
Carbon Burning: Theory, 
Astrophysics and Experiments
Workshop
30th June-2nd July 2026

Fusion hindrance in medium-light 
systems as a path toward the lighter 
cases of astrophysical interest

Giovanna Montagnoli



Carbon Burning June 2026

Layout

• The phenomenon of fusion hindrance in low-energy heavy-ion collisions

• The light systems with a positive fusion Q-value

• Fitting low-energy Logarithmic slope

• The cases of 12C+24,26Mg, 30Si and 16O+48Ca 

• The fusion of 12C+28Si measured with AGATA+DSSD

• Towards astrophysical systems: the recent case of 12C+19F

• Systematic trends and possible extrapolations

 



• The hindrance phenomenon in heavy-ion sub-barrier fusion 
links nuclear physics and astrophysics

• It has been observed even in medium-light systems

• Consequences for the dynamics of stellar evolution have to be 
clarified  by further experimental and theoretical work. 

Heavy-Ion fusion

Sub-barrier hindrance

Light systems

Stellar evolution

Nuclear Physics

Astrophysics

From nuclear physics to astrophysics



Standard CC calculations based on 
a Woods-Saxon potential 
overpredict the excitation 
function at low energies 
 
The astrophysical S factor 
develops a maximum at the energy 
where the logarithmic slope 
reaches the value LCS = /E

The “classical” case 64Ni+64Ni

C.L.Jiang et al., Phys. Rev. Lett. 93, (2004) 012701

Enhancement

Hindrance

The phenomenon of fusion hindrance



Ion-ion potential vs cm distance r between colliding nuclei. The small black circle and square 
indicate the touching point of the colliding nuclei and the compound state. 

The gray area is the overlapping region of the colliding nuclei.
The dashed and dotted lines indicate the potential energy curves for the adiabatic and 
sudden processes, respectively

Center-of-Mass distance r

T. Ichikawa, PRC92, 064604 (2015)
S.Misicu and H.Esbensen PRC75, 034606 (2007)

Adiabatic and sudden models of hindrance



C.Simenel et al., PRC 95, 031601(R) (2017)
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The interaction between nuclei is calculated microscopically with the 
density-constrained frozen Hartree-Fock DCFHF method, where the 
Pauli exclusion principle between nucleons is taken into account

- the increase in the 
barrier width due to 
Pauli repulsion reduces 
the tunnelling 
probability. 

- Pauli repulsion could 
then contribute to the 
sub-barrier fusion 
hindrance observed 
experimentally

The Pauli exclusion principle affects fusion of atomic nuclei



S(E)

E

Q<0

Q>0

?

-Q0

Emin e2 S(E)

Q<0 -Q finite 0

Q>0 0 → finite ?

For Qfus > 0 S(E) may 
not show any maximum

For light systems, L(E) 
and  Lcs(E) are two 
nearly parallel curves so 
the crossing point (if 
existing) is rather 
undetermined

The S factor maximum 
becomes broader

The astrophysical S-factor S(E) = Eσ(E)e2πη

Is there something special with light systems 
which have Qfus > 0 ? 



Fusion hindrance in light systems ?

Astrophysical S factors of 12C+12,13C  ….  and ….   16O+16O

The existence of fusion hindrance in light systems of astrophysical 
interest is neither well established nor understood

W. P. Tan et al. PRL 124,192702 (2020)
N.T.Zhang et al., PLB 801, 135 (2020)
C.L.Jiang et al., EPJA 57, 235 (2021)

12C+12C



Uzawa and Hagino, PRC112, L061601 (2025)

- In the  Jiang’s Hindrance model 𝐿 𝐸 = 𝐴 + 𝐵/𝐸𝑛 is the logarithmic derivative of the  
     low-energy excitation function, where A and  B are fit parameters, and n is fixed to n=1.5    
     (corresponding to point-charge nuclei)

- Uzawa and Hagino suggest to release this condition

- For 12C + 12C, the presence or the absence of hindrance depends on the fitting procedure and on the 
selection of the many data sets.

- For  12C+13C, the fits yield n < 1.5 in any case, indicating the absence of hindrance.

