
(reactions and) decays studies with ACTAR TPC

International Workshop on Frontiers od Active Targets and Nuclear Spectroscopy
June 2026 – RIKEN, Japan

J. Giovinazzo – LP2iB (former CENBG) – Bordeaux
and the ACTAR TPC collaboration

 active target and time projection chamber

 active target experiments

 implantation-decay experiments

 further developments
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development of TPCs worldwide for low energy
nuclear physics

from first generation…
MAYA @ GANIL, TPC @CENBG, O-TPC @ Warsaw

…to new devices
AT-TPC @ MSU, AstroBox @ Texas A&M,

Maiko TPC @ Osaka, fMeta-TPC @ Fudan…
and more under development
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Active Target: excellent tool for inverse kinematics reactions studies
many advantages / traditional approaches (solid target)

transfer and charge exchange reactions
- thick target, higher count rate
- detect low energy particles (protons)
- good reaction selectivity (particles identification)
- good energy resolution (100 keV)
- …
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physics with “active targets”
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unbound resonances, highly excited states
- thick target→ large energy window
- vertex measurement / particles tracking
- good energy resolution
- large angular acceptance
- low background (selected target gas)
- …
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exotic decay modes
beta-delayed particle(s) emission

- detect low energy protons / no beta background
→ nuclear astrophysics
→ better resolution / silicon !!!

- multi-particle decay (β-2p, β-3p)
- rare particles decay (6He: β-αd, 9C: β-p2α)

but energy range limited
by tracks length (gas pressure)

A. Saastamoinen et al. PRC 83, 045808 (2011)
E.C. Pollacco et al. NIM A 723, 102 (2013)

2-proton radioactivity
- tracking: angular and energy correlations
- only access to decay mechanism & structure

- short lived decay (ex. 1-proton rad.)

particle(s) decay of excited states
- decay channel selectivity
- i.e.: 12C* → 3α (Hoyle state)

(talk on α-condensate by S. Sakajo
or 4α decay of 16O – D. Bazin)

one of th
ese days,

I will make a new

illustration…
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pads plane TPC principle time sampling

(signal collection) of signal

2D digitization z  t 3D digitization

E(x,y,z)    E[xi,yj](z)    E[xi,yj](t)    E[xi,yj,tk]

gas

ionization

particle

track

p
a

d

s
ig

n
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l

ti
m

e
 s

a
m

p
li

n
g

o
f 
c
o
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c
te

d
 s

ig
n
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l

pads plane

(signal collection)

ionization

drift

(velocity,

dispersion)

GET electronics

3D reconstruction of

ionizations charges along

the particles trajectories

ideal situation

reality is not that
simple…

ACTAR TPC, a 4D detector: tracking and energy
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metal-core or
multi-layer PCB

+ flexible PCB connection
to readout electronics

16384 pads
(128×128; 2×2 mm2)

collection plane (pads)

drift cage (active volume)

im
ag

e 
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readout electronics

detector

AGET chip
signal sampling
512 @ 1-100 MHz

CoBo modules

MuTAnT

control / acquisition

AsAd boards

clocks distribution
and data concentration

the ACTAR TPC device

“micromegas”
amplification

p
h
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to
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7

)

double wires
planes

silicon walls
light part. det.
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experimental campaigns

active target / decay experiments
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experimental campaigns

active target / decay experiments

fo
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short-lived proton radioactivity

10+ isomeric state decay of 54mNi

- short lived isomer (150 ns)

- gamma and proton decay



J.
 G

io
vi

n
az

zo
 (

LP
2

iB
 –

C
N

R
S 

IN
2

P
2

 /
 U

n
iv

. B
o

rd
ea

u
x)

FA
Ta

N
S2

0
2

6
 –

re
ac

ti
o

n
s 

an
d

 d
ec

ay
s 

st
u

d
ie

s 
w

it
h

 A
C

TA
R

 T
P

C

mirror nuclei 54Fe and 54Ni
comparison of 10+ isomers
→ near N = Z = 28 shell closures
→ test isospin symmetry (breaking)

very few cases for such comparison…
→ test coupling to the continuum

54Fe isotope
stable ground state
decay of isomer: known from gamma spectroscopy
isomer bound / neutron emission

