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Nuclear �ssion leads to the splitting of a nucleus i nto two fragments 1,2. Studying the 
distribution of the masses and charges of the fragment s is essential for establishing 
the �ssion mechanisms and re�ning the theoretical mo dels3,4. It has value for our 
understanding of r-process nucleosynthesis 5,6, in which the �ssion of nuclei with 
extreme neutron-to-proton ratios is pivotal for det ermining astrophysical abundances 
and understanding the origin of the elements 7 and for energy applications 8,9. Although 
the asymmetric distribution of fragments is well un derstood for actinides (elements 
in the periodic table with atomic numbers from 89 to  103) based on shell e�ects 10, 
symmetric �ssion governs the scission process for lig hter elements. However, 
unexpected asymmetric splits have been observed in ne utron-de�cient exotic 
nuclei 11, prompting extensive further investigations. Here we present measurements 
of the charge distributions of �ssion fragments for 10 0 exotic �ssioning systems,  
75 of which have never been measured, and establish a connection between the 
neutron-de�cient sub-lead region and the well-understoo d actinide region. These 
new data comprehensively map the asymmetric �ssion i sland and provide clear 
evidence for the role played by the deformed Z�=�36 proton shell of the light fragment 
in the �ssion of sub-lead nuclei. Our dataset will h elp constrain the �ssion models used 
to estimate the �ssion properties of nuclei with ex treme neutron-to-proton ratios for 
which experimental data are unavailable.

Nuclear fission, a process during which a nucleus undergoes extreme 
deformations before splitting into two energy-relea sing fragments, 
has traditionally been compared to the division of a liquid drop, which 
emphasizes the dynamic evolution of the compound nu cleus. This view, 
however, has expanded to include microscopic structural effects due 
to quantum behaviour. These effects are essential f or the outcome 
of fission. Despite being discovered over 85 years ago 1,2, the intricate 
interplay between the macroscopic and microscopic effects presents 
a significant theoretical challenge that remains to be solved 4.

The significance of understanding fission fragment distributions 
extends beyond pure scientific curiosity, as they i mpact terrestrial 
energy production, reactor safety and various astro physical phe-
nomena. Knowing fission fragment mass and charge di stributions is 
important, particularly for assessing criticality i n nuclear reactors, 
as certain fission fragments can capture neutrons a nd disrupt the 
nuclear chain reaction. Additionally, understanding  these distribu-
tions is important for evaluating the residual heat after a reactor 
shutdown 8,9. Furthermore, fission plays a pivotal role in the survival 
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Fission reaction and fragment identification
The incoming nuclei were induced to fission by Coul omb excitation at 
relativistic energies through the interaction of th e beam with high-Z 
targets (Methods). In our experiment, two 1.5-mm-thick natural lead 
targets were mounted as the cathodes in an active t arget. The difference 
in the energy losses between the beam and fission fragments allowed us 
to determine in which target fission took place. In addition to the two 
lead cathodes, one 0.5-mm-thick low- Z cathode made of carbon was 
also part of the active target. Using this other ta rget, we measured and, 
thus, could allow for the subtraction of fragmentat ion-fission reactions 
as described in ref. 41. The focus of the study was Coulomb-induced 
fission, which led to fission at low excitation ene rgies, between the 
fission barrier and 10�MeV above it, where the stru cture and pairing 
effects were preserved 14. Note that, although the structure and pairing 
effects were preserved, damping of the�shell effect  could occur because 
of the extra energy above the fission barrier. Howe ver, the extent of this 
quenching is not yet fully understood or quantified in the co ntext of 
fission. With the given excitation energy distribution, second-chance 
fission can occur, making it impossible to distingu ish from the data 
whether a neutron was emitted before fission. Nonet heless, the contri-
bution of second-chance fission was modest, as quan tified in Extended 
Data Tables�3 and 4 using the GEF 2023/1.2 code (General Description 
of Fission Observables) 42. This small contribution had a minor effect 
on the charge distributions, as it evolved gradually across neighbour-
ing masses.

After a fission reaction had occurred, both fragments were emitted 
at a forward angle within a narrow cone of 35�mrad in the laboratory 
frame. They were detected in coincidence in the R 3B-SOFIA set-up. 
For a given fission event, the probability of prope rly identifying the 
charge of both fission fragments was about 90%. The  resolution 
obtained ( � �=�0.13) allowed us to unambiguously identify the f ission 
fragment charges, extract the odd–even staggering i n the popula-
tion of the fragments due to the pairing interactio n and investigate 
the role of proton-shell closures during the fission of the investigated 
isotopes. The final charge yield, normalized to 200 %, was obtained 
systematically and consistently for all the fission ing nuclei listed in 
Extended Data Tables�3 and 4. Those tables also list the estimated aver-
age mean excitation energy above the fission barrie r for all systems 
studied. The excitation energy was inferred using t he GEF 2023/1.2 
code 42. We used this phenomenological Monte Carlo approac h to 
calculate for each fission event the fragment prope rties at scission, 
which is the point in the nuclear fission process w here the nucleus 
splits into two or more fragments. The properties calculated include 
the charge, mass, angular momentum and kinetic energy. The excita-
tion energy spectrum from Coulomb excitation, used as an input in 
the GEF calculations, was evaluated for all nuclei with the empirical 
parametrization of the giant resonances 14,41 using the ground-state 
deformation from the AMEDEE database 43 and based on large-scale 
Hartree–Fock–Bogoliubov calculations using the Gogn y D1S nucleon–
nucleon interaction 44,45. However, estimating multi-chance fission 
probabilities in this new region remains challenging due to the lack of  
precise data.

