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Clusters and their role in Nuclear Astrophysics

Indirect methods: focus on the THM 

12C+12C resonances and C-burning

The THM 12C(12C,α)20Ne and 12C(12C,p)23Na experiment



The threshold energies for each configuration are
given in MeV. The smallest, unlabelled clusters are
alpha particles. Increasing excitation energy is
required to form evermore complex cluster
structures.



Nuclear clusters in He burning

• 3a:  a + a Û 8Be* + a ® 12C* ® 12C (gs)  Rate known to ± 10%
Hoyle state of 12C located at 7.654 MeV (0+), still a lot of discussion about the 3a 
configuration

• 12C(a,g)16O  Poorly known (20-30%)

The competition of these two reactions determines the
12C/16O ratio in our universe, and thus the late stellar
evolution of massive stars and type Ia Supernovae.

Gamow peak ~ 300 keV, where cross section enhancement
is the result of interferences between resonances and
nonresonant components, properties which are much
more difficult to determine accurately.

?

Schuermann et al. (2005)
LeBlanc et al. (2010) 
Buchmann et al. (1993) 
deBoer et al (2017) 



Enhanced carbon metals poor stars (CEMP): first stars formed about 100000 years after BBN, how to justify the 
observed pronounced enhancements of carbon, nitrogen, and oxygen abundances? Recent idea by Wiescher: nuclear 
clusters can push nucleosynthesis of CNO nuclei in the first stars bypassing the lack of A=5,8 stable nuclei.

2H(α, γ)6Li(α, γ)10B(α, d)12C
7Li(α, γ)11B(α, p)14C.

Clusters responsible for nuclear deformation and reduction of 
the Coulomb barrier, however in most of the cases we are still 
limited by the Coulomb barrier …

α-capture reactions are balanced by the proton induced
6Li(p,α)3He [11] and the 10B(p, α)7Be reactions

Need to measure at low energy some standard reactions

Nuclear clusters in the nucleosynthesis of first stars

10B(p, α)7Be

A. Gula et al., PRC 107, 025805 (2023) 
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The world's first tandem accelerator 
installed at Chalk River in 1959. 

Molecular resonances in the 12C+12C fusion 
reaction measured by Almqvist et al., in 
1960

The world’s first tandem accelerator
Installed at Chalk River in 1959

Molecular resonances in the 12C+12C 
fusion reaction



C.E. Ordonez et al., PLB 173, 39 (1986)

Phase shift analysis of 12C+ 12C elastic data from Ecm= 5 5 to 33 MeV has revealed a pronounced sequence of gross
structure resonances. They appear to form a rotational band from l = 0 to at least 16h, and are the dominant structural
feature of the 12C+12C reaction



-Carbon burning: third most important phase in the evolution and nucleosynthesis of massive stars (> 8 Mʘ). 

Starts like the sun: 

How Sun Evolves
Hydrogen burning ends after 1010 yrs

• Consumed central 10% of star
• No heat source, pressure decreases 

and gravity wins.  Core collapses, 
releases gravitational energy which 
heats the core.

Helium burning starts
• Core gets hot enough to overcome 

Coulomb repulsion of two  4He (Z=2).
• Helium fuses into 12C and 16O
• Hydrogen consumed in a shell 

He burning core 
T=108 K
r =107 kg/m3

H burning shell
Non-burning envelope

But now, when He is exhausted in the
core and the core collapses, it does
get hot enough to burn carbon and
oxygen.

The successive stages in the core are
H ® He, gravity, He ® C,O, gravity,
® C,O ® Mg, Si, gravity, Si ®Fe.

H
He
C
O

Silicon

Iron (Fe)

Non-burning H

He Burning Core
T=108 K
r= 107 kg/m3

Carbon burning:
Relevant temperatures T ~ 0.6-1.2 GK and
densities > 3 109 kg/m3

More massive stars burn their nuclear fuel
more quickly, since they have to offset
greater gravitational forces to stay in
(approximate) hydrostatic equilibrium. For
example, a star of 25 solar masses burns
hydrogen in the core for 107 years, helium
for 106 years and carbon for only 103 years.

Carbon burning influences Mup minimum
stellar mass required for hydrostatic carbon
burning to occur. Mup is fundamental also for
the evolution of supernova progenitors and
white dwarf luminosity functions.



- Engine for superbursts from accreting neutron stars

Relevant temperatures T ~ 0.4-0.7 GK

Source of superbursts: carbon burning in the outer crust?

Key problem: with the standard 12C+12C rate from CF88, the 
crust temperature is too low to ignite the carbon fuel à need 
to have resonances …



- ignition conditions of Type Ia supernovae 
They are thought to be thermonuclear explosions of white dwarfs (WD)
Their progenitors are not well understood, but their fates depend on the rate of 12C+12C reaction. Indeed, they are 
interpreted as the consequence of explosive carbon burning ignited near the core of the white dwarf star in a binary 
system 

Relevant numbers: (0.15-0.7 GK and ρ ∼ (2- 5) 109 g/cm3):
the C/O ratio influences the nucleosynthesis and, in turn, the resulting light curve



Carbon burning mainly through 12C+12C fusion at Ecm from 1 to 3 MeV

Principal reactions: 
12C(12C,a)20Ne            + 4.617 MeV
12C(12C,p)23Na            + 2.241 MeV

12C(12C,n)23Mg            - 2.599 MeV
12C(12C,γ)24Mg            +13.933 MeV
12C(12C,2a)16O            -0.20 MeV  

The most frequent results 
of the interaction 

Considerable efforts to measure the 12C+12C cross section 
at astrophysical energies

M.G. Mazarakis & W.E. Stephensen, Phys. Rev. C 7 1280 (1973)
K. U. Kettner et al., Phys. Rev. Lett. 38, 337 (1977)

H.W. Becker et al., Z. Phys. A 303, 305 (1981) 
L. Barron-Palos et al., Nucl. Phys. A 779, 318 (2006)
E.F. Aguleira et al.,Phys. Rev. C 73, 064601 (2006) 
T. Spillane et al., Phys. Rev. C 73, 064601 (2006)
T. Spillane et al., Phys. Rev. Lett. 98, 122501 (2007)
B. Bucher et al., Phys. Rev. Lett. 114, 251102 (2015)
C.L. Jiang et al., Phys. Rev. C 97 012801 (2018)
J. Zickefoose et al., Phys. Rev. C 97, 065806 (2018)
A. Tumino et al., Nature (2018)
G. Fruet et al. PRL, 124 192701 (2020)
W.P. Tan et al. PRL, 124 192702 (2020)

Ecmer  at  =  5.5  MeV  [5].  Two 12C  nuclei  fuse  into  the
compound  nuclear  states  of 24Mg with  excitation  ener-
gies  of  14  to  17  MeV.  The  compound  states  then  decay
through five channels:

12C+12C→20Ne+α+4.62 MeV→23Na+p+2.24 MeV

→23Mg+n−2.60 MeV→16O+8Be−0.20 MeV

→24Mg+14.934 MeV.

