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about radioactivity

an story started 120 years ago
> 1895 discovery of X rays
> 1896 radiation from Uranium
> 1898 a and B emissions
> .. development of the atomic
nucleus description
theory of B radioactivity
1932 discovery of the neutron
1934 artificial radioactivity (B*)
1938 spontaneous fission

VVVV

what is radioactivity?

W. Rontgen @
H. Becquerel <§© ®%
M. Curie, E. Rutherford G% @

ol B
W. Pauli, N. Bohr, ... @ o@
¢
J. Chadwick %©

|. Curie, F. Joliot o
L. Meitner, O. Hahn, R%%Fris % Strassman

spontaneous transformation of the atomic nucleus into a more stable system

—> like any system in physics

release of (energy| € gain of stability

T

mass
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the valley of beta stability

binding energy

fraction of the mass of nucleons &
to bind them together Qéz' &
N
mass (excess) N A
L S
> o
¢ &

binding energy
(mass defect)

B(A) = (Z m,-> —m

A

=m(4Xy)—A-u
N neutrons
Z protons
A=N+12
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the valley of beta stability

binding energy: Bethe-Weizsacker

B(4,Z) =a,

_aso

_ac.

_aao

+a,

+ shell effects (magic numbers)...

- A volume
2
A3 surface
Z(Zl_l) Coulomb
A3
_ 72
(N 1Z) symmetry
A3
A2 pairing




the valley of beta stability

binding energy: Bethe-Weizsacker

B(A,Z) =a,-A volume
2
— ag- A3 surface

a,- zzl—1) Coulomb

symmetry

+a,-A" /2 pairing

+ shell effects (magic numbers)...



drip-lines: the frontiers of the table of isotopes

binding energy: Bethe-Weizsacker
B(A,Z) =a,-A volume
2
— ag- A3 surface
Z(Z-1)
a'/3

_7\2
@aa g 1/2) symmetry
A3

+ a, A2 pairing

— Q.- Coulomb

+ shell effects (magic numbers)...

drip-lines
B(A,Z2) <0

unbound / nuclear force B\\\\1
/ 6‘\9\

4
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.0“
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towards the proton drip-line

B decay (B*/EC):

¥+1Xb

- spectroscopy and
neutrons nuclear structure
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towards the proton drip-line

B and B-y decays

o
,{,Xa \>-<5_
0 )
@4
E
Z-1
N+1Xb

- spectroscopy and
nuclear structure

- precision tests of weak
interaction

B*/EC decay energy: Q. ~ few MeV
proton separation:  S,(Xb) > Q.. (B/A ~8 MeV)

“{BENBG ). Giovinazzo On the Tracks of Two-Proton Radioactivity GDR RESANET - 15/03/2021



towards the proton drip-line

B-delayed proton emission

IAS

QEC

£riXc (+p)

“HL v

)
=
Q

v

Z—1Xb
Q. increases N+1 B-delayed proton emission:

Sp(Xb) decreases - nuclear astrophysics
- gamma / proton competition

proton transitions: precise probe
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towards the proton drip-line

B-delayed multi- proton emission:
- rp-process waiting points
- search for direct 2P emission

\
V4
vXa

QEC

FiiXd (+2p)

zZ—2
- N+1XC€ (+p)

S,,(Xb)

¥+1Xb

- often the only access to very exotic isotopes
- complex proton emission patterns: level densities & statistical aspects
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towards the proton drip-line
unbound with respect to proton(s) emission
Sp(Xa) <0 and/or S,,(Xa)<0

2p

V4
1p vXa
77—
ZXc vXb
_|_
(+2p) (+p)
protons neutrons

£23Xd (+2p)

FriXc (+p)
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On the Tracks of Two-Proton Radioactivity

/. g what is two-proton radioactivity?
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first theoretical predictions

