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Why?



© Matthew Mumpower (2007-2025).

Nuclear fission in the r-process
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Fission 
«recycling»

Open questions:

• Where does the r-process end?

• Fission probability of n-rich nuclei?

• What is the role of fission recycling in the 
r-process?
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Goal



Key fission observables:

Probing fission of n-rich nuclei

• Fission probability as a function of the 
excitation energy.

• Charge-mass distribution of fission 
fragments.

• Energy released in γ radiation during 
fission.
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C. Rodríguez-Tajes et al., PRC 89, 024614 (2014).

GEF-simulated mass and charge fission fragment distributions for 230Ac with Ex=7 MeV.
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K.-H, Schmidt et al. Nucl. Data Sheets 131, 107 (2016).
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How?



(d,pF) surrogate reactions in inverse kinematics

Fission event:

coincidence with proton and 
two detected fission fragments.

𝑃𝑓 𝐸𝑒𝑥 =
𝑁𝑑,𝑝𝐹 (𝐸𝑒𝑥)

𝑁𝑑,𝑝(𝐸𝑒𝑥) ∙ 𝑒𝑓

Experimental challenges:

o Strong angular dependence of 
proton energy on the LAB angle, i.e. 
kinematic shift.

o Kinematic compression → much 
worse resolution in backward angles.

o Low intensity beams (detection 
efficiency).
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o Uniform magnetic field (2T).

o Target and detectors inside the solenoid.

o Charged particles follow helical 
trajectories.

o Particles detected along the magnet axis.

• Considerably better energy resolution of the 
populated state in the compound nucleus.

• Solution for kinematics compression.

• Background reduction in having the proton 
detector placed upstream.

The solenoidal spectrometer method

229Ac 
beam

8
A. Wuosmaa et al. NIMA 580 (2007) 1290
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Experimental Setup



Measured:

o Protons.
o Fission fragments (FFs).
o Scattered deuterons.
o γ-rays from FFs.

ejected proton

Incoming 
beam

compound
nucleus
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Beam tuning:
- Beam monitor detectors.

Targets:
- CD2: 0.5 – 1 mg/cm2

- C: 0.38 – 0-75 mg/cm2

Incoming 
beam

A novel setup for studying (d,pF) reactions at ISS - I
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Measured:

o Protons.
o Fission fragments (FFs).
o Scattered deuterons.
o γ-rays from FFs.

CD-shaped Si detector
Micron Semiconductor S3

E ΔE

- No PID for FFs 
+ Angular acceptance
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A novel setup for studying (d,pF) reactions at ISS - II
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Measured:

o Protons.
o Fission fragments (FFs).
o Scattered deuterons.
o γ-rays from FFs.

LUME (luminosity) detectors
4 position-sensitive silicon detectors

Many thanks to 
B. Kay!
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A novel setup for studying (d,pF) reactions at ISS - III
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Measured:

o Protons.
o Fission fragments (FFs).
o Scattered deuterons.
o γ-rays from FFs.

28 CeBr3 crystals

O. Poleshchuk et al., “The SpecMAT active target,” 
Nucl. Instrum. Methods A 1015, (2021).
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A novel setup for studying (d,pF) reactions at ISS - IV
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Fission detectors

Preliminary!

Preliminary!

∆𝐸

𝐸
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Fission dE - E plot
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Luminosity monitor

Other detectors

Doppler-shifted
1016.9 keV!

Preliminary!

𝑝 − 𝛾 coincidences

16
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Why is it hard 
to measure 

fission of n-rich 
nuclei?
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o Going neutron-rich: 

↓ 𝑆𝑛 ↑ 𝐵𝑓

o Radioactive beam requirements:
o Sufficient beam intensity.
o no contaminant with higher fission probability.

o Radioactive beam energy: limits available excitation energy 
in (d,pF).

𝐸∗ > 𝐵𝑓

A good candidate to study:

beam 229Ac → fission of 230Ac compound nucleus

No conclusive data on fission at low excitation energies of 
such nucleus.



230Ac

Sn [1] 4.923 MeV

Fission barrier height [2] 7.01 MeV

Pf (1st chance) [2] 3%

https://www.nndc.bnl.gov/nudat3/

A good candidate: 230Ac
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[1] M. Wang at al. Chinese Physics C 45, 030003 (2021).
[2] K.-H, Schmidt et al. Nucl. Data Sheets 131, 107 (2016).

Approved INTC proposal.

Beam time and setup geometry 
optimized to measure fission of 230Ac.

October 28 - 30, 2025 | Annual Swedish Nuclear Physics and SFAIR meeting 2025, Göteborg | M. V. Managlia



230Ac

Sn [1] 4.923 MeV

Fission barrier height [2] 7.01 MeV

Pf (1st chance) [2] 3%

https://www.nndc.bnl.gov/nudat3/

A good candidate: 230Ac
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[1] M. Wang at al. Chinese Physics C 45, 030003 (2021).
[2] K.-H, Schmidt et al. Nucl. Data Sheets 131, 107 (2016).