γ

The  corresponding  energy  levels  of  the  compound
nucleus and residual nuclei are shown in Fig. 1. The ener-
gies of protons and alpha particles in the decay channels
are above their Coulomb barriers when the excitation en-
ergy of the compound nucleus is above the 12C+12C separ-
ation energy. Consequently, the particle decay widths are
much larger  than the -decay width.  Therefore,  the con-
tribution of the radiative capture channel is negligible.

α

α

12C(12C, )20Ne  and 12C(12C,p)23Na  are  the  two  major
reaction channels at sub-barrier energies [6-8]. The meas-
urements of 12C(12C, )20Ne and 12C(12C,p)23Na atsub-bar-
rier energies are classified into two categories: the detec-

γ

α

α

Ecm >

0,1 Ecm

tion  of  either  characteristic -rays  or  light  charged
particles. A  summary  of  previously  conducted  experi-
mental  studies,  directly  measuring -  and p-channels  of
the 12C+12C reaction near stellar energies, is presented in
Table  1.  A  pioneering  particle  spectroscopy  experiment
was performed by Patterson et al. [6], who measured the
cross  sections  of p and  using a  telescope  system con-
sisting  of  a  proportional  counter  and  a  silicon  detector.
Later, Mazarakis and Stephens [9] and Becker et al. [10]
independently repeated  the  particle  spectroscopy  experi-
ments using silicon detectors.  Limited  by the  target  pur-
ity  and  beam-induced  backgrounds,  these  measurements
were  within  the  range  of 2.7  MeV.  Using  a  thick
highly ordered pyrolytic graphite (HOPG) [11, 12] target,
Zickefoose et al. [13] successfully suppressed these back-
grounds and extended the particle-spectroscopy measure-
ment  of 12C(12C,p )23Na  down  to  =  2.0  MeV.  No
other  channels  were  measured  due  to  a  thick  degrader
used in front of the detectors to control the beam-induced
background.

α
In  the  particle  detection  experiment,  the  protons  and

 particles  corresponding  to  highly  excited  fusion
residues  are  emitted  at  relatively  low kinetic  energies  in
the laboratory frame and are often ignored, as their ener-
gies are  below  detection  thresholds,  or  they  are  over-
whelmed by large backgrounds at lower energies. There-
fore, it is necessary to evaluate the contribution from this
missing part of the fusion cross section measurement.

γ

γ

Ecm >
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Ecm

γ
γ

γ

The  detection  of  characteristic -rays  emitted  by  the
fusion  residues  is  also  an  effective  approach  to  identify
their production. In the 12C+12C fusion reaction, the most
common  characteristic  rays  are  440  keV  for 23Na  and
1634 keV for 20Ne. These  measurements  have  been  per-
formed by Kettner et al. [14] and Aguilera et al. [15] us-
ing HPGe in the range of 2.6 MeV. The main limit-
ations  are  backgrounds  from  cosmic  rays  and  reactions
with  target  impurities.  By  using  a  plastic  veto  detector
and  removing  the  target  impurities  with  a  high  intensity
beam  current,  Spillane et  al. [16]  extended  the 12C+12C
fusion down to  = 2.1 MeV and reported a very strong
resonance  at  =  2.14  MeV.  To  further  suppress  the
cosmic-ray background  and  some  beam-induced  back-
ground, Jiang et al. [17] designed the particle-  coincid-
ence  experiment  using  a  silicon array  and -array.  Most
recently,  two novel  measured  results  have  been  reported
by Fruet et al. [18] and Tan et al. [19] using the particle-

 coincidence technique.
γ

p0 α0 n0 γ

γ

Unlike  the  particle  detection  experiment,  the -spec-
troscopy experiment  does  not  offer  a  complete  measure-
ment  of  the  total  fusion cross  section.  The ground states
( , , )  do not  emit  any  rays,  while some excited
states decay  with  significant  branching  through  trans-
itions that bypass the main characteristic  rays. Spillane
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Fig.  1.     Energy-level  diagram  for  the 12C+12C  system  with
primary exit channels at low energies. p , , and n  repres-
ent  the  protons  produced  with 23Na,  particles  produced
with 20Ne,  and  neutrons  produced  with 23Mg,  respectively,
at  the  ground  state  (i =  0)  or  the  excited  state  (i =
1,2,3,...).  The  energies  for  most  common  characteristic 
rays are 440 keV for 23Na, 1634 keV for 20Ne, and 450 keV
for 23Mg.  Apart  from these  three  most  important  channels,
the 12C(12C,8Be)16O channel  is  also  possible  and  may  war-
rant further investigation.

Chinese Physics C    Vol. 44, No. 11 (2020) 115001

115001-2



Jiang et al. 2018: down to Ec.m. = 2.84 MeV and 2.96 MeV for the p and
α channels, respectively, using a sphere array of 100 Compton-
suppressed Ge detectors in coincidence with silicon detectors.

Fruet et al. 2020: down to Ec.m.=2.16 MeV using the particle-γ
coincidence technique and thin C-target. Charged particles were
detected using annular silicon strip detectors, while γ-ray detection was
accomplished with an array of LaBr3(Ce) scintillators. Only the p1 and α1
channels. Total S* factor reconstructed taking not observed branchings
from the literature

Tan et al. 2020: down to Ec.m.=2.2 MeV using the particle-γ coincidence
technique and thick target. In particular, p and αs were detected using a
silicon detector array, and γ-rays with HPGe detectors. Only the p1 and
α1 channels. Total S* factor reconstructed taking not observed
branchings from the literature.

