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Nuclear Astrophysics
vp-, rp-process 
(waiting point, Zr-Nr cycle)
abundance of P-nuclei
(92;94Mo and 96;98Ru,84Sr isotopes)

3𝜶 -> CNO -> 𝜶 p-process →rp-process 

time−scale ∝e(Q/kT ) / A(Q)
isotope production∝A(Q)⋅e(Q/kT )

energy production ∝ A(Q) ⋅ Q ⋅ e(Q/kT )

Common parameter: Q (mass 
difference)
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Nuclear mass ↔ nuclear binding energy: 
𝑀 𝑁,𝑍 = 𝑍 & 𝑚" +𝑁 & 𝑚# − 𝐵(𝑁, 𝑍)/𝑐$

Measurement 
techniques:

Penning trap
MR-TOF
Storage ring

H. Schatz, International Journal of Mass Spectrometry, 251(2–3), 293–299 (2006). 

RIKEN-MR-TOF

94-97Ag
92-93Pd

A=80-84
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IGISOL
Fast and chemically non-
selective way to produce 
radioactive nuclei.

FURIOS
(The Fast Universal 
ResonantIOn Source)
•A 10 kHz pulsed solid-
state Titanium:sapphire laser 
system
Provides high-power laser 
beams for very sensitive  
resonance ionization 
spectroscopy (RIS).

Atom Trap
•Goal: Producing coherent gamma 
radiation via isomeric decay of 135mCs 
in a Bose-Einstein condensate.

Dipole magnetOffline 
ion 
source

Spectroscopy 
beamline
•Diagnostics•Nuclear decay   spectroscopy
•Instrument development

MORA
(Matter's Origin from the 
RadioActivity of trapped 
and oriented ions)
Looking for CP violation in 
nuclear beta-decay via D 
correlation measurement.

MR-ToF
•200K-300K MRP so far

RFQ Cooler-
Buncher

Collinear 
laser 
spectroscopy

RAPTOR
(Resonance ionization 
spectroscopy And Purification 
Traps for spectRoscopy)

JYFLTRAP
(Penning trap mass 
spectrometer)

The Ion Guide Isotope Separator On-Line facility (IGISOL) 
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PhD: V. Vertanen

Penning trap and MR-TOF mass spectrometer at IGISOL

v MR-TOF-MS
fast, sensitive, broadband and non-scanning
Ø Resolving power: up to 300,000
Ø resolve isomers (hundreds of keV)
Ø Best mass accuracy: 1 × 10-7

v Production of N=Z nuclei 
and the vicinity:
Ø Heavy ion induced 

fusion-evaporation
Ø MNT

v Extraction technique:
Ø HIGISOL gas cell
Ø MNT gas cell
Ø Hot cavity

v Production of reference 
nucleus:
Ø Co-produced in 

Target chamber
Ø Sparking ion source
Ø Surface ion source

MR-TOF-MS

4

T. Eronen et al., EPJA 48 (2012) 46
A. Kankainen et al., Hyperfine Interactions (2020) 241:43
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Inductively Heated  Hot Cavity Cather Laser Ion Source
� A target ion source system for fusion-evaporation products 

– Efficient: 10 % for Ag (most recent test)
– Fast: <20 ms for Ag, less than 90 ms for Pd

– High Sensitivity: 95Ag at a rate of ~1/10 minutes

– Selectivity: provides high elemental and isotopic selectivity 
from contaminants.

– Versatility

5

� The hot cavity project (Ver 1.) at IGISOL started in 2007.

– First iterations were primary-beam heated catchers
M. Reponen et al., Eur. Phys. J. A 42, 509–515 (2009)
M. Reponen et al., Rev. Sci. Instrum 86 (2015) 123501
M. Reponen et al., Nat. Comm. 12 (2021)
Z. Ge, M. Reponenet al., Phys. Rev. Lett. 133, 132503 (2024)

5

Version 6.

14N + nat./92Mo
40Ca +  58/60Ni

97Ag
94-96Ag

Versatility

Novel technique advance
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M
ag spot

C
yc spot

C
enter spot

X

Y

Ion Production

Offline Ion Source

Hot cavity

or

95Ag+

95Mo+

Preparation Trap Measurement Trap

Homogeneous magnetic field 7 T

Position-sensitive
MCP detector

Image of the ions’ 
radial motions

1
2

3

1 2 3

Schematic of PI-ICR for 95Ag mass measurements

Imaging

Angle between cyclotron and magnetron 
motion phases with respect to the center spot:

𝛂𝐜 = 𝛂_ + 𝛂"
cyclotron frequency: 

𝛎𝐜 = 𝛎" + 𝛎# =
𝛂𝐜 + 𝟐𝜋𝐧
𝟐𝛑𝐭

Coupling of cleaning methods with PI-ICR method for cleaning
Z. Ge, T. Eronen, A. de Roubin et al., Phys. Rev. C 108, 045502 (2023)

6

Recent developments: 1. A noval phase dependent cleaning method, 2 new scheme of PI-ICR method is realized at IGISOL

Hot cavity ion source
Laser ionization in source
Identification/measurement with PI-ICR

Traps ❤ Lasers

6
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State-of-the-art laser&trap method for purfication of isomers

JYU. Since 1863.

