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Outlook 

 
 
Basic features of the Trojan Horse Method  
 
 
The Trojan Horse Method for resonant reactions 
 
 
Recent results 
two physics cases: the 18F(p,α)15O reaction (unstable beam) 

        the 12C(12C,α)20Ne/23Na reaction 
 



 

ü  only x - A interaction 

ü  s = spectator (ps~0)  

EA > ECoul ⇒  

Basic principle: astrophysically relevant two-body σ from quasi- free 
contribution of an appropriate three-body reaction 

A + a → c + C + s      à à à      A + x → c + C 
a: x ⊕ s clusters 

S 

c 
A 

a 

C 

Direct break-up 

x 

2-body reaction 

NO Coulomb suppression 

NO electron screening 

plays a key role in compensating  for 
the beam energy 

Eq.f. = Eax  = mx /(mx + mA )EA – Bx-s  ±  intercluster motion 

Eq.f. ≈ 0   !!! 



PWA hypotheses: 
 
- A does not interact simultaneously with x and s 
-  The presence of s does not influence the  A-x   
  interaction 
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KF  kinematical factors  
 
⏐φ⏐2 momentum distribution of 
s inside a 
 
dσN/dΩ Nuclear cross section 
for the A+x→C+c reaction 
 

MPWBA formalism  
(S. Typel and H. Wolter, Few-Body Syst. 29 (2000) 75) 
 
-  distortions introduced in the c+C channel, but 
plane  waves for the three-body entrance/exit 
channel 
-  off-energy-shell effects corresponding to the 
suppression of the Coulomb barrier are included 
  

A + a → c + C + s  à à à      A + x → c + C 

but  No absolute value of the cross section 

A. Tumino et al., PRL 98, 252502 (2007) 



The Trojan horse method for resonant reactions 

Standard R-Matrix approach cannot be applied to extract the resonance parameters à 
Modified R-Matrix is introduced instead 

In the case of a resonant 
THM reaction the cross 
section takes the form 

Mi(E) is the amplitude of the transfer reaction (upper vertex) that can be easily calculated 
à The resonance parameters can be extracted and in particular the strenght  

The A + a(x+s) → F*(c + C) + s process is a transfer to 
the continuum where particle x is the transferred 
particle 

Advantages: 
§  possibility to measure down to zero energy 
§  No electron screening 
§  HOES reduced widths are the same entering the OES S(E) factor  
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Binary 
reaction 

Indirect 
reaction 

Elab Q Accelerator 

1 7Li(p, α)4He 2H(7Li, α α)n 19-22	 15.122	 TANDEM 13 MV 
LNS-INFN, Catania 

Spitaleri et al. PRC,1999, 
Lattuada et al. ApJ, 2001 

2 7Li(p, α)4He 7Li(3He, α α)d 33	 11.853	 CYCLOTRON, 
Rez, Praha 

Tumino et al. EPJ, 2006 

3 6Li(p, α)3He 2H(6Li, α 3He)n 14,25	 1.795	 TANDEM 13 MV 
LNS-INFN, Catania 

 Tumino et al. PRC, 2003 

4 9Be(p, α)6Li 2H(9Be, α 6Li)n 22	 -0.099	 TANDEM  
CIAE, Beijing 
TANDEM 13 MV 
LNS-INFN, Catania 

Wen  et al. PRC, 2008, 
Wen et al. JPG 2011 

5 11B(p, α)8Be 2H(11B, α 8Be)n 27	 6.36	 TANDEM 13 MV 
LNS-INFN, Catania 

Spitaleri et al. PRC, 2004, 
Lamia et al. JPG, 2011 

6 15N(p, α)12C 2H(15N, α 12C)n 60	 2.74	 CYCLOTRON, 
 TAMU, College Station 
TANDEM 13 MV 
LNS-INFN, Catania 

La Cognata et al. PRC, 
2008 

7 18O(p, α)15N 2H(18O, α 15N)n 54	 1.76	 (CYCLOTRON, 
 TAMU, College Station 
TANDEM 13 MV 
LNS-INFN, Catania 

La Cognata et al. PRL 
2008, 

8 19F(p, α)16O 2H(19F, α 16O)n 50	 8.11 TANDEM 13 MV 
LNS-INFN, Catania 

La Cognata et al. ApJ 
Lett., 2011) 

       
9 

17O(p, α)14N 2H(17O, α14N)n 45 -1.032 TANDEM 13 MV 
LNS-INFN, Catania 
TANDEM 11 MV 
Notre Dame 

Sergi et al. PRC  (R), 2010 



Binary 
reaction 

Indirect 
reaction 

Elab Q Accelerator Ref. 

