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Highly-charged Ions for Nuclear physics and Astrophysics

Project goal:

Study nuclear decay in highly charged ions (HCI) 

Impact in stellar nucleosynthesis

Where do we find them?

Supernova remnants
Active galactic nuclei

Stellar corona
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Highly-charged Ions for Nuclear physics and Astrophysics

Project goal:

Study nuclear decay in highly charged ions (HCI) 

• Competition between neutron capture and nuclei decay

Impact in stellar nucleosynthesis
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Highly-charged Ions for Nuclear physics and Astrophysics

Project goal:

Study nuclear decay in highly charged ions (HCI) 

• Huge densities and temperatures (few keV to hundred keV)

in this extreme conditions nuclei are in ionized atoms

Decay properties can differ from the ones established in neutral atoms

Impact in stellar nucleosynthesis
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Since all or most of the bound electrons are lost in HCI 

𝑛 𝑝 + 𝑒− + ഥ𝑣𝑒 continuous state 𝛃− decay

𝛽− - decay

Neutral atom

M

L

K

𝒗𝒆𝑒−

Occupancy

Vacancy

This situation influences the weak decays as 
electron capture (EC) and beta decay (𝛽−)
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Since all or most of the bound electrons are lost in HCI 

𝑛 𝑝 + 𝑒− + ഥ𝑣𝑒 continuous state 𝛃− decay

𝛽− - decay

• Stable nuclei turn in unstable nuclei

𝑛 𝑝 + 𝑒𝑏
− + ഥ𝑣𝑒 bound-state 𝛃− decay

Example: Highly charged ion

M

L

K

Occupancy

Vacancy

𝒗𝒆

𝑒−

Remaining in a 
bound atomic state 

163Dy0 stable 163Dy66+ T1/2 = 48 days  (β− decay)

This situation influences the weak decays as 
electron capture (EC) and beta decay (𝛽−)
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Scientific cases

• Dy becomes unstable (and Ho EC is blocked) 

• it opens a decay branch

• This can explain the abundance of 164𝐸𝑟. 
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The prerequisite for decay studies of heavy HCIs is their 
production in a (high) atomic charge state of interest This is a challenging task!!

Production:

• In-flight production and separation of exotic nuclei
• Stripping the bound electrons by sending energetic ions 

through matter

Storage rings

1992 Heavy-ion storage ring facilities

First observation of Bound-state beta decay at ESR

M. Jung et al., Phys. Rev. Lett.  69 (1992), 2164

HCI studies timeline
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What can be done if we don’t have in our pocket a 
storage ring with a circumference of 108 m?
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EBIT

Micke et al, Rev. Sc. Inst. 89, 063109 (2018)

Low q+

External ion 
source

Develop of Heidelberg Compact EBIT (HC-EBIT) 

In collaboration with

Objective

HCI Production     &         Study 

September 25, 2024 Journées de la plateforme MOSAIC
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HINA project8

EBIT

Micke et al, Rev. Sc. Inst. 89, 063109 (2018)

Low q+

High q+

External 
ion source

Develop of Heidelberg Compact EBIT (HC-EBIT) 

In collaboration with

Objective

Zajfman 
trap

September 25, 2024 Journées de la plateforme MOSAIC



July 11, 2019Michele Sguazzin Journées de la plateforme MOSAIC September 25, 2024 

9 EBIT development for HINA

EBIT top view

Beam

Trapping region

Presently we are working on the design of the EBIT and optimization 
of the injection performing simulations based on:
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9 EBIT development for HINA

Permanents 
magnets

Magnetic guides

EBIT top view

Beam

Magnetic field

Presently we are working on the design of the EBIT and optimization 
of the injection performing simulations based on:
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9 EBIT development for HINA

EBIT top view

Beam

Magnetic field

Presently we are working on the design of the EBIT and optimization 
of the injection performing simulations based on:

𝜏 ∝
1

𝑛𝑒 ∙ 𝑣𝑒

Electron beam density

Charge breeding 
time

𝑒− density and speed
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7 EBIT development for HINA

Main requirements:

• High ionization efficiency 

THIS IS THE CHALLENGING PART OF THE PROJECT!!

The possibility to reach high charge states (Z) depends on 
competition between:

1. electron impact ionization (𝜎𝑞→𝑞+1)

2. recombination processes (𝑞 → 𝑞 − 1)
• charge exchange with ion and atoms

e- gun: 4mA, 2.8keV

Micke et al, Rev. Sc. Inst. 89, 063109 (2018)

Impact of vacuum quality to reduce 
the charge recombination 



July 11, 2019Michele Sguazzin Journées de la plateforme MOSAIC September 25, 2024 

7 EBIT development for HINA

Main requirements:

• High ionization efficiency 

THIS IS THE CHALLENGING PART OF THE PROJECT!!

