
Piotr Garczyński

Delayed -ray spectroscopy as 
a tool for fusion-fission studies

γ

7th Workshop on Nuclear Fission and Spectroscopy of Neutron-Rich Nuclei

12.03.2026



Fusion-fission studies
Compound nuclei with measured mass or charge distributions of fission fragments
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Fusion-fission studies
Experimental methods
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Mass & charge 
spectrometry

A D V A N TA G E S

High sensitivity

Kinetic energy information

L I M I TAT I O N S

Limited mass resolution

No independent fission yields

γ-ray 
spectroscopy

A D V A N TA G E S

Precise isotope identification

L I M I TAT I O N S

Low sensitivity

Systematic corrections required

Activation 
methods
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Precise isotope identification
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Au target  
(~ 9 mo after irradiation)

18O  + 197Au → 215Fr* experiment
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Measurements

Prompt  radiationγ Long-lived 
isotopes at FUW

-ball-2 spectrometer, Credit: J.N. Wilson ν

111 MeV

61.7 MeV

Classical analysis via 
 cascades 

leading to the g.s. like
γ − γ − γ

4+ → 2+ → 0+ Alternative method: 
analysis of decay curves of 
medium- and long-lived 
fission products
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Background: Asymmetric fission is known to occur in two regions, the actinides and sublead, and is dependent
on the fissioning system excitation energy. Experimental evidence in the sublead region show that this mode is
surprisingly persistent with increasing energy and its origin is not fully understood.
Purpose: To experimentally study the fusion-fission reaction of 215Fr at moderate excitation energy and deter-
mine previously unknown independent fission yields and other properties.
Method: The compound nucleus was formed in the reaction 18O + 197Au. The prompt γ rays emitted during the
reaction were measured with the high efficiency and high granularity ν-ball-2 spectrometer. Independent fission
yields of even-even nuclei were determined by detecting triple-gamma cascades in the fission fragments.
Results: The observed yields, although dominated by a symmetric peak, show maxima for heavy fragment of
Z ≈ 54–56, which is consistent with the known results in the actinide region but unexpected for the nuclide of
interest, and at the studied excitation energy.
Conclusions: The mode of asymmetric fission is present even at relatively high excitation energies in the system
studied. This observation matches experimental findings in the sublead region, contrary to the actinides, and so
far there is no well-developed explanation of this phenomenon.

DOI: 10.1103/PhysRevC.108.054608

I. INTRODUCTION

One of the commonly observed properties of fission, rel-
evant to the understanding of this process, is the mass and
charge distribution of fragments. During the process of fission,
nuclei can travel along different paths on the potential en-
ergy landscape, which results basically in two general fission
modes, symmetric and asymmetric. The path depends on the
fissioning system itself, and to some degree, on the reaction
entrance channel and excitation energy. One of the key exper-
iments on this matter was performed by Schmidt et al. [1],
which studied 70 systems in the astatine to uranium region
via Coulomb-excitation induced fission. Symmetric modes
were found for systems with A < 226, and asymmetric above
that. Another important previous result was the observation of
unexpected highly asymmetric fission of 180Hg (after β decay)
[2] which triggered a great interest in theoretical modeling,
using various approaches from phenomenological through
microscopic-macroscopic to fully microscopic models [3–11].
A remarkable fact is that most of them could reproduce the
observed asymmetric mass split of 180Hg, however without
common agreement on the physical explanation for it.

*kmiernik@fuw.edu.pl

Many models predict asymmetric modes for low excitation
energies (E∗ < 20 MeV), accessible in Coulomb excitation,
or β-delayed induced fission, and argue that the driving
microscopic effects are washed out at higher excitation en-
ergies [5,7,8,10,11] resulting in only the symmetric mode.
However, recent experimental works [12,13], show that the
asymmetric mode is clearly seen at moderately high excitation
energies in the sublead region. It is quite remarkable that these
systems preserve their asymmetry even for a relatively high
excitation energies up to E∗ = 70 MeV [12]. Similar phenom-
ena were observed for multinucleon transfer induced fission
on U/Th/Pu targets [14] up to 60 MeV excitation energy,
but it was explained by a multichance fission mechanism,
which has a much greater impact in the heavier systems. All
together there is currently no unambiguous answer or theoret-
ical consensus on the questions of how the fission proceeds,
how it depends on excitation energy, whether the microscopic
structure preserved, and to what excitation energies. As the
same theoretical models or approaches are used for descrip-
tion of entire chart of nuclides, and applied in astrophysics
or super-heavy elements production planning, it is crucial to
stringently test their predictive powers beyond current experi-
mental knowledge.

In this article we report results of an experimental study
of the independent fission yields, and other characteristics,

2469-9985/2023/108(5)/054608(9) 054608-1 ©2023 American Physical Society
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Residual activity of 215Fr fission fragments
OBJECTIVE: 


Identification of long-lived (direct and indirect) 
products of fission and decay of 215Fr and other 
isotopes


METHOD:


-ray spectroscopy with decay analysis 


Experimental set-up:


- Target irradiated at ALTO

- 1 HPGe detector with lead shielding at FUW

- 7 months of measurements (22.07.22-16.01.23)

- Calibration with standard 152Eu source

γ
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HPGe detector with shielding at FUW, Credit: K. Miernik
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Comparison with prompt -rays analysisγ
Yields relative to 
103Ru: 


‣ Production 
probability based 
on prompt -ray 
analysis 
propagated to the 
start of the long 
measurement 
(MLE + decay) 


‣ Residual activity 
measurement (67 d 
post-ALTO)

γ
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12C  + 182W → 194Hg* experiment
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Measurements

Prompt  radiation

(ALTO, IJCLab)

γ Long-lived 
isotopes at FUW

8 h post-
irradiation in situ 
(ALTO, IJCLab)

(in preparation)

87.5 MeV

60.9 MeV

Classical analysis via 
 cascades 

leading to the g.s. like
γ − γ − γ

4+ → 2+ → 0+

Alternative method: 
analysis of decay curves of 
medium- and long-lived 
fission  products
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Background: The fission character changes along the mercury isotopic chain, from asymmetric (180Hg), through
slightly asymmetric (190Hg), to symmetric (198Hg). Mercury isotopes have been studied using complementary
techniques such as ω-delayed fission and fusion-fission, but the isotope 194Hg has not been investigated until now.