1960 ON NEUTRON-DEFICIENT ISOTOPES OF LIGHT NUCLEI
AND THE PHENOMENA OF PROTON AND TWO-PROTON RADIOACTIVITY

V 1 GOLDANSKY
P N febedev Phvsical Institute, USSR Acaldemy of Sciences, Maoscow

Received 14 March 1960

Abstract: Applcation of isobaric mmvanance princples to light nucler leads to a very simple
relation between the Z-th proton binding energy Ep 1in nucleus | (zMx4) and the Z-th neutron
binding energy L, 1n the miror nucleus 2 (yMgz4) With an accuracy of the order of a few
per cent their difference Epp — Ey; = 1Ep, 1s independent of N for a given Z and 15 given by

Z—1

(2Z—1)%°

which 15 more correct than the usual expression 12 (Z-— 1}/(Z 4- N — 1)1 By exploiting

this fact one can predict the exastence and properties of almost ninety new neutron-deficient

1sotopes of light nucler {up to £ = 34) and establish the limits of stability of the 1sotopes with
respect to decay with proton emussion Among the specific properties of neutron-deficient
1sotopes, proton and two-proton radicactivity effects whick may occur are of special interest

Some nucler are indicated in which these effects may be cbserved The main features of a

verv_curious phenomenon of two-proton radicactivitv are discussed

ALgp & En(M7) — Ep(;M¥) ~ 12

TWO-PROTON RADIOACTIVITY THEORY

V. M. GALITSKY and V. F. CHELTSOV
Physical Engineering Institute, Moscow

Received 20 October 1963

Abstract: A method of studying two-proton radioactivity is offered. The method is based on the si-
milarity of the problem with nucleon pairing in spherically symmetrical nuclei. The method is
applied to the case when the quasi-stationary one-proton level has no orbital angular momentum.
The total probability of the decay per unit time and the distribution of the emitted protons in
directions and relative energies are obtained.
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first observations
1970 ot ,"g{“

proton radiantivity
(from an isomeric state)
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first observations
1982 N\

1%
o™ per 19 ‘
Wt

. ?Xf’“(; o e
ground state e
proton radioactivity L
et OT15
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quasi-(un)bound nuclei
at the proton drip-line

time scale of nucleons
motion ~10™2% s

radius

energy

nuclear potential
(strong int.)

proton drip line
(w/r nuclear interaction)

energy

A+2,Z2+2
A+1,Z+1
(+p) AZ

(+2p)
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quasi-(un)bound nuclei

t Coulomb (+ centrifugal) at the proton drip-line
’{\barrier o
o <%
> S
> radius o
2 N
T} . O
nuclear potential S
. D o
(strong int.) bzb
N
\ if Coulomb barrier is larger than
proton separation energy
"""" - metastable state
b>.b _\_
5 p then tunnel effect
[ . o o
E -> 1-proton radioactivity
A+2,Z2+2
A+1,Z+1
(+p) AZ
(+2p)
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quasi-(un)bound nuclei
at the proton drip-line

illustration of odd — even effect:
- stable isotopes

- drip-lines
) pairing effect
. A
m IIIIIIII
a " |
S . A
A+2,Z2+2 )
A+1,Z+1
(+p) AZ
(Z is even) (+2p)
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quasi-(un)bound nuclei
1 Coulomb (+ centrifugal) at the prOton drip-line

’{\barrier

v

radius

energy

nuclear potential
(strong int.)

S

pairing effect

A = &  ——
. Q

v

radius

energy

% - S
% 2p A v M
A+2,2+2 N .
A+1,Z+1 even-Z isotope
(+p) AZ 1 proton emission forbidden
(2is even) (+2p) (so called “true” 2P radioactivity)
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why studying this process?

ground-state 2-proton radioactivity

= drip-line and masses (beyond the « drip-line »)
transition Q-values

- nuclear structure
energies, half-life, levels configuration

- pairing
correlations in energy and angle of emitted protons

=> tunnel effect

theoretical descriptions A

the emitted protons carry information
on what’s going on inside the nucleus
the 2-proton radioactivity mixes
the structure (wave functions)
and the (decay) dynamics

energy
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On the Tracks of Two-Proton Radioactivity

loops between theory and experiment
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initial predictions
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First calculation by V.I. Goldanskii (1960s)

