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Highly-charged Ions for Nuclear physics and Astrophysics

Why HCIs?

1. Size few pm

2. Few strongly bound electrons (keV)

3. Extreme electric and magnetic field

4. Strong electron-nucleus wave functions overlap

Main properties

One of the most striking examples of the interplay between 
atomic physics and nuclear physics!!

Polynesian 
Goodness of 

the moon
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Project goal:

Study nuclear decay in highly charged ions (HCIs) 
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Huge change in the decay 
rate 𝝀 and lifetime!

Project goal:

Study nuclear decay in highly charged ions (HCIs) 

The number of bound electrons 
influences weak decays channel such as 

Electron Capture (EC) 
Beta decay (𝜷±)

Highly charged ion

M

L

K

Occupancy

Vacancy

Highly ionized (.., Li-, He-, H-like) 
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Where do we find them?Supernova remnants

Active galactic nuclei

Stellar corona

NS merger
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First observation of nuclear decay of HCIs

Nuclear decay is NOT constant!

stable

163Dy66+ unstable
T1/2 = 48 days  (𝛃− decay)
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First observation of nuclear decay of HCIs

-2,8keV
Nuclear decay is NOT constant!

stable

163Dy66+ unstable
T1/2 = 48 days  (𝛃− decay)



July 11, 2019Michele Sguazzin PhD defense November 29, 2021 March 16, 2026 PhyNuBE

1

6

ISOL-France workshop VIII

First observation of nuclear decay of HCIs

49keV -2,8keV 13keV            65keV 
Nuclear decay is NOT constant!

stable

163Dy66+ unstable
T1/2 = 48 days  (𝛃− decay)
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Orbital Electron Capture on HCIs

Highly charged ion

M

L

K

Occupancy

Vacancy

Fully ionized ions

𝒑 + 𝒆𝒐𝒓𝒃𝒊𝒕𝒂𝒍
− → 𝒏+ 𝒗𝒆

Orbital electron capture is 
blocked! 
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Orbital Electron Capture on HCIs

𝒑 + 𝒆𝒐𝒓𝒃𝒊𝒕𝒂𝒍
− → 𝒏+ 𝒗𝒆

Orbital electron capture is 
blocked! 

unstable

163Ho67+ stable
T1/2 = 4570 days  

(EC decay)
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Orbital Electron Capture on HCIs

𝒑 + 𝒆𝒐𝒓𝒃𝒊𝒕𝒂𝒍
− → 𝒏+ 𝒗𝒆

Highly charged ion

M

L

K

Occupancy

Vacancy

Hydrogen-like ions

Electron-nucleus coupling can be responsible 
for the change in decay rates!

Orbital electron capture is 
blocked! 

unstable

163Ho67+ stable
T1/2 = 4570 days  

(EC decay)
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Orbital Electron Capture on H- & He-like nuclei

*Litvinov et al., PRL, 2007

Measurement decay rate on H- & He-like 140Pr

Density of 𝑣𝑒
final states per 

energy∝ |𝜓(0)|2
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Orbital Electron Capture on H- & He-like nuclei

𝝀𝑬𝑪 𝑯− 𝒍𝒊𝒌𝒆

𝝀𝑬𝑪 𝑯𝒆 − 𝒍𝒊𝒌𝒆
~𝟏. 𝟒𝟗 𝟖

𝝀𝑬𝑪 𝑯− 𝒍𝒊𝒌𝒆

𝝀𝑬𝑪 𝑯𝒆 − 𝒍𝒊𝒌𝒆
~𝟎. 𝟓

Theoretical 
expectation

Experimental 
measurement

*Litvinov et al., PRL, 2007

Measurement decay rate on H- & He-like 140Pr Why such mismatch?

1. Hyperfine states

𝝁 > 𝟎𝐹± = 𝐼 ±
1

2

𝐹
𝐹−

𝐹+

∆𝑱 = 𝟏

∆𝑱 = 𝟎
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Orbital Electron Capture on H- & He-like nuclei

𝝀𝑬𝑪 𝑯− 𝒍𝒊𝒌𝒆

𝝀𝑬𝑪 𝑯𝒆 − 𝒍𝒊𝒌𝒆
~𝟏. 𝟒𝟗 𝟖

𝝀𝑬𝑪 𝑯− 𝒍𝒊𝒌𝒆

𝝀𝑬𝑪 𝑯𝒆 − 𝒍𝒊𝒌𝒆
~𝟎. 𝟓

Theoretical 
expectation

Experimental 
measurement

*Litvinov et al., PRL, 2007

Measurement decay rate on H- & He-like 140Pr Why such mismatch?

1. Hyperfine states

2.    Angular momentum conservation

3.  Sensitivity to population of this state

∆𝑱 = 𝟏

∆𝑱 = 𝟎
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Several cases of interest in HCIs

HINA

Cosmic Ray

Suggested nuclei to be studied experimentally

Due to the hyperfine interaction and the conservation of the
total angular momentum some transitions become forbidden,

which may drastically change the EC decay rate.

a) EC decay with transition, 𝑰𝒇 = 𝑰𝒊
b)   EC decay with transition, 𝑰𝒇 = 𝑰𝒊 ± 𝟏

GOOD AGREEMENT WITH 140Pr EXPERIMENTAL 
MEASUREMENT!