54Ni isotope
unstable (proton rich)
→ low proton separation energy

decay of isomer
→ short half-life

only accessible at fragmentation facilities (+ separator)
→ partially known from gamma spectroscopy (GSI /RISING)
→ above proton emission threshold

T1/2 = 152(4) ns

Sp

Sndecay of the 10+ isomer in 54Ni
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proton decay of the 10+ isomer in 54Ni

T1/2 = 152(4) ns

D
. R
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54Ni isomer decay
→ above proton emission threshold

but very high angular momentum

1.3 MeV proton (ℓ = 5) deduced
from gamma coincidence (RISING)

2.6 MeV proton (ℓ = 7) may exist
(not observed)

possible 2P branch (extremely small)

production at fragmentation facility (GANIL)
about 0.1% of ions produced in isomeric state

protons detection
• few MeV proton signal on top of 1 GeV ion signal !

→ no standard implantation/decay in a silicon detector
→ tracking in a gas detector (ACTAR TPC)

protons emitted out of the ion track
can be observed !

ion

detector

proton

target

separator

cyclotrons

detector

need for th
e full

decay scheme

need for tracking
detectors
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extracting experimental information

time offset

track length

JG et al. NIM A (2022)

• selection of 54Ni and isomer decay events

• identify and separate ion and proton signal
(degraded pad plane)

• drift velocity estimate
TPC principle: ( X , Y , T ) → ( X , Y , Z = vd∙T ) → track length
from protons signal

• 3D proton tracks fit
trajectory points

+ Bragg peak model
+ signal dispersion

track length → energy

proton start / ion stop time offset→ decay time
y x

t
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track length proton energy
E(T1/2)  G(σT)

rad. decay    exp. resol.

4D imaging of proton radioactivity

1.25 MeV ℓ = 5
2.55 MeV ℓ = 7

L.G. Sarmiento et al., Nature Comm. (2023)
JG et al. Nature Comm. (2021)

JG et al. NIM A (2022)

different detection
efficiency for

1.2 and 2.5 MeV

full simulation

branching ratio

observation of protons with
very high angular momenta
(also case of 53mCo – same exp.
with ℓ = 7 and ℓ = 9)

original detection/analysis technique

possibilities for short lived decays !
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track length proton energy
E(T1/2)  G(σT)

rad. decay    exp. resol.

4D imaging of proton radioactivity

D. Rudolph et al. Phys. Lett. B (2022)
L.G. Sarmiento et al., Nature Comm. (2023)

JG et al. Nature Comm. (2021)
JG et al. NIM A (2022)

1.25 MeV ℓ = 5
2.55 MeV ℓ = 7

different detection
efficiency for

1.2 and 2.5 MeV

full simulation

branching ratio

complete decay scheme
allows for a detailed analysis

→ test of isospin non-conserving
terms of the interaction

→ constraints on effective isoscalar
and isovector effective charges
from B(E4)
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more proton radioactivity

L.
G
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new type of measurement (short lived proton decay)

→ 3D tracking + decay time

→ complete decay pattern of 54mNi with ℓ = 5 and ℓ = 7 proton branches

similar measurement for 53mCo with ℓ = 7 and ℓ = 9, – long lived 19/2– isomer (same experiment)
first observed proton radioactivity, 1970

other measurement foreseen
short-lived ground-state proton radioactivity
of 68Br, 72Rb, 89Rh, and 93Ag
(possible at RIKEN / RIBF)

→masses beyond the drip-line
→mirror symmetry
→ shell structure (wave functions – h11/2, d3/2, and s1/2 or g9/2 orbitals, spectroscopic factors…)
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2-proton radioactivity

ground state 2P from 48Ni and 45Fe

β-delayed multi-proton emission
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2-proton radioactivity

3-body
nature

ad
ap

te
d

 f
ro

m
M

. P
fü

tz
n

er
et

 a
l. 

2
0

2
3

→ 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

complex process for theoretical
interpretations / predictions

ideally, taking into account:
• the 3-body decay dynamics
• the nuclear structure (wave functions)
• the coupling to the continuum

radius

e
n

e
rg

y

even-Z isotope
1 proton emission forbidden

e
n

e
rg

y 

2p

pairing effect

(Z is even)

A+2,Z+2
A+1,Z+1

(+p) A,Z
(+2p)
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2-proton radioactivity

p
p

implantation / decay experiments
at fragmentation facilities

→ short half-lives

→ active stopper

observation: silicon exp.
→ standard detectors
→ limited info.

