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Motivations

V (MeV)

Unified description of the nuclear interaction
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VC‘I‘ , ,

The nuclear potential must include the
Coulomb and nuclear interactions



Motivations

6L j 7L
. @ Structure of matter and mechanisms of nuclear reactions
a + d a + t

Cluster structures — How does nuclear structure affect
nuclear reaction dynamics?

0B ‘Be ///é{,
&) (8 e

6lji + o O+ o + N
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The Sao Paulo Optical Model Protocol

In the Optical Model formalism the
nuclear potential is complex

Ve
\

UN(R) — V(R) -+ ZW(R) — The imaginary part accounts for the

non-elastic processes

l (absorption from the elastic flux)

The real part models the nuclear
interaction itself
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The Sao Paulo Optical Model Protocol

P2 (r,)
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The Sao Paulo Optical Model Protocol

p1(r;) P2 (r,)
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The Sao Paulo Optical Model Protocol

V(R) = / / p1(r1) po(ra) V(R — 1y + 1) drydrs

“ VA W,
s ~"

\

matter densities

effective nucleon-nucleon interaction
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The Sao Paulo Potential 2 (SPP2)

V(R) = Uy e~/ / / o1 (r1) pa(ra) e~ "12/9* drydr,
_ )

\

a = 0.50 fm

U, = —735.813 MeV

Theoretical distributions (Dirac-Hartree-Bogoliuvob)

Experimental distributions (electron scattering experiments)

No FREE parameters! B. V. Carlson et al., Phys. Rev. C 62, 054310 (2000)
L. C. Chamon et al., Comput. Phys. Commun. 267, 108061 (2021)
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The Sao Paulo Optical Model Protocol

The SP-OMP
(Sao Paulo Optical Model Protocol)

consists in
s ~
applying studying
4 OM variants the behavior of the nuclear potential
v OM1 v' Variation with energy
v OM2 v' Sensitivity to data
v OM3 v Coupling reaction channels

v OM4
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The Sao Paulo Optical Model Protocol (SP-OMP)

oM1

Un(R) = Vappz(R) H{iW(R) )

This internal potential simulates

the fusion process and does not The real term uses the The imaginary term uses
include other peripheral reactions SPP2 parameterization the WS parameterization

( WO = —100 MeV
W Ry = (A7 + AY?)

1 + eXp(R_aRO) ro = 1.06 fm
. a=0.25fm
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[ OM1 has no free parameters j




The Sao Paulo Optical Model Protocol (SP-OMP)

OM2 Un(R) = N, Vsppo +(??N¢ VSPPQ)

. J
Y

This superficial potential simulates

peripheral reactions Both real and imaginary parts
use the SPP2 parameterization

The standard parameters:

[ OMZ2 has no free parameters ] N, =1
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The Sao Paulo Optical Model Protocol (SP-OMP)

10 20 30 40 50 60 7O &0 15 ao 45
S 10 15 . . .

oM2 10

w01 2c+208Pb
A\

E =116 MeV
Ni=1.02

-—--4-.*’._

© E=1016 MeV
Ni=0.73

The standard parameters:

E =420 MeV
Ni=0.80

E=300MeV
Ni=0.88

cjEI./O-Hth.

E ,=1030 MeV
Ni=0.94

E, . =480 MeV

LAB

Y Ni=0.72
E=112 MeV o'l 100
Ni=0.61 5 10 5 s 5 6

. . . ] L | | | I I 1 I I 1 10 1:0“
Good description in a wide range | i |
of energies and reduced masses — . ° ‘ ‘ 1"
Ni=1.13 . ] o'} E,=1449MeV E_=2400 MeV e

A PR e ey SR BPEN PR .. B B Ni=1.14 Ni=1.47
0 10 20 30 40 50 60 70 80 90 100 wﬁo s s e 1\ : . . PR

M. A. G. Alvarez et al. Nucl. Phys. A 723, 93 (2003) 0. v.(degree) 6., (degree)
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The Sao Paulo Optical Model Protocol (SP-OMP)