- simple potential model

- based on masses differences
(mass predictions)

- tunnel effect

barrier penetration of a 2He
particle vs. simultaneous
emission of 2 protons

4.1)
14
(2-4)
(—0.1)
2.7
0.18) 0.4
1.8
0.68) (—0.3)

2.9)

1o

(—0.3)8) (2.9)
(~1.3)8) 1.1

energy sharing
— equal sharing between protons

discussion of the splitting of 2He into
2 protons along r axis

18
18
2.3
2.3
2.7
1.38)
2.3
0.6—0.88) 2.3

2.0

2.0

2.58) 1.7
1.78) 1.7
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the most promising
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search for candidates

Q,,>0 and Q,<0

(mass differences)

most exotic nuclei
nothing is known |

J

only mass predictions
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search for candidates

102
100
1072
107
1078
108

10-10

Tunnel half-life (s}

10712
1071

10-15

simple 2He tunneling model

Fape & Antony
Moeller & Nix 7
Moeller et al 1
Comay, Kelson & Zidon -4
Tachibana et al 4
Masson & Janecke
FRDM

ETFSI 1
Ormand .
Ormand 2 -

= T1/2 = 1(Qyp)

“Ni
if Q,, too high

= tooshortT,,

courtesy of B. Blank

A
I

11 < 4

Cole

Mazarewicz et al.
Erown

Benenson ]
to observe 2p radioactivity -

- to observe “Ni -

if Q,, too small
= tunneling too slow:
B* dominates the decay

FdOrEe +xIOFO0

| ¥ T

; += -
| emission too fast o -

",@EN BG J.Giovinazzo

1.5 | 2‘I0 2‘I5 3.I0
A value Q,, (MeV)

35 4.0
mass region A~50

(already foreseen by Goldanskii)

P Coulomb barrier high enough (Z = 20 to 30)
P half-life 1 us ~ 10 ms
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a difficult experimental access to the drip-line

-> very exotic nuclei
- very short half-lives (~ms)

how to produce nuclei
far from stability?

target spallation + ISOL separation
high energy projectile (proton
thick target = extractiop ro@tot get
separation & purificati n.oo
collection & detection
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a difficult experimental access to the drip-line

Kr “_&
-> very exotic nuclei - .::.‘—
- very short half-lives (~ms) Zn ML
Ni ..-/‘fj*~: .
how to produce nuclei FollM_ | ————

—
— b—

far from stability? cr &g ~———
=L g
transtg exchange —LL[7/ ‘/-/:'_.l |
fusio 2 '

target spallati@ﬂ separation ,
projectile fragmentation ‘7{

@ high energy and intensity ion beam (LISE @ GANIL)
@ (o)

fragment separator (charge and mass)
implantation identification & decay
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projectile fragmentation facilities in the 1990’s & 2000’s

GANIL / LISE \A‘\ GSI / FRS

95 AMeV i s && 600AMev

NSCL / A1900 Y
160 A-MeV RIKEN / BigRIPS
350 A-MeV 4

(@'Y - KSOO 14

ion sources

coupling

stripping
foil
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experimental exploration...

]
14]

2

=
i)
X

0

2
L]
B. Blank et al. PRL77 (1996)

nuclear charge Z
[
o]
s ]
Zz
|

650 fxi.:

I
L&)
—
¥
|

-
=
T

6500 Mate

Energy loss (MeV)

42C r ) ) ?fla-.-‘.' . . ) _: .