7

2025/7/17

PURIFICATION
TRAP

isomeric
cleaning

[if needed]

TOF-ICR
measurement

re-cooling
re-centering

isobaric
cleaning

PRECISION
TRAP

accumulation
cooling 

bunching

RFQ

PI-ICR
measurement

Coupling of Ramsey cleaning&Buffer gas cleaning&laser frequency scan and PI-ICR method for  unambiguous cleaning 
contaminants of 90 keV (A =136) away from ion of interest easy to clean, more than 106 resolving power to clean 2 or more 
closely lying contaminants

Z. Ge, T. Eronen, A. de Roubin et al., Phys. Rev. C 108, 045502 (2023)
Z. Ge, M. Reponen, T. Eronen et al., PHYSICAL REVIEW LETTERS 133, 132503 (2024)

Buffer gas cleaning with purifiction trapRamsey cleaning with precision trap

Conatminant-free ion sample preparation (especially pure isomeric ion species, half-life of 10s ms with E*=10 keV):
Coupling of 
Ramsey cleaning&Buffer gas cleaning&laser ionisation frequency scan
and PI-ICR method 
for  unambiguous cleaning and identification 

Buffer gas cleaning coupled with PI-IR method

λ1

λ2

0 eV

1st excited state

2nd excited
state

Ionization potential
Rydberg states

Continuum
Autoionizing state

Ground state

~5-9 eV

e-

σR~ 10-12 cm2

σI~ 10-17 cm2
λ3

Wavelength - 984.49 (nm)

Purification trap resolving power M/dM: 105 ; Precision Trap M /dM : > 106

7

Novel technique advances
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94-97Ag mass measurements at IGISOL
Penning trap 
Cyclotron frequency:

𝝂𝒄 = 𝝂" + 𝝂# =
𝒒𝑩
𝟐𝝅𝒎

Frequency ratio r:

𝒓 =
𝝂𝟏
𝝂𝟐

Q-value:
Q = M2 – M1 = 

(r – 1)(M1 – me) + me
Mass:
    M2 = r(M1 – me) + me

Time-of-Flight Ion-Cyclotron-Resonance  (TOF-ICR) Phase-imaging Ion-Cyclotron-Resonance  (PI-ICR) 

Uncertainty of around 1 keV with Penning Trap, unprecedented precision (10-8)

8

Z. Ge, M. Reponen, et al., Phys. Rev. Lett. 133, 132503 (2024)
T. Eronen et al., EPJA 48 (2012) 46
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94Ag: 
with MR-TOF 
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Impacts on the X-ray burst

95Ag measured 96Cd needed

95Ag 
measured

Calculation: Y. Lam

preliminary

Ø Refined the reaction rate of rp-process
Ø Reproducing burst light curves
Ø Influence on the final abundance of the burst ash composition
Ø Impact on neutron star crusts 

Timescale, isotope&energy production: 
Exponential dependence on masses! 

9

Fully rull out the 
impact from mass 
uncertainties

!
" !# # #

$
!%

!
!"#$

"

% & % &! ! !

! ! "

# A %& '()
& # A G +, +,

πρ + + +!

X-ray burst model uncertainty:  Q values
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Benchmark theoretical models and isomer as “astromer”

energy level of 96Ag isomeric state

Ø Identification of nuclear isomer of 96mAg, “astromer”

Ø understanding of the nuclear structure at N=50 shell

Ø Benchmark nuclear models and shell models 

ü improve effectiveness in astrophysical processes

Ø 94Ag(21+) 2p/p decay puzzle----in process (V. Virtanen, M. Reponen et al.)

Ø Wigner energy, np-pairing--- other N=Z masses

10

configuration-interaction shell-model (CISM)
Classical density functional theory (DFT)
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ab initio,
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Z. Ge, M. Reponen, T. Eronen et al., PRL 133, 132503 (2024)
G.W. Misch et al., Eur. Phys. J. Spec. Top. 233, 1075 (2024).

Theory:

Possible, astrophysical nuclear isomer, “astromer” 
About this topic: 
see Miikka Winter´s poster
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N~Z mass measurements outlook

17.7.2025JYU SINCE 1863.
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v Mass measurements with hot cavity + MR-TOF 

ü Mass measurements of ground states and isomers of other N=Z nuclei by fusion evaporation 

reactions at IGISOL with MR-TOF

ü Mass measurements of 93Pd: : p-decay daughter of 94Ag (Measured also at FRS ion catcher

@ GSI/Germany within our collaboration)

ü Mass measurements of 94Ag 21+ and 7+ isomeric states

ü Mass of 92Pd (N=Z=46)
vMass measurements with HIGISOL gas cell + MR-TOF

ü Masses of N~Z A=80-84 Area
vMass measurements with HIGISOL/MNT gas cell + Penning Trap, approved proposals
vOther collaboration efforts: FRS ion catcher @ GSI and Rare RI Ring @ RIKEN/Japan
v Further combine the measurements to study the Influence of masses on rp-process and vp-process

with hot cavity/HIGISOL/MNT gas cells + Penning Trap & MR-TOF 

ü Recent 
campaigns

Plans

11
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Collaboration

17.7.2025JYU SINCE 1863.
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IGISOL Group

Thank you 
for your attention

12

Miikka Winter1
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