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— First indirect measurements (2002)

Two proton drip-line: border between the last bound isotope and the
first one with a negative value of §,

_________ 30
5, <0
|

O Pairing energy: there is an extra binding energy if
the number of protons is even.
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— First indirect measurements (2002)

Two proton drip-line: border between the last bound isotope and the
first one with a negative value of §,

________________ e Vit Free
A-| > Correlated rotons /<
......... Z._JrYN---------------...Sp--.o protons P
<0 | =S e
P >
Tunnel '
"""""""""""""""""" )r effect
I-2°N
O Pairing energy: there is an extra binding energy if O The nucleus lives for a brief moment until the
the number of protons Is even. proton escapes by the tunnel effect.
15

O Quasi-bound — completely unbound



TWO-PROTON RADIOACTIVITY  thnee aspecrs

@ Inner structure
Far from stability

Vin

O Asymptotic region

Unbound system
Proton drip line

-y
" -
- .
-~
5

-------

Inner
structure

Inner
structure

-

V(1) Decay dynamics

ODecay dynamics




TWO-PROTON RADIOACTIVITY

@ Inner structure

(Near-threshold case)
Experimental input
needed to constraint
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Open quantum system
Consistent description
of the internal and
external wave
functions

ODecay dynamics
3-body Interaction to take into account
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OBSERVABLES

O Half-life O  Branching ratio O Individual proton QO Proton
2p, B-p energies angular distribution
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TWO-PROTON RADIOACTIVITY osservastes

O Half-life ©  Branching ratio O Individual proton QO Proton
2 - . . . .
P, B-p _ energies angular distribution
~—

Only possible
ith TPC measurements

®Fe, *'In, *Ni, “'Kr

First indirect measurements (1 detectors) Direct measurements (TPC detectors)
Fe, “In (GANIL 2002,2005) Fe (GANIL, 2007), (MSU, 2008); (GANIL, 2021} 88 events
“Ni (MSU 2011) *In (GANIL, 2011) and (RIKEN, 2019) 12 events
“Kr  (RIKEN 2016) *Ni (MSU, 2011) and: (GANIL,201T): 1 events

25
Agreement with theoretical models?



PREDICTIONS vs EXPERIMENTAL RESULTS
Before 2016

@ shell-model 2p removal amplitudes

L.V. Grigorenko et al.) Good dynamics (B.A. Brown) Good Structure
Half-lives and angular distributions Spectroscopic factors
GOOD agreement with //
Opp measurements H)’bl’ld model -
for “Fe GOOD agreement with

Shell model corrected half-lives (B. A. Brown et al.)

Combination Good Structure + half-lfe measurements for

Fe, %In, *Ni
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PREDICTIONS vs EXPERIMENTAL RESULTS

: . . i
Inconsistency with experimental results T . “Kr (

/ \

f?;% =
Transition between Real 2p emission-sequential decay Deformation of “Kr &fj iﬁ’p?
Semi-analytical R-matrix calculation @ Gamow Coupled (GCC)
L.V. Grigorenko et al.
Energies of the protons Half-lives and angular distributions
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NEW theory inputs!



Different predictions of angul
distributions available

Spherical nuclei
(benchmark for GCC model

Accessible (GANIL)

ar

)@

48Ni

NEW EXPERIMENTAL INPUTS

&
Doubly-magic nuclel \

Part of the only isotropic chain

with three double magic nuclei
(48Ni’ SO, 78Ni)

Only case of double magic nucleus
where the mirror nucleus

(*Ca) is stable.

easurement of “Ni two

Ca

roton angular distribution
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o /91 EXPERIMENT paooucrion
(552

LISE spectrometer
lon source

@Produced by fragmentation by a 74.5A MeV “*Ni beam (5pA) on a 210 pm thick “Ni target

O xotic fragments selected using the LISE3 spectrometer
Olmplantation in ACTAR  Ar(90%)+CH (10%) 300-400 mbar

410
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ACTAR TPC Altive TARget Time Projection Chamber

<

(TIME PROJECTION CHAMBER)

A Gas 1onisation

Particle track

Drift of 1onisation electrons
(velocity, dispersion)

Pad plane

(signal collection)
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ACTAR TPC ACtive TARget Time Projection Chamber

Entrance window

Drift region 25x25x25¢m’

Homogeneous vertical drift electric field
Double-wire field cage
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DECAY AND IMPLANTATION

)
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Time measurement
Half life
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DECAY AND IMPLANTATION

L

IMPLANTATION

: Implantation depth :

Range

oo
g

Time measurement
Half life

P, energy

Proton Angular
distribution
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THREE MAIN DIRECTIONS

O IDENTIFICATION (implantation events

Use of auxiliary detectors in the beamline

O TRACKING  (decay events

Determination of number of protons
Fitting of tracks (length-energy)

O IMPLANTATION-DECAY CORRELATION
Time window and spatial condition
between implantation and decay events

WHO?

HOW MANY?
ENERGIES?
ANGLES?

EMITTED
FROM WHOM?

38



Energy deposit (EID6) (au)

THREE MAIN DIRECTIONS

O IDENTIFICATION (implantation events e it WHO?