23 I Ll P P R R U B
1.7 172 1.74 176 178 1.8 1.82 184 1.86
mass—to—charge ratio A/Z

550 [N

first observation of *°Fe
GSI / FRS (1996): 3 events

B. Blank et al. PRL84 (2000)

TTa2s 45 475
Time of flight (ns)

first observation of 43Nij

Nno measurement
GANIL / LISE (1999): 4 events

of the decay modes...
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first observation: the case of *°Fe

at GANIL
high intensity primary >8Ni beam: 5 puA
LISE3 separator

p ®

2

=4

g

)

-

o

o

o

o
I

5000

I | [ B
6000 7000 8000 9000 10000
temps de vol (a.u.)

Fe
few/day

implantation in a thick silicon detector

decay after few milliseconds
e proton(s) stopped in impl. detector
- full energy deposit
e beta particles escape
—> partial energy loss
—> possible signal in other Si detectors

t@g NBG J. Giovinazzo
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first observation: the case of *°Fe

-

o

o

o

o
I

8 =~ [22] [{=]
o o o
o o o o
o o o o

perte d’énergie (a.u.)

5000

I | L ey
6000 7000 8000 9000 10000
temps de vol (a.u.)

competition of decay modes
2 proton emission 4 B-proton(s) emission

energy

44\n 4 P 45Fe
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first observation: an indirect signature

experimental information: Qp, Ty,
- no B coincidence (>99% C.L.)
- no AE; pile-up (peak 30% narrower than Bp)

- daughter decay half-life : “3Cr

65— I
- s t<15ms Jlﬁ 2-proton transition
24r i |e,=11aE) Mev | L 21,

ol ! EWHM = 0.06 MeV o112
gl th: |11 1l
20 x
22_ \"1>15ms
c
=
811
3_
0 | || 1 I 45Fe
o 1 2 3| T,,= 4754ms
enerd £ 5
J.G. et al. (PRL 2002) .2,
31
0 | 1 1
0O 10 20 30 40 50 60 70 80
decay time (ms)

J. Giovinazzo

“BENBG

L

energy

Ber+2p

500 : ;:p“& ¢
A pp: Ycr
* pop: Sy
- 200 v p3p: 4o v
E @ Bhp: YSc
2100 @ ppa: “Ti
= *
i& 50 N @
axp.
SR #5Fo daughter half-lives
45Fe 10 1 1 1 1 1 L L L L 1 1 L
N\ 2 J B B2 B3 PBip Ppn
as Pp.B2p, ...i energy

Qgc= 18.7 MeV

45Mn
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experimental confirmation of the 2-proton radioactivity

indirect signature: no observation of individual protons
only scenario explaining the measurement

2002 2P decay of “°Fe: at GANIL / LISE and GSI / FRS

2-proton radioactivity
is found...

not enough for

understanding
the process
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experimental confirmation of the 2-proton radioactivity

indirect signature: no observation of individual protons

2002

2005

2016

“{BENBG ). Giovinazzo

only scenario explaining the measurement
2P decay of “°Fe: at GANIL / LISE and GSI / FRS

based on the same experimental technique
(indirect observation)

2P decay of 5*Zn at GANIL / LISE « 'J'EE
indication of the 2P decay of “éNi

(confirmed later...) seleal |
Ges®| |
2P decay of 6’Kr at RIKEN / BigRIPS Zn -___ ﬁ
Ni .__‘_J_A___ \—
Fe 48] |
Cr i?_l ’ ] ,
J_J_J,_,___.ﬁ__
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a very limited information for theory...

experiment: half-life (T,,,) and transition energy (Q,,)

models based on nuclear structure

diff;
R-matrix formalism flCu[ aSk
- Barker & Brown approach $ .
- include p-p resonance Unbo
- shell model wave functions "Ole of Nq System
S
shell model embedded in the continuum (SMEC) the COn . ates n
- tentative approach from Ploszajczak & Rotureau $ 3 b anum
Ody
S
(Core .yI.Stj
P
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a very limited information for theory...