(T1/2, Q2P, BR)

correlations: TPC exp.
→ tracking devices
→ individual protons

information
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2-proton radioactivity

experimental information: observation (silicon) / correlations (TPC)

• 45Fe: first indirect evidence
(J.G. et al. GANIL 2002,M. Pfützner et al. GSI 2002)

first direct observation (J.G. et al. GANIL 2007)

angular distribution (K. Miernik et al., MSU 2009)

more events, energy sharing (A. Ortega Moral et al., GANIL 2021)

• 54Zn: observation (B. Blank et al. 2005)

few p-p correlations (P. Ascher et al., GANIL 2011)

• 48Ni: indication (B. Blank et al. GANIL 2005)

few p-p correlations (K. Miernik et al., MSU 2007)

few more correlations (A. Ortega Moral et al., GANIL 2021)

Warsaw group exp. at FRIB (2024) – more stat…

• 67Kr: observation (J.G. et al. RIKEN 2015)

→ half-life problem…
→ deformation / decay mechanism ?

p
p
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2-proton radioactivity

recent theoretical approaches

- hybrid model
(B.A. Brown)

- Gamow Coupled Channels (GCC)
(S. Wang & W. Nazarewicz)

3-body

3-body

pure f2

configuration

proton-proton correlations predictions
→ angular distributions
→ energy sharing

48Ni

experimental
validation !!!
→ tracking detector

shell model
amplitudes

3-body
dynamics

(A. Brown)

HH formalism
(L.V. Grigorenko)

100% Vpp

150% Vpp
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48Ni decay at GANIL / LISE3 with ACTAR TPC
long beam time, high intensity…

full acceptance of the spectrometer (→ ident. problems)
implantation (optimized for 48Ni) in ACTAR TPC

identified stopped 2p /total
in ACTAR decays

45Fe 80 13(+?) 6(+9) / 7(+?)
48Ni 11 6 3 / 5

only few 2P decay events (48Ni & 45Fe)
courtesy of A. Ortega Moral

45Fe

48Ni

…but very small statistics
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2
5

)

comparison with models

no model is able to describe the whole experimental information
→ contradictory results between 45Fe and 48Ni

(orbitals occupancies for hybrid model, p-p interaction for GCC)
→ energy sharing problem: lower Q2P→ worse for T1/2

emission with ang. mom. (Lpp > 0) →what reason ?
→ syst. shift of Q2P from TPC exp. / silicon exp.

combining current data with previous results for 48Ni and 45Fe

Exp.
GCC
3-body

Q-value and half-life p–p angular correlation p–p energy sharing



AME 2016
isotopes

45Fe

48Ni

54Zn

67Kr

? 

• we (I…) thought a consistent description of all aspects (        ) would give a comprehensive picture

• when angular and energy correlations enter the game, we cannot get a satisfying description of
experimental observable:
→ contradictory conclusions/trends in models for half-lives and angular distributions

• open question of the energy sharing and the Q-value
→ (in principle…) experimental data does not lie… but the systematic difference between TPC

and silicon experiments (despite large uncertainties) must be clarified
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2-proton radioactivity…

Z = 50 (Sn)

Z = 36 (Kr)

Z = 28 (Ni)

 opportunities
@ RIKEN / FAIR / FRIB
rate estimates
(courtesy of B. Blank)

beam frag.
rate 

(1/day)
58Ni 48Ni 70
78Kr 67Kr 200

92Mo 71Sr 100
70Sr 5
75Zr 60

79Mo 10
124Xe 98Sn 10
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beta-delayed proton(s) emitters

IAS

2p

β+ / EC

p

γ

F

GT

p

γ

2p

p

many other exotic nuclei produced
in the “cocktail beam”
→ large amount of data (under analysis)

no beta
pile-up!