Tumino et al. 2018: THM measurement down to 0.8 MeV for the p0,1
and α0,1 channels. Coincidence experiment using the 14N+12C reaction at
30 MeV of beam energy.

All direct measurements: particle-γ concidence technique
to further suppress the cosmic-ray background and some 
beam-induced background but no access to the ground
state transitions

ground state transitions are crucial, as these channels
contribute significantly at stellar energies
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…but… intrinsic limitation at astrophysical energies   àààà

S(E)s= S(E)b exp(phUe/E) 

Electron Screening

S(E) experimental enhancement due to the electron screening 
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In astrophysical plasma:

- the screening, due to free electrons in plasma, can be different
à we need S(E)b to evaluate reaction rates

A theoretical approach to extract the 
electron screening potential Ue in the 
laboratory is needed … however, experimental studies of reactions involving light nuclides have shown 

that the observed exponential enhancement of the cross section at low energies were 
in all cases significantly larger
(about a factor of 2)
than it could be accounted for from available atomic-physics model, i.e. the adiabatic 

limit (Ue) ad … screening yet to be fully understood

Sb(E)-factor extracted from extrapolation of higher energy data 

Electron Screening 

Debye-Hückel radius

RD ~ (kT/r)½

à No way to measure S(E)b from direct experiments at energies where screening is important



Entrance channel

A+a
Several reaction
mechanisms link 

the two
channels

Reaction products

C+c+…

The reaction theory is needed to select only one reaction mechanism. However, nowadays powerful techniques and observables for
careful data analysis and theoretical investigation.

Quite straightforward experiment, no Coulomb suppression, no electron screening but …

- to measure cross sections at never reached energies (no Coulomb suppression), where the signal is below current detection sensitivity 

- to get independent information on Ue

- to overcome difficulties in producing the beam or the target (radioactive ions, neutrons..)



12C(12C,a)20Ne and 12C(12C,p)23Na reactions via the Trojan Horse Method applied to the 12C(14N,a20Ne)2H and 12C(14N,p23Na)2H three-body
processes

2H from the 14N as spectator s

Observation of 12C cluster transfer in the 12C(14N,d)24Mg* reaction (R.H. Zurmȗhle et al. PRC 49(1994) 5)

QUASI-FREE MECHANISM

ü only 12C - 12C interaction

üd = spectator  

E14N =30 MeV> ECoul
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LETTER RESEARCH

METHODS
THM basic features. The THM is an indirect technique aiming at measuring 
low-energy nuclear reactions unhindered by the Coulomb barrier and free of 
electron screening6,7,29. It has been used to study several reactions related to fun-
damental astrophysical problems30–34. In the THM, the low-energy cross-section 
of an A(x,b)B reaction is determined by selecting the quasi-free contribution of a 
suitable A(a,bB)s reaction that is measured. In quasi-free kinematics, particle a, 
chosen for its xs cluster structure, is used to transfer the participant cluster x to 
induce the reaction with A, while the other constituent cluster s remains a spectator 
to the A(x,b)B sub-process6. Because the transferred nucleus x is virtual, its energy 
and momentum are not linked by the usual energy–momentum relation for a 
free particle. This gives the A(x,b)B reaction its half-off-the-energy-shell (HOES) 
character. The quasi-free A(a,bB)s reaction can be sketched using a pole diagram 
(see Extended Data Fig. 2) with two vertices referring to a break-up (upper vertex) 
and to the A(x,b)B process (lower vertex). The A + a relative motion takes place 
at an energy above the Coulomb barrier, ensuring that the transfer of particle x 
occurs inside the nuclear field of A without undergoing Coulomb suppression or 
electron screening. However, the A + x reaction takes place at the sub-Coulomb 
relative energy Ecm because the excess of energy in the A + a relative motion is 
needed for the break-up of the Trojan Horse nucleus a = (xs). From the principles 
of energy and momentum conservation, we obtain:
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with mi and pi the mass and momentum of particle i, µij = mimj/(mi + mj) the 
reduced mass of particles i and j, F the compound system (F = A + x = b + B) 
and Bxs = ms + mx − ma the binding energy of clusters x and s inside a. Ecm can 
vary within a range determined by the momentum of the spectator particle, ps, 
or its emission angle. As for ps, its values should not exceed the theoretical upper 
limit for the relative momentum pxs between x and s (in the laboratory system, 
pxs = px = −ps) represented by the on-the-energy-shell bound state wave number 
κxs = (2µxsBxs)1/2. This is the condition for the quasi-free mechanism to be dominant,  
for example, for the HOES cross-section to approach the on-energy-shell cross-section  
minimizing distortions. For the 14N = (12Cd) system, κxs = 181 MeV c−1 (where c  
is the velocity of light), exceeding by far the experimental ps upper limit of about  
80 MeV c−1, which is fixed by the phase space populated in the present experiment. 
In the plane-wave impulse approximation, the three-body cross-section can be 
factorized into two terms corresponding to the vertices of Extended Data Fig. 1 
and given by:
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where KF is a kinematical factor containing the final state phase space factor and 
it is a function of the masses, momenta and angles of the outgoing particles6; 
|Φ(pxs)|2 is the squared Fourier transform of the radial wave function for the χ(rxs) 
inter-cluster motion whose functional dependence is fixed by the xs system prop-
erties; ⎡
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xA
 is the HOES cross-section of the binary reaction.

