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Abstract. Fission fragment mass distributions often display multiple structures, commonly interpreted in
terms of distinct “fission modes.” These are usually obtained through multi-Gaussian fits of experimental yields,
assuming each Gaussian corresponds to a separate fission channel. However, theoretical models define fission
modes in terms of valleys in the potential energy surface (PES) near scission, raising questions about how these
“Gaussian modes” relate to the underlying dynamics. We introduce a simple scission-point-inspired model to
connect observed yield distributions with effective potentials, providing a means to identify “effective fission
modes.” Comparisons between Gaussian and effective modes reveal that multiple Gaussian components can
correspond to a single underlying fission mode. Analyses of 180Hg and actinide fission show that asymmetric
and symmetric modes emerge naturally from the shape of the effective potential and its evolution with excitation
energy.

1 Introduction
Fission fragment mass and charge distributions provide a
powerful probe of nuclear dynamics. The discovery of
asymmetric fission yields led to the introduction of the
concept of “fission modes”. Fission modes have been stud-
ied in various regions of the nuclear chart (see, e.g., [1–3]).
These modes are typically linked to shell effects in the fis-
sioning system [4, 5] and in the nascent fragments [6–8].

Similar shell effects are expected to affect heavy-ion
reaction mechanisms such as the quasi-fission process that
is known to hinder the formation of superheavy elements
(see, e.g., [9–11]). Indeed, time-dependent Hartree-Fock
(TDHF) calculations predict that quasi-fission and fission
can populate the same modes [12–19] (see [20] for a re-
cent review of TDHF applications to nuclear dynamics),
although experimental signatures are not as clear [21].

Although Gaussian fits of fragment yields have been
remarkably successful in empirical systematics, they lack
a one-to-one correspondence with theoretical fission val-
leys in the potential energy surfaces (PES) [22]. Micro-
scopic models such as the time-dependent generator co-
ordinate method (TDGCM) [23, 24] show that the actual
yield shape is rarely Gaussian. The question remains: how
do experimental Gaussian components reflect the physical
landscape of the fissioning system near scission?

Inspired by the scission point model [6], we extract
“effective potentials” from fission fragment mass distri-
butions [22]. These effective potentials could be com-
pared to theoretical potential energy along the scission
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line extracted from PES, provided the latter are free of
discontinuities [25]. Here, we focus on the comparison
between Gaussian modes and effective fission modes ex-
tracted from the effective potentials.

2 Theoretical framework

2.1 Mass asymmetry coordinate

We define a unitless mass asymmetry parameter

x = 4
A1 − AT /2

AT
, (1)

where A1 and AT denote the fragment and compound nu-
cleus masses, respectively. Symmetric fission corresponds
to x = 0, while x > 0 and x < 0 represent complementary
asymmetric splits.

2.2 Scission-point-inspired yields

Following the scission-point approach [6], we assume a
quasi-equilibrium between collective coordinates at scis-
sion and write the yield as

Y(x) = e−V(x)/T , (2)

where V(x) denotes the potential energy along the scission
line, and T represents the effective temperature of the sys-
tem. This allows us to define an “effective potential” from
any given yield distribution:

V(x) = −T ln[Y(x)] + const. (3)
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This mapping connects the experimentally measured dis-
tribution directly to a potential landscape, revealing min-
ima (“effective modes”) that may or may not correspond
to Gaussian fit centroids.

2.3 Definitions of fission modes

We differentiate between:

• Gaussian modes: empirical Gaussian components used
to fit data.

• Theoretical modes: valleys or minima in the PES de-
rived from microscopic calculations.

• Effective modes: minima in the reconstructed V(x) de-
rived from the observed yield.

This distinction is crucial for interpreting fission data in
terms of underlying physics rather than empirical fitting.

3 From potential to yield: illustrative
examples

To illustrate how Gaussian fits may misrepresent the un-
derlying physical mode, we compute yields for schematic
potentials.

3.1 Single-well symmetric potential

For a purely quadratic potential V ∝ x2, the yield is ex-
actly Gaussian. For a quartic potential V = x4, however,
the yield deviates from Gaussian, and satisfactory fits re-
quire multiple Gaussian components as shown in Fig. 1.
Multiple Gaussians are needed despite a single underlying
mode, showing that overfitting does not necessarily intro-
duce new physical modes.
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Figure 1. Quartic potential V = x4 and corresponding 2-
Gaussian (upper panel) and 3-Gaussian (lower panel) fits.

3.2 Double-well asymmetric potential

For V(x) = 1
4 − x2 + x4, two asymmetric wells produce

a double-peaked yield at low excitation energy as shown
by the solid line in Fig. 2. The 2-Gaussian fit to the yield
is considerably improved by adding a third Gaussian at
symmetry. However, the latter should not be interpreted
as a new physical symmetric mode as it is not associated
with a potential well at symmetry.
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Figure 2. Yield from a two-well potential and 2-Gaussian (upper
panel) and 3-Gaussian (lower panel) fits.