experiment: half-life (T,,,) and transition energy (Q,,)

models based on nuclear structure

R-matrix formalism 106 ————————————————
- Barker & Brown approach ? 10
- include p-p resonance 107 £
- shell model wave functions Oy
10-18 3
shell model embedded in the continuum (SMEC) E : 5
- tentative approach from Ploszajczak & Rotureau = 0" '__‘\j
L F 10-2
= no dynamics 079 o
limited comparison: T, ,(Q,;) ol
(with Q,p taken from experiments !) Ul 1
100 105 10 1B 120
Egp (MeV)

3-body model
- core+p+p system (hyperspherical harmonics) T1/2 = f( QZP)

- good dynamical description
- no intrinsic structure prediction
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3-body model: correlations predictions

developed by M.V. Zhukov & L.V. Grigorenko

3-body Schrodinger equation

solved in hyper-spherical
harmonics basis

&
[72]
Q
el
=
o A 2
Lﬂ £ Iffw h .W:‘ [y
= G
& >
{; i
i " —— Wi(p)=98%
-~ W(p)=T2%
...... W(p) =43%
—_ ——m W(p) = 24%
mf“ ———— Wp) = 10%
__ . 0.5 T Wip) = 2%
prediction of distributions for 3 R
- energy sharing between protons 3 o
- proton-proton angular correlations
0.0 e S
. . . 00 02 04 06 08 1.0
sensitive to involved orbitals E./E,

‘;@ENBG J. Giovinazzo On the Tracks of Two-Proton Radioactivity GDR RESANET - 15/03/2021



3-body model: correlations predictions

developed by M.V. Zhukov &

L.V. Grigorenko

o |

IITII - :A

d ! d(E 1E;) d(cos )

3-body Schrodinger equation

solved in hyper-spherical
harmonics basis

ONM
- = 0.5
prediction of dlstrlbutlon@ =3
- betweermprotons 3
- proton-proton
0.0

E@ENBG J. Giovinazzo

— W(p)=98%
- W(p)=T2%
W(p) = 43%
e W(p) = 24%
[ WCU) - 10%
Wp) = 2%

. e i}
.
. ~
.
.
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a new experimental step: tracking experiments

standard (silicon) experiments

 limited experimental information: T,,,, Q,, & BR,;
P limited comparison with theoretical interpretations

purpose of tracking experiments

P measure proton-proton correlations
angular distribution and energy sharing

P compare with 3-body model (kinematics)

D extract structure information
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a new experimental step: tracking experiments

development of gas detectors
Time Projection Chambers for tracking of particles

charged particles slow
down in a gas volume

ionisation electrons
drift to a 2D detector

the 2D detector registers
the tracks projection

the drift time measures
the 3" dimension

“;@EN BG J.Giovinazzo

clect. field

ion identification
and tracking

On the Tracks of Two-Proton Radioactivity
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a new experimental step: tracking experiments

optical TPC

X-Y strips projection readout TPC
(Warsaw)

(CENBG)

K. Miernik et al

active
volume

B. Blank et al.

camera

photo
multiplier

M. Pfutzner, K. Miermik, et al., 2007
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direct observation

4SFe
first 2P tracks ;3
(GANIL)
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direct observation

45 F o ,
€ 57 M 547
S 4 1L 1
° E 3; S S _
first 2P tracks s il GANIL 7 p-p events onl
(GANIL) W .
i N\ — X N o
-2’ ! | | | | 20 . N
140 150 160 170 180 190 200 210 220 .
0] — o
~ 4 4 300 ;: N iy ~
Q ) 290 a0 =
o 20 ol S
N . 4 280 18 -
- = E 16 =303 N Q
E £ ] 5270 14 4] OLJ
O 5 260 12 300 c
—_ E % 250 10 290 8
E k" Elg 240 8 <
v 3 6 o
Qj S 7 20 : 220 150 160 17 e
—_ £ 1 220 ®
L 140150 160 1'7"6A'1's'm' 190200 210 220 48N'