To provide a global view of the evolution of fissio n for the investigated 
fissioning systems, we define the asymmetry parameter:
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which corresponds to the ratio between the symmetri c yield Y(Zsym) 
and the maximum yield Y(Zmax) averaged over the neighbouring yields 
to compensate for the odd–even staggering in the el emental distribu-
tions, with Zmax, the charge corresponding to the highest yield for  a 
given fissioning system: Y(Zmax)�=�max(Y(Z))

All measured charge yields are shown in Extended Data Fig.�4. A map-
ping of the asymmetry metric over the range of investigated nuclei is 
shown in Fig.�2. In addition to the current dataset, previous resu lts from 
R3B-SOFIA experiments focused on selected 237,238Np, 234,235U, 228,229,231,232Pa 
and 221,222,223,225,226,229,230Th isotopes 39,40, which define the well-known first 
island of asymmetric fission, are included. The com prehensive view 
provided by Fig.� 2 reveals the emergence of a distinct island of asym-
metric fission within the sub-lead region. This sec ondary island is 
notably evident for the most neutron-deficient lead  isotopes and 
extends to lower Z elements, including platinum isotopes. Despite the  
asymmetric tail in the elemental yield for the bism uth isotopes ( 189–197Bi), 
the overall distribution exhibits clear symmetry, m irroring the pattern 
observed for other higher elements up to the well-e stablished actinide 
region. This variability in asymmetry enabled us to  experimentally 
define the boundaries of this island of asymmetric fission, which had 
previously only been delineated through theoretical  calculations 31. 
Notably, our experimental findings do not completely agree with the 
predictions of this previous theoretical study regarding the location 
and extent of the asymmetric island. In particular,  it had been reported 
that the asymmetric fission island extends from 180Hg to 196Hg, and from 
183Tl to 195Tl. However, our data indicate that this new asymme tric fission 
island does not reach systems such as 196Hg or 195Tl. For example, we 
observed that 188Tl and 186Hg exhibit a strong symmetric component. 
Furthermore, our data indicate that the asymmetric fission island 
extends beyond 180Hg and 183Tl towards the more neutron-deficient 
systems, which is not supported by the calculations  in ref. 31. The 
experimental values of the asymmetry parameter �  are listed in 
Extended Data Tables�1 and 2 along with the values obtained from GEF 
calculations. A comparable map based on the standar d deviation of 
the experimental charge distributions is presented in Extended Data 
Fig.�6. This map, constructed using the standard deviation values pro-
vided in Extended Data Tables�1 and 2, reinforces the evidence for the 
emergence of the new island of asymmetric fission.

Figure�3 presents the charge yields of several elements con fined 
within the neutron-deficient sub-lead region, a pivotal domain where 
the onset of asymmetric fission phenomena is observed. Yields com-
puted using the GEF code42 are presented in red. Because of the large 
number of systems studied in this experiment and th e attained level 

100 120 140

Number of neutrons, N

70

75

80

85

90

95

N
um

be
r 

of
 p

ro
to

ns
, 

Z

0

0.2

0.4

0.6

0.8

Fig. 2 | Map of the evolution of asymmetric fission.  Experimental asymmetry 
as defined in equation�( 1). The data showing the asymmetric fission island in 
the actinide region are taken from previous experimental da ta with the SOFIA 
set-up (see text for details) 39,40 . All other nuclei are from the current dataset, 
and their charge yields are displayed in Extended Data Fig.�4 . The black squares 
represent the valley of stability, and the red lines show the magic numbers 
Z�=�82 and N�=�126.
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of nuclear-charge resolution, the current dataset u nveils systematic 
features of the charge distribution that could not be achieved with 
other experimental approaches. The data distinctly demonstrate a 
transition to more asymmetric fission as we move to wards 
neutron-deficient systems. Notably, an intriguing f eature emerges 
from the data displayed in Fig.� 3: the dominant element for the charge 
distribution of the light fragments consistently se ems to be Zl�=�36, 
corresponding to krypton. From platinum up to the m ost 
neutron-deficient lead isotopes, the heavier partners exhibit a range 
from Zh�=�42 to 46. This indicates a persistent prevalence of the lighter 
fragment with Zl�=�36. To isolate the primary asymmetric fission mo des, 
we performed a global fit of the charge yields using a three-Gaussian 
model, as detailed in Methods. Examples of this fit  are shown in 
Extended Data Fig.�2d–g. We defined a new asymmetry parameter � Gauss 
as the ratio of the asymmetric yield to the symmetr ic yield from the fit. 
When the overall distribution is asymmetric, � Gauss is greater than 1, 
otherwise, it is less than 1. The calculated values of Gauss�  are also listed 
in Extended Data Tables�1 and 2. From this fit, we extracted the mean 
values of the different Gaussian components, especi ally the asym-
metric contributions. These mean values correspond to the light- and 
heavy-fragment charge components of asymmetric fiss ion and are 
plotted in Fig.� 4 as filled symbols when > 1Gauss� . In some cases, such 
as 181Au (Extended Data Fig.�2), the overall distribution  is symmetric 
with � < 1Gauss , yet it clearly exhibits an asymmetric contribution. For 
these cases, we also extracted the main Zl and Zh values associated with 
the asymmetric fission mode. These are plotted as o pen symbols in 
Fig.�4. Overall, this plot depicts the charge Z of both the light (red) and 
heavy (blue) fragments in the two islands of asymme tric fission as a 
function of the Coulomb parameter of the fissioning  system. The global 
picture with the well-known Zh���54 stabilization is substantially 
enriched by these new data. They clearly highlight the major role played 
by the deformed proton configuration at Z�=�36 in governing the  
intricate dynamics of fission within the neutron-de ficient sub-lead 
region.