64Cu28+  44%EC 64Ni28+

𝝁 < 𝟎
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Relevant interest for cosmic rays

NEED FOR ACCURATE MEASUREMENTS TO IMPROVE 
MODELS ACCURACY!
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The prerequisite for decay studies of heavy HCIs is their 

production in a (high) atomic charge state of interest

Not naturally available!  
This is a challenging task!!

Production:

• In-flight production and separation of exotic nuclei
• Stripping foils used to remove bound electrons

C, Cu foil

Large nuclear physics facilities

Charge 
state 

selection!
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The prerequisite for decay studies of heavy HCIs is their 

production in a (high) atomic charge state of interest

Not naturally available!  
This is a challenging task!!

Large nuclear physics facilities

1992 2024

HCI studies timeline

M. Jung et al., 
PRL  69 (1992), 2164

Leckenby et al., 
Nature 635, 2024

Studies carried 
out in

Heavy-ion 
storage rings!
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Storage rings

Circumference:
108 m 

ISOL facilities

1. High operation cost
2. Limited efficiency for radiation detection
3. Limited beam time (only few rings world-wide) 

Disadvantages

WELL SUITED 
FOR IN-TRAP 

SPECTROSCOPY 
STUDIES!

1 m

Ion trap

Can we investigate HCIs in ion traps?

Traps are an alternative to storage rings since they are 
smaller, cheaper, eco & “outperform”
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12 Can HCIs be produced at low energies?

SPECIAL TYPE OF ION TRAPS

EBIT
(Electron Beam Ion Trap)

Axial confinement



July 11, 2019Michele Sguazzin ISOL-France workshop VIII March 16, 2026 

12 Can HCIs be produced at low energies?

SPECIAL TYPE OF ION TRAPS

EBIT
(Electron Beam Ion Trap)

Electron beam (up to tens keV)
• Ionization of injected ions
• Radial confinement
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12 Can HCIs be produced at low energies?

SPECIAL TYPE OF ION TRAPS

EBIT
(Electron Beam Ion Trap)

Magnetic field (up to few Tesla) 
• Compression of the electron beam
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12 Can HCIs be produced at low energies?

SPECIAL TYPE OF ION TRAPS

EBIT
(Electron Beam Ion Trap)

In-trap spectroscopy of charge-bred radioactive ions
*A. Lennarz et al., PRL 113, 082502 (2014)
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HINA project
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14 Electron Beam Ion traps for HINA

Develop of Compact EBIT (HC-EBIT) 

Room temperature EBIT reduce construction & maintenance cost

Compact EBIT properties

Electron beam energy (𝑬𝒆 )

around ten keV

Electron beam current (𝑰𝒆 )

up to 80 mA

32 cm
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14 Electron Beam Ion traps for HINA

Max H-like system

Develop of Compact EBIT (HC-EBIT) 

Room temperature EBIT reduce construction & maintenance cost
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14 Electron Beam Ion traps for HINA

1. Design and development

Develop of Compact EBIT (HC-EBIT) 

32 cm

Low q+

High q+

External 
source

2.   Injection & Extraction ion optics
• Acceptance & Capture efficiency

For example: 
• Ion traps
• Mass Experiments
• Laser experiments

Room temperature EBIT reduce construction & maintenance cost
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15 HC-EBIT simulations campaign (2023-2025)

Definition parameters (vacuum, electron-ions overlap, acceptance) crucial to optimize HCIs production and confinement. 

EBIT dynamics

Magnetic field investigation
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EBIT dynamics

Magnetic field investigation

Electron beam evolution

16 HC-EBIT simulations campaign (2023-2025)

Electron beam

Electron 
gun

Collector

Trap region
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EBIT dynamics

Magnetic field investigation

Electron beam evolution

𝜏 ∝
1

𝑛𝑒 ∙ 𝑣𝑒Charge breeding 
time

𝑒− density and speed

16 HC-EBIT simulations campaign (2023-2025)

Electron 
gun

Collector
Trapping 

region
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17 HC-EBIT simulations campaign (2023-2025)

Definition parameters (vacuum, electron-ions overlap, acceptance) crucial to optimize HCIs production and confinement. 

EBIT dynamics

Ion motion 
inside the EBIT

y

x

148 𝝁𝒎

500 𝝁𝒎 Small angular 
momentum, injection 

far from beam axis 
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Depending on the way the ions are injected into the EBIT (transverse velocity and position), they can follow different 
trajectories which bring them to spend more or less time inside the electron beam. 

y

x

Electron beam

Ion trajectory

148 𝝁𝒎

80 𝝁𝒎

Full inside

Large angular 
momentum, injection 

close to beam axis 

Partially outside Totally outsidey

x

148 𝝁𝒎

500 𝝁𝒎

y

x

148 𝝁𝒎

600 𝝁𝒎 Large angular 
momentum, injection 

far from beam axis 

Small angular 
momentum, injection 

far from beam axis 

HC-EBIT simulations campaign (2023-2025)

Definition parameters (vacuum, electron-ions overlap, acceptance) crucial to optimize HCIs production and confinement. 