One-level many-channel THM formalism. In the case of a multi-resonance A(x,b)B  
reaction, the so-called modified R-matrix approach has been developed35,36 to 
account for its HOES nature in the extraction of the reduced widths γ from the 
THM reaction yield. Because the transferred particle does not obey the mass–shell 
equation, no entrance-channel penetration factor is present, making it possible to 
reach astrophysical energies with no need of extrapolation. Yet the same reduced 
widths appear in the THM and in the on-energy-shell cross-sections, so the ones 
extracted from THM data can be used to determine the direct S(E) factor, without 
HOES effects. For isolated non-interfering resonances, the one-level many-channel 
formula can be used, so that the THM A(x,b)B cross-section in the plane-wave 
impulse approximation35,37 takes the form:
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with NF a normalization factor; kc′ and Pc′ are the exit-channel wave number 
and penetration factor (c′ runs over all exit channels), ExA and RxA are the x-A 
entrance-channel relative energy and channel radius17 is set to 7.25 fm:
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where j li(ρ )  is  the spherical  B essel  funct ion for  the l i wave, 
µ= + /p E B ħ2 ( )xA xA xA xs , BxA is an arbitrary boundary condition chosen to 

reproduce the observable resonance parameters38,39 and Di(ExA) is the R-matrix 
denominator of one-level multi-channel formulas15:
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with the sum running over all the open channels c; Sc and Bc are the shift function 
and the boundary condition for channel c and γc

i is the reduced width for the ith 
resonance and c channel, which enters the calculation of the on-energy-shell S(E) 
factor free of electron screening and is not affected by the experimental energy 
resolution.
Experimental setup and channel selection. A 14N beam at 30 MeV was delivered 
onto a carbon target, 100 µg cm−2 thick, with a spot size of 1 mm. The silicon tel-
escopes were made up of a 38-µm ∆E-detector and a 1,000-µm position-sensitive 
E-detector (with intrinsic α resolution quoted as 0.3 mm for the position and about 
0.5% for the energy) to measure the residual energy. They were placed symmetri-
cally at either side of the beam direction, each covering laboratory angles 8° to 30°, 
and devoted to the detection of α-and-d and p-and-d coincidences. Angular con-
ditions were selected to maximize the expected quasi-free contribution, fulfilling 
the requirement for the spectator particle d to retain its initial momentum inside 
14N. Channel selection was accomplished by gating on the ∆E–E two-dimensional 
plots to select coincident d and α(p) loci. A typical ∆E–E spectrum is shown in 
Extended Data Fig. 3, where p, d and α loci are clearly visible. Kinematics were 
reconstructed under the assumption of either a 20Ne (for the α + d channel) or a 
23Na (for the p + d channel) as an undetected particle. The Q-value variable was 
reported as a function of a kinematic variable, such as the energy or the angle of 
any one of the particles involved. In this representation, coincidence events of 
interest should lie on a horizontal line that cuts the Q-value axis at the expected 
value, because the Q-value depends only on the masses of the particles involved. 
A typical spectrum for the present experiment is shown in Extended Data Fig. 4 
for the 12C(14N,α20Ne)2H reaction, where the Q-value is reported as a function of 
the α detection angle. Two dominant sharp horizontal loci appear, corresponding 
to the ground and first excited states of 20Ne. They are highlighted by blue and red 
solid lines crossing the Q-value axis at −5.65 MeV and −7.28 MeV, respectively. 
This spectrum makes us confident of the quality of the calibration and of the 
correct selection of the reaction channel. Further data analysis was restricted to 
such events.
Deuteron momentum distribution. The d momentum distribution is a physical 
quantity very sensitive to the reaction mechanism. It keeps the same shape as inside 
14N only if the latter experiences quasi-free break-up. The agreement between the 
shapes of the theoretical and experimental momentum distributions is thus a com-
pelling signature of occurrence of the quasi-free mechanism6,7. To determine the 
d momentum distribution from the coincidence yield, the modulation due to pos-
sible contributions of 24Mg states has to be removed. This is done over restricted 
ranges of Ecm and θcm of less than 30 keV and 5°, respectively. The kinematic factor 
KF, describing the phase space population, is divided out by performing a Monte 
Carlo simulation of the experimental setup with the angular ranges and detection 
thresholds of the experiment. The momentum distribution from the 
12C(14N,α0

20Ne)2H reaction is shown as an example in Extended Data Fig. 1 as 
black filled circles. Data are projected in 8 MeV c−1 bins over the momentum axis 
of the detected deuteron, pd, with error bars including statistical errors only. The 
solid black line in the figure represents the theoretical behaviour normalized to 
experimental data. It is obtained from the Woods–Saxon 12C d bound state potential  
with standard geometrical parameters r0 = 1.25 fm, a = 0.65 fm and V0 = 54.428 MeV,  
adjusted to give the experimental ground state 12Cgs d binding energy in 14N.  
A fair accordance (χ!2 = 0.2) shows up, indicating that in the phase space region 
spanned in the present experiment the reaction mainly proceeds through a direct 
12C transfer. Thus, the plane-wave impulse approximation factorization of equation 
(2) can be relied on for the present investigation because no distortions are needed 
within experimental errors to describe the transfer process37. This result agrees 
with previous work40,41 where a strong transfer component is found in similar 
kinematic conditions with d detected at forward angles. We remark that in the 
present experiment the d centre-of-mass angular range is about 11°–50° and the 
coincidence mode triggers event acquisition. In those papers40,41, it was taken into 
account that the transferred 12C can be found also in its first excited 2+ state at 
4.44 MeV. From angular distribution analysis using a general expression for  
resonance reactions42, there is no evidence in our experimental data of a 12C transfer 
in its first excited 2+ state at 4.44 MeV. It turns out that only transfer of 12C in its 
ground state is contributing. This result will be discussed in a future paper.