Finally, the significant impact of pairing correlations on the fission 
behaviour of even- Z compound systems is prominently evident in this 
newly acquired dataset (Extended Data Fig.�4). Inde ed, within such 
systems, the odd–even staggering in the fragment po pulation appears 
clearly for the lead isotopes, as displayed in Fig. �3. The magnitude of 
this staggering is notably captured well by the GEF calculations. How-
ever, the code fails to describe properly the trans ition towards more 
symmetric fission in increasingly neutron-rich syst ems. This is espe-
cially visible in the thallium chain isotopes in Fig.� 3. This discrepancy 
may indicate an incomplete understanding of the interplay b etween 

microscopic structural effects and the macroscopic potential within 
the current models.

State-of-the-art microscopic calculations were perf ormed in the mer-
cury region for even–even fissioning nuclei, using the self-consistent 
constrained Hartree–Fock–Bogoliubov approximation w ith the Gogny 
D1S functional. By applying constraints on the quad rupole ( � 20) and 
octupole ( � 30) moment operators, we generated the two-dimensional 
potential energy surfaces (PESs) describing the sta tic deformation 
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with an extreme neutron-to-proton ratio. This discovery significantly 
impacts our understanding of fragment distribution within the island 
of asymmetric fission and will challenge existing a nd future theoretical 
investigations. To complete this dataset, future ex periments will extend 
the study to even more neutron-deficient systems, aiming to investi-
gate further the western boundaries of the asymmetric fission island.

Online content
Any methods, additional references, Nature Portfoli o reporting summa-
ries, source data, extended data, supplementary inf ormation, acknowl-
edgements, peer review information; details of author contributions 
and competing interests; and statements of data and code availability 
are available at https://doi.org/10.1038/s41586-025-08882-7 .

1. Meitner, L. & Frisch, O. R. Products of the �iss ion of the uranium nucleus. Nature 143, 239 
(1939).

2. Bohr, N. & Wheeler, J. A. The mechanism of nucle ar �ission. Phys. Rev. 56 , 426–450 (1939).
3. Scamps, G. & Simenel, C. Impact of pear-shaped � ission fragments on mass-asymmetric 

�ission in actinides. Nature 564 , 382–385 (2018).
4. Bender, M. et�al. Future of nuclear �ission theo ry. J. Phys. G: Nucl. Part. Phys. 47, 113002 

(2020).
5. Eichler, M. et�al. The role of �ission in neutro n star mergers and its impact on the r-process 

peaks. Astrophys. J.  808 , 30 (2015).
6. Yong, D. et�al. r-process elements from magnetor otational hypernovae. Nature 595 ,  

223–226 (2021).
7. Goriely, S. et�al. New �ission fragment distribu tions and r-process origin of the rare-earth 

elements. Phys. Rev. Lett. 111, 242502 (2013).
8. Lemaire, M., Vaglio-Gaudard, C., Lyoussi, A. & R eynard-Carette, C. For a better estimation 

of gamma heating in nuclear material-testing reacto rs and associated devices: status and 
work plan from calculation methods to nuclear data.  J. Nucl. Sci. Technol.  52, 1093–1101 
(2015).

9. Nichols, A. L. et�al. Improving �ission-product decay data for reactor applications. I. Decay 
heat. Eur. Phys. J. A 59 , 78 (2023).

10. Strutinsky, V. Shell effects in nuclear masses and deformation energies. Nucl. Phys. A 95 , 
420–442 (1967).

11. Andreyev, A. N. et�al. New type of asymmetric � ission in proton-rich nuclei. Phys. Rev. Lett. 
105, 252502 (2010).

12. Itkis, M., Vardaci, E., Itkis, I., Knyazheva, G. & Kozulin, E. Fusion and �ission of heavy and 
superheavy nuclei (experiment). Nucl. Phys. A 944 , 204–237 (2015).

13. An, F. et�al. Evolution of the reactor antineut rino �lux and spectrum at Daya Bay. Phys. Rev. 
Lett.  118, 251801 (2017).

14. Schmidt, K.-H., Steinhauser, S. & Bockstiegel, C. Relativistic radioactive beams: a new 
access to nuclear-�ission studies. Nucl. Phys. A 665 , 221–267 (2000).

15. Chatillon, A. et�al. Evidence for a new compact  symmetric �ission mode in light thorium 
isotopes. Phys. Rev. Lett. 124, 202502 (2020).

16. Itkis, M. G., Okolovich, V. N. & Smirenkin, G. N. Symmetric and asymmetric �ission of 
nuclei lighter than radium. Nucl. Phys. A 502 , 243–260 (1989).

17. Ghys, L. et�al. Evolution of �ission-fragment m ass distributions in the neutron-de�icient 
lead region. Phys. Rev. C 90 , 041301 (2014).

