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Neutrinoless double beta decay**
2 [(m,,) 2 Nuclear Double Charge Exchange reactions (DCE) to
oV (0" - 07) = GOV|M0vﬁﬁ| o stimulate in the laboratory the same nuclear ¢ — N
T1/2 A m, transition (g.s. to g.s.) occurring in Ovpf —
**E. Majorana, Il Nuovo Cimento 14 (1937) 171 N “ F. Cappuzzello et al., EPJ A (2018) 54:72
W. H. Furry, Phys. Rev. 56 (1939) 1184
Why?To extract “data-driven” information on NME for all the systems candidate for Ovpp: </’

* Constraints to the existing theories of NMEs (nuclear wave functions)
* Model-independent comparative information on the sensitivity of half-life experiments
* Complete study of the reaction mechanism

Catania, LNS-INFN

e K800 Superconducting Cyclotron
* MAGNEX magnetic spectrometer
e Experience in nuclear reactions
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The Theory of Heavy-lon Double-Charge Exchange

F. Cappuzzello et al., Progr. Part. and Nucl. Physics (submitted)

DCE cross section is a combination of three different reaction mechanisms

e One-step DCE - Majorana like reaction mechanism (°0,0)
(MDCE): relying on short range NN correlations, leading []oce
to the correlated exchange of two charged mesons | [sce
between projectile and target Me-r
H. Lenske et al. Progr. Part. and Nucl. Physics 109 (2019) 103716 |:| p
H. Lenske, CERN Proceedings 2019-001 (2019)
E. Santopinto et al., PRC 98, 061601 (2018) |:| n-n
 Two-step DCE - Double single charge exchange (DSCE): [n

two consecutive single charge exchange processes

J.1. Bellone et al., PLB 807 (2020) 135528
H. Lenske el al. Universe 7 (2020) 98

e Multi-step nucleon transfer and SCE (transfer defined by
mean-field dynamics, its contribution can be tuned by

kinematics conditions)

J. A. Lay et al. JoP: Conf. Series 1056 (2018) 012029
J. L. Ferreira et al., PRC 105 (2022) 014630 (**Ne,*’Ne)

A. Spatafora - 13t International Spring Seminar on Nuclear Physics — Sant’Angelo d’Ischia, 17t May 2022



The Experiments

J. L. Ferreira talk

The pilot experiment
40Ca (120, 1¥Ne) “°Ar @ 275 MeV

Experimental feasibility
M. Cavallaro et al., Front. Astron. Space Sci. 8 (2021)
S. Calabrese et al., Phys. Rev. C 104, 064609 (2021)
J.L. Ferreira et al., Phys. Rev. C 103 (2021) 054604
DCE NME extracted for “°Ca in
F. Cappuzzello et al. EPJJ A (2015) 51:145
Further theoretical developement in
J. Bellone et al., PLB 807 (2020) 135528

Two directions: BB via (*°Ne,?°0) and BB* via
(180’18Ne)

Complete net of reactions which can contribute
to the DCE cross-section: 1p, 2p, 1n, 2n transfer,
SCE, elastic and inelastic

Two (or more) incident energies to study the )
reaction mechanism .l e Theoretical test-bench
.‘-\ <
=== 180 + 2C @ 15/22 AMeV
i - , )
Transitions of interest for OvBp: Limited number N U M E N As Multi cI;anneI approach prr:'ed S
of targets in phase 2, systematic exploration of all to the experiment and theory
the targets in phase 4 MGe | 5Ge | Ge
J. L. Ferreira talk

D. Carbone et al., PRC 102, 044606 (2020) A. Spatafora et al., PRC 100, 034620 (2019) M. Cavallaro et al., Res.Phys. 13,102191 (2019) | A. Sgouros et al., PRC 104 (2021) 034617
S. Calabrese et al., NIMA 980, 164500 (2020) L. La Fauci et al., PRC 104, 054610 (2021) V. Soukeras et al., Res. Phys. 28, 104691 (2021)
D. Carbone et al., Universe 07, 58 (2021) I. Ciraldo et al., PRC 105 (2022) 044607 D. Carbone et al., Universe 07, 58 (2021)
S. Burrello et al. PRC 105, 024616 (2022) .
J. Ferreira et al., PRC 105, 014630 (2022) I. Ciraldo talk
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The 130 + 12C network of
nuclear reactions @275 MeV
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The 120 + 12C network of nuclear reactions @275 MeV