Approved proposal

Beam time and setup geometry 
optimized to measure fission of 230Ac
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Technical challenges during the experiment:

o Limited beam energy (< 8 MeV/u).

o Limited intensity.

o Limited purity.

Change of isotope during the experiment 
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Experiment IS739

ISOLDE, CERN
July 10 - 20, 2025
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Fission of 233U

233U

Sn [1] 5.76 MeV 

Fission barrier height [1] 4.34 MeV

Pf (1st chance) [1] ~ 90%

Why is 233U a good candidate?

o Higher production yield for 232U beam (UCx 
primary target).

o Sn > Bf

o Higher fission probability.

o Smaller fission barrier of any possible beam 
contaminant.

o Important for Th-fuel cycle.

Cons:

o Experimental setup geometry not optimized for 
233U fission.

[1] K.-H, Schmidt et al. Nucl. Data Sheets 131, 107 (2016).
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What’s in the literature?

In direct kinematics:

Resolution: 11 keV 
FWHM!

Data from US

Fission of 232U*:
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What’s in the literature? Fission of 233U*
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o B. I Fursov et al., Atomnaya Energiya 61, 383 (1986).

o P. E Vorotnikov et al., Kurchatov Inst. 32 (1970).

o Other: E. K. Hultet et al., Wash. AEC Office Reports 1033, 28 (1961).

232U(n,F)Data from SU:

Experiment IS739:

First measurement of 
(d,pF) of 233U.
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A. Kawęcka, H. T. Törnqvist, A. Heinz, H. T. Johansson, T. Nilsson, B. Jonson, E. A. M. Jensen, H. 
Joukainen, B. Johansson, A.  Svärdström, S. Persson, P. MacGregor, F. Rowntree, G. Willmott, D. 
K. Sharp, A. G. Smith, T. Wright, M. Wlodarczyk, N. Sosnin, M. Au, F. Browne, P. A. Butler, A. 
Camaiani, A. Ceulemans, D. J. Clarke, A. J. Dolan, S. J. Freeman, L. P. Gaffney, S. A. Giuliani, B. 
R. Jones, B. P. Kay, J. Klimo, M. Labiche, I. Lazarus, J. Ojala, B. Olaizola, R. D. Page, G. Martínez-
Pinedo, O. Poleshchuk, R. Raabe, S. Reeve, A. Rodriguez, S. Rothe, T. Beck, A-C. Larsen, V. W. 
Ingeberg, J. Henderson, Y. Kucuk, I. Boztosun, H. Dapo, H. Sansar.

Collaboration



- The method works.

- Detectors performed well!

- First (d,p) measurement on 232U.

- Analysis in progress:

- Calibration.

- Next: quantify efficiencies and compare with 
simulations.

- Gamma ray analysis.

Next:

After CERN long shutdown: higher beam energy
available at ISOLDE → beam development.

- Try once more 230Ac case study.

- Push further to heavier beams.
27

Status

Thank you for your 
attention!
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Backup slides



230Ac

Sn [1] 4.923 MeV

Fission barrier height [2] 7.01 MeV

Pf (1st chance) [2] 3%

https://www.nndc.bnl.gov/nudat3/

A good candidate: 230Ac

29

[1] M. Wang at al. Chinese Physics C 45, 030003 (2021).
[2] K.-H, Schmidt et al. Nucl. Data Sheets 131, 107 (2016).

Approved proposal

Beam time and setup geometry 
optimized to measure fission of 230Ac
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Technical challenges during the experiment:

o Limited beam energy (< 8 MeV/u).

o Production of 229Ac beam in difluoride form not 
possible.
o Saturation of HIE-ISOLDE trap likely due to 

contaminants.

o Monofluoride beam: production yield too low.

o Change from ThCx to UCx primary target required.

o Too low statistics.



𝐸𝑋 = −𝑚2 + 𝑀𝐶
2 +𝑚1

2 − 2𝛾𝑀𝐶(𝐸 − 𝛼𝛽𝑧ℎ𝑖𝑡)

cos𝜃𝑐𝑚 =
𝛾(𝐸𝛽 − 𝛼𝑧ℎ𝑖𝑡)

𝛾2 𝐸 − 𝛼𝛽𝑧ℎ𝑖𝑡
2 −𝑚1

2

𝛼 =
𝑍𝐵

2𝜋

𝑇𝑐𝑦𝑐 =
2𝜋𝑚

𝑞𝐵
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Analytical calculations for
28Si(d,p)29Si at 6 MeV/u.

The kinematics of (d,p) reactions in solenoidal spectrometers
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Proof-of-principle experiment at ANL – HELIOS 

Commissioning experiment for ISS is planned (IS224).

Very promising for ISS, BUT.... Geometrical efficiency of the 
setup is limited:

● ∼10% for the detection of one or more FF,
● ∼1% for the coincident detection of light and heavy 

fragments

S. A. Bennett et al., Phys. Rev. Lett. 130, 202501

238U(d,pF) @8.6 MeV/u

(LoI, INTC-I-224)
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Fission barrier of beam contaminants
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