18. Andel, B. et�al. � -delayed �ission of isomers in Bi 188. Phys. Rev. C 102, 014319 (2020).
19. Nishio, K. et�al. Excitation energy dependence of fragment-mass distributions from �ission 

of 180,190Hg formed in fusion reactions of 36Ar�+�144,154Sm. Phys. Lett. B 748 , 89–94 (2015).
20. Prasad, E. et�al. Observation of mass-asymmetri c �ission of mercury nuclei in heavy ion 

fusion. Phys. Rev. C 91, 064605 (2015).
21. Tsekhanovich, I. et�al. Observation of the comp eting �ission modes in 178Pt. Phys. Lett. B 

790 , 583–588 (2019).
22. Gupta, S. et�al. Asymmetric �ission around lead : the case of 198Po. Phys. Rev. C 100 , 064608 

(2019).
23. Gupta, S. et�al. Competing asymmetric fusion–�i ssion and quasi�ission in neutron- 

de�icient sub-lead nuclei. Phys. Lett. B 803 , 135297 (2020).
24. Prasad, E. et�al. Systematics of the mass-asymm etric �ission of excited nuclei from 176Os to 

206Pb. Phys. Lett. B 811, 135941 (2020).
25. Bogachev, A. A. et�al. Asymmetric and symmetric  �ission of excited nuclei of 180,190Hg and 

184,192,202Pb formed in the reactions with 36Ar and 40,48 Ca ions. Phys. Rev. C 104, 024623 (2021).
26. Swinton-Bland, B. et�al. Multi-modal mass-asymm etric �ission of 178Pt from simultaneous 

mass-kinetic energy �itting. Phys. Lett. B 837 , 137655 (2023).
27. Schmitt, C. et�al. Experimental evidence for co mmon driving effects in low-energy �ission 

from sublead to actinides. Phys. Rev. Lett. 126, 132502 (2021).
28. Mahata, K. et�al. Evidence for the general domi nance of proton shells in low-energy �ission. 

Phys. Lett. B 825 , 136859 (2022).
29. Ichikawa, T., Iwamoto, A., Möller, P. & Sierk, A. J. Contrasting �ission potential-energy 

structure of actinides and mercury isotopes. Phys. Rev. C 86 , 024610 (2012).
30. Ichikawa, T. & Möller, P. The microscopic mecha nism behind the �ission-barrier asymmetry 

(II): The rare-earth region 50�<� Z�<�82 and 82�<�N�<�126. Phys. Lett. B 789 , 679–684 (2019).
31. Möller, P. & Randrup, J. Calculated �ission-fra gment yield systematics in the region 

74�<�Z�<�94 and 90�<�N�<�150. Phys. Rev. C 91, 044316 (2015).
32. Andreev, A. V., Adamian, G. G. & Antonenko, N. V. Mass distributions for induced �ission of 

different Hg isotopes. Phys. Rev. C 86 , 044315 (2012).
33. Andreev, A. V., Adamian, G. G., Antonenko, N. V . & Andreyev, A. N. Isospin dependence of 

mass-distribution shape of �ission fragments of Hg isotopes. Phys. Rev. C 88 , 047604 (2013).

34. Panebianco, S. et�al. Role of deformed shell ef fects on the mass asymmetry in nuclear 
�ission of mercury isotopes. Phys. Rev. C 86 , 064601 (2012).

35. Warda, M., Staszczak, A. & Nazarewicz, W. Fissi on modes of mercury isotopes. Phys. Rev. 
C 86 , 024601 (2012).

36. McDonnell, J. D., Nazarewicz, W., Sheikh, J. A. , Staszczak, A. & Warda, M. Excitation-energy 
dependence of �ission in the mercury region. Phys. Rev. C 90 , 021302 (2014).

37. Scamps, G. & Simenel, C. Effect of shell struct ure on the �ission of sub-lead nuclei. Phys. 
Rev. C 100 , 041602 (2019).

38. Geissel, H. et�al. The GSI projectile fragment separator (FRS): a versatile magnetic system 
for relativistic heavy ions. Nucl. Instrum. Methods Phys. Res. Sect. B  70 , 286–297 (1992).

39. Chatillon, A. et�al. Experimental study of nucl ear �ission along the thorium isotopic chain: 
from asymmetric to symmetric �ission. Phys. Rev. C 99 , 054628 (2019).

40. Martin, J.-F. et�al. Fission-fragment yields an d prompt-neutron multiplicity for Coulomb- 
induced �ission of 234,235U and 237,238Np. Phys. Rev. C 104, 044602 (2021).

41. Pellereau, E. et�al. Accurate isotopic �ission yields of electromagnetically induced �ission of 
238U measured in inverse kinematics at relativistic en ergies. Phys. Rev. C 95 , 054603 (2017).

42. Schmidt, K.-H., Jurado, B., Amouroux, C. & Schm itt, C. General description of �ission 
observables: GEF model code. Nucl. Data Sheets  131, 107–221 (2016).

43. Hilaire, S. & Girod, M. Large-scale mean-�ield calculations from proton to neutron drip 
lines using the D1S Gogny force. Eur. Phys. J. A 33 , 237–241 (2007).

44. Berger, J., Girod, M. & Gogny, D. Constrained H artree-Fock and beyond. Nucl. Phys. A 502 , 
85–104 (1989).

45. Berger, J., Girod, M. & Gogny, D. Time-dependen t quantum collective dynamics applied 
to nuclear �ission. Comput. Phys. Commun.  63 , 365–374 (1991).

46. Bernard, R., Simenel, C. & Blanchon, G. Hartree -Fock-Bogoliubov study of quantum shell 
effects on the path to �ission in 180Hg, 236U and 256Fm. Eur. Phys. J. A 59 , 51 (2023).

47. Bernard, R. N., Simenel, C., Blanchon, G., Lau,  N. T. & McGlynn, P. Fission of 180Hg and 
264Fm: a comparative study. Eur. Phys. J. A 60 , 192 (2024).