Why study 12C? It is the best candidate to test:
; e Known nuclear structure * Nuclear reaction models
- '  Nuclear structure models
w3 g 12g 13g * Low level dgn5|ty Py ) ‘ : ®
J> * Deeply studied nuclear systems Coherent approac
10Be HBE 1zBe . .
One-step direct vs two-step sequential
. : : ®
Nuclear collision Reaction channels Many purposes Main purpose
El. & Inel. scattering Initial State Interaction I
12C(180’ 180)12C I

180 + 12C @ 275.3 MeV

1p-transfer
12C(180, 19|:)1lB

Single particle properties involved in the pn ed np

sequential charge exchange All the reaction channels in a

full-comprehensive and
coherent approach.

2n-transfer
12C(180, 160)14c

Pairing correlations

single charge exchange
12c(180’ 18F)1ZB

Nuclear responce to isospin operators involved in
direct charge exchange
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12C(18Q,8Q)12C — Elastic and inelastic scatterin
i 9
- Initial State Interaction :
Gzc Be | ue P ———— Coupling scheme
Optlcal pOtentlaI Chamon, L\./C. et .al. Phys\.NRev. C'66, 014.610.
"B [ "B | "B Coulomb Votr k) = MBI 62 YT ket BO(07) + 2C(37) O 0.6 MoV
coupling c(r.k) = M(Ek)e (2k+1) x 1
10Be | UBe | 2Be . 8, dU(r) 180(2?) + IQC(QD i if: \,\'6.42 MeV
Nuclear coupling Vy(r k) = _\/T_ I ]
T _ . : :: I’/‘\\
180(37) + 12C(07) b 15,10 Mev
— g 11 1 : 1 I’,’_\\
g 40 a 2c(B0,%0)C M(EK) from PO(0F) + Pe@ef) LAk Moy
400£- ﬁ > < <6 experimental data R, o HIPN
00 1k s B I
~50E = 1.98 MeV BO07) + BC(07) i b 0.00 MeV
- N 4.44 MeV
200 = 5.10 MeV
= I 6.42 MeV
150E- 5 9.64 MeV
1005 : | oer st 2* and 3" states of both
= —_— tota . . n 12
505 FA o2 projectile and target are @ | D3 symmetry in 22C
C = ks ifiii;:” " S O}. 000,00
14 16 relevant F. lachello talk
E, (MeV)
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12C(180,18Q)12C — Elastic and inelastic scatterin
/ g ®  Exp. Data
L] [ ] L DM
1.E+03 ¢ CcC
g Sao Paolo Optical M(Ek) from
1E+02 | 12C(*80,180, )12Cy s Potential experimental data = = -CRC
- : 1E+03 ¢ 1E+03 ¢
SLE+01 N ;
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°C(*0,"70)3C - One-neutron addition

R“O,"D) E 6{][}_
2C %C e g B | 12~ 18 ~ 17~+13 ~
= n | C(70., 0)°C
Large-scale shell-model (psd-mod) = 500~ | . i
. . N <0 <
ng | g | g Spectroscopic amplitudes - > 3. 1ab 3.9
N. Shimizu et al., Comp. Phys. comm. 244, 372 (2019). 400— | .
n | E., =275 MeV
l()Be "Be lZBe 3{]{}__ |
T.686 (3/2+) ) E'DD:— | '
Final State Interaction: f A - |
. i AT (5,2 ] '.'. . - .
couplings are needed h 7547 5/ 3'”!;: ' 100
‘I: Il'JJ I Il H : N :
JAl 7-mzmz+“j,;i I L
J"ﬁr ‘l: - ey H‘: - B
- N Hhiy
5.007 (3°) £ 3.055 (1/2) 0.642 (3°) Ul esea (521l 0 2 4 6 8 10
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A B N T IR
I 1\ I i:'r..}: L ||.~: :
| b |_r4-,.,,:+\’J e . . . .
1982 (2+) N s agen 4440 (2+) CECY sy | e ISI fro.m elastic and inelastic scattering data
XN A A : N A e FSlusing SPP and shell-model M(Ek)
! \.’;‘};}fn | : "3 3089 (1/2H) iy e DWBA/CCBA/CRC reaction calculations
I 'I'\I:I I 11 .":-'I,)I [N} . .
0.000 (0*) s o000 gyl 0.000 (0+) 2T o0 (1) * Shell-model spectroscopic amplitudes
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15-}0 ITD I'.EC ISC
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Key information one-nucleon transfer data
* Good description of the data
e DWBA-CCBA/CRC equivalence: dominance of the