12C + 12C 12C + 13C

Fit of the low-energy S-factors 
of 12C + 12C and 12C + 13C
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The electrostatic deflector of LNL  for deep                               
sub-barrier fusion measurements



Detector set-up and experimental  matrices E-ToF 
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G. Montagnoli et al., PRC 101, 044608 (2020)
G. Montagnoli et al., J. Phys. G 49, 095101 (2022)

12C + 24Mg

- The excitation function has been measured 
down to ⋍15 μb

- The hindrance effect shows up at 
      σ = 0.75 mb, well above the threshold   
      observed in most other cases with Qfus > 0

- The lowest cross sections are well 
reproduced by simple tunneling through a 

     one-dimensional potential barrier 

- The S-factor develops a maximum vs energy 

- The CC model using a Woods-Saxon potential, 
including the ground state rotational band of 
24Mg, has been applied, as well as the 
hindrance and empirical models.



To reproduce the experimental low-energy cross 
sections, in the spirit of the adiabatic model*) we 
used an empirical function β(E) to weight the 
coupling strength, defined by

ln(σexp(E)) = β(E) ln(σCC(E)) + (1 − β(E)) ln(σnoc(E))

β(E) should be close to 1 near the barrier and 
close to 0 at low energies.

From the data points and from the CCFULL
calculations we obtained β(E) at each measured 
energy, and then interpolated it with the Fermi 
function 

𝛽 𝐸 =
1

1 + exp(𝑎0 𝐸 − 𝐸0 )

The fitted β(E) function has allowed us to 
calculate the cross section σfit(E), and 
consequently the S factor (blue line in the 
previous slide)

An  empirical approach 

*) T. Ichikawa, PRC92, 064604 (2015)



Comparing 12C + 24,26Mg

A.M. Stefanini et al., PRC 108, 014602 (2023)

- The fusion Q-value of 12C+26Mg and 12C+24Mg  are 
+18.5 MeV and 16.3 MeV 

- Both Mg isotopes are prolate deformed and no 
Q>0 transfer channels are available.

- The smaller  for 12C+24Mg may due to its very 
high hindrance threshold (alpha-like structure ?)

- The CC calculations reproduce the 12C+26Mg
down to  ≈ 0.03 mb, significantly lower than for 
12C+24Mg. 

- Both S-factors display a maximum vs energy, so 
the hindrance effect shows up (at different 
cross section levels)

CC results

no coupling



Logarithmic slopes of  12C + 24,26Mg

- The experimental slopes reach the LCS limit in both cases
- The data fit, following the suggestion of Uzawa and Hagino, confirms the 

existence of hindrance
- In both cases the fitted n parameter is very near to the value of the original 

hindrance model



S-factors of  12C + 24,26Mg

- The experimental slopes reach the LCS limit in both cases
- The data fit, following the suggestion of Uzawa and Hagino, confirms the 

existence of hindrance
- In both cases the fitted n parameter is very near to the value of the original 

hindrance model
-  As a consequence the two S-factors display a maximum vs energy 



Experimental set up for the study of 12C+28Si fusion 
at deep sub-barrier energies

- Target 12C 50 g/cm2

-  28Si beam up to around 30 pnA from the 
XTU Tandem accelerator

- Two DSSD in coincidence with AGATA

- PID technique employed, the detectors had 
the Ohmic side facing the target

- Cross sections down to ~40 nb

M. Del Fabbro et al., EPJA submitted

contribution of J. Pellumaj



Fusion of 12C+28Si at deep sub-barrier energies

- 1) coincidences between the 𝛾-ray 
array AGATA and segmented silicon 
detectors DSSD were performed, 
where the evaporated light charged 
particles were identified by PID

- 2) the fusion-evaporation residues 
were identified by the electrostatic 
beam separator set-up of LNL. This 
allowed fixing the absolute cross 
section scale

Two different set-ups were employed: 

Fusion cross sections have been measured in the 
wide range 𝜎 ≈ 150 mb – 42 nb

A.M. Stefanini et al., PLB 872 (2026) 140084



- The logarithmic derivative of the 
energy-weighted excitation function
is compared with the results of CC 
calculations 

- The slope increases with 
decreasing energy and  touches the 
L𝐶𝑆  limit at around 11 MeV followed 
by a pronounced crossing at ≃ 9.8 
MeV 

- This is the energy associated to 
the hindrance threshold

- Confirmed by the fit proposed by 
Uzawa and Hagino, with n=1.73

Fusion of 12C+28Si at deep sub-barrier energies



- The S-factor  is compared 
with CC and no coupling 
calculations.

- The prediction of the 
hindrance model, using 
n=1.73 is also shown

- The trend suggests that 
the coupling strengths 
gradually vanish, as 
predicted by the adiabatic 
(empirical) model. 