From the shape analysis of the momentum distribution, we could estimate the 
possible contribution of reaction mechanisms other than the quasi-free one to the 
extracted experimental yield. In particular, other contributing mechanisms, such as 

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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character. The quasi-free A(a,bB)s reaction can be sketched using a pole diagram 
(see Extended Data Fig. 2) with two vertices referring to a break-up (upper vertex) 
and to the A(x,b)B process (lower vertex). The A + a relative motion takes place 
at an energy above the Coulomb barrier, ensuring that the transfer of particle x 
occurs inside the nuclear field of A without undergoing Coulomb suppression or 
electron screening. However, the A + x reaction takes place at the sub-Coulomb 
relative energy Ecm because the excess of energy in the A + a relative motion is 
needed for the break-up of the Trojan Horse nucleus a = (xs). From the principles 
of energy and momentum conservation, we obtain:

µ
=

+
− +

⋅

+
−

p p
E m

m m
E

p
m m

B
2

(1)cm
x

x A
A

s
2

sF

s A

x A
xs

with mi and pi the mass and momentum of particle i, µij = mimj/(mi + mj) the 
reduced mass of particles i and j, F the compound system (F = A + x = b + B) 
and Bxs = ms + mx − ma the binding energy of clusters x and s inside a. Ecm can 
vary within a range determined by the momentum of the spectator particle, ps, 
or its emission angle. As for ps, its values should not exceed the theoretical upper 
limit for the relative momentum pxs between x and s (in the laboratory system, 
pxs = px = −ps) represented by the on-the-energy-shell bound state wave number 
κxs = (2µxsBxs)1/2. This is the condition for the quasi-free mechanism to be dominant,  
for example, for the HOES cross-section to approach the on-energy-shell cross-section  
minimizing distortions. For the 14N = (12Cd) system, κxs = 181 MeV c−1 (where c  
is the velocity of light), exceeding by far the experimental ps upper limit of about  
80 MeV c−1, which is fixed by the phase space populated in the present experiment. 
In the plane-wave impulse approximation, the three-body cross-section can be 
factorized into two terms corresponding to the vertices of Extended Data Fig. 1 
and given by:

σ
Ω Ω

Φ σ
Ω

∝ |
⎡

⎣
⎢
⎢⎢

⎤

⎦
⎥
⎥⎥

→

E
p

E
d

d d d
KF ( ) d

d d
(2)

3

B b B
xs

2
2

xA bB

xA

HOES

where KF is a kinematical factor containing the final state phase space factor and 
it is a function of the masses, momenta and angles of the outgoing particles6; 
|Φ(pxs)|2 is the squared Fourier transform of the radial wave function for the χ(rxs) 
inter-cluster motion whose functional dependence is fixed by the xs system prop-
erties; ⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

σ
Ω

→
E

d
d d

HOES2
xA bB

xA
 is the HOES cross-section of the binary reaction.

One-level many-channel THM formalism. In the case of a multi-resonance A(x,b)B  
reaction, the so-called modified R-matrix approach has been developed35,36 to 
account for its HOES nature in the extraction of the reduced widths γ from the 
THM reaction yield. Because the transferred particle does not obey the mass–shell 
equation, no entrance-channel penetration factor is present, making it possible to 
reach astrophysical energies with no need of extrapolation. Yet the same reduced 
widths appear in the THM and in the on-energy-shell cross-sections, so the ones 
extracted from THM data can be used to determine the direct S(E) factor, without 
HOES effects. For isolated non-interfering resonances, the one-level many-channel 
formula can be used, so that the THM A(x,b)B cross-section in the plane-wave 
impulse approximation35,37 takes the form:

∑σ
Ω µ

γ γ
= +→ ′ ′

′
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2
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with NF a normalization factor; kc′ and Pc′ are the exit-channel wave number 
and penetration factor (c′ runs over all exit channels), ExA and RxA are the x-A 
entrance-channel relative energy and channel radius17 is set to 7.25 fm:

ρ ρ
ρ

ρ
 =

⎡

⎣

⎢
⎢
⎢

− −
∂

∂

⎤

⎦

⎥
⎥
⎥
ρ=

M p R B j
j

( ) ( 1) ( )
( )

(4)i l
l

p R
xA xA xA i

i

xA xA

where j li(ρ )  is  the spherical  B essel  funct ion for  the l i wave, 
µ= + /p E B ħ2 ( )xA xA xA xs , BxA is an arbitrary boundary condition chosen to 

reproduce the observable resonance parameters38,39 and Di(ExA) is the R-matrix 
denominator of one-level multi-channel formulas15:

∑ ∑γ γ= − − − −D E E E S B I P( ) ( ) ( ) 2 ( ) (5)i i
c

c
i

c c
c

c c
i

xA xA
2 2

with the sum running over all the open channels c; Sc and Bc are the shift function 
and the boundary condition for channel c and γc

i is the reduced width for the ith 
resonance and c channel, which enters the calculation of the on-energy-shell S(E) 
factor free of electron screening and is not affected by the experimental energy 
resolution.
Experimental setup and channel selection. A 14N beam at 30 MeV was delivered 
onto a carbon target, 100 µg cm−2 thick, with a spot size of 1 mm. The silicon tel-
escopes were made up of a 38-µm ∆E-detector and a 1,000-µm position-sensitive 
E-detector (with intrinsic α resolution quoted as 0.3 mm for the position and about 
0.5% for the energy) to measure the residual energy. They were placed symmetri-
cally at either side of the beam direction, each covering laboratory angles 8° to 30°, 
and devoted to the detection of α-and-d and p-and-d coincidences. Angular con-
ditions were selected to maximize the expected quasi-free contribution, fulfilling 
the requirement for the spectator particle d to retain its initial momentum inside 
14N. Channel selection was accomplished by gating on the ∆E–E two-dimensional 
plots to select coincident d and α(p) loci. A typical ∆E–E spectrum is shown in 
Extended Data Fig. 3, where p, d and α loci are clearly visible. Kinematics were 
reconstructed under the assumption of either a 20Ne (for the α + d channel) or a 
23Na (for the p + d channel) as an undetected particle. The Q-value variable was 
reported as a function of a kinematic variable, such as the energy or the angle of 
any one of the particles involved. In this representation, coincidence events of 
interest should lie on a horizontal line that cuts the Q-value axis at the expected 
value, because the Q-value depends only on the masses of the particles involved. 
A typical spectrum for the present experiment is shown in Extended Data Fig. 4 
for the 12C(14N,α20Ne)2H reaction, where the Q-value is reported as a function of 
the α detection angle. Two dominant sharp horizontal loci appear, corresponding 
to the ground and first excited states of 20Ne. They are highlighted by blue and red 
solid lines crossing the Q-value axis at −5.65 MeV and −7.28 MeV, respectively. 
This spectrum makes us confident of the quality of the calibration and of the 
correct selection of the reaction channel. Further data analysis was restricted to 
such events.
Deuteron momentum distribution. The d momentum distribution is a physical 
quantity very sensitive to the reaction mechanism. It keeps the same shape as inside 
14N only if the latter experiences quasi-free break-up. The agreement between the 
shapes of the theoretical and experimental momentum distributions is thus a com-
pelling signature of occurrence of the quasi-free mechanism6,7. To determine the 
d momentum distribution from the coincidence yield, the modulation due to pos-
sible contributions of 24Mg states has to be removed. This is done over restricted 
ranges of Ecm and θcm of less than 30 keV and 5°, respectively. The kinematic factor 
KF, describing the phase space population, is divided out by performing a Monte 
Carlo simulation of the experimental setup with the angular ranges and detection 
thresholds of the experiment. The momentum distribution from the 
12C(14N,α0