48. Verriere, M. & Regnier, D. The time-dependent g enerator coordinate method in nuclear 
physics. Front. Phys. 8, 233 (2020).

49. Verriere, M., Schunck, N. & Regnier, D. Microsc opic calculation of �ission product yields 
with particle-number projection. Phys. Rev. C 103, 054602 (2021).

50. Lau, N.-W. T., Bernard, R. N. & Simenel, C. Smo othing of one- and two-dimensional 
discontinuities in potential energy surfaces. Phys. Rev. C 105, 034617 (2022).

51. Lasseri, R.-D., Regnier, D., Frosini, M., Verriere, M. & Schunck, N. Generative deep-learning 
reveals collective variables of fermionic systems. Phys. Rev. C 109, 064612 (2024).

52. Carpentier, P., Pillet, N., Lacroix, D., Dubray , N. & Regnier, D. Construction of continuous 
collective energy landscapes for large amplitude nu clear many-body problems. Phys. 
Rev. Lett. 133, 152501 (2024).

Publisher’s note Springer Nature remains neutral with regard to juri sdictional claims in 
published maps and institutional af�iliations.

Open Access  This article is licensed under a Creative Commons Attribution 
4.0 International License, which permits use, shari ng, adaptation, distribution 
and reproduction in any medium or format, as long a s you give appropriate 

credit to the original author(s) and the source, pr ovide a link to the Creative Commons licence, 
and indicate if changes were made. The images or ot her third party material in this article are 
included in the article’s Creative Commons licence,  unless indicated otherwise in a credit line 
to the material. If material is not included in the  article’s Creative Commons licence and your 
intended use is not permitted by statutory regulati on or exceeds the permitted use, you will 
need to obtain permission directly from the copyrig ht holder. To view a copy of this licence, 
visit http://creativecommons.org/licenses/by/4.0/ .

© The Author(s) 2025, modi�ied publication 2025

1CEA, DAM, DIF, Arpajon, France. 2Université Paris-Saclay, CEA, Laboratoire Matière e n 

Conditions Extrêmes, Bruyères-le-Châtel, France. 3Université Paris-Saclay, CNRS, IJC Lab, Orsay, 

France. 4CEA, DES, IRESNE, DER, SPRC, Cadarache, Saint-Paul-Lès-Durance, France. 5IGFAE, 

University of Santiago de Compostela, Santiago de C ompostela, Spain. 6GSI Helmholtzzentrum 

für Schwerionenforschung, Darmstadt, Germany. 7CEA Saclay, IRFU/DPhN, Centre de Saclay, 

Gif-sur-Yvette, France. 8Technische Universität Darmstadt, Fachbereich Physi k, Institut für 

Kernphysik, Darmstadt, Germany. 9Helmholtz Research Academy Hesse for FAIR (HFHF), G SI 

Helmholtzzentrum für Schwerionenforschung, Darmstad t, Germany. 10Instituto de Física 

Corpuscular, CSIC - Univ. of Valencia, Valencia, Sp ain. 11Goethe-Universität Frankfurt, Frankfurt 

am Main, Germany. 12Jozef Stefan Institute, Ljubljana, Slovenia. 13CINTECX, Universidade de 

Vigo, DSN, Department of Mechanical Engineering, Vi go, Spain. 14Department of Physics, Lund 

University, Lund, Sweden. 15INFN Sezione di Catania, Catania, Italy. 16II. Physikalisches Institut, 

Justus-Liebig-Universität, Giessen, Germany. 17Instituto de Física, Universidade Federal 

Fluminense, Niterói, Brazil. 18Laboratório de Instrumentação e Física Experimental  de Partículas, 

LIP, Lisbon, Portugal. 19Physics Department, Faculty of Sciences, University  of Lisbon, Lisbon, 

Portugal. 20RBI Zagreb, Zagreb, Croatia. 21Dipartimento di Fisica e Astronomia ‘Ettore Majoran a’, 

Università degli Studi di Catania, Catania, Italy. 22Technische Universität München, Garching, 

Germany. 23Institutionen för Fysik, Chalmers Tekniska Högskola , Gothenburg, Sweden. 
24Helmholtz-Zentrum Dresden-Rossendorf, Institute of Radiation Physics, Dresden, Germany. 
25Université de Bordeaux, CNRS, LP2IB, Gradignan, Fra nce. 26ESRIG, University of Groningen, 

Groningen, The Netherlands. 27School of Physics, Engineering and Technology, Univ ersity of 

York, York, UK. 28University of Guelph, Guelph, Ontario, Canada. 29Institut für Kernphysik der 

Universität zu Köln, Cologne, Germany. 30 INFN Laboratori Nazionali del Sud, Catania, Italy. 
31Institute for Basic Science, Center for Exotic Nucl ear Studies, Daejeon, Republic of Korea. 
32CITENI, Campus Industrial de Ferrol, Universidade d e Coruña, Ferrol, Spain. 33Instituto de 

Estructura de�la Materia, CSIC, Madrid, Spain. 34Università degli Studi di Messina, Messina, Italy. 
�Re-mail: pierre.morfouace@cea.fr



