@ Extracted spectroscopic factor Si2 = 0 /& problematic.
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(d, p) reactions: a unified approach

@ Describe the structure of the 2-body subsystems in some given
framework of choice.

@ Employ the same quantum many-body methods to work out the
interactions Ua,, Uap, Upn (in general, non-local and
energy-dependent).

© Write down the resulting 3—body Hamiltonian H.

@ Obtain cross sections from H using controlled approximations.

3-body Hamiltonian

H = T 4 Uan(rn, rpy Eny Jny mn) + Uap(tp, 15 Ep, Jp, p)
+ Upn(rpm r;,;na Epna me 7Tpn)

Disclaimer

Still not the end of the story! 3—body forces Uap, not taken into account
at this stage.
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(d, p) reaction as a 2-step process

Oak Ridge, June 28 2019

N
- breakup (xp| V | daxdda)

N i
® ®

A A
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. propagation of n in the field of A )

to detector
p non elastic breakup P

elastic breakup

e
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n
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\_ J
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Ua, potential and neutron states

scattering and resonances
o

T 12—
V(r)
[e]
i - i scattering states
Fo @smgle particle 9
S l 3
§ | - f weakly bound states
Luu_ \
LII-I . .
narrow single-particle
u 3 deeply bound states
A
L N 8
e 0 N
Imaginary part of optical potential neutron states

Mahaux, Bortignon, Broglia and Dasso Phys. Rep. 120 (1985) 1
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Dispersive Optical Model (DOM): Calcium isotopes

bound; continuum ] B “Ca(d,p) ] Ca(d,p)
Povcadp) ] i oBe0oMev | E,=20 MeV
o i E20 MeV : p——
: - - EB
—~ ++ NEB| 4
> 1
QU
= M Mdaeptfirerrrene) (ML, e ) e
< A
E
2]
g, “Ca(d,p) | S 1*Ca(dp) /N\E=40 MeV, S ®cad,p) 1
E4=40 MeV ] E =40 MeV

ey
GP et al., Eur. Phys. J. A 53 (2017) 178.
@ DOM used to compute (d, p) cross sections on Ca isotopes.
@ Both bound and continuum neutron states described.
@ DOM can be extrapolated to unknown territory (°°Ca).
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Dispersive Optical Model (DOM): Calcium isotopes

do/dE (mb/MeV)

v
[
'
[
1
[
[
[
1
'
]
'

*Ca(d,p) ]

do/dQ (mb/sr)

= “Ca(d,p), E=56 MeV = %Ca(d,p), Eq=40 MeV
<2 892 TesoOnance a 2o, ground state resonance
£ Et
g g
= S ok
CM eCM eCM
Absolute transfer cross sections without spectroscopic factors. ]

Oak R

June 28 2019
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Nuclear Field Theory (NFT): Be, parity inversion close to

the dripline

E (MeV) s
7T, 650 5
S1z dsp,
6+
Lj Lj
50 Si2 . ijy
3+ LEL)= O+ + ..
2+ . 1 1j
145 52 s .
1+, o4 G(E,Lj)=G((E)
S1 3 . .
0+ 2@;18 - 1/2% <0:18" /= +GO(E)Z(E’1’J)G(E’I’J)
-1 050 172
@ structure (energies, widths) reproduced
-2 1+ within an EFT-like framework (NFT)
34 1pin -3.01 @ self energies and Green's functions obtained
within the same framework
-6 T 1p,, y y
P3p 6.39 6.39 681 3=
-7 4+ mean field (NFT),en exp.
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Nuclear Field Theory (NFT): Be, parity inversion close to

the dripline

E (MeV) Sz
T 1ds;, 6.50 9
Si2 dsp
6
Si2
34
21 ‘
145 52 s
14
25y, 0.14
0+ -0:18 1/27 =0.18 1/2=
14 050 1/2°
2+
1py; -
34 P12 3.01
-6 T 1p3; -6.39
-6.81 3/27
-7 <+ mean field (NFT)en exp.

Oak Ridge, June 28 2019

do/de (mblsr)

"Be(d,p)''Be(1/2%)
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Nuclear Field Theory (NFT): Be, parity inversion close to

the dripline

E (MeV)
B 1ds, 6.50

S12

Sin2

5/2"

145 5/2 1.28 ' mBe(d’,p)”Be‘(l/?_’)

251, 0.14
0+ <018 1/27 018/ {/o-

S

doQ (mb/sr)

14 050 1/2° 2050 1/2°

P12 0

24

1py -
34 P12 3.01

do/de (mblsr)

61 1p3p, -6.39

6.81 32"
-7 + mean field (NFT)en exp. 00—
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Nuclear Field Theory (NFT): Be, parity inversion close to

the dripline

E (MeV) Si12 5000
— =" 150F M
7T 14s, 6.50 ;5 } S
S12 ds % 100 30002 &
6 1 52 E .UU()% :% o
=5 2000 £ 2
Si2 & 50 é 3
34 2 1000
® ) LT 0
P e
+ 5/2"
1.45 5/2 1.08
14
251 0.14 2,
2
- &
0+ 20,18 1/2 2018~/ 17~ :
5
14 050 1/2° 050|172
P12
24
10}
1pys; z e
34 P12 3.01 g
E
% 0.1
6 T 1py, -6.39 -6.39 = oo
-6.81 3/27
-7 + mean field (NFT),en exp. 000—1

Barranco, GP, Broglia, Vigezzi PRL 119, 082501 (2017)

Oak Ridge, June 28 2019 slide 25/32




Coupled-Cluster (CC): Ca isotopes

6
//"\:10Ca‘ (d,p), Eq =10 MeV
—~ 51 ,’I, | N.. E(MeV)
»\L 4] \ — 10 -6.85
.fé\ ' L. 12 -7.35
~— 31 4 Y @ mm=a-- 14 -7.62
< — 14/16  -7.84
F 24 Y——¥ 14/16 (E,,,)
= 1] E,,=-8.36 MeV
70 T T T T T T T
BCa (d,p), B4 =10 MeV
60 EnY ( 7p> d
féz\ \ N,.. EMeV)
E' — 10 -2.20
é ........ 12 -3.88
7/ TR 14 -4.35
3 —14/16  -456
% YV 14/16 (E,,,)
E,,=-5.15 MeV

Oak Ridge, June 28 2019

80 100 120 140 160
Oour

structure calculated within
ab initio coupled cluster
framework by J. Rotureau (MSU)

remarkable agreement with
experimental data

coupled cluster+(d,p)+
continuum spectroscopy

powerful tool for exotic
medium-mass nuclei
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Coupled-Cluster (CC): Ca isotopes

~9Ca (d, p), Eq =10 MeV

N,. E(MeV)
—— 10 6.85
-------- 12 7.35
----- 14 -7.62
—_—14/16  -7.84
— 14/16 (E,,,)

E,,=-8.36 MeV

exp’

@
e

do /dS) (mb/sr)
S 5 ¢

—
jen)
1

N,. E(MeV)
—— 10 -2.20
-------- 12 -3.88
----- 14 -4.35
14/16  -4.56
Y—-v 14/16 (E,,,)
E, =-5.15MeV

exp™

80 100 120 140 160
Oour

Oak Ridge, June 28 2019

structure calculated within
ab initio coupled cluster
framework by J. Rotureau (MSU)
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51 A #Ca (d,p), Ey =10 MeV
215 N,  E(MeV)
F 1
212 —_ 14/16 3159
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= 4
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W F—
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<10
N —_— 416 -1762
P — 14/16 (E,,)
<6
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0+
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