20Ne)2H reaction is shown as an example in Extended Data Fig. 1 as 
black filled circles. Data are projected in 8 MeV c−1 bins over the momentum axis 
of the detected deuteron, pd, with error bars including statistical errors only. The 
solid black line in the figure represents the theoretical behaviour normalized to 
experimental data. It is obtained from the Woods–Saxon 12C d bound state potential  
with standard geometrical parameters r0 = 1.25 fm, a = 0.65 fm and V0 = 54.428 MeV,  
adjusted to give the experimental ground state 12Cgs d binding energy in 14N.  
A fair accordance (χ!2 = 0.2) shows up, indicating that in the phase space region 
spanned in the present experiment the reaction mainly proceeds through a direct 
12C transfer. Thus, the plane-wave impulse approximation factorization of equation 
(2) can be relied on for the present investigation because no distortions are needed 
within experimental errors to describe the transfer process37. This result agrees 
with previous work40,41 where a strong transfer component is found in similar 
kinematic conditions with d detected at forward angles. We remark that in the 
present experiment the d centre-of-mass angular range is about 11°–50° and the 
coincidence mode triggers event acquisition. In those papers40,41, it was taken into 
account that the transferred 12C can be found also in its first excited 2+ state at 
4.44 MeV. From angular distribution analysis using a general expression for  
resonance reactions42, there is no evidence in our experimental data of a 12C transfer 
in its first excited 2+ state at 4.44 MeV. It turns out that only transfer of 12C in its 
ground state is contributing. This result will be discussed in a future paper.

From the shape analysis of the momentum distribution, we could estimate the 
possible contribution of reaction mechanisms other than the quasi-free one to the 
extracted experimental yield. In particular, other contributing mechanisms, such as 

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

In the restricted phase space region where the quasi free kinematics holds true 

kinematical factor
momentum distribution of s inside a

Nuclear cross section for the A+x®C+c reaction

From the modified R-matrix approach assuming 
non-interfering resonances

R-matrix fits on all channels at the same time in 
the full energy range of interest

Important: the same reduced widths appear in the THM and in the on-
energy-shell cross-sections, so the ones extracted from THM data can 
be used to determine the direct S(E) factor, without HOES effects. 

but No absolute value of the cross section à normalization to direct data available at higher energies

12C+12Càa1+20Ne*

12C+12Càp0+23Na
12C+12Càp1+23Na*

12C+12Càa0+20Ne



Comparison between the experimental momentum distribution and the theoretical one

Solid line: momentum distribution of d inside 14N from the Wood-Saxon 12C-d bound state potential with standard geometrical parameters
r0=1.25 fm, a=0.65 fm and V0=54.427 MeV
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On-the-energy-shell bound state wave number ((see I.S. Shapiro, Soviet Physics Uspekhi Vol. 10, n.
4 (1968) and earlier works): (2μd12CBd12C)1/2=181 MeV/c.
Staying within this value is the condition for the QF mechanism to be dominant

Plane Waves reliable also because:

- pd < (2μd12CBd12C)1/2=181 MeV/c à Proved that the shape of the 
momentum distribution is insensitive to the theoretical framework
used for its derivation (agreement between PWA and DWBA) 

- the 14N beam energy of 30 MeV corresponds to a quite high 
momentum transfer qt=500 MeV/c giving an associate de Broglie 
wavelenght of 0.4 fm (< 3 fm=12C+d)
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Red lines and bands: R-matrix fits for all channels at the same time 
Reduced widths for known levels are used as free parameters to reproduce their total and
partial widths as in Abegg & Davis, PRC 1991 à à à
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FIG. 1. THM integrated coincidence yield for the four chan-
nels (a) ↵0

20Ne, b) ↵1
20Ne, c) p023Na and d) p123Na projected

onto the Ec.m. variable (black dots). Error bars account for
statistical and background subtraction, when applicable, com-
bined in quadrature). Middle light red lines and bands on top
of experimental data represent the result of the modified R-
matrix fits and related uncertainties.