Fusion of 12C+28Si at deep sub-barrier energies



Fusion excitation function of  12C + 19F

A. M. Stefanini et al., submitted to PRC 

- This system with Qfus = +23.0 MeV 
is very near to the cases  important 
for astrophysics

- Previous studies (Kovar, Anjos) were 
limited to above-barrier energies

- Fusion cross sections have been 
measured down to ~75 b

- CC calculations reproduce the data

- The sub-barrier enhancement is 
mostly due to the octupole 
excitation of 19F

12C + 19F



Logarithmic slope and S-factor of  12C + 19F

- The logarithmic slope increases at the 2 lowest energies above the CC results, reaching LCS

- The S-factor tends to flatten out around Ec.m.=6.2 MeV

- Its  maximum indicates the position of the hindrance threshold 

- The S-factor calculated with CCFULL keeps increasing with decreasing energy

- The red line is obtained from the slope fit proposed by Uzawa and Hagino



Threshold energies Es for hindrance in light systems

- The magenta line shows the 
reported fitting expression

- The open dots for the very light 
systems are extrapolations with 
the hindrance model from higher 
energies for the same cases

- The extrapolation to 12C + 12C 
from heavier systems agrees with 
the value obtained by its higher-
energy data 

- The prediction of Es⋍3.75 MeV is 
quite reliable

M. Del Fabbro et al., PRC submitted

with increasing ζ 10B + 10B, 11B + 12C, 12C + 12C, 
12C + 14N, 12C + 16O, 14C + 16O, and 16O + 16O



Experimental cross sections and the no coupling limit

- Cross sections for several 
systems with respect to the no 
coupling limit, vs the energy 
distance from the barrier

- The arrows mark the hindrance 
thresholds

- The ratios exp/ noc reach one 
far below the barrier for some 
cases, where the enhancement 
due to channel couplings 
vanishes. 

- The coupling strengths are 
possibly strongly damped at 
deep sub-barrier energies

- What happens at still lower 
energies ?



- The existence of fusion hindrance in light systems of astrophysical interest is   
    not well established mainly due to the presence of oscillations or to the lack of data at
   very low energies

- The results of recent measurements on medium-light cases  26,24Mg, 30Si + 12C have been 
presented

- The use of -particle coincidences is a powerful method to measure very small 
   fusion cross sections as recently done for 28Si + 12C 

- The doubly magic system 16O + 48Ca has been investigated, as well as 19F + 12C  very close 
to the astrophysical cases

- In all these reactions hindrance has been observed at different cross-section levels and 
the results of an updated version of the hindrance model have been shown

-  Far below the barrier, one-dimensional tunnelling calculations reproduce the  
   excitation functions, it seems that the coupling strengths decrease and                    
   tend to vanish 

- The systematic trend of all these medium-light systems allow a reliable     
  extrapolation towards lighter cases, in particular to 12C + 12C where resonances   
  and many conflicting data sets make it difficult to identify the hindrance phenomenon 

Summary
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The case of the double-magic system 16O + 48Ca

A.M. Stefanini et al., PRC111, 064620 (2025)

Ec.m. (MeV) 

- CC 2+, 3-
- no coupling
- empirical
- hindrance

CC 2+, 3-

      no coupling

- Important benchmark for theoretical models of sub-barrier fusion

- The CC model reproduces the excitation function down to ~0.8mb. Below that, 
cross sections follow the no coupling limit. 

- Vanishing coupling strengths (empirical model) fit the low energy cross sections, 
while the hindrance model fails in that energy range.

- The barrier distribution is typical of a stiff system 



The case of the double-magic system 16O + 48Ca

- The logarithmic derivative reaches the LCS value

- The S-factor develops a maximum vs energy

- The hindrance model  is not able to fit the S factor increase at the lowest energies, 
well reproduced by the empirical approach employing decreasing coupling strenghts.





fit L(E)
y = m1 + m2/x^m3
Value Error
m1 -1.7619 +-0.55289
m2 423.45 +-297.84
m3 1.8669 +-0.33824
Chisq 52.962 NA
R 0.97296



CC calculation of 12C + 19F



Average angular momentum of compound nucleus vs. incident

energy for 64Ni + 64Ni. The predictions of  the adiabatic and sudden 

models differ at very low energies

Spin distributions 



Sudden approach

Misicu and Esbensen observed that the incompressibility of nuclear 
matter may lead to a repulsive core in the potential at short distances.
Consequently, in the sudden approach, they proposed using the 
double folding potential M3Y with an additional repulsive core in the 
ion-ion interaction (M3Y + repulsion), that indeed produces a shallow 
pocket inside the Coulomb barrier. This sudden approach using the 
M3Y + repulsion potential has been quite successful in reproducing 
the hindrance behaviour in several cases.