10 18F(p ,α)15O 2H(18F, α15O)n 48 CYCLOTRON 
CNS-RIKEN, Tokyo 

11 10B(p, α)7Be 2H(10B, α7Be)n 27	 TANDEM 13 MV 
LNS-INFN, Catania 

12 6Li(d,α)4He 6Li(6Li,αα)4He 5

4.8	

22.372	 TANDEM  
Demoscritos,Atene 
TANDEM, 
IRB, Zagreb 

Cherubini et al. ApJ, 1996 
 
Spitaleri et al .PRC, 2001 

13 6Li(d,α)4He 6Li(6Li,αα)4He CYCLOTRON 
Rez, Praha 

Pizzone et al. PRC,  2011  

14 3He(d,α)1H 6Li(3He,p4He)4He 5,6	 16.878	 DINAMITRON, 
Bochum 

La Cognata et al. 2005 

15 2H(d,p)3H 2H(6Li,p3He)4He 14	 2.59	 DINAMITRON, 
Bochum 

Rinollo et al. EPJ 2005 

16 2H(d,p)3H 2H(3He,p3H)1H 18 -1.46 CYCLOTRON, 
Rez, Praha 

Tumino et al. PLB 2011 
Tumino et al. APJ 2014 

17 2H(d,n)3He 2H(3He,n3He)1H 18 -2.224 CYCLOTRON 
Rez, Praha 

Tumino et al. PLB 2011 
Tumino et al. APJ 2014 

18 9Be(p,d)8Be 9Be(d,d8Be)n TANDEM 13 MV 
CIAE, Beijing Preliminary results 

19 6Li(n,a)3H 2H(6Li, t α)1H 14 2.224 TANDEM 13 MV 
LNS-INFN, Catania 

Tumino et al.,EPJ A 2005 
Gulino et al., JPG 2010  

Cherubini et al. PRC 2015 

Spitaleri et al. PRC 2014 



Binary 
reaction 

Indirect 
reaction 

Ela
b 

Q Accelerator Ref. 

20 17O(n,a)14C 17O(n, a14C)1H 43.5 -0.40
7 

TANDEM 11 MV 
Notre Dame 
TANDEM 13 MV 
LNS-INFN, Catania 

Gulino et al. PRC(R) 2013 

21 13C(a,n)16O 13C(6Li, a n)16O TANDEM  
FSU, Tallaassee, 
Florida, USA 

La Cognata et al. PRL 2013 

22 12C(12C,a)20Ne 
12C(12C,p)23Na 
 

12C(14N,a20Ne)2H 
12C(14N,p23Na)2H 
 

TANDEM  13 MV 
LNS-INFN, Catania 

 23   12C(a,a)12C 
 

13C(6Li, a n)16O 20 0 TANDEM 13 MV 
LNS-INFN, Catania 

Spitaleri et al. EPJ 2000 

 
24 

1H(p,p)1H 2H(p,pp)n 5,6 2,224 CYCLOTRON 
ATOMKI,Debrecen 
 TANDEM  
IRB, Zagreb 
TANDEM 13 MV 
LNS-INFN, Catania 
TANDEM 5 MV 
Napoli University 

Tumino et al. PRL 2007 
Tumino et al. PRC 2008 

Preliminary results 

25
0 

7n(7Be,a)4He 
 

2H(7Be,aa)1H 43.5 -0.40
7 

 
TANDEM  LNL-
INFN, Catania 

Under analysis 



Recent Results: the 18F(p,α)15O Reaction 

Its knowledge is crucial to understand nova explosion phenomena.  
The γ-ray emission following the nova explosion is dominated by the 511 keV energy line, 
coming from the annihilation of positrons produced by the decay of radioactive nuclei. 
Among them, 18F is the most important source. 
 
 
 
Abundance determined by production vs. destruction rate à dominated by             

 18F(p,α)15O reaction  
 
astrophysical energy range:  100 – 400 keV  
 
cross section dominated by the contribution of states in the 19Ne compound nucleus 
around the 18F+p threshold: still poor knowledge of some resonance parameters. 
 