(spun “que) (eubis KBiaua ' X strip number

confirmed as 2P emitter
4 p-p events

- 75 counts of p-p
correlations

K. Miernik et al., PRL 2007

M. Pomorski et al., PRL 2011
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tracking experiments results

first angular distribution: good agreement with predictions from the 3-body model

p-p angle 30- energy
124 - = 10% pz i ’4
?Z e | sharing I/Z ; ,\
— _,-' '8
2 . 0N 20 S
£ |5 =
2 |é 7 g
' 4 104 g ©
LI’-’I- 5]
X
X 7 ﬂ?z % 5
0 0 v T T T T T T % v é
0 0 60 00 02 04 06 08 10 =
EQ >‘
1.5_—
pioneering experiments 5 7 events... .
o T —
: : L g f =
—> opening structure studies at the drip-line 0.5l ol <
. . . B b
—> angular distribution probes the wave - | ‘ 22
function content (single particle states) ° = | &
L o= | 5| &
i # W(p?) = 24% 5 LN
requires more statistics g 7 NN o= se |2
.. - <
other cases to test the models descriptions S osf ‘ o
cb'ﬂf 20 40 60 80 100 120 140 160 180
Bpp (deg)
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probing structure beyond the drip-line

45Fe : 26 protons
2py)
1fs,
—0000——

2p;,

1f,, —00000O O O—

>4Zn : 30 protons

48Nij : 28 protons

2D/,
15,

— O000——
2p3,

1f,, —00000000—

“{BENBG ). Giovinazzo

12

Counts

W

|%3Fe |

LI ™
TS

\
/

MMM

K. Miernik et al., EPJA (2009)

150 180

proton-proton angular distribution = orbitals configuration

1.6
1.4
1.2

1
0.8
0.6
0.4
0.2

H
5

Counts

IIIIlllI111'|111'|111'|1II|II&III|

&

48Nj ??

doubly magic = pure configuration ?
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mixing structure and dynamics

half-lives:

L.V. Grigorenko: good dynamics

T,,, for pure (s2,) p% and f? config.

“{BENBG ). Giovinazzo

4SFe
48 Ni

\ “hybrid” model /

B.A. Brown: good structure
2-proton amplitudes:

for pure (s2,) p% and f? config

A =A(f?) + A(p?)

“Shell model corrected half-lives”

—> T,/5(2P)

calculation

1.8-5.9ms
0.4-1.3ms
0.6-1.7ms

B.A. Brown et al.,
PRC 2019

experiment(s)
3.6 +0.4ms OK
4.1+ 0.4 ms ~0K

1.981073ms  ~OK

happy end ?...

On the Tracks of Two-Proton Radioactivity
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mixing structure and dynamics

L.V. Grigorenko: good dynamics B.A. Brown: good structure
half-lives: 2-proton amplitudes:
T,,, for pure (s?) p? and f config. for pure (s2,) p% and f? config
\ “hybrid” model / .
”S-hell model corrected half-lives” g .
A=A(R) +A(pY) —=> T,,2P) [&8
< g
calculation experiment(s)
4SFe 1.8-5.9ms 3,6t+0,4ms  OK
BNij 0.4-1.3ms  4.1+0,4ms  ~OK
>4Zn 0.6-1.7ms  1.98%)73ms  ~OK
6 . ‘0‘ K\ . *
C (3
2> | o7k 300-900ms 21 £12ms 1P | ®° oo
(Goigoux et al., PRL 2016) °° ‘0 O

“puzzling two-proton decay of 5’Kr” ?
(title from Wang & Nazarewics, PRL 2019)
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first hypothesis: transition from 2P to sequential decay ?

e possible transition region depending
on intermediate state position

E} |
L () Democratic Q.‘J\:{?—“
_ ETH "_,—’ GSSe v
3 |
5 |E:1~02-03F, =
KRS mesaamisits ,
5 S
(@] >
% g "l;ruc:'fs\",'% %
~ - ’
s [ P2 1O Sequential
= 8 ",\ Q)
O o 425 \-}
4 a z E
1 1 | 1 | 1 . T
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first hypothesis: transition from 2P to sequential decay ?