Hindrance effect
Da EPJA59_138 
As an alternative to sudden models, an adiabatic approach
was proposed by Ichikawa and Hagino [143], where neck
formation between the colliding nuclei is considered and the
interaction evolves from a two-body potential to a one-body
potential. In the overlap region at ion-ion distances smaller
than the touching point, a damping of the coupling form factors
was introduced in Ref. [143]. It was suggested that in the
RPA method [144,145], this can originate from the damping
of quantum vibrations of target and projectile, near the touching  point.
The fusion cross sections, S factors and logarithmic
derivatives calculated within this adiabatic model using the
Yukawa-plus-exponential (YPE) potential are in very good
agreement with experimental data [142] for a number of systems.
The author points out that, indeed, the energy at the
touching point strongly correlates with the threshold energy
observed for the hindrance phenomenon in various cases,
apart from medium-light mass systems.



POWER LAW EXTRAPOLATION FOR Q > 0 SYSTEMS

For reactions with positive Q-values, the following boundary
conditions are expected for E → 0:
σ(E) → finite ( 0), S(E) → finite or ∞, 
and
L(E)→∞,Lcs(E)→∞.



- The logarithmic slopes of the two excitation functions (12C + 
24,26Mg) are superimposable to a large extent, with visible 

oscillations, more noticeable for 12C + 24Mg.

- The difference between the corresponding threshold energies 
for 12C + 24,26Mg might (only qualitatively) be attributed to the α-
like structure of 24Mg.

Sub-barrier fusion in 12C+26,24Mg: Hindrance and oscillations



G.M., Agata workshop 2019
37

Set-up  (%) part (%) tot (%) Ibeam(pA)

Argonne
Gammasphere + 
Si array

8 25 2 ~ 0.6

Notre Dame
HPGe + Si array 1.7 30 0.5 > 10

Strasbourg-Orsay
LaBr3 array + 
STELLA

6 25 1.5 ~ 0.5

Legnaro
AGATA + 2 DSSD 10 20 2 0.1      

(28Si)

C.L. Jiang et al., NIM A 682, 12 (2012)
X. Fang et al., PRC 96, 045804 (2017)
S. Courtin et al., EPJ Web of Conf. 163, 00011 (2017)

Characteristics of several (dedicated) set-ups
compared to expectations for LNL
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h = 0.157
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e
 where e = E /m

Astrophysical S-factor and logarithmic slope L(E)

L(E) = d[ln(Eσ)]/dE

dS/dE = S(E)[L(E) – πη/E]

S has a maximum when dS/dE = 0, i.e. when L(E) = πη/E = LCS

The energy E = ES where this happens (if it happens !) has been usually
taken as the threshold energy for hindrance.

From the empirical systematics of Jiang et al. one obtains

 ES ≈ 0.356 [Z1Z2√μ]2/3  MeV

C.L.Jiang et al., PRC 73, 014613 (2006)  



S.Misicu and H.Esbensen PRC75, 034606 (2007)

A shallow pocket develops inside the barrier due 
to the saturation properties of nuclear matter

The system evolves in the classically forbidden 
region towards  the compound  nucleus

T.Ichikawa et al. PRC75, 064612 (2007)

How does one understand  the 
fusion hindrance effect ?



S.Misicu and H.Esbensen PRC75, 034606 (2007)

A shallow pocket develops inside the barrier due 
to the saturation properties of nuclear matter

The system evolves in the classically forbidden 
region towards  the compound  nucleus

T.Ichikawa et al. PRC75, 064612 (2007)

How does one understand  the 
fusion hindrance effect ?

Nucleus-Nucleus potential: the barrier is thicker 
when the Pauli principle is taken into account

C. Simenel et al. PRC95, 031601(R) (2017)



Particle Identification for 12C+28Si fusion 

- Maximum of the time-derivative of the   
     signal (Imax) vs energy E, for events    
     detected in an intermediate ring (θ≃29◦)  
     of the forward DSSD 

- Protons and -particles are identified in 
this representation down to very low 
energies. 

- The punch-through is observed only for 
protons at energies ≥ 17.7 MeV. 

- Projection of the -events onto the 
energy axis. Several particle groups are 
observed and identified

M. Del Fabbro et al., EPJA submitted
S. Barlini, et al., NIMA 600, 644 (2009)
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