— One-neutron addition single particle configurations

1.E+02
% LE+01 12C (180 170)13C - 3.08 M
2 - 3. eV
1.E+02 € 1.E+00 (F0.70)
120(18() 17 13 S 1.E-01
51.E+01 C(*0,"0y)Cy s e
£ LE+00 ® L eas i Oen (degrees) TR
S 1.E-01 -
3 LE+02 2 10 15 20 25 30 35 40 45
S 1.E-02 =
0. (de & 1.E+01 12C(180,17O)13C - 3.85 MeV
om. (degrees) S
1E_03 L v g L1 Lo élE'l'OO
5 10 15 20 25 30 3 40 45 g 1.E-01
1.E+01 ¢ - ~ =
: 120 (180) 17 13 s LED Ocm. (degrees) °-
€1E+00 C( O’ 00870) Cgs 1E_03 AN T T T T T T T T T AT T T YT T I T T T A YT N T B
= 5 10 15 20 25 30 35 40 45
= 1.E+02
= 1.E-01 | ~
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GPV Previously observed at 84 MeV incident energy / ;‘m’
F. Cappuzzello et al., Nat. Commun. 6, 6743 (2015) 5 %m .
BN

12C(®0,°0)*C - Two-neutron addition

(%050 N—

¥
12C 13C e 100 "
] {.*9 3 ﬂ} J3C(lso1lsmtscuw o of
100 * - iy
g 2B 138 f %} 1"} $ L=0 VO ’
10 11 12 1‘0‘.,..: o \\.:‘1 1wersie*
Be Be Be 10’3 "\ "“: o Qe ¥y
10 |
g 1 1'“”. DC(]HO>150)MCGP\,.- ,_/(ZOO/OE_ IZC(180,160)14C
S ad ) F
"E 10 ; 2% A [ =0 1800:— 32°< 0 <6.2° GPV
E 10 2 bt Qﬂﬁ 1600 e
WORK T 100 Py
5 10 12000 E,, = 275 MeV
| PROGRESS 10™ 1000E 2 67
107 te, " “eo 0’ c,, 8002— 5
5 t o, L=0 600F
Several angular distributions to 10 ! 1 t 400( 3
analyse using the tested ISI and 107 ﬁ H t 200
SAS -5 X I . | ! | P, S ™ o N
10 0 10 20 30 40 0 5 10 15 20
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2C(18Q,®F)"B — One-proton removal
/ _
22000 |
= = 18~ 197y
e | BC | uc 21800 2C®0,"F)'B |
] C o o
= < <
,:El Large-scale shell-model (psd-mod) 1600 44 elab 4.6 |
‘é . . -
ug g | 1 | Spectroscoplc amplitudes 1400 E,., = 275 MeV |-
N. Shimizu et al., Comp. Phys. comm. 244, 372 (2019). - )
1200 = exp. data | ?j_
10Be 11Be 12Be 1000; pzzllg | §
Final State Interaction: 800[- ieak3 |
couplings are needed 6001 peakd | S
o ” 400 |
2.780 (9/2+) 5.020 (3/27) - |
S L5 (3/2) /i - = e
S 0 2 8 10
5.007 (3 S 1458 (3/2) 0,642 (3-) JoU A (5)2) E. (MeV)
A A
WL 1345 5/2) W . , : :
i A * ISl from elastic and inelastic scattering data
1.082 (2+) 2\ 0.197 (5/2%) 4.440 (2%) 4 2124 (1/2) e  FSlusing SPP and shell-model M(Ek)
Y N : :
WA 0110 (12 Y e DWBA/CCBA/CRC reaction calculations
|.;'Illx'h* i L/ II l'x".l'.' . .
FA  Shell-model spectroscopic amplitudes
0.000 (0+) : Yy 0.000 (1/2F) 0.000 (0+) Yy 0.000 (3/2-)
I%O ]'i}]_: IEC “B
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12C(®0O,®F)"B — One-proton removal