4 Application to experimental data

4.1 180Hg fission

Experimental mass yields from β-delayed fission of 180Tl
[26] and fusion-fission of 36Ar+144Sm [27] exhibit a tran-
sition from asymmetric to symmetric mass distributions
with increasing excitation energy. These distributions are
well described by two Gaussian components with stable
centroids. The transition from asymmetric to symmetric
fission occurs at E∗ � 65 MeV.

The reconstructed effective potentials shown in Fig. 3
evolve from a double-well to a single broad minimum as
excitation energy increases, indicating a transition from
shell-driven asymmetric fission to a symmetric liquid-drop
regime. This approach provides a clear visual and quan-
titative description of the fading of shell effects. In par-
ticular, it indicates that at high excitation energy, a single
effective mode is present, despite the fact that the yields
could be fitted with two (strongly overlapping) Gaussian
functions.

4.2 238U and 232Th neutron-induced fission

Brosa et al. proposed the well-known Standard 1 (S1),
Standard 2 (S2), and superlong symmetric modes, each
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4 Application to experimental data

4.1 180Hg fission

Experimental mass yields from β-delayed fission of 180Tl
[26] and fusion-fission of 36Ar+144Sm [27] exhibit a tran-
sition from asymmetric to symmetric mass distributions
with increasing excitation energy. These distributions are
well described by two Gaussian components with stable
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The reconstructed effective potentials shown in Fig. 3
evolve from a double-well to a single broad minimum as
excitation energy increases, indicating a transition from
shell-driven asymmetric fission to a symmetric liquid-drop
regime. This approach provides a clear visual and quan-
titative description of the fading of shell effects. In par-
ticular, it indicates that at high excitation energy, a single
effective mode is present, despite the fact that the yields
could be fitted with two (strongly overlapping) Gaussian
functions.
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Brosa et al. proposed the well-known Standard 1 (S1),
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Figure 3. Effective potentials for 180Hg at various E∗ values. The
transition from asymmetric to symmetric fission is evident.

with characteristic fragment mass and total kinetic energy
(TKE) distributions [28]. Neutron-induced fission data for
232Th and 238U have been fitted with S1, S2, and superlong
Gaussian modes [29]. The results of the fits are shown in
Fig. 4.

-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8x

Y
 (a

rb
. u

ni
ts

)

-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8x

Y
 (a

rb
. u

ni
ts

)

-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8x

Y
 (a

rb
. u

ni
ts

)

En=9-11 MeV

En=14-19 MeV

En=26-40 MeV

-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8x

Y
 (a

rb
. u

ni
ts

)

-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8x

Y
 (a

rb
. u

ni
ts

)

-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8x

Y
 (a

rb
. u

ni
ts

)

En=9-11 MeV

En=14-19 MeV

En=26-40 MeV

Figure 4. Gaussian fits of 232Th (left) and 238U (right) neutron-
induced fission fragment mass distributions at various energies
[29].

Associated analysis using effective potentials are
shown in Fig. 5, highlighting evolution of shell effects and
onset of symmetric modes. At low E∗, the effective po-
tential exhibits a pronounced two-well structure reflecting
strong shell effects in the heavy fragment induced by oc-
tupole deformed shell effects at Z ≈ 52–56 [7]. With in-
creasing E∗, the central barrier decreases, consistent with
a reduction in shell stabilization. In 232Th, an additional
shallow minimum appears at symmetry, indicating the on-
set of symmetric fission pathways.
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Figure 5. Effective potentials for 232Th (upper panel) and 238U
(lower panel) extracted from the yields of Fig. 4.

5 Discussion and conclusion

The comparison between Gaussian, theoretical, and effec-
tive modes reveals several key insights [22]:

• Gaussian centroids can shift with excitation energy
without implying new fission modes; such shifts often
reflect the temperature dependence of the yield rather
than a change in the PES.

• The effective potential provides a more direct repre-
sentation of the energy landscape near scission and
can distinguish genuine structural transitions (e.g.,
asymmetric-to-symmetric) from fitting artefacts.

• In actinides, S1 and S2 Gaussian modes merge into a
single asymmetric effective mode, supporting the view
that both originate from the same nonharmonic valley
influenced by octupole-deformed shell gaps.

• For sub-lead nuclei like 180Hg, the vanishing of the
double-well structure at high E∗ indicates the quench-
ing of shell effects and the dominance of macroscopic
surface and Coulomb energies.

Gaussian fits have long been employed to parameterize
fission fragment distributions and identify the role of shell
effects. However, this study shows that Gaussian compo-
nents are not necessarily equivalent to distinct physical fis-
sion modes. By extracting effective potentials from yields,
one can reconstruct the shape of the PES near scission, re-
vealing true mode characteristics and their evolution with
excitation energy.

The proposed method offers a computationally simple
yet physically meaningful approach to bridge experiments
and theory. When combined with microscopic models
such as TDGCM, it can help constrain PES topographies

3
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and improve our understanding of shell quenching and fis-
sion mode coexistence.
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