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 
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HINA project at MOSAIC8

Tancrède Installation for production of intense beams of multi-charged
molecular ions

PhyNuBE September 25, 2024 Journées de la plateforme MOSAIC

HINA PROJECT 
Experiments

201- Hall Super ACO
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HINA project at MOSAIC8

Available ion Source

• ECRIS (Electron Cyclotron Resonance Source)

𝐴𝑟1+ beam up to 30 𝜇𝐴
𝐴𝑟8+ beam up to 60 n𝐴

Maximum extraction energy (𝑈𝑒𝑥𝑡) of 10 kV

ECRIS

DIPOLES

Tancrède Installation for production of intense beams of multi-charged
molecular ions

PhyNuBE September 25, 2024 Journées de la plateforme MOSAIC

201- Hall Super ACO
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HINA project at MOSAIC8

Available ion Source

• LMIS (Liquid Metal Ion Source) 
ECRIS

DIPOLES

Production of nm ion beams, high current density ion beam and a 
small energy spread

Tancrède Installation for production of intense beams of multi-charged
molecular ions

201- Hall Super ACO

PhyNuBE September 25, 2024 Journées de la plateforme MOSAIC
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First measurements at TANCREDE9

Amelle Khankham
(stage M1)

Characterization of the ECRIS source 
of Tancrede for HINA and beam 

transmission 

Damien Jaquemin
(stage L3)

RECOVERY OF TANCREDE FROM 
April 2024 to August 2024

PhyNuBE September 25, 2024 Journées de la plateforme MOSAIC

with Tancrede’s
team
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Installation of HINA at Tancrede10

SIDE VIEW TOP VIEW

LMIS

EBIT

Tancrede

beam

Section 1

Section 2

Section 3 Beam diagnostic (Farady cup and MCP)

Zajfman trap

Beam optics elements (quad bender, quadrupoles, etc..)

PhyNuBE September 25, 2024 Journées de la plateforme MOSAIC

Section 1 Section 2 Section 3
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Installation of HINA at Tancrede10

SIDE VIEW
TOP VIEW

LMIS

EBIT

Tancrede

beam

Molflow simulation to estimate Vacuum quality

PhyNuBE September 25, 2024 Journées de la plateforme MOSAIC

diaphragms

with the support of the vacuum service
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Installation of HINA at Tancrede10

SIDE VIEW TOP VIEW

Section 1 Section 2 Section 3

LMIS

EBIT

Tancrede

beam
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Section 1

Section 2

Section 3 Beam diagnostic (Farady cup and MCP)

Zajfman trap

Beam optics elements (quad bender, quadrupoles, etc..)

HINA installation plan

2024 2025
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HINA planning 2024 11

PhyNuBE September 25, 2024 Journées de la plateforme MOSAIC

April 
2024

First ECRIS characterization 
for HINA

Aug 
2024

LMIS test (Au)

Tancrede
beamline test

Sep
2024

Nov 
2024

Were supposed to start this summer but postponed to the next year. 

Zajfman trap Testing the Ar+ confinement using a discharge ion source. The tests are 
providing encouraging results and we are scheduling to complete them by 
the end of the year. 

Section 1 mounting

Dec 
2024

Commissioning

Experimental planning HINA 2024/2025
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12 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!

First phase of the project

EBIT development 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

11

September 25, 2024 Journées de la plateforme MOSAIC
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Backup Slide
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DESIR workshop

Scientific cases
ATOMIC DATA AND NUCLEAR DATA TABLES 36,375-409 (1987)

instable

Offline 
NEWGAIN

Already investigated

Journées de la plateforme MOSAIC
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DESIR workshop

Scientific cases

• EC is disabled in HCIs and clean β+ decay could be 
studied 

• IC (internal conversion) is disabled resulting in 
longer metastable isomeric states  

Journées de la plateforme MOSAIC
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163Dy0 stable→ 163Dy66+ instable 49keV -2,8keV 13keV            65keV  
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HCI nuclear decay
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Since all or most of the bound electrons are lost in HCI 

𝑛 𝑝 + 𝑒− + ഥ𝑣𝑒 continuous state 𝛃− decay

𝛽− - decay

• Stable nuclei turn in unstable nuclei

𝑛 𝑝 + 𝑒𝑏
− + ഥ𝑣𝑒 bound-state 𝛃− decay

Example: Highly charged ion

M

L

K

Occupancy

Vacancy

𝒗𝒆

𝑒−

Remaining in a 
bound atomic state 

163Dy0 stable 163Dy66+ T1/2 = 48 days  (β− decay)

This situation influences the weak decays as 
electron capture (EC) and beta decay (𝛽−)

Journées de la plateforme MOSAIC
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7 In-Trap Spectroscopy 

HCI decay studies are carried out in ion traps • Detection of emitted radiations (unique!!)
• Unlimited beam time (Offline), used online (ALTO, DESIR, etc..)