Use of auxiliary detectors in the beamline

x10°
; 48N .
‘of--.NL @ © Extrapolation of contours for the most
=l exotic nuclei
e ~C ] Y
SR Fe..
10
O Multi-parameter analysis
1
' x10°
8 10

Time of fligt (au)
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THREE MAIN DIRECTIONS

O TRACKING  (decay events

Determination of number of protons
Fitting of tracks (length-energy)

Signal from more than 16000 independent channels
Pre-fit (number of tracks, initial parameters)

Bragg Peak fit (10-14 parameters)

Lenght-Energy conversion
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THREE MAIN DIRECTIONS

O IMPLANTATION-DECAY CORRELATION
Time window and spatial condition
between implantation and decay events
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O
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BR(%)

] M. Pomorski et al.,, (4 events)
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COMPARISON WITH THEORETICAL MODELS

- 3-BODY MODEL @ L.V. Grigorenko et al.
 ANGULAR DISTRIBUTION
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Reproduces different
configurations of wave function
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COMPARISON WITH THEORETICAL MODELS

- 3-BODY MODEL @ L.V. Grigorenko et al.
 ANGULAR DISTRIBUTION

_ : 2p|/z
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the p-orbital

()

50



Counts per 10°

ANGULAR DISTRIBUTION

3-BODY MODEL

18F 7 [ ] This work
165 L K. Miernik et al.
1a- N\ 43% p?
- | 24% p?
12 109 o <
E é’
8 /|| =
) T
3=
%0 20 40 60 80 100 120 140 160 180
Op(°)
Occupancy of 24 % of
the p-orbital
B o\

10718
S
+
L il
& .
107 i {'
102 @
3-body
102 # This work i
B Exp (average) ||
100 105 110 115 120 125 1307
Q,, (MeV)
Occupancy of 24 % of
the p-orbital
51



COMPARISON WITH THEORETICAL MODELS

-+ 3-BODY MODEL @ L.V. Grigorenko et al.

Counts per 10°
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%Ni

Counts per 10°

3-BODY MODEL

ANGULAR DISTRIBUTION

[ ] This work
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48Ni

Counts per 10°

3-BODY MODEL
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COMPARISON WITH THEORETICAL MODELS

¢ CCD Novel calculations from $.Wang
* ANGULAR DISTRIBUTION

181 . [ This work
16[ /X% [ IK Miemik etal
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Q 10F i
% - O I T
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) I~ 5
o 6 -
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4 AN
21
0

0 20 40 60 80 100 120 140 160 180
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Only model taking into
account all aspects of
the decay!

Information about proton-proton
interaction inside the nucleus

@ .



COMPARISON WITH THEORETICAL MODELS

e (G C@ Novel calculations from $.Wang
« ANGULAR DISTRIBUTION
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Better agreement for
Vo,=100%
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COMPARISON WITH THEORETICAL MODELS

* ANGULAR DISTRIBUTION
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Need more sensitive experimental
inputs
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COMPARISON WITH THEORETICAL MODELS

48Ni e (5 CCD Novel calculations from §.Wang
« ANGULAR DISTRIBUTION
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COMPARISON WITH THEORETICAL MODELS

(S) ZIL—L

8N e ( C@ Novel calculations from $.Wang
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Need more sensitive experimental
Inputs

Better agreement for



The comparison of with GCC novel calculations confirms
the characterization of Vi for *Ni and *“Fe.

G
&
The comparison with existing 3-body model predictions indicates
the shell closure of the f;, orbital (*Ni) and an occupancy of 24% of the p-orbital
3-BODY for F
MODEL '

\
e ,‘/ \\
N N
\ @
UL \,—‘ m
AN

1

Interpretation and experimental discrepanues are found when studying the other observables for
“Ni and “Fe respectively, showing once more the complexity of the description of the two-proton
emission process.
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G

Further measurements for “Ni

Two proton radioactivity of ’Kr

Two proton radioactivity for other candidates in future ('Sn region)
Two proton radioactivity from excited states

65



(EXPERIMENTAL) PERSPECTIVES
Wy

Higher counting rates (nuclei
to produce are less exotic

- ?%BN Candidates for [3 direct two-proton
g n emission (E791 experiment)

® Feeding by B decay-]

® Population by reaction

66



Higher counting rates (nuclei
to produce are less exotic

@ Help for the understanding of two-proton

emission from ground state
Are the protons correlated in the same way in the
nucleus?

What is the influence of the Coulomb barrier in the
angular correlation?

Do the proton share the energy in the same way?
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A A

The main observables of the 2-proton emission decay process: half-life, total energy of the decay and energy

and angular correlations have been measured for *Ni and *Fe recently in an experiment at GANIL 2021
using ACTAR TPC

Simin Wang
@ The comparison of with GCC novel calculations confirms the characterization of Vi and
; the predominant diprotonlike structure of the emission.
The comparison with existing 3-body model predictions indicates the shell closure of the

3.800V MoDEL i orbital and an occupancy of 24% of the p-orbital for “Ni and “Fe, respectively.

Interpretation and experimental discrepancies are found when studying the other observables for *Ni and
“Fe respectively, showing once more the complexity of the description of the two-proton emission process.

FURTHER THEORETICAL AND EFFORTS MAY BE NEEDED

* Further measurements for 2-proton ground state (confirmed) emitters
“Ni, **In, “'Kr and higher masses candidates
* Complementary studies from two-proton emission from excited states

)
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