Methods

Beam production
The experiment was performed at GSI in Germany with in the R3B-SOFIA 
collaboration. A 238U primary beam was accelerated with the SIS18 
synchrotron up to 1�GeV per nucleon. The primary beam impinged on 
a 1,625�mg�cm�2  thick beryllium target at the entrance of the FRS.  Nb 
stripper foil 220�mg�cm �2  thick was attached to the exit side of the target 
to produce a high fraction of fully ionized fragments. The secondary 
beams, produced by fragmentation, were selected with B� –� E–B�  by 
the FRS and transported to the experimental area. T he different incom-
ing beams were identified event by event using the � E–B� –ToF method. 
Indeed, the atomic number Z of the incoming ion was obtained from 
the energy loss � E deposited in an ionization chamber 53 placed at the 
entrance of the experimental area. The mass number A was determined 
from its magnetic rigidity A/Q�=�B� / �� , with � �=�v/c the velocity of the ion 
and �  the Lorentz factor. In the magnetic rigidity B� , B is the magnetic 
field and � �is�the radius of curvature of the particle’s trajectory in the 
magnetic field.�The magnetic rigidity was obtained from a horizontal 
position measurement x at the dispersive focal plane of the FRS associ-
ated with the central magnetic rigidity B� 0 of the setting. The bottom 
of Extended Data Fig.�1 displays the beam identification for those FRS 
settings that include 200 At in the cocktail beam. All nuclei of interest 
were well identified and separated with resolutions  of � Z/Z�=�2.5�×�10�3  
and � A/A�=�7.7�×�10�4 , as one can see from the respective projections in 
Extended Data Fig.�1.

Experimental set-up
Extended Data Fig.�1 shows the global scheme of the experimental 
set-up. This figure was generated using Inkspace on Linux.

Secondary fission reactions
Fission was induced in the active target, which was  a detector dedicated 
to determining the cathode in which the fission took place. The target 
consisted of a cylindrical volume filled with P10 g as. It had two 
1.5-mm-thick lead cathodes and one 0.5-mm-thick car bon cathode. 
High-Z targets were used because they enhanced the Coulomb interac-
tion without significantly increasing the nuclear c ontribution. The 
carbon target was then used to account for fission induced by nuclear 
interactions. Locating where the fission occurred was obtained from 
measuring the energy loss between one cathode and o ne anode. If 
fission did not occur, then the initial ion passed the volume with a 
typical energy loss proportional to the square of i ts charge E Z� � CN

2 , 
where ZCN is the charge of the compound fissioning nuclei. I f fission 
did happen, then the energy loss corresponded to th e sum of the ener-
gies deposited by the two fragments E Z Z Z� � + � /21

2
2
2

CN
2 . As a conse-

quence, correlating the energy between the differen t successive anodes 
allowed us to determine the cathode in which fission took place.

The excitation energy distribution of the projectil e following 
Coulomb excitation was calculated for all systems s tudied using the 
empirical parameterization of giant resonances 41 and the ground-state 
deformation data from the AMEDEE database 43. Extended Data Fig.�2a–c 
illustrates this distribution for three fissioning systems. The calculated 
fission barriers are depicted as dashed lines. In t he GEF code, the fission 
barrier is calculated as the sum of the macroscopic fission barrier and 
the ground-state shell-correction energy using the topograph ic theo-
rem 42. The macroscopic component of the fission barrier corresponds 
to the Thomas–Fermi barriers.

Identifying fission fragments
In this analysis, we focused only on events where the sum of the charges 
� Z�of both fission fragments was equal to the charge of the fissioning 
system. However, a remaining component of the nucle ar excitation 
was still present for fragmentation if a proton was not emitted before 
fission. Those events were subtracted using data fr om the low- Z carbon 

cathode. The atomic numbers Z of both fission fragments were meas-
ured in a dedicated ionization chamber, Twin-MUSIC (multi-sample 
ionization chamber). This detector was segmented into four sections 
to maximize the detection efficiency for both fragments. Th e loss of 
efficiency was mainly due to fragments passing through the cathode 
of the MUSIC detector. The measured energy deposited in this ioniza-
tion chamber required correction before we could in fer the atomic 
numbers of the fission fragments. In particular, du e to the wide velocity 
distribution of the fission fragments, the energy l oss was corrected for 
the � �dependence. Extended Data Fig.�3b displays in blue the charge 
distribution from the fission induced in the lead c athodes when the sum  
of the charges of both fragments was equal to the c harge of the fis-
sioning system (�Z=�82 here). The spectrum in red s hows the charge 
distribution with the same conditions but from the carbon cathode.

Extended Data Fig.�3c shows the final charge distribution fro m elec-
tromagnetically induced fission after the nuclear c ontribution has 
been subtracted. An average resolution of � �=�0.13 charge units was 
obtained for all fission fragments. The final charg e yields of the fission 
fragments, normalized to 200%, are displayed in Ext ended Data Fig.�3d. 
This work was done systematically all the fissioning systems studied.

Gaussian fitting of the charge yields
All distributions were systematically fitted using three Gaussian func-
tions. The first and third Gaussians, corresponding to the asymmetric 
components of the distribution, had the same height  and sigma param-
eters. All other parameters were allowed to vary fr eely. The symmetric 
Gaussian, however, had three free parameters.

Extended Data Fig.�2d–g shows examples of the fitting. The fits for 
181Au and 186Tl reproduce the distributions�very�well. By contra st, fitting 
190Pb was more challenging due to the pronounced odd–e ven stag-
gering in its distribution. Although the statistics are limited for 196At, 
the fit clearly identifies a symmetric component in the distribution.

Using this three-Gaussian fit, we defined a new asymmetry variable 

Gauss�  as the ratio of the asymmetric yield to the symmetric yield from 
the fit. When the overall distribution was asymmetr ic, Gauss�  was greater 
than 1, otherwise, it was less than 1. Calculated values of � Gauss are listed 
in Extended Data Tables�1 and 2.