Key information one-nucleon transfer data

e Good description of the data for most transitions

e Mixing of single particle and core polarization
configurations

1.E+02
Ql.E+01
=1.E+00
S 1.E-01
©
S 1.E-02
1.E-03
1.E+01

.E+00

?_r)

do/d<2 (mb/

o1

1.E+01
i 120(180) 19F)I1R -
: - \C( O,"F)B - peakl 1 E+00
i = E,., = 275 MeV
] 1.E-01
E « Exp.Data --- DWBA o | 1.E-02
- —CCBA ----CRC
I T T O T T T T T T T 1.E_03
5 10 15 20 25 30 35 40 451. £401
12C(180,1°F)1B - peak3 |1 £400
— 1.E-01
e LE02
i 0., (degrees) E
l [ R A E N R R R B B R B R L1 1E_03
10 15 20 25 30 35 40 45

o 10 15 20 25 30 35 40 45
., 120(18(0) 19F)11

:T.‘:“‘"»..C( O,”F)*B - peak4

B 0., (degrees) el

5 10 15 20 25 30 35 40 45
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Choice of the reaction calculation model: quality factor

Quality factor
1 Total average
QF =
1+ |1 5220 DWBA 0.63
exp(6)
. CCBA 0.72
Ml & inel © one-neutron Mone-proton
5 080 67 170 0.708:220 69 0.69,0.72
£ 0.63 6] — Lt
1= i
= 040}
= i Not crucial to include CRC
0.20{
| effects
0.00 " ' :
DWBA CCBA CRC
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12C("80,'8F)"?B - Single charge exchange
oo T A4 s pn-transfer SCE
e | ved e Al —.1 transition: ———
£ A%sﬁ E isolated! g | M 672)
_]31? 12¢ 2,134 MeV¥ _ (1/2) 12g
1\:;11 Y I_ sl 0.000 MeV _ (3/2-)
B B B 3
S We can performa g ( % E
wge | 1ge | 12Be comp!ete study of. the v rop | Gt = - >
reaction mechanism o0 (12
2 229 DIRECT SCE
2 200 2C(0.°F)UB 3 SDR! 12¢ D 12
© 180F 8°<@ <10°2 — >
- lab Sl 4 GDR+SDR+VGQR [ tﬁﬁ:ﬁ
160F- " { p— 5 N
140E- " ﬁ} } lH ﬂﬁ h]ﬂ 150 w 18
120 3 y ﬁ H}H [}” ”H{ H } Hﬂiﬂj {] np-transfer SCE
100E 2 [ H H] 1{} | H H 3858 MeV — T572%)
SOE- }”H }#‘] } { 12c BC % 128
60 1 1 i #ij Y aoomev us) | 4N P o
o o Bt E,., = 275 MeV : ( 1
20 e s ____ >
. l[|:II [T 2| L1 L!‘ L1 é L1 é L1 1|{::I [ 120 - 170) % 18F
[1] S. Nakayama et al. Phys. Rev. C 46, 1667 E, (MeV) 2000 ey 15/2+

A. Spatafora - 13t International Spring Seminar on Nuclear Physics — Sant’Angelo d’Ischia, 17t May 2022



2C(®Q,'8F)"“B — Single charge exchange

2
C ¥

e i 1|
m

=z

N
‘ (180 ’1 TOp

12 13 14
_ C (fé CE C
2 ‘%}_ 130
\z‘iuB 12g 7| 13
(F,'°F)
IOBe 11Be 1zBe

TWO-STEP SEQUENTIAL TRANSFER SCE

f("o,“oy
IZC IJC 14C IIC 13C MC

IZB 13B

@ \

El
180
ug 2 1R

llch "BC IZBE I"BC lch IZB(‘.