Purpose: To experimentally study the fusion-fission reaction of 194Hg at moderate excitation energy and to
determine previously unknown independent fission yields and properties of emitted neutrons and ε-rays.

Method: The compound nucleus was formed in the reaction 12C + 182W. Prompt gamma-rays emitted during
the reaction were measured with the ϑ-ball2 spectrometer. Independent fission yields of even-even nuclei were
determined by detecting gamma-gamma cascades in the fission fragments and performing a maximum likelihood
analysis. Number of emitted neutrons was determined from the fragment distribution, as well as from study of fis-
sion partners. Average momentum carried by the ε-rays was determined by the Manchester method. Additionally,
long-term ω activity of fragment residues was measured as a complementary method.

Results: The measured fission fragments mass distribution is consistent with that of neighboring mercury iso-
topes, confirming the gradual change along the isotopic chain. However, the independent fragment yield, dis-
tribution of fission partners, and fragment angular momentum show significant discrepancies compared to the
theoretical calculations.

Conclusions: Our results demonstrate that the method based on ε-spectroscopy is a valuable alternative to
direct mass or charge measurements. The fragment distribution is best described by the GEF model but the
aforementioned observables are consistently shifted in the experimental results. It is possible that in this model
the mechanism of fragment excitation is not properly describing the studied nuclide.

I. INTRODUCTION

The fission of mercury isotopes gained significant
attention following a 2010 experiment performed at
ISOLDE (CERN), which unexpectedly revealed highly
asymmetric fission of 180Hg populated via ω-decay [1].
This was the first observed case of an asymmetric split
in a nuclide lighter than A = 226. It had been widely
expected that it would preferentially split into two semi-
magic 90Zr fragments, so the asymmetric split came as a
major surprise. As a consequence, both theoreticians and
experimentalists began to investigate the fission of lighter
systems more closely. Follow-up studies have shown that
the region of asymmetric fission is likely located around
proton-rich nuclides below lead [2–4]. Since the fission
of 198Hg had previously been shown to be almost sym-
metric [5], the transition must occur along the mercury
isotopic chain, which has become a central focus of many

→ kmiernik@fuw.edu.pl

theoretical models [6–10].

Further experimental work has shown that ω-delayed
fission of 178Tl (populating 178Hg) also exhibits asym-
metric features [11]. Unfortunately, experimental meth-
ods for studying low-energy fission following ω-decay
[1, 11], or reactions with light projectiles such as (p, f) or
(ε, f) [5], have reached their limits regarding mercury iso-
topes. But methods based on Coulomb fission of radioac-
tive ion beams [12–14] or fusion-fission reactions have al-
lowed for further studies. The latter reactions produce
nuclei at much higher excitation energies and introduce
additional angular momentum into the system. A very
important study by K. Nishio et al. [15] showed that the
fission of 180,190Hg isotopes, created in a 36Ar reaction on
Sm targets, follows the same asymmetric patterns as low-
excitation fission, even at excitation energies as high as
70 MeV. Therefore, this method o”ers an alternative way
to gain insight into the fission mechanism, particularly
the influence of microscopic structure on fragment asym-
metry. Several other studies have utilized this method to
investigate mercury isotopes: 180,182,183Hg [16], 180,190Hg
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12C  + 182W → 194Hg* experiment
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K.Miernik in., Gamma spectroscopy of the 12C+ 
182W fusion–fission reaction (in preparation)

Theoretical cross-sections 
(HIVAP) for different 
deexcitation channels from 
CN 194Hg*


Fusion-evaporation 
channels much more 
populated than fission
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Results


- 26 isotopes identified, T½ from 
minutes to tens of hours:  

• 7 fission fragments

• 11 fusion-evaporation products 

• 8 from other beam reactions


- FF signals insufficient for yields  
comparison with prompt data


- For 6 FE products we obtained 
improved T½ precision estimation


Lesson learned: 


Future campaigns should extend the 
post-irradiation counting period

18 of 327 lines linked to fission fragments

Spectrum of a 8 h measurement after beam shut down

12C  + 182W → 194Hg* — decay analysis results



12C  + 182W → 194Hg* — decay analysis results
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Ratios of theoretical and prompt experimental 
populations of isotopes to the values obtained in the 
long-term measurement at FUW. Credit: K. Miernik
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Further studies: 32S + 112Sn → 144Dy*
MEASUREMENT IN 2024/25: 

— 180 h on-line 

— 27 h post-beam 

— long-term at FUW

EXPERIMENTAL SET-UP AT HIL, UW: 

EAGLE (HPGe x 15) + DIAMANT 
(charged particles) + NEDA (neutrons)

The following isotopes has been 
identified by M. Kurzelewski 
(bachelor): 

54Mn, 56,58,60Co, 65Zn, 75Se, 83Rb, 
85Sr, 88Y



Summary
Measurement of the irradiated target is a valid method of verification of results 
obtained with -ray spectroscopy, but:


- Sensitive to the reaction choice (dominant fusion-evaporation channels will 
complicate the analysis)


- Months-long measurement required in simple setup version

γ
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