67
(semi-analytical R-matrix calculation) Kr 66
e < Br
1p
e indication of a 1p channel opening ? p) A
e possible transition from 2P to seq. emission :
transition region: S, = [-340 ; -270] keV
.
LS
10 ~ 3 w
E 67 s 10
g‘ 36Kr ....‘
10-15 ;- K 3 5
_ E Exp. 10 656
z < FGoi o v
= > 7 [Goigoux 2016] . @ —_—
S é) 107°F L £ 107 energy sharing pattern
_ ; ¥ Q -
g § ~ \ N < (correlations)
—~ P and®l $
g T / w0 !
g’ 8 4 1'.‘:/' | |
o g C Y4
28 107 /4 10° l |
CR® L N Y eee-- : '
- 23k ,9?; ' 45.6 s I ;
10 1.5 2.0 25 ; |
@@ E,. (MeV) | |
@ | | >
0 0.5 1E,,/Qyp
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second hypothesis: influence of deformation ?

1 c
20 67Kr 208ph 4 _
C %)
100 . N —
N 1005n 1325n — L o
g 80 7, >O 3 N
e J L o
g C ~
3 N % £ —
§°9] - 2F &
£ 401 o f “
AN 1 §
204 n s
r —
R. Bengtsson & P. Méller (nature, 2007) oL ©
] T T T T T T T T T ) ©
0 20 40 60 80 100 120 140 160 180 200 z
Neutron number N o
a0
c
©

recent work by Wang & Nazarewicz, PRL 120 (2018) 1010
(Gamow Coupled Channels + coupling to core exc.) x

—_—
Lives v
—
=
o

S o l20321]valence =
2p %’ " Rotation E}fp —
with [, < 0.1 > T7,, > 220 ms 0y 1 o
—~ Transition 3107
: _ 2P _ 5 4+10 _
Wlth BZ = _O 3 9 T1/2 = 24‘_7 ms Rotation -
) 21 ]
agreement with exp. ! 107 9/2[404]-valence  Vibration]
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f
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second hypothesis: influence of deformation ?

angular correlation
prediction

recent work by Wang & Nazarewicz, PRL 120 (2018)
(Gamow Coupled Channels + coupling to core exc.)

with [B2| < 0.1 > Ti}, > 220 ms
with B, = —0.3 > Ti), = 24" ms

agreement with exp. !

) ) ) (a) ]
e 48Ni: spherical
L \ VN —
\ pp
L (benchmark) =
0.9+ \ ---150% -
0.6 \ 1
03[ _
_ / ”,—\ - \ 68
X : e ——— g
IR
67 ®1g
o Kr: deformed ? X
. — / \ i |
S (role of gg,) x
L J: ‘\ g‘
09 13
! \ [
0611/ 3 3 9/2[404]-valence | 2
: 3
Y -'v cesa 0
0.3p N . §
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time for new measurements

67 Kr

“{BENBG ). Giovinazzo
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not available for 48Ni
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= 7 “‘'configuration

good agreement
in the case of %°Fe...

A energy
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time for new measurements

GCC...

3-body model
not available for 48Ni

-
_ — 100%
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in the case of %°Fe...

ﬁ%;good agreement

0.5

! Epy/Qup
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On the Tracks of Two-Proton Radioactivity

a new tracking device
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ACTAR TPC collaboration
ACtive TARget & Time Projection Chamber

T | A A

(GANIL‘and coll.) development of a new TPC

‘ pads (hex): 2D proj. | ¢4 3 Jarge (nuclear) physics case
wee| NUClear wires: drift time

Amplification wires]

gy~ ‘il peactions

CENBG TPC
X-Y strips
ions stopping  energy & time:
and decay 2x 1D proj. GANIL, CENBG,

_/ Leuven, Santiago de C,,
IPNO, Legnaro
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a 4D detector: tracking and energy

pads plane
(signal collection)
2D digitization

AE(X)y,z) <= AE[X.Yyl(z) <= AE[X,yl(t) <= AE[X,Y,;!]