The 18F(p,α)16O experiment 

Experiments performed @ CRIB – CNS – RIKEN and  
@ Cyclotron Laboratory, TAMU using a 18F RIB à first THM experiments with RIBs 

three body reaction 2H(18F,α15O)n 

E_beam peaked at 
47.9 MeV (FWHM 1.9 
MeV), maximum beam 
intensity of 2×106 pps 
and purity better 
than 98%. 

FIRST APPLICATION OF THE TROJAN HORSE METHOD . . . PHYSICAL REVIEW C 92, 015805 (2015)
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FIG. 1. (Color online) Q-value spectra. The Q-value spectrum
for the 2H(18F,α15O)n reaction (black solid histogram) is overlaid to
the total Q-value spectrum (dashed line). The arrow represents the
theoretical Q value (0.658 MeV) for the reaction at hand. The red
line is a Gaussian fit with µ = 0.668 MeV and σ = 0.322 MeV, in
agreement with the expected theoretical value and the experimental
resolution.

the data and theoretical curve gives confidence in the selection
of events coming from the quasifree reaction channel and
allows us to use a plane wave impulse approximation in the
data analysis [38]. Indeed, it is well known that distortion
effects influence the behavior of the momentum distribution at
higher values of momentum. Consequently, the rest of the
analysis was done choosing the events having a spectator
momentum lower than 60 MeV/c. Assuming that the events
selected according to the previous procedure come from the
quasifree contribution to the reaction yield, the THM HOES
bare nucleus cross section of the 18F(p,α)15O process can be
deduced dividing the yield of the 2H(18F,α15O)n reaction by
a kinematical factor and the momentum distribution of p and
n inside the deuteron [1–13]. The THM HOES bare nucleus
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FIG. 2. Momentum distribution for the p-n intercluster motion in
deuteron. The solid line is the Hulthén function in momentum space.
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FIG. 3. (Color online) The nuclear cross section spectrum in
function of the p −18 F cm energy for the events that pass the
conditions described in the text. The blue vertical line shows the
position of the threshold for the 18F + p reaction (Eth = 6.41 MeV).
The red dashed lines represent the Gaussians used for fitting the data
as explained in the text. The red solid line is the total fit. The numbers
above the arrows represents the peak positions in 19Ne excitation
energy obtained from the fitting procedure.

cross section, σN
HOES, for the 18F(p,α)15O reaction, unaffected

by suppression effects due to Coulomb and centrifugal [12]
barriers, measured by THM down to zero (and even negative)
p +18F relative energy, is shown in Fig. 3. The obtained
spectrum was fitted using a least-squares fit of multiple
Gaussian. The σ of the Gaussians was fixed to 53 keV based
on the energy resolution calculated for the present experiment.
The excitation energies coming from the fit together with
the error on the peak position are listed in Table I. The
systematic error on the peak position due to assumed width
of the Gaussians in the fit has been estimated to be 10 keV. For
comparison energies and J π coming from Refs. [31,32,39,40]
are also reported in Table I.

Further analysis has been done by considering only the
energy region of interest for astrophysical purposes, i.e., the
observed excited states at energies 6255, 6460, 6537, 6755,
6968, and 7075 keV.

Though the cross section of the 18F(p,α)15O reaction was
indirectly measured by THM in the center-of-mass angular
range 70◦ < θcm < 120◦, the statistics of the present data
do not allow us to extract the angular distributions of the
populated resonances and hence a self-assignment of the J π

values is not possible in this case. However, as the THM
data are not affected by suppression effects coming from the
Coulomb and centrifugal barrier [12,13], the population of
the excited states in the compound nucleus is linked to the
J π of the levels [41]. Hence, for each populated 19Ne excited
state observed in the present experiment, a certain J π value
has been assumed by comparison with those available in the
literature, as discussed below, and it is reported in parentheses
in Table I. Using these assumptions, data from each resonance
have been integrated over the full angular range by means the

015805-3

Experimental Q-value spectrum without conditions (dashed 
line) 
Q-value spectrum with particle selection (black solid 
histogram)  
 
Single peak, centered at the value 0.668 MeV, very close to 
the theoretical Q value (0.658 MeV) 
The arrow represents the theoretical Q value and the red 
line is a Gaussian fit with µ = 0.668 MeV and σ = 0.322 MeV 