Advantages

• Difficulty to produce bare high Z ions

Disadvantages

* K.G. Leach et al., EPJ Web of Conferences 
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First measurements at TANCREDE9
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Amelle Khankham
(stage M1)

Characterization of the ECRIS source 
of Tancrede for HINA and beam 

transmission 

Damien Jaquemin
(stage L3)

RECOVERY OF TANCREDE FROM 
April 2024 to August 2024
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The prerequisite for decay studies of heavy HCIs is their 
production in a (high) atomic charge state of interest

This is a challenging task!!

Production:

• Isotope Separation On-Line (ISOL)
• Electron Beam Ion Source/Trap (EBIS/T)

In-trap decay

1992 Heavy-ion storage ring facilities

First observation of Bound-state beta decay at ESR

M. Jung et al., Phys. Rev. Lett.  69 (1992), 2164

2014 In-Trap Spectroscopy

HCI studies timeline

In-trap spectroscopy of charge-bred radioactive ions

A. Lennarz et al., Phys. Rev. Lett. 113, 082502 (2014)
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8 EBIT simulations

*Micke et al, Rev. Sc. Inst. 89, 063109 (2018)

• To optimize the injection we need to 
simulate the properties of the HC-EBIT

• Fundamental to define the EBIT acceptance

Journées de la plateforme MOSAIC
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EBIT simulations (with Comsol)

Trapping region

EBIT top view

Beam

Journées de la plateforme MOSAIC
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Acceptance

The EBIT acceptance depends on several variables:

• electron beam and the magnetic field
• Energy of the ion beam before injection 20 keV

RMS Emittance (𝜺𝑹𝑴𝑺) in x & y about 3.7 𝝅 mm∙mrad

Effective emittance 𝜺𝒆𝒇𝒇 : 𝜺𝒆𝒇𝒇= 𝟒 ∙ 𝜺𝑹𝑴𝑺 = 14.8 𝝅 mm∙mrad

Electron beam: 𝐼𝑒 = 0.08 A , 𝐸𝑒 = 10 keV
Magnetic field: B = 0.86 T

Journées de la plateforme MOSAIC
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12 Capture efficiency
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EBIT at Tancrede – Ion beam injection

We are working on the 
design of the injection and 

extraction system

Beams are transported with energies of the order of few tens keV, 
HV platform is required.

*This deceleration optics ensured when the LMIS source is used parallel beams with a diameter after deceleration of 1.8 mm and angular 
spread ±4 mrad.    

Low q+
at tens of keV

High q+

External 
source

HV platform

Deceleration and extraction optics

𝑳𝟏𝑳𝟐𝑳𝟑𝑳𝟒

Deceleration optics

*previously used for the Napis project

Journées de la plateforme MOSAIC
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Future of EBIT in DESIR

In the frame of DESIR, the development of an EBIT can be provide an important contribution to:

• In-trap decay studies (as done in TITAN EBIT)

• Achieve a higher precision in mass measurements

• Separation of isomeric states at very low energies

• Laser spectroscopy on 3+ ions at DESIR?

• Or other experiments ?

Journées de la plateforme MOSAIC
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DESIR workshop

Scientific cases

Journées de la plateforme MOSAIC
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DESIR workshop

Scientific cases

Collector Trap regionDeceleration optics

𝑳𝟏 𝑳𝟐 𝑳𝟑 𝑳𝟒

Journées de la plateforme MOSAIC
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Experiments in storage rings
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DESIR workshop

Storage ring mass spectrometry (SRMS)

• m/q of a particle changes in the decay

MAJOR EXAMPLE IS THE GSI/FAIR facility in Germany

• Advantages:
• High charge state (up to bare ions)

• Disadvantages:
• Radiation can not be detected
• Beam time availability

Journées de la plateforme MOSAIC
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EBIT at Tancrede – Ion beam injection

𝑳𝟏𝑳𝟐𝑳𝟑𝑳𝟒

TRAP region Deceleration opticsCollector region

Low q+
at tens of keV

High q+

External 
source

HV platform

Deceleration and extraction optics

𝑳𝟏𝑳𝟐𝑳𝟑𝑳𝟒

Deceleration optics

*previously used for the Naphis project

Journées de la plateforme MOSAIC