OM3 Un(R) = N, Vgppz + VSPPQ

. J
Y

\

The imaginary strength is allowed to _ Both real and imaginary parts
vary in order to fit the data use the SPP2 parameterization

}

Simulates opening/closing : _ .
At ) [ OM3 is a one-parameter fit j
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The Sao Paulo Optical Model Protocol (SP-OMP)

oM4 Unv(R) = VSPP2 T VSPP?
w _J
-~

The real and imaginary strengths are _ Both real and imaginary parts
allowed to vary in order to fit the data use the SPP2 parameterization

}

Simulates opening/closing

reaction channels and ) [ OM4 is a two-parameter fit ]
polarization effects
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The Sao Paulo Optical Model Protocol (SP-OMP)

The dispersion relation OM4 allows us to study the
relationship between the real and imaginary strengths

M. A. Nagarajan et al., Phys. Rev. Lett. 54, 1136 (1985)

30 L 1 | 1 I [ T UN(R) — Nr VSPPZ + iNz’ VSPPQ
25 H/:}s\ (160 " 208Pb) n
20 .\ ]
; . . Reu .
% ol ] « Real strength increases below the barrier
Swe|l .
[ T . .
542 e . : : :
] e T— — <4mm Imaginary strength vanishes below the barrier
o8 | e -
I |
oa |- ¢ -
i /I o ( Threshold anomaly j
0
60 80 100 120 140 160 180 200 220 240
ELap (MeV)
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The Sao Paulo Optical Model Protocol (SP-OMP)

The dispersion relation OM4 allows us to study the
relationship between the real and imaginary strengths

M. S. Hussein et al., Phys. Rev. C 76, 019902 (2007)
v T T T T T T T T .
>3] ? ] Un(R) = N, Vsppa + tN; Vsppa

45/ (ﬁl,i + 208%)

| <@mmm Real strength decreases

1
el
<+
- -

——

T | ( Breakup threshold anomaly)

e + <mmm Significant imaginary strength below the barrier

20 24 28 32 36 40
L'L ab (MeV)
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Application to He, Li, Be, B, C projectiles at near-barrier energies

Application to 4¢He, é’Li, 8B, >1%11Be on a %Zn target

|

Data from:

A. Di Pietro et al., Phys. Rev. C 69, 044613 (2004)

M. Zadro et al., Phys. Rev. C 80, 064610 (2009) All calculations are performed
A. Di Pietro et al., Phys. Rev. C 85, 054607 (2012) using FRESCO and the SPP2
J. P. Fernandez-Garcia et al., Phys. Rev. C 92, 054602 (2015)

J. P. Fernandez-Garcia et al., Phys. Rev. C 99, 054605 (2019)

R. Sparta et al., Phys. Lett. B 820, 136477 (2021)

( We study the OP strengths as a function of the projectile and the bombarding energy j
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Application to 4éHe, ¢7Li, 8B, °1911Be on a %4Zn target

4He + %4Zn 6He + %4Zn
1 1 I 1 I 1 I ] I ] I ] I ] I | I 1 I | I ] I
1.0 —é% —
Y.
N X, -
< . \
g 05 %’% % 2.4 MeV =
= L% " 1
S X R - =
0.0 p=- : "o e 2
=}
- 16.4 MeV 4 5
w)
—0.5 bt e M‘r_-‘&u
0 -10 80 120 160
Acm (deg)
W )
e
‘ ) 0 40 “80 12(7 160 0 40 80 120 - 160
OM1 and OM2:; OM3 and OM4:; bem (deg) foar (deg)
Parameter free Parameter fit
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6Lj + %4Zn

I
o
i

O'cl/o'Rut h
|
—
=

—1.5

—2.0
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—3.0

19.9 MeV ]|

—3.5 i -ka:l=-|=
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0
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R0 120 160
Oom (deg)

Tel f TRuth

7Li + %4Zn

1.0 o= =
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Tel / ORuth

—1.0

—2.0

—3.0

—4.0

SB' 9,10,11 Be + 64Zn

\';‘ llBe
S, 24.5 MeV
| R | o |

40 60 20 100 0 20 40 60 80

fom (deg) Ocm (deg)