S. Cherubini et al. PRC 92 (2015) 015805 
R.G. Pizzone et al. EpJ A (2016) 
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FIG. 1. (Color online) Q-value spectra. The Q-value spectrum
for the 2H(18F,α15O)n reaction (black solid histogram) is overlaid to
the total Q-value spectrum (dashed line). The arrow represents the
theoretical Q value (0.658 MeV) for the reaction at hand. The red
line is a Gaussian fit with µ = 0.668 MeV and σ = 0.322 MeV, in
agreement with the expected theoretical value and the experimental
resolution.

the data and theoretical curve gives confidence in the selection
of events coming from the quasifree reaction channel and
allows us to use a plane wave impulse approximation in the
data analysis [38]. Indeed, it is well known that distortion
effects influence the behavior of the momentum distribution at
higher values of momentum. Consequently, the rest of the
analysis was done choosing the events having a spectator
momentum lower than 60 MeV/c. Assuming that the events
selected according to the previous procedure come from the
quasifree contribution to the reaction yield, the THM HOES
bare nucleus cross section of the 18F(p,α)15O process can be
deduced dividing the yield of the 2H(18F,α15O)n reaction by
a kinematical factor and the momentum distribution of p and
n inside the deuteron [1–13]. The THM HOES bare nucleus
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FIG. 2. Momentum distribution for the p-n intercluster motion in
deuteron. The solid line is the Hulthén function in momentum space.
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FIG. 3. (Color online) The nuclear cross section spectrum in
function of the p −18 F cm energy for the events that pass the
conditions described in the text. The blue vertical line shows the
position of the threshold for the 18F + p reaction (Eth = 6.41 MeV).
The red dashed lines represent the Gaussians used for fitting the data
as explained in the text. The red solid line is the total fit. The numbers
above the arrows represents the peak positions in 19Ne excitation
energy obtained from the fitting procedure.

cross section, σN
HOES, for the 18F(p,α)15O reaction, unaffected

by suppression effects due to Coulomb and centrifugal [12]
barriers, measured by THM down to zero (and even negative)
p +18F relative energy, is shown in Fig. 3. The obtained
spectrum was fitted using a least-squares fit of multiple
Gaussian. The σ of the Gaussians was fixed to 53 keV based
on the energy resolution calculated for the present experiment.
The excitation energies coming from the fit together with
the error on the peak position are listed in Table I. The
systematic error on the peak position due to assumed width
of the Gaussians in the fit has been estimated to be 10 keV. For
comparison energies and J π coming from Refs. [31,32,39,40]
are also reported in Table I.

Further analysis has been done by considering only the
energy region of interest for astrophysical purposes, i.e., the
observed excited states at energies 6255, 6460, 6537, 6755,
6968, and 7075 keV.

Though the cross section of the 18F(p,α)15O reaction was
indirectly measured by THM in the center-of-mass angular
range 70◦ < θcm < 120◦, the statistics of the present data
do not allow us to extract the angular distributions of the
populated resonances and hence a self-assignment of the J π

values is not possible in this case. However, as the THM
data are not affected by suppression effects coming from the
Coulomb and centrifugal barrier [12,13], the population of
the excited states in the compound nucleus is linked to the
J π of the levels [41]. Hence, for each populated 19Ne excited
state observed in the present experiment, a certain J π value
has been assumed by comparison with those available in the
literature, as discussed below, and it is reported in parentheses
in Table I. Using these assumptions, data from each resonance
have been integrated over the full angular range by means the
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Solid circles: measured momentum distribution of the 
neutron inside deuteron using the  2H(18F,α15O)n reaction  
 
Solid line:  theoretical momentum distribution, given by the 
squared Hulthén function in momentum space 
 
à Good agreement implies that the reaction mechanism is 
QF and the THM equations can be applied to deduce the 
cross section of the 18F(p,α)15O reaction from the one of 
the 2H(18F,α15O)n reaction  

Selection of the Quasi-Free Mechanism 

Comparison between the experimental momentum distribution and the 
theoretical one 
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FIG. 4. (Color online) The 18F(p,α)15O astrophysical S factor
from the present experiment. The full dots are THM experimental
data with the assumption of J π = 3/2+ for the resonance at
E = 6460 keV, the open ones correspond to the assumption of J π =
5/2− (the difference from this last assumption to the other possible
value 1/2− and 3/2− being negligible within the errors). The blue
solid and red dashed lines shown in figure are calculations reported
and discussed in Ref. [30] smeared to the present experimental
resolution. Each pair represents the upper and lower limit for each
calculation in Ref. [30].