‡
‡
‡

‡‡
‡
‡

‡

1.0 1.5 2.0 2.5 3.0
1015

1016

1017

1018

1019

1020

Ec.m. HMeVL

SHE
L*
HM
eV
bL

aL 20Ne+a0

Ú
Ú

Ú
Ú Ú

Ú
Ú

Ú
Ú Ú

ËË

Ë

Ë

Ë

Ë
Ë
Ë
Ë

ËËË
Ë
Ë
ËË
ËË
ËËËËË
ËËËËËËËË

Ë

ËË

Ë

Ë

Ë

Ë
Ë
Ë
Ë

ËËË
Ë
Ë
ËË
ËË
ËËËËË
ËËËËËËËË

Ë
‡

‡ ‡ ‡

‡

‡ ‡ ‡¯
¯
¯¯ ¯̄¯̄ ¯̄¯

¯
¯¯ ¯̄¯̄ ¯̄

Ì Ì Ì Ì‡

‡ ‡ ‡

1.0 1.5 2.0 2.5 3.0
1015

1016

1017

1018

1019

1020

Ecm HMeVL
SHE
L*
HM
eV
bL

bL 20Ne+a1

‡

‡

‡

‡

‡

‡

‡

‡

1.0 1.5 2.0 2.5 3.0
1015

1016

1017

1018

1019

1020

Ec.m. HMeVL

SHE
L*
HM
eV
bL

cL 23Na+p0

Ú

Ú

Ú
Ú Ú

Ú

Ú

Ú
Ú Ú

ËË

Ë

ËËËËË
Ë
Ë
Ë
Ë
ËË
Ë
Ë

ËË

ËË

ËË
ËËË
ËËË
Ë
Ë

ËË

Ë

ËËËËË
Ë
Ë
Ë
Ë
ËË
Ë
Ë

ËË

ËË

ËË
ËËË
ËËË
Ë
Ë

¯ ¯ ¯
¯
¯
¯̄
¯
¯¯̄

¯ ¯ ¯
¯
¯
¯̄
¯
¯¯̄

Ì Ì Ì Ì
‡

‡

‡

‡
‡ ‡ ‡ ‡‡ ‡ ‡ ‡

1.0 1.5 2.0 2.5 3.0
1015

1016

1017

1018

1019

1020

Ec.m. HMeVL

SHE
L*
HM
eV
bL

dL 23Na+p1

FIG. 2. S(E) factor obtained using the THM resonance pa-
rameters (black middle line). The upper and lower gray lines
mark the range arising from errors on resonance parameters
plus normalization to direct data from [12] (red filled cir-
cles) combined in quadrature. Other available direct data
in the Ec.m. range are reported as purple filled squares [6],
blue empty diamonds [8], blue filled stars [9] and green filled
triangles [10].
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20Ne, c) p023Na and d) p123Na projected
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FIG. 1. THM integrated coincidence yield for the four chan-
nels (a) ↵0

20Ne, b) ↵1
20Ne, c) p023Na and d) p123Na projected

onto the Ec.m. variable (black dots). Error bars account for
statistical and background subtraction, when applicable, com-
bined in quadrature). Middle light red lines and bands on top
of experimental data represent the result of the modified R-
matrix fits and related uncertainties.
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FIG. 2. S(E) factor obtained using the THM resonance pa-
rameters (black middle line). The upper and lower gray lines
mark the range arising from errors on resonance parameters
plus normalization to direct data from [12] (red filled cir-
cles) combined in quadrature. Other available direct data
in the Ec.m. range are reported as purple filled squares [6],
blue empty diamonds [8], blue filled stars [9] and green filled
triangles [10].
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12C+ 12C à a + 20Ne 
12C+ 12C à p + 23Na

10-22 b              10-7 b

12C+12C comprehensive figure

Next step:
- direct data below 2 MeV  (LUNA MV, Notre Dame, Stella collaboration …)
- improve the normalization of THM data to direct ones with larger overlap

Tan (2020)
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LETTER RESEARCH

result is in agreement with spectroscopy studies9,22 that report a dip 
at 2.14 MeV and no particularly strong α state at around 2.1 MeV. 
Further agreement is found with unpublished experimental data down 
to Ecm = 2.15 MeV for the 12C(12C, p0,1)23N reactions23. Our result is 
also consistent within experimental errors with the total S(E)* from 
a recent experiment at higher energies24, which was calculated at the 
overlapping Ecm = 2.68 ± 0.08 MeV.

The reaction rates for the four processes were calculated from the 
THM S(E)* factors using the standard formula4 and summed to obtain 
the total 12C + 12C reaction rate. Its numerical values are given in 
Extended Data Table 2 (see Methods section ‘Numerical values of the 
12C + 12C reaction rate’). We recommend an analytical expression for 
the reaction rate and for its upper and lower limits, based on the same 
formulae as reported in the REACLIB library25. This expression is valid 
in the temperature range 0.1 GK ≤ T ≤ 3 GK with an accuracy better 
than 0.7% (χ = .! 0 12 ), which refers to the maximum difference between 
the analytical function and the centroids of the experimental points. 
This is given by:

⟨ ⟩ ∑ ∑σ = = + +

+ + + +
= =

− − /

/ /

N v f a a T a T

a T a T a T a T

exp[

ln( )]
(1)A i i i i i i

i i i i

1
3

1
3

1 2
1

3
1 3

4
1 3

5 6
5 3

7

Parameters aij with 1 < i < 3 and 1 < j < 7 are given in Table 1, with 
subscripts ‘u’ and ‘l’ for the upper and lower limits. They result from  
a fit performed using the NUCASTRODATA toolkit (http://www.
nucastrodata.org/).

The total THM reaction rate was divided by the reference rate5. The 
resulting ratio is shown in Fig. 3. The black line represents the rate from 
the present work, with the grey shading defining the region fixed by the 
total uncertainty (Methods section ‘Numerical values of the 12C + 12C 
reaction rate’), whereas the red line refers to the reference rate5.

The light-blue shading shows the temperature range relevant for 
superbursts (about 0.4–0.5 GK), the light-red shading highlights typical 
temperatures for hydrostatic carbon burning in massive stars (about 
0.6–1.0 GK in the core and up to 1.2 GK in the shell, depending on the 
stellar mass), whereas the light-green shading marks the temperatures 
of explosive carbon burning (about 1.8–2.5 GK). As shown in Fig. 3, 
the reaction rate changes below 2 GK with an increase with respect 
to the reference non-resonant one5 from a factor of 1.18 at 1.2 GK 
(***P < 0.001) to a factor of more than 25 at 0.5 GK (****P < 0.00001).  
The latter increase, mainly due to the resonances around Ecm = 1.5 MeV,  
supports the conjectured fiducial value3 required to reduce the  
theoretical superburst ignition depths in accreting neutron stars by a 
factor of 2 for a range of realistic parameters and core neutrino emissivities.  
This change matches the observationally inferred ignition depths and 
can be translated into an ignition temperature below 0.5 GK, com-
patible with the calculated crust temperature. In other words, carbon 
burning can trigger superbursts. A similar decrease in temperature is 
obtained by using the crust Urca shell neutrino emissivities26, recently 
invoked to explain the cooling of the outer neutron star crust, while 
thermally decoupling the surface layers from the deeper crust. Under 
this hypothesis, a revision of current superburst models and predicted 
light curves is required and our finding could represent the missing 
heat source in the standard carbon ignition scenario.