OM3 and OM4 systematically
provides the best results

100

>

Projectile Vi Eem Xted Xted Xred Xred
OM1 OM?2 OM3 OM4

‘He 9.4 12.42 38 1.44 0.86 0.78
16.37 334 104 63 34

“He 7.9 8.9 4.21 2.34 2.11 0.24
12.4 30 11 3.50 0.39

13.4 130 98 93 66

16.2 585 381 380 196

Li 12.6 10.77 25 3.88 1.29 1.29
11.69 7 3.69 2.38 0.69

12.43 b 8.25 6.22 0.92

13.54 99 53 51 1.05

14.92 213 101 7 1.15

16.30 341 134 83 2.10

18.14 H81 162 42 2.34

19.98 317 75 29 1.19

"Li 12.4 11.69 16 T7.73 2.30 0.78
12.43 24 74 56 1.24

13.54 129 88 82 0.84

14.92 439 168 154 0.72

16.46 109 A7 47 1.06

18.14 144 50 50 0.68

*B 21.1 34.22 6.79 217 2.08 0.96
“Be 16.7 24.50 484 9.17 5.42 3.59
10Be 16.6 24.50 48 13 11 8.52
HBe 16.2 24.50 82 47 30 30




What can we learn from OM3?

Fired (MeV)

Eved =Ecm — VB

L. Garrido-Gomez et al. | XL RSEF Physics Biennial (2026)

Imaginary strength as a function
of the energy and projectile



What can we learn from OM3?

3.0 T | — | —
_ I+ ‘He The N, values are ordered according to
95 |- ~— He _ the projectile binding energy
—&— "Li
20— —— 5B T Nucleus  Cluster Q,,(MeV)
= [ A "Be 7 “He - -19.813
15 - ]_OB —
i ¥ ° 10Be Be+n  -6.812
1.0 = { — 7Li a+t -2.468
- 7 °Be a+a+n -1.665
051~ | - oL a+d 1.474
1 1 1 1 1 | 1
—4 12 16 SHe atn+n -0.975
8B Be +p -0.136
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What can we learn from OM3?

X+ 64Zn
3.0 1 | 1 I I | 1 I | 1 1 I 1 1 I I I | 1 .
_ —5— ‘He _ The N, values are ordered according to
55 | _ the projectile binding energy
20— —] Nucleus  Cluster Q,,(MeV)
. B N 4 _ _
= L a He 19.813
i | 10Be °Be +n -6.812
1.0 — Li a+t -2.468
- . ‘Be ata+n -1.665
0.5 4um — — oL i atd  -1.474
1 1 | I 1 1 | I | 1 1 I | 1 1 | | | |
—4 0 4 8 12 16 *He a+tn+n -0.975
Ereqa (MeV) 8B ‘Be+p  -0.136
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What can we learn from OM3?

X +647n
3 O 1 1 ] I 1 1 ] I 1 1 1 I I 1 1 1
- + ‘He _
2.5 |- ¢ "Li
2.0 —
| | ] |
12 16
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The N, values are ordered according to
the projectile binding energy

Nucleus  Cluster Q,,(MeV)

“He - -19.813
10Be Be + n -6.812
Li a+t -2.468
‘Be ata+n -1.665
6Li a+d -1.474
®He a+n+n -0.975
8B ‘Be+p  -0.136
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What can we learn from OM3?

X+ 64Zn
3 O 1 | 1 I | | I I I 1 | I I | 1 1
- + ‘He _
95— —i— 6T.i
2.0 — —
| 1 | 1
12 16
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The N, values are ordered according to
the projectile binding energy

Nucleus  Cluster Q,,(MeV)

“He - -19.813
10Be Be + n -6.812
Li a+t -2.468
‘Be ata+n -1.665
6Li a+d -1.474
®He a+n+n -0.975
8B ‘Be+p  -0.136
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What can we learn from OM3?
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The N, values are ordered according to
the projectile binding energy

Nucleus  Cluster Q,,(MeV)
“He - -19.813
10Be Be + n -6.812

7Li att -2.468
‘Be ata+n -1.665
6Li a+d -1.474
®He a+n+n -0.975
8B Be + p -0.136
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What can we learn from OM3?