at E = 6459 keV has been observed in Ref. [32] and it has
been interpreted as part of a triplet of states with possible
spins and parities (3/2− or 5/2+) at 6416 keV, (11/2+) at
6440 keV, and (5/2−) at 6459 keV. Calculations presented in
Ref. [39] attribute to four states in the same energy region the
spin-parity values of 1/2− (6419 keV), 3/2+ (6422 keV and
6449 keV) and 11/2+ at the unobserved state at 6422 keV.
Though only the level at 6449 keV and that at 6459 keV are
within the fit error for the 6460 keV peak observed in the
present work, calculations of the contribution to the total cross
section due to this very level have been performed assuming
all of the J π values mentioned above. If the spin-parity value
is fixed to be 11/2+ or 5/2+ this contribution is strongly
suppressed by the centrifugal barrier penetrability factor and
hence these J π assignments are rejected. On the other hand,
there is no reason to rule out the other values of J π for this level,
namely 1/2−, 3/2−, 5/2−, and 3/2+. Calculations showed that
the differences on the contribution of the 6460 keV level to
the astrophysical S factor for spin-parity assignment 1/2−,
3/2−, and 5/2− are negligible within the errors. To conclude
the discussion on the 6460 keV level, it is worth noting that
possible interference effects in THM are not calculated but are
already contained in the data [13,41]. So the other possible
assignment 3/2+ to the 6460 keV level will automatically take
into account interference effects, if any.

Finally, in the subthreshold region, the excited state
observed here at E = 6255 keV was assigned a J π = 11/2−,
as already proposed in Ref. [32]. This choice gives better
agreement with existing data [30–32] though other J π assign-
ments cannot be ruled out on the basis of the present analysis.

In Fig. 4 the results obtained in this work for the
astrophysical S factor are presented: assuming J π = 3/2+

for the 6460 keV state the result is reported as full dots
while the J π = 5/2− assumption for the same level gives the
astrophysical S factor shown as open dots. Since levels in this
region could not be resolved in the present experiment, the
value of S(E) obtained with the 3/2+ and 5/2− assumptions
represents, respectively, an upper and a lower limit for the
astrophysical factor S(E). In Fig. 4 the experimental points
are also compared with the calculations for the astrophysical
S factor presented in Figs. 3 and 4 of Ref. [30] smeared at the
experimental resolution obtained in this work. In particular, the
solid lines represent the upper and lower limits for an R-matrix
calculation where the interference among the three states with
J π = 3/2+ at energies 6419, 6449, and 7075 keV has been
considered. The dashed lines represent the same limits for the
case with interference between the two states at E = 6449 keV
and E = 7075 keV only. In this latter calculation the authors of
Ref. [30] attributed the value J π = 3/2− to the E = 6419 keV
state in 19Ne. Data from the present experiment have been
normalized to these calculations imposing that the integral of
the resonance at 7075 keV is the same in direct and THM data.

In the energy region below 100 keV, depending on the J π

assignment chosen for the 6460 keV level, the present data
either agree fairly well with the region given by the dashed
lines in Fig. 4 (J π = 3/2+, full dots) or become much lower
(J π = 5/2−, open dots) than any previous result. In both cases
the data obtained in this work seems to exclude the existence
of three interfering states having J π = 3/2+ represented by
the solid lines Fig. 4.

IV. CONCLUSIONS

In conclusion, the THM was applied for the first time to
study a reaction induced by a radioactive ion beam. Even with
the use of indirect methods such as THM, the measurement of
cross sections of interest for nuclear astrophysics remains one
of the most difficult tasks in nuclear physics, because the low
radioactive ion beam intensity adds on top of the low cross
sections typical of astrophysical nuclear processes.

The THM data have been used to obtain the nuclear cross
section for the 18F(p,α)15O reaction and, by comparison
with pieces of information present in the literature, to infer
information about the J π of the 19Ne nucleus excited states.
From this it was possible to extract the astrophysical S factor
for the 18F(p,α)15O process. In particular resonances in 19Ne
at energies 6255, 6460, 6537, 6755, 6968, and 7075 keV
have been observed and studied, as they mostly influence
the energy region of interest for the nova phenomena. A
value of J π = 5/2+ has been assigned to the excited state
at E = 6968 keV. For the E = 6537 keV both J π = 7/2+ or
9/2+ are compatible with the present data as this contribution
to the astrophysical S factor is negligible. In the subthreshold
region, the excited state at E = 6255 keV was assigned a
J π = 11/2−, following Ref. [32].