In the hydrostatic carbon burning regime, the present rate change 
will lower the temperatures and densities at which 12C ignites in mas-
sive post-main-sequence stars. We make use of stellar modelling8 for 
core carbon burning of a star of 25 solar masses to determine that the 
ignition temperature and density would decrease to 10% and 30% 
respectively. This would reduce the neutrino losses, thus causing the 
carbon burning stage to occur for a lifetime (of the carbon burning 
phase) longer by up to a factor of 70. The new rate would also affect 
abundances of species that are the main fuel for subsequent evolution-
ary phases. However, such abundances are influenced also by the ratio 
of the α to p yields if it deviates from unity. From the present experi-
ment, the average value of this ratio is around 2. In particular, at 0.8 GK 
this ratio is 1.6 ± 0.4, and it becomes 2.2 ± 0.6 at 2 GK. The 12C + 12C 
rate is also the most important nuclear physics input governing the 
minimum stellar mass Mup required for hydrostatic carbon burning to 
occur. Mup is fundamental to our understanding, for instance, of the 
evolution of supernova progenitors and the white dwarf luminosity 
functions. From the present result, we consider that the present value 
of Mup will not be strongly affected, in contrast to what has been pre-
dicted27,28 when assuming a much larger increase (up to nine orders 
of magnitude) in the reaction rate, but it is worth noticing that stel-
lar models are also very sensitive to small changes of this parameter. 
However, a sound evaluation of Mup requires a better understanding 
of the ratio of the initial mass to the final core mass.

Below 0.4 GK the rate experiences a huge increase by up to a factor  
of 800 owing to the lowest-energy resonances occurring around  
Ecm = 1 MeV. It has been conjectured that the existence of such low- 
energy resonances might shift the ignition curve of type Ia  
supernovae to lower central densities3. This should be assessed  
for the various progenitor scenarios. Much additional work is needed 

Table 1 | Coefficients of the analytical function of the 12C + 12C reaction rate using equation (1)
aij f1 f2 f3 f1u f2u f3u f1l f2l f3l

ai1 1.22657 × 102 9.03221 × 101 2.28039 × 102 1.22687 × 102 9.03982 × 101 2.28056 × 102 3.21570 × 102 6.08741 × 102 3.14593 × 103

ai2    0.557112 −8.35888 −1.16039 × 101    0.557664 −8.35720 −1.15681 × 101 −0.815182 −1.42976 × 101 −2.26169 × 101

ai3 −905657 × 101 −6.17552 × 101 −2.40364 × 102 −9.05616 × 101 −6.17282 × 101 −2.40343 × 102 3.17671 × 101 3.43845 × 102 1.36110 × 103

ai4 −6.83561 × 101 −1.07514 × 102 −9.21375 × 101 −6.83178 × 101 −1.07358 × 102 −9.21156 × 101 −4.22173 × 102 −1.11874 × 103 −5.16494 × 103

ai5 1.42906 × 101 7.20344 × 101 1.25411 × 102 1.42891 × 101 7.20835 × 101 1.25484 × 102 5.23691 × 101 1.73098 × 102 7.85965 × 102

ai6 −2.43583 −1.37501 × 101 −3.25984 × 101 −2.46506 −1.38060 × 101 −3.24417 × 101 −6.35869 −2.33743 × 101 −1.29447 × 102

ai7    9.32623 −1.91793 × 101 −1.10903 × 102    9.35304 −1.91920 × 101 −1.10961 × 102 1.34509 × 102 3.60334 × 102 1.60224 × 103

Coefficients of the analytical function (equation (1)) of the 12C+12C reaction rate and of its upper and lower limits. They result from a fit of the numerical values given in Extended Data Table 2 using the 
reaction rate parameterizer from the NUCASTRODATA toolkit (http://www.nucastrodata.org/).
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Fig. 3 | 12C + 12C reaction rate ratio. Ratio between the total THM 
12C + 12C reaction rate (black line) and the reference one4 (red line). The 
grey shading defines the region spanned owing to the ±1σ uncertainties. 
The coloured shading marks typical temperature regions for carbon 
burning in different scenarios: light blue for superbursts from accreting 
neutron stars, light red for hydrostatic carbon burning in massive stars 
and light green for explosive carbon burning; comparison with the red line 
(non-resonant assumption) gives ***P < 0.001 in the region of hydrostatic 
burning and ****P < 0.00001 at superburst temperatures.
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Color shadings mark typical regions for C-burning 

Compared to CF88, the present rate increases from a factor of 1.18 at 1.2 GK to a factor of more
than 25 at 0.5 GK
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• Impacts of the New Carbon Fusion Cross Sections on Type Ia Supernovae (K. Mori et al. MNRAS 2018)

Partial solution of the Neutron star birthrate problem:

The NS birthrate has been estimated to be 10.8+7.0
−5.0 NSs/century, while the CCSN rate is estimated to be 1.9±1.1

SNe/century from measurements of γ-ray from 26Al (Diehl et al. 2006; Keane & Kramer 2008), suggesting that the origin
of NSs is supplemented by the so called Accretion Induced Collapse path of the WD mergers.

The enhanced reaction rate results in a lower ignition temperature, leading to a higher probability of finding WD-WD 
mergers reaching the Accretion Induced Collapse. This could increase the birthrate of the Galactic Neutron stars making
the fraction of the WD mergers in the progenitors of type Ia SNe smaller. 

To be continued … need to investigate the contribution of the DD scenario to SNe Ia, still largely subject to observational errors.



C burning

Remarkable lower compactness in some mass intervals, like between 17 and 20 M⊙ , and 21 and 23M⊙ , and above
25M⊙ . It would be interesting to follow with a 3D code what happens to the explosion …

ξ𝑖 =
𝑀𝑖(𝑀⦿)

𝑅𝑖(103 𝑘𝑚)

Compactness parameter 𝝃
(O’ Connor & Ott 2011, ApJ 730,70)

Best value  è i=2.5 M⦿

New investigation of the dependence of the compactness on the initial mass:

Scaling of the compactness of a star with the initial 
mass for two diffferent choices of the 12C+12C nuclear 
cross section:

red dots à CF88
blue dots àTHM

It is quite evident that the adopted nuclear cross section plays an
important role in determing the final compactness of a star and
hence its final fate: explosion or collapse.

(A. Chieffi et al. ApJ 2021)