X + 647Zn
3 0 | | 1 | | I I _ | 1 1 I | I | I | I4 I .
_ —— ‘He The N, values are ordered according to
95 |- ~#— SHe _| the projectile binding energy
i —8— °Li |
—&— "Li
2.0 — 3 °B
é" i z ‘Be
1.5 — _E_ 10—
1.0 - { — Reaction dynamics strongly
_ a correlates to projectile structure
0.5 b— _ for cluster-structured nuclei
1 1 | 1 I | | |
—4 12 16
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What can we learn from OM3?

Fica (MeV)

Eg?p > VB + ‘Qbu|

16

Nucleus  Cluster Q,,(MeV)

“He - -19.813
10Be °Be + n -6.812
Li at+t -2.468
‘Be ata+n -1.665
SLi a+d -1.474
®He at+n+n -0.975
8B ‘Be +p -0.136

The imaginary strength presents
a peak structure at above-barrier
energies which correlates with Q,,
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What can we learn from OM3?

Fica (MeV)

Eg?p > VB + ‘Qbu|

16

Nucleus  Cluster Q,,(MeV)

“He - -19.813
10Be °Be + n -6.812
Li at+t -2.468
‘Be ata+n -1.665
SLi a+d -1.474
®He at+n+n -0.975
8B ‘Be +p -0.136

The imaginary strength presents
a peak structure at above-barrier
energies which correlates with Q,,
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What can we learn from OM3?

3.0

2.5 —

20

1.0 —

0.5 —

1.5 —

Fica (MeV)

Eg?p > VB + ‘Qbu|

16

Nucleus  Cluster Q,,(MeV)

“He - -19.813
10Be °Be + n -6.812
Li at+t -2.468
‘Be ata+n -1.665
SLi a+d -1.474
®He at+n+n -0.975
8B ‘Be +p -0.136

The imaginary strength presents
a peak structure at above-barrier
energies which correlates with Q,,
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What can we learn from OM3?

Ered (I\IGV)

Eg?p > VB + ‘Qbu|

Nucleus  Cluster Q,,(MeV)

“He - -19.813
10Be °Be + n -6.812
Li at+t -2.468
‘Be ata+n -1.665
SLi a+d -1.474
®He at+n+n -0.975
8B ‘Be +p -0.136

The imaginary strength presents
a peak structure at above-barrier
energies which correlates with Q,,
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What can we learn from OM3?

X +1205n Nucleus Cluster Q,, (MeV)
160 atata+a -7.162
o Be + n -6.812
Li a+t -2.468
‘Be ata+n -1.665
6Li a+d -1.474

Eieq (MeV)

E(())p > VB + ‘Qbu|

This systematic result was previously

M. A. G. Alvarez et al. Phys. Rev. C 100, 064602 (2019 .
y (2019) observed on a heavier target ('2°Sn)
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What can we learn from OM4?

6Li + %4Zn

[ A B B A I§I14.9[2Mel\/- UN(R):VSPP2+7;VSPP2

$ 16.30 MeV | 1.0
v 18.14 MeV ]
A 19.98 MeV -

10.5

[ § 10.77 MeV

0 11.69 MeV
- Y 12.43 MeV
[ 1 13.54 MeV ] :
B V= T T T R VR U T TR S
fcm (deg) Ocm (deg) Ered (I\IGV)
Xﬁed values from 0.69 to 2.34 Dispersion relation
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What can we learn from OM4?

6Li + 64Zn

2 0 2 4 6 8 N /A N

20 24 28 32 36 40

E red (RIQV) E[ ,p (MeV)

Breakup Threshold Anomaly
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What can we learn from OM4?

6Lj + 64Zn 7Li + 64Zn
1.5 L L L L i 1.5 i T 1T YT 7017 "1 7] i
. / - » L + i\ip -
% 1% | &N
S 10T — 10 mmm e — TA, BTA, or other ?
- - — - -
) N
Ay 1 ~ L i
@) i @) i |
1 S T L L Ly 1T
8 2 0 2 4 6 8
FE. (MeV)
(

Lower binding energy

[ BTA is more pronounced for ©Li J <

No excited states below breakup threshold

\.
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What can we learn from OM4?