From this fit, we extracted the mean values of the different Gaussian 
components, particularly for the asymmetric contrib utions. These 
mean values correspond to the light-fragment charge  and the 
heavy-fragment charge components of asymmetric fiss ion. In some 
cases, such as 181Au (Extended Data Fig.�2), the overall distribution was 
symmetric with � < 1Gauss , yet it clearly exhibits an asymmetric contri-
bution. For these cases, we also extracted the main  Zl and Zh values 
associated with the asymmetric fission mode.

Data acquisition and trigger condition
GSI data were acquired for the experiment. Only multiplicity 2 in the 
Tof-wall detector triggered the acquisition. Thus, only events with two 
fragments hitting the Tof-wall in two different pla stic paddles resulted 
in a valid trigger signal.

Shell effects within the one-dimensional asymmetric path 
before scission
Given the consistent emergence of Z�=�36 fragments in our experimen-
tal data, our study, which was based on mean-field calculations, was 
extended to investigate the role of krypton isotope s in the PES and 
encompass stages close to scission. This exploratio n revealed the ubiq-
uitous presence of krypton isotopes in the asymmetr ic fission pathways 
of the Pt, Hg and Pb chains, thus emphasizing their  leading role. A selec-
tion of 12 even–even systems were considered. In nine of them, krypton 
isotopes appeared experimentally as primary light fragments. When 
doing the theoretical analysis of the shell effect described for this set of 
nuclei, we separated a compound nucleus into two pr e-fragments along 
the asymmetric path before scission. We found that krypton isotopes 
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appeared in eight systems on the way to scission along a typical distance 
of � 2���0.6 within the compound-nucleus PES, further cla rifying the 
enduring influence of the deformed Z�=�36 shell in steering asymmetric 
fission within the lead region. This is summarized in Table�1, which also 
gives other pre-fragment particle numbers. Even if the final configura-
tion before scission does not provide a Z�=�36 light pre-fragment, the 
compound nuclei presented in Table� 1 had a Z�=�36 light pre-fragment 
for a significant distance along the final stage of the asymmetric path, 
with is a typical � 2���0.6 trajectory within a compound-nucleus PES. 
When the system experienced a pre-fragment shell ef fect along the 
asymmetric path before scission, the particle numbe r is denoted in 
bold. Most shell effects were found for the krypton  light pre-fragment, 
and most were for Z�=�36. To a lesser extent, the effect of the deformed 
N�=�46 shell was also predominant. This is the case, for example, for 182Hg 
(Fig.�5c). Shell effects around the Fermi level were detect ed with the 
smoothed level density (SLD) tool defined in ref. 46. Low SLD regions 
in the (� 2,�� 3) planes define the localization of strong local sh ell effects. 
In Fig.�5c, most of the trajectory occurred within a N�=�46 low SLD zone, 
which emphasizes the role of N�=�46 in this specific situation. Neverthe-
less, a deeper analysis of these three chains showed that the N�=�46 shell 
appeared only for the krypton isotope. Thus, the Z�=�36 and N�=�46 shell 
make 82Kr a strong driver of asymmetric fission in this re gion. In the 
following, we consider 174Pt and 190Pb. Both illustrate the influence of 
the strong effect of the proton Z�=�36 shell in 80Kr and 82Kr, respectively.

174Pt. Manifestations of the Z�=�36 shell are depicted in Extended Data 
Fig.�5a,b through the 80Kr isotope. When approaching scission along the 
asymmetric path of 174Pt, the separation into pre-fragments from the 
density minimum gave rise to a 80Kr light pre-fragment and a 94Mo heavy 
one (Extended Data Fig.�5c,d). Along this trajector y, 80Kr was found in a 
low SLD region caused by a�strong proton shell (as seen in Extended Data 
Fig.�5b), like that found for 82Kr. This shell was centred around � 2���1.4 
and ranged from � 3�=�0 up to � 3�>�1. The strongest region in this low SLD 
was localized around � 3���0.5, which gives 80Kr the typical pear-shaped 
deformation seen for fragments at scission. On the heavy pre-fragment 
side, a neutron N�=�52 shell was also found, as noted in bold in Table�1 and 
shown in Extended Data Fig.�5c. The evolution of th e whole compound 
deformation was such that both pre-fragments remained within their 
own shell effect. As the Z�=�36 shell is much wider than the N�=�52 shell, 
80Kr absorbed most of the deformation. For the three nuclei involving 
80Kr listed in Table�1, the same quadrupole and octupole deformation 
at proton number Z = 36 characterized by a low smoothed level density  
appears, emphasizing the deformed nature of this shell.

190Pb. Another insight into the role of the Z�=�36 shell is depicted in  
Extended Data Fig.�5e–h for 190Pb. The SLDs plotted against their quad-
rupole and octupole deformations are depicted in Ex tended Data 
Fig.�5e,f for the light 82Kr pre-fragment. Their respective deformations 
within the 190Pb path are shown by trajectories within the SLD pl ots. 
During the last stages of 190Pb fission, 82Kr remained in a low Z�=�36 SLD 
(left panel), the deformation of 82Kr being stabilized. By contrast, the 
108Pd trajectory (Extended Data Fig.�5g,h) did not rev eal any real strong 
correlations with the proton or neutron shell effec t (only a small�region, 
characterized by a�low�neutron and proton SLD, is t raversed�during 
the trajectory). Thus, the deformed Z�=�36 shell is the main driver of 
asymmetric 190Pb fission.