Two-step SCE results from the coherent

sum of pn and np transfer components.

2y

Large Model-space and complex coupling-
scheme!

Large-scale shell-model (psd-mod interaction)

Spectroscopic amplitudes
N. Shimizu,T. Mizusaki, T.Utsuno et al.,Comp.Phys.comm. 244, 372 (2019)

ONE-STEP DIRECT SCE

llC ISC 14C

ug 12 13

ll]Be "Be lzBe

QRPA form factors

H. Lenske et al. PPNP 109 (2019) 103716

shell-model form factors

A. Etchegoyen et al. Nuclear Physics A397 (1983) 343 364

How to take into account
the CC effects? CCEP!

M. Cavallaro et al. Front. Astron. Space Sci. 8, 61 (2021)

5\! ORK
{ PROGRESS
= :u‘-'-;-'—'l"u atd

=}

CCBA in progress
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12C("80,'8F)"?B - Single charge exchange
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12C("80,'8F)"?B - Single charge exchange
lzc(uomi)sc | e AOcon. sum _ A0girect + d0sequential +2cosé d0girect |A0sequential
1 ] Q0 Q0 Q0 a0 Q0
‘\%113 _hl\zB 1 1
[ Hypothesis: constructive g 1E+0
Be | "Be | 12Be interference (§ = 0) LE+00 12C(180’18Fg.s.)128g.s.
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S 200E  0(0 8RB 3 SDRI1 LEOL ¢
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:Egi— : fab 7 E 4 } GDT{SDRHVGQRHI E/ 1.E-02
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JoF- l}ﬂiiﬂE - —sequential (shell-model - CCBA)
E‘Eé"lzl"lall"'élllélllllﬂ" LE06 Lot e e
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2C(®Q,'8F)"“B — Single charge exchange

A

AR P
B WORK
mm’\ . PROGRESS

l(]Be "Be IZBe

SA and OBTD from the same nuclear
structure model

Same s. p. wave functions to construct
the transfer and sce form factors
Coherent reaction calculation
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12 18N 18 12
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LE-04 |
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Conclusions: The 180 + 12C network of
nuclear reactions @275 MeV

Experimental results:

e Large set of experimental data: 5(+) reaction channels, tens of angular
distributions

 Good quality: energy and angular resolution

Theoretical results:

e Study of the Initial State Interaction

e Single particle properties of the involved nuclei

» Test of reaction and structure models: good agreement!

Perspectives:

 Form factors and spectroscopic amplitudes: same structure model!

e Study sequential vs direct in single charge eschange reaction mechanism
e Apply the same mehod to all the other NUMEN cases
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Thank you for your attention!
alessandro. spatafora@lns infn.it




Data reduction: Particle identification

NUMEN

Z identification
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Data reduction: Particle identification
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Data reduction: Particle identification
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S
The MAGNEX magnetic spectrometer LN St

P Ll /1 Measured resolution:
Energy AE/E ~ 1/1000
Angle AB ~0.3°
Mass Am/m ~ 1/300
 We have measured in a wide mass range (from

protons to medium-mass nuclei)
« Measurement at zero-degrees

N\
Trajectory for Y

180 beam

Optical characteristics Measured values

Angular acceptance (Solid angle) 50 msr

Angular range -20° - +85°
Momentum (energy) acceptance -14%, +10% (-28%,+20%) Tar:Et
Momentum dispersion for k= - 0.104 3.68 cm/% peam
Maximum magnetic rigidity 1.8Tm

F. Cappuzzello et al., EPJ A (2016) 52:167 DIPOLE QUADRUPOLE

M. Cavallaro et al., NIM B 463 (2020) 334
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Data reduction: Trajectory Reconstruction
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F. Cappuzzello et al., EPJ A 52 (2016) 167
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