β-p

β-2p

β-3pβ-p …
β-2p 40Ti, 43Cr, 46Mn, 46Fe, 47Fe, 49Ni
β-3p 43Cr, 49Ni

direct 2p from excited states (43Cr, 46Fe)
isospin mixing (44Cr)
low energy protons, astrophys. (46Mn)

many physics cases
• masses
• Fermi / Gamow-Teller
• isospin symmetry
• nuclear structure
• deformation
• nuclear astrophysics
• level densities
• 2-proton decay
• …
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ongoing analysis

events sorting and analysis
→ a complex zoology

● alpha contamination (or decay)
● escaping protons
● emission from ions stopped outside
● scattering in gas
● pile-up events
● beam-like particles
● unidentified events
● …

escaping
protons

through
pad plane

side escape
+ high energy
+ recoil signal

light beam-like
particle

proton emitted
from outside

scattering in gas

pile-up events unidentified
events

out of
beam
axis ?

alpha
from decay or
contamination

machine learning to improve sorting
→ can NN do better/ faster

than standard analysis ?
→ tracks fitting…
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developments

for active target experiments
 → gas recycling + amplification
 → beam mask

for decay experiments
→ events selection and analysis
→ long chamber, gamma detection

skip
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scientific motivations
- 34Ar, 24Si, 36Ca(4He,t) / (3He,d): mirror symmetry breaking and shell evolution

(B. Fernandez Dominguez)

- 59Cu,56Ni,57Cu(3He,d): spectroscopy of resonances involved in Type I X-ray burst events
(F. Hammache, N. de Séréville)

- 44Ti, 48Cr(4He,d): investigations of isoscalar neutron-proton pairing in N=Z nuclei
(M. Assié, G. de France)

technical developments → amplification with pure monoatomic gases (Micromegas+ThGEM)
→ gas recycling and cleaning

K. Rojeeta Devi et al., NIM A 1069 (2024)

α-particle in
500 mbar
pure He

experiments with pure H/He gas…
→ low signal amplitude
→

3He: very expensive !!!
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experiments high intensity or heavy beams

drift E field lines with an equivalent of
105 Hz of 136Xe @ 7 A MeV in 100 mbar iC4H10

beam intensity (energy deposit) limit:

the target is also the detector (and the detector is gaseous!)

→ space charge due to primary ions distorting the E field

→ projected tracks are deformed

(resulting in systematic errors in the angles)

mask with double wire planes
space charge density 140 pC/cm3 equivalent of
106 Hz of 136Xe @ 7 A MeV in 100 mbar iC4H10

Si
m

u
la

ti
o

n
s:

 R
. R

ev
en

ko
(G

A
N

IL
)

space charge
density 14 pC/cm3

C. Rodriguez et al., NIM A 768, 179 (2014)

beam region screening with

double wire field cage

(GANIL – MAYA / ACTAR TPC)

successfully used to study fission of actinides created

by the fusion/transfer of 238U with/on 12C with MAYA
C. Rodríguez-Tajes et al., Nucl. Phys. A 958, 246 (2017) 
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developments for decay experiments

long “decay” chamber (higher energy fragmentation facilities)
(2 geometries foreseen from the beginning)

→ larger implantation dispersion
→ small transverse proton tracks (2P, astro)
→ same surface / number of pads

(electronics connection designed for both geometries)

chamber and
electronics
holder

pad-plane
and field cage

pad plane under
(re)construction @ CERN

gamma-rays detection
(scintillator crystals, LaBr3 or other)
under study…

→ assignment of exact decaying states
→ needed for astro. and spectro.



J.
 G

io
vi

n
az

zo
 (

LP
2

iB
 –

C
N

R
S 

IN
2

P
2

 /
 U

n
iv

. B
o

rd
ea

u
x)

FA
Ta

N
S2

0
2

6
 –

re
ac

ti
o

n
s 

an
d

 d
ec

ay
s 

st
u

d
ie

s 
w

it
h

 A
C

TA
R

 T
P

C

conclusions

thanks to
the ACTAR TPC collaboration
the E690 collaboration (54mNi & 53mCo/GANIL)
the E791 collaboration (48Ni and others/GANIL)
the LISE3 team

 TPCs can be a versatile device: active target (reaction) & (exotic) decay modes

 large physics program for decay experiments

 ongoing developments for ACTAR TPC
with a limited core team → takes time…
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