EBIT dynamics
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EBIT dynamics

HC-EBIT simulations campaign (2023-2025)

Improved Electron-beam overlap enhance high charge states achievable! 

R
e

la
ti

ve
 p

o
p

u
la

ti
o

n
 (

%
)

R
e

la
ti

ve
 p

o
p

u
la

ti
o

n
 (

%
)

e--ion beam overlap 10% e--ion beam overlap 50%

𝐴𝑟3+
𝑨𝒓𝟖+ 𝑨𝒓𝟖+

𝑨𝒓𝟏𝟔+
𝑨𝒓𝟏𝟔+

𝐴𝑟3+

March 16, 2026 
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RMS Emittance (𝜺𝑹𝑴𝑺) for injected ion beam in x & y about 8 mm∙mrad

20

Definition parameters (vacuum, electron-ions overlap, acceptance) crucial to optimize HCIs production and confinement. 

EBIT dynamics

Trap parameters:

• Ee-beam = 3.5 keV
• Ie-beam = 17.91 mA

HC-EBIT simulations campaign (2023-2025)

Acceptance 
figure

Transverse 
velocity selection
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Principle of decay measurement in the HINA project

EBIT
(Electron Beam Ion Trap)

* K.G. Leach et al., EPJ Web of Conferences 

In-situ X-ray spectroscopy 

External Electrostatic 
ion trap

Decay signal on the pickup 
electrode

Signal ampl. vs. time
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Conceptual design HINA experimental line

RIB 
Beam

Transfer Section
Electrostatic 

Trap Electron beam ion trap
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Conceptual design HINA experimental line

RIB 
Beam

Transfer Section
Electrostatic 

Trap Electron beam ion trap



July 11, 2019Michele Sguazzin PhD defense November 29, 2021 March 16, 2026 PhyNuBE

39

23

ISOL-France workshop VIII

Conceptual design HINA experimental line

RIB 
Beam

Transfer Section
Electrostatic 

Trap Electron beam ion trap
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Conceptual design HINA experimental line

RIB 
Beam

Transfer Section
Electrostatic 

Trap Electron beam ion trap
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Conceptual design HINA experimental line

RIB 
Beam

Transfer Section
Electrostatic 

Trap Electron beam ion trap
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HINA project & IJCLab

Transfer Section
Electrostatic 

Trap Electron beam ion trap

EBIT construction (MPIK) and 
commissioning with stable beams (IJCLab)

stable 
source

Construction at 
MPIK should be 

finalized by 2026!
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HINA project & IJCLab

Transfer Section

EBIT construction (MPIK) and 
commissioning with stable beams (IJCLab)

stable 
source

Transfer Section

• Off-line characterization completed (June 2025)
• Transferred to new installations (July 2025)
• Optics simulations & Alignment/installation(May 2026)
• Commissioning - Summer 2026

Plane xy
Quadrupole tripletQuad-bender

Quad-
bender

Quad-
triplet
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HINA project & IJCLab

Transfer Section

EBIT construction (MPIK) and 
commissioning with stable beams (IJCLab)

stable 
source

Electrostatic ion trap

3 mm ∅
diaphragm

Trap 
section

Ion source 
section

Situation October 2023

Trap Vacuum: 3∙10-7 mbar 
Pickup electrode: no signal
Max trapping time : few 𝝁𝒔

Situation December 2025

Trap Vacuum: 4∙10-10 mbar
Pickup electrode: 50 mV signal 
Max trapping time: >100 ms
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HINA project & IJCLab

Transfer Section

EBIT construction (MPIK) and 
commissioning with stable beams (IJCLab)

stable 
source

Electrostatic ion trap

• Final test, between May-July 2026

• Transferred to new installations (September 2026)

• Alignment/installation (December 2026)

Test-bench ready for 
HC-EBIT commissioning

Shipping to IJCLab by 
end of 2027
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Future of HINA project at DESIR

CAEN

Low-energy beam facility

Letter of intent HINA (Wednesday):

• HINA commissioning - LoI 22

•

• Electron capture on H-,He and Li-like 37Ar, 64Cu and 68Ga - LoI 26 

Future prospectives in the use of HCIs for other experiments 
(Wednesday):

• Highly Charged Ions Collinear Laser Spectroscopy - LoI 27
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28 Conclusion

In the frame of the HINA project we are working on the development of an EBIT for the 
study of HCI decay!  

HC-EBIT
developed in collaboration with

We are working on the optimization of the injection and 
extraction system to maximize the ionization efficiency 

and make possible in-trap decay studies!

Second phase of the project

EBIT construction will take place in parallel with the installation of the project at Tancrede!   

Several challenges 
must be overcame to 

reach high charge 
states!
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……Thank you for your attention……

PhD defense
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