6Li + 64Zn ’Li + %4Zn
1.5 i ] 1.5 I L L L DL L
MeV = 1 = [ N1 Mev
I 1% =N
S 1.0 — S 10F —
7 B 4 = - -
¥ i 1~ i ]
AN ]l < L i
0.5 — 0.5 —
I | I I I I _
fees N - . T 4.630 7/2
- Ercq (MeV)
2.186 3+ S(=2468 1 _ _ _ __ ___ .
S, = 1.474
0.477 1/2
Significant variations in the nuclear potential with
6] j projectile and bombarding energy 71
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1213C + %4Zn measurements

beam

SSSSDs collimator

target rotating

holder SSBs
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Detection system

Single Sided Silicon Strip Detectors

16 strips
50 mm x 50 mm

=
-
L
oo
]
[
=
-

=

\

(\)

LU

!

Silicon Telescopes Array for Reactions
(STAR)

Figure courtesy of L. M. Martinis




1. Elastic scattering:

12c + 64Zn

29.9 MeV N, Ni  Xfed
OM1 1 4.6
OM?2 1 0.78 213
OM3 1 0.05%0.01 2.1
OM4 | 095 +0.08  0.07+0.03 2.0

35.8 MeV N, N; Yo
OM1 1 67
OM?2 1 0.78 22
OM3 1 048 +0.08 15
OM4 | 089 +0.02 040 =+ 0.01 2.7

40 MeV N Ni  Xied
OM1 1 110
OM2 1 0.78 26
OM3 1 1.48 + 0.25 15
OM4 | 0.76 £0.03  0.87 £ 0.07 2.4

Strong rise in the imaginary strength

L. Garrido-Gomez et al. | XL RSEF Physics Biennial (2026)

(TCI/(TR.I.th (TOI/(TR.l.th

(TOI/(TR.I.th

10°

- © OMI_|
- OM2
B = OM3
0.5 p=— — OM4 =
i 40 MeV 40 MeV -
0.0 = | | l L | L | L

20

60

100
Ocm (deg)

140 180

60

100
Ocm (deg)

140

180
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1. Elastic scattering: 12C + 64Zn

p—t
o

OP strength

g
IIIIIIIIII

—o— N;

“'()_||1|||1||||||

o~ Nr ]

.){\\}

—

30

32

34

36 38 40

Erap (MeV)

42

Threshold anomaly pattern
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M. A. Nagarajan et al., Phys. Rev. Lett. 54, 1136 (1985)

-U(r=12-4 fm) (MeV)

3.0

25 —

20 |

1.5

10

-

16 -

12 —

08 -

04 —

I I [

160 5 208Pb

|

ImU

I 1 | 1 |

0
60

100

120

140 160 180 200 220
E_ag (MeV)
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1. Elastic scattering: 13C + 64Zn

28 MeV N, Ni  Xpa
OM1 1 3.9
OM?2 1 0.78 10
OM3 1 0.25 + 0.02 0.7
OM4 0.73 + 0.21 0.34 + 0.06 0.6

30 MeV N, N; X
OM1 1 21
OM?2 1 0.78 55
OM3 1 0.21 £ 0.03 4.0
OM4 0.69 £+ 0.04 0.42 £+ 0.02 0.4

33 MeV N, N; Xud
OM1 1 40
OM?2 1 0.78 24
OM3 1 0.37 £+ 0.06 12
OM4 0.86 £+ 0.02 0.46 + 0.03 2.0

36 MeV N, N, X2q
OM1 1 79
OM?2 1 0.78 23
OM3 1 0.68 + 0.12 22
OM4 0.79 £ 0.04 0.73 4+ 0.03 I59]

O-OI/O-R.I.LLh (TOI/O-R.I.LLh (TOI/O-R.I.LLh

O-OI/O-R.I.LLh

10°

|

28 MeV

S R T T T B
0.8 1 I 1 I 1 C 1 I 1 I 1 I 1 _
L0 P 10°
0.8

N—1
0.6 10
0.4

10°

1071

1072

’ I | L | L
1.5F N L L 0
= = OM1 H 10
L0 == OM2 = |
i —- OM3 7] 107
0.5 |— —_— OM4 |
- o - 136 _\I(\-\f ’o‘ 1['}—
0.0 p=— I | L | 1 | ] S )
20 100 140 180 60 100 140 180

