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Why?



© Matthew Mumpower (2007-2025).

Nuclear fission in the r-process
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Open questions:

Å Where does the r -process end?

Å Fission probability of n -rich nuclei?

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



Goal



Key fission observables:

Probing fission of n -rich nuclei

Å Fission probability as a function of the 
excitation energy.

Å Charge-mass distribution of fission 
fragments.

Å Energy released in rɹadiation during 
fission.
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GEF-simulated mass and charge fission fragment distributions for 230Ac with Ex=7 MeV .

K.-H, Schmidt et al. Nucl. Data Sheets 131, 107 (2016).

Probing fission of n -rich nuclei
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How?



Fission event:

coindicence with proton and 
two detected fission fragments.
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S.A. Bennet et al., Phys.Rev.Lett.130 (2023) 20, 202501.

(d,pF) surrogate reactions in inverse kinematics



Experimental Setup



Measured:

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

ejected proton

Incoming 
beam

g~{§~¯|i
|¯gzk¯«
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Beam tuning:
- Beam monitor 

detectors.

Targets:
- CD2: 0.5 å1 mg/cm 2

- C: 0.38 å0-75 mg/cm 2

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 -ɹrays from FFs.

CD-shaped Si detector
Micron Semiconductor S 3

E E̍
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A novel setup for studying (d,pF) reactions at ISS - II
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A novel setup for studying (d,pF) reactions at ISS - II

- No PID for FFs 
+ Angular acceptance



Measured:

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

>Q?/ Ýz¯{s|~«s®·Þ ik®kg®~ª«
Â §~«s®s~|ã«k|«s®s´k«szsg~| ik®kg®~ª«

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



Measured:

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

ÀÆ +k*ªÁgª·«®^z«

O. Poleshchuk et al.Ï êPrk N§kg?"P ^g®s´k ®^ªqk®Ïë 
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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A novel setup for studying (d,pF) reactions at ISS - IV
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Fission detectors

Preliminary!

Preliminary!
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Fission dE - E plot
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Fission detectors

Test of fission detectors
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Simulationsd
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Preliminary! Preliminary!

Preliminary! Jªkzs{s|^ª·Ó
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Luminosity monitor
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Doppler -shifted
1016.9 keV!

Gate on proton line populating 
the first excited state of 23Ne

Preliminary!

Preliminary!

Ns ^ªª^· û +k*ªÁí«Ð ὴ ‎g~s|gsik|gk«
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Why is it hard to measure fission of n-rich nuclei?
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o Going neutron -rich: 

ᴽὛ ᴻὄ

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

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

Ὁᶻ ὄ

A N Andreyev et al 2018 Rep. Prog. Phys. 81 016301



Experiment IS739

ISOLDE, CERN
July 10 - 20, 2025



230Ac

Sn [1] 4.923 MeV

Fission barrier height [2] 7.01 MeV

Pf (1st chance) [2] 3%

őƣƣƓƚаооƽƽƽЮŰŰĬĦЮĤŰũЮŊŸƻоŰƨĬċƣΟо

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).
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o Practical choice for investigation: based on the fission barrier 
estimated by GEF, it lies in the capabilities of the facility 
(available intensity and energy of the beam).

o No conclusive data on fission at low excitation energies.

o The first study of fission using radioactive beams in inverse 
kinematics with a solenoidal spectrometer.



230Ac

Sn [1] 4.923 MeV

Fission barrier height [2] 7.01 MeV

Pf (1st chance) [2] 3%

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

" q~~i g^|isi^®kÐ ÀÁ¾"g
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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.
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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

ΞΝ

[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.
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Technical challenges during the experiment :

o Limited beam energy (< 8 MeV/u) (will be better after LS3).

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 ThC x to UCx primary target required.

o Too low statistics.

+r^|qk ~p s«~®~§k i¯ªs|q ®rk k¶§kªs{k|® 
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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%

Wr· s« ÀÁÁQ ^ q~~i g^|isi^®kÕ

o 6sqrkª §ª~i¯g®s~| ·skzi p~ª ÀÁÀQ fk^{ ÝQ+¶ 
§ªs{^ª· ®^ªqk®ÞÎ

o 3 "

o 6sqrkª ɺ««s~| §ª~f^fszs®·Î

o N{^zzkª ɺ««s~| f^ªªskª ~p ^|· §~««sfzk fk^{ 
g~|®^{s|^|®Î

o 7{§~ª®^|® p~ª Prãp¯kz g·gzkÎ

+~|«Ð

o /¶§kªs{k|®^z «k®¯§ qk~{k®ª· |~® ~§®s{sºki p~ª 
ÀÁÁQ ɺ««s~|Î

[1] K.-H, Schmidt et al. Nucl. Data Sheets 131, 107 (2016).
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Wr^®í« s| ®rk zs®kª^®¯ªkÕ 