More generally, 82Kr was found as pre-fragments for various com-
pound nuclei as presented in Table� 1. Extended Data Fig.�5e,f presents 
two strongly deformed shells: a neutron one around � 2���1.1 and a 
substantial proton one around � 2���1.4. These shells also have a strong 
octupole deformed character, ranging from � 3�=�0 to � 3���0.6 and � 3�>�1 
on the neutron and proton sides, respectively. The strongest region in 
the Z�=�36 low SLD is especially localized around � 3���0.5, which gives 

82Kr the same typical pear-shaped deformation expecte d for fragments 
at scission, as found for 82Kr in the first example.

These results contrast with the actinide region, wh ere the asymmet-
ric fission trajectory is predominantly driven by the heavy fragment. 
One might ask why Z�=�36 is not known for having a strong shell effect 
in the actinide region. A first part of the answer is that compact asym-
metric fission modes are dominant in this region. T hus, the compound 
nucleus scissions before reaching the deformations needed to reach 
the krypton shell. In addition, the krypton isotope s one might expect as 
actinide fragments are very exotic neutron-rich nuclei, far from those 
in the lead region that have strong shells ( 80–82Kr).

Data availability
The data used in this study originate from the s455  GSI experiment. 
The raw data are available on request. The source data for Fig.�2, which 
displays the asymmetric parameter, are provided in Extended Data 
Tables�1 and 2.

Code availability
The main analysis and results presented in this paper were performed 
using the nptool framework. The analysis codes used  to generate these 
results are available in the s455 project of nptool  at https://gitlab.in2p3.
fr/np/nptool/-/tree/NPTool.2.dev/Projects/s455?ref_type=heads .
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Extended Data Fig. 1 | Schematic view of the experi mental setup and particle 
identification plots.  a, Schematic view of the FRagment Separator (FRS) 
together with the experimental apparatus at R 3B (figure generated using 
Inkscape on Linux). b, Beam identification plot for FRS settings includi ng  
200 At in the cocktail beam. The projections give the c harge Z and mass-to- 
charge ratio A/Q resolution for the charge Z�=�85.
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Extended Data Fig. 2 | Excitation energy distribution and ex ample of 
Gaussian fit of the charge yields.  a–c, Example of three excitation energy 
distributions for lower-, middle- and higher Z values. The dashed lines correspond 
to the fission barrier listed in Extended Data Table s�3 and 4. d–g, Three-Gaussian 
fit of the charge yields for a selection of fissioning system s.



Extended Data Fig. 3 | Experimental measured charge distrib ution and 
associated yield.  a, Sum of both fragment charge Z� �=�Z1�+�Z2 in blue when the 
fission is induced in the lead targets and in red when it is ind uced in the carbon 
target. b, Atomic charge distribution after fission of 190Pb induced in the  
lead cathodes (blue) and the carbon cathode (red) wi th the condition Z� �=�82.  
c, Atomic charge distribution from the electromagnet ic induced fission  
where the fragmentation/fission contribution has been s ubtracted with the 
condition Z� �=�82. d, Final charge yield for the Coulomb-induced fission of 190Pb. 
The error bars are depicted.
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Extended Data Fig. 4 | Measured charge yields.  Experimental measured charge yields from iridium to thori um isotopes.



Extended Data Fig. 5 | Calculated shell effects the the fragm ents.  80Kr shell 
effects at the Fermi level for neutrons ( a) and protons ( b). The white dots trace 
the light prefragment of 174Pt before scission. 94Mo shell effects at the Fermi level 
for neutrons ( c) and protons ( d). The white dots trace the heavy prefragment of 

174Pt before scission. 82Kr shell effects at the Fermi level for neutrons ( e) and 
protons ( f ). The white dots trace the light prefragment of 190Pb before scission. 
108Pd shell effects at the Fermi level for neutrons ( g) and protons ( h). The white 
dots trace the heavy prefragment of 190Pb before scission.
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Extended Data Fig. 6 | Asymmetric fission map using RMS of the charge 
distribution.  Experimental asymmetry using the RMS of the charge  distribution 
as metric listed in Extended Data Tables�1 and 2.



Extended Data Table 1 | List of studied nuclei from  Ir to Bi isotopes, with the percentage of Coulomb- induced �ission events, 
the asymmetry parameter value from equation�( 1) for the experimental data �� exp  and for GEF �� GEF, the asymmetry parameter 
value from the Gaussian-�it method �� gauss , the standard deviation � Z of the experimental charge distribution, and the l ight 
charge corresponding to the highest yield from GEF calculation ZL

GEF



Article
Extended Data Table 2 | List of studied nuclei from  Po to Th isotopes, with the percentage of Coulomb- induced �ission 
events, the asymmetry parameter value from equation �(1) for the experimental data �� exp  and for GEF �� GEF, the asymmetry 
parameter value from the Gaussian-�it method �� gauss , the standard deviation � Z of the experimental charge distribution, and 
the light charge corresponding to the highest yield  from GEF calculation ZL

GEF



Extended Data Table 3 | List of studied nuclei from  Ir to Bi isotopes, with the �ission barrier estima ted by using the GEF code 
together with the average mean excitation energy of  the �issioning system above the �ission barrier, t he standard deviation 
of the excitation energy distribution, and the perc entage of second chance �ission
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Extended Data Table 4 | List of studied nuclei from  Po to Th isotopes, with the �ission barrier estima ted by using the GEF code 
together with the average mean excitation energy of  the �issioning system above the �ission barrier, t he standard deviation 
of the excitation energy distribution, and the perc entage of second chance �ission