particle

track

time sampling
of collected signal

pad
signal

T

g
Iy

GET electronics

J

E@ENBG J. Giovinazzo

TPC principle time sampling
of signal
zot 3D digitization

gas
ionization

ionization
drift
(velocity,,
dispersion)

pads plane
(signal collection)

On the Tracks of Two-Proton Radioactivity

WO ). Giovinazzo (2013)

3D reconstruction of
ionizations charges along
the particles trajectories
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ACTAR TPC: main elements

metal-core PCB collection plane (pads)

16384 pads

(128x128; 2x2 mm?) R@)/ji )

multi-layer PCB )

+ flexible PCB
connection
G P to read. elec.

GANIL 2019

readout electronics

CoBo modules control / acquisition
detector /

photo O. Poleshchuk (2017)

GEAT AGET chip
- | signal sampling clocks distribution
512 @ 1-100 MHz and data concentration
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beginning of the scientific program

2017 commissioning experiment
active target mode

resonant reaction H(230,1°N)*He
(T. Roger, B. Mauss)

2019 first physics campaign
e active target mode

giant resonance %Ni(a,a’)
(R. Raabe, M. Vandebrouck)

[ ¢ implantation-decay mode \ %

proton radioactivity of
>4mpNj (10*, 150 ns) a @3&9
>3mCo (19/2-, 220 ms) %@

(D. Rudolph, B. Blank)

\_ J
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proton radioactivity

—> isospin symmetry
=181 5 structure around N = 28
3| —> fpshell model coupled
to continuum

[1327]

3910 7/2”
53
57Co6+ P

2620

1.25 MeV €=5
2.55 MeV €=7 .
W (very) short half-life:
) e detection impossible in solid stopping detector
; 52 : ion signal hides proton signal
(1:1000 energy deposit)
e TPC: separated ion and proton tracks proton
+ proton radioactivity of >>™Co (220 ms) mn-f
€=7and€=9 detector
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proton radioactivity
‘Juf'A;‘1ITTI\’i7

Ty, =155(3) ns

— /

track length (_.:F /

6457 _ e 10+ )
6311 g+ time /
//
5237
Y
2] l

13271 3386l

3910 7/2”
53
57Co6+ P

3071

2620 4" ¥

1392

4D imaging of proton decay

principle of the measurement:
3D tracking
+ decay time
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proton radioactivity

Of s4m\fj

Ty, =155(3) ns

'\

track length |
-F

6457 10t
146
6311 8t
5237 Y
1327 P2 3386l
3910 7/2”
53
57Co6+ P
3071
2620 v
1392
0
54
28 200
e
€150
a
%100
>
()
50
0

J. Giovinazzo

“BENBG

MeV protong

w

2.5 Mev protons

_—

50 100 150
proton track length (mm)

On the Tracks of Two-Proton Radioactivity

time

counts / 0.05 us

E(T,/,) ® G(o;)
rad. decay exp. resol.

—
(@)
o

-y
=]

T,,=156.6+3.6 ns

decay time (us)
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correlation measurements for *8Ni and %’Kr with ACTAR TPC
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fragmentation
facilities

1960

1970

1980 1990 2000

‘;@EN BG J.Giovinazzo

indirect observation
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further studies

known cases

+ moyennes expérimentales 1
S"=u2rown 1991 o 747, 4
| ® Browiago2 62 66 i rt
__ sooc 0 Cole 1996 5 Ge Se? Kr
> ¢  Cole 1997 ’ search
X t ]
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direct observations

- future (short term) tracking / correlation experiments: 48Ni, >Zn, 7Kr



further studies, new candidates ?

larger set of nuclei with different structure configurations
between closed shells Z =28 and Z = 50

» opportunities FRS / Super-FRS @ GSI / FAIR O
rate estimates (courtesy of B. Blank) ? CUELL <—Z=50(Sn)
(5 x 1011 pps of primary beam, 600 MeV/A, I:I;I!m SPOIEE
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