Wr^® i~ µk y|~µ ^f~¯® ɺ««s~| ~p ÀÁÁQÕ

Discovery: 

G.T. Seaborg, J.W. Gofman, R.W. Stoughton, Phys. Rev.  
71, 378 (1947)

A first fission cross section estimate: 

R. Elson et al., Phys. Rev.  89, 320 (1953)
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Fission of 233U ådata from the US
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Fission of 233U ådata from the SU

B. I Fursov et al., Atomnaya Energiya 61, 383 (1986)

ÂЮШEШéŸƖŸƣŰŔťŸƻĲƣЮċũЮЯШuƨƖĦőċƣŸƻШfŰƚƣЮШΟΞШыΝΦΤΜь

232U(n,f )

T1/2 (232U) = 68.9 years 

difficult to produce enriched targets for 
neutron-induced fission experiments.

-kgk{fkª Ç®rã¿À®rÏÀ¾ÀÃĐ N~zk|~si^z N§kg®ª~{kª W~ªy«r~§À¾ÀÃÏ N^|®s^q~ ik +~{§~«®kz^Đ ?Î VÎ?^|^qzs^
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Background reactions with carbon in the target

Background and time resolution
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Time resolution needed at least 25 ns (FWHM).



ÀÁÁQ

Data to benchmark the approach:

o N-deficient: Ὓ ὄӛHigher fission probability.

o Larger (d,p) cross section.
o Easier to extract from a UCx target ӛHigher extraction yield.
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Correlations back -to-back
ȎE hit map

ÀÁÀQÝiÏ§4ÞÀÁÁQ 
ÅÎÁÂ ?kVÛ¯
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]

232U(d,p) reaction, Ep vs z

-kgk{fkª Ç®rã¿À®rÏÀ¾ÀÃĐ N~zk|~si^z N§kg®ª~{kª W~ªy«r~§À¾ÀÃÏ N^|®s^q~ ik +~{§~«®kz^Đ ?Î VÎ?^|^qzs^

The 232U(d,p) reaction



ΞΦ

232U(d,p) reaction, excitation energy spectrum

z [mm]

E p
[k

eV
]

232U(d,p) reaction, Ep vs z

9?ΞƣċƖŊĲƣШт9ШƣċƖŊĲƣ

g.s.
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The 232U(d,p) reaction

Ὁ ά ὓ ά ς‎ὓ Ὁ ‌‍ᾀ
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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.

+~zz^f~ª^®s~|



- 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 ӛbeam development.

- Try once more 230Ac case study.

- Push further to heavier beams.
31

N®^®¯«

Thank you for your 
attention!
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Normalisation and 
CeBr3 detectors 

used in 3 more ISS 
experiments since.



Backup slides
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(d,pF) surrogate reactions in inverse kinematics ISOLDE Solenoidal Spectrometer
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229Ac 
bea
m

o Uniform magnetic field (2T).

o Target and detectors are inside the 
solenoid.

o Charged particles follow helical trajectories.

o Particles are detected along the magnet 
axis.

Considerably betterenergy resolution of 
the populated state in the compound 

nucleus

Prk «~zk|~si^z «§kg®ª~{k®kª {k®r~i

J.S. Winfield, NIM A, 396(1-2):147å164, 1997

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).

-kgk{fkª Ç®rã¿À®rÏÀ¾ÀÃĐ N~zk|~si^z N§kg®ª~{kª W~ªy«r~§À¾ÀÃÏ N^|®s^q~ ik +~{§~«®kz^Đ ?Î VÎ?^|^qzs^
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Beam scan
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Jª~~pã~pã§ªs|gs§zk k¶§kªs{k|® ^® "@> å6/>7BN 

Commissioning experiment for ISS is planned (IS224).

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

Ḑ10% for the detection of one or more FF,
Ḑ1% for the coincident detection of light and heavy 
fragments

ÉЮЮШ7ĲŰŰĲƣƣШĲƣШċũЮЯШÂőǃƚЮШÅĲƻЮШxĲƣƣЮШΝΟΜЯШΞΜΞΡΜΝ

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

(LoI, INTC-I-224)
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4s««s~| f^ªªskª ~p fk^{ g~|®^{s|^|®«

December 9th - 12th , 2025 | Solenoidal Spectromer Workshop 2025, Santiago de Compostela | M. V.Managlia