Ocm (deg)

Ocon (deg) 42




12.13C + %4Zn comparison

12C + 647Zn
-I'IIIIIIIIIIII
10_ .......................................................................... —

= TETE

b_o 5

- L

)

- =

® 0.5 —

~ |

S &N
B —— Ni
0'0.|.|.|.|.|.|.
-2 0 2 4 6 8 10 12

Ered(MeV)

Threshold anomaly pattern
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1.0
=
+
(o70)
-
Qo
—
% 0.5
A,
@)
0.0

|
B

13C + 647
L L B L B
I ‘ —— N, i
= E N,L -
B [ 1 I [ 1 I 1 I [ I [ ]
—2 2 4 6 8

]
0
Ered (MQV)

Significant imaginary strength
at sub-barrier energies
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12C + 647 13C + 647

i ' o | | | | i I L DL DL DL L i . . .
Na S 1o ll  Further investigation on
=o $= = the dispersion relation
3 g
b7 0.5 F TA - “; 0.5 F -
o o
o : +NT - O - 7 +Nr -
oo T _.E_].V‘ 0.0 L o 'I ._E_.Ni ] OP strengths (N,, N)
2 0 2 4 6 8 10 12 1 2 0 2 4 6 3
Ereqa (MeV) Erea (MeV)
SLi + ®4Zn ’Li + ®4Zn
1.5 I L L L B 1.5 L L L L
L _ —&— N, - Opening/closing reaction channels
Eﬂ - :C;C B —E—f\ﬂv =
§ 1.0 b= i 1.0 fmrermmeessse e, —
2T A ? -
o [ ~ [ '
© L S [ i
N NE el i I P P P T Nuclear structure
—2 0 2 4 6 8 —2 0 2 4 6 8
Erca (MeV) FErcqa (MeV)
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2. Inelastic scattering:
3. Inelastic scattering:

2+ state at 0.992 MeV (%4Zn)
3- state at 2.999 MeV (%4Zn)
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as the initial interaction and the
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2. Inelastic scattering:
3. Inelastic scattering:

2+ state at 0.992 MeV (%4Zn)
3- state at 2.999 MeV (%4Zn)

Tel /OR.thll Tel /O-R.l.ltll

O'el/O'R.utll

12C+647n

L. Garrido-Gomez et al., Phys. Rev. C 113, 044607 (2026)
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2. Inelastic scattering 13C + 64Zn: 2* state at 0.992 MeV (°4Zn)
3. Inelastic scattering 13C + %4Zn: 3- state at 2.999 MeV (%4Zn)
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The OM1 internal potential was used
as the initial interaction and the
reaction channels were coupled

Good description of the
inelastic angular distributions
(no free parameters)
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2. Inelastic scattering 13C + 64Zn: 2* state at 0.992 MeV (°4Zn)
3. Inelastic scattering 13C + %4Zn: 3- state at 2.999 MeV (%4Zn)
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Good description of the inelastic angular distributions
(no free parameters)
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Uncertainties in OP strengths

(a) 600—— (c) W. H. Press et al.
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" Cambridge University Press, 2007.
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The case of 1"Be + ¢4Zn

Adding Coulomb effects Adding complex nuclear effects
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The case of exotic nuclei

Phys. Rev. C92, 014604 (2015)

J. P. Fernandez-Garcia et al.
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Adding imaginary strength to CC calculations
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Adding imaginary strength to CC calculations

Tel /O—R,ut.h

13C+64Zn @ 36 MeV
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   U N


   U 0 = − 735 . 813


   E  red =  E  CM −  V B


   𝜒  red 2


  ( 300   μ m )