Finally, in the near-threshold region, the data are consistent
with a single resonance located at E = 6460 keV. Different
spin assignments have been considered, namely J π = 3/2+

(Fig. 4, full dots) and J π = 1/2−, 3/2−, or 5/2− (Fig. 4, open
dots). The comparison between the experimental data and the
calculations of Ref. [30] seems to exclude the presence of two
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The 18F(p,α)15O astrophysical S factor from the 
present experiment.  
 
Solid circles: THM experimental data with the 
assumption of Jπ = 3/2+ for the resonance at 
E=6460 keV (upper limit) 
 
Open circles: 18F(p,α)15O astrophysical S factor 
corresponding to the assumption of Jπ = 5/2− 
(lower limit) 
 

Blue solid and red dashed lines: calculations reported and discussed in Beer et al. PRC 83 
(2011) 042801 smeared to the present experimental resolution (σ = 53 keV). The difference is 
given by the alternative interference pattern adopted in the calculations. 
 
Each pair of curves represents the upper and lower limit for each calculation 
 
Around 700 keV: normalization region 
 
Elsewhere: fair agreement with the dashed lines if Jπ = 3/2+ is assumed 



Results from 14N + 12C experiments for C-burning 

12C+ 12C à α + 20Ne  
12C+ 12C à p + 23Na 

importance:         evolution of massive stars 
astrophysical energy:  1 – 3 MeV  
minimum measured E:    2.1 MeV (by γ-ray +part. spectroscopy) 

1 2 3 4 5 6 7 8
1014

1015

1016

1017

1018
 Spillane et al.
 Aguilera et al.
 Becker et al.
 High and Cujec
 Patterson et al.
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 Jiang et al.
 Gasques et al.
 Caughlan and Fowler
 PA
 KNS

extrapolations 
differ by 3 orders 
of magnitude 
complicated by 
the presence of 
resonant 
structures even in 
the low-energy 
part of the 
excitation 
function 
 

large uncertainties in astrophysical models of stellar evolution and nucleosynthesis 

10-22 b            10-7 b 



By comparing the cross sections for the three carbon isotope systems, 12C+12C, 12C+13C, and 13C
+13C, it is found that the cross sections for 12C+13C and 13C+13C provide an upper limit for the 
fusion cross section of 12C+12C over a wide energy range (M. Notani et al. PRC 85 (2012) 014607)  
 

Institute for Structure and Nuclear Astrophysics
Nuclear Science Laboratory

Wigner Limit

R=7.3 fm
R=6.4 fm

R e s o n a n t s t r u c t u r e 
smeared in the 12C+13C and 
13C+13C systems, due to the 
much higher level density in 
their compound nuclei. 

With the lowest energy 
point different upper 
limit (change in fusion 
barrier parameters)   

No definite conclusion! 
à Thus, further measurements extending down to at least 1 MeV would be extremely important 



 12C(12C,α)20Ne and 12C(12C,p)23Na reactions via the Trojan Horse Method applied to the 
12C(14N,α20Ne)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)  
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TABLE I. Resonance parameters, relevant references and involved reaction channels
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2.196 16.129 3� [? ]
2.038 15.971 odd, 3� [? ]
1.946 15.879 4+ [? ]
1.888 15.821 odd (9-?) 3� [? ]
1.853 15.786 4+ [? ]
1.777 15.71 4+ [? ]
1.747 15.68 0+ [? ]
1.671 15.604 2+ [? ]
1593 15.526 6+ [? ]
1.544 15.477 2+ [? ]
1.503 15.436 2+ [? ]
1.4 15.33 4+ (several) [? ]
1.2 15.13 4+ [? ]
0.95 14.9 2+ [? ].
0.65 14.58 2+ ref.33 di [? ]
0.5 14.45 2� ref.33 di [? ]
0.42 14.35 3� [? ]
0.23 14.16 4+ [? ]

tained in ? ]. In the case of an isolated resonance with
only one value of l

i

, l
f

, S
i

and S
f

contributing, (orbital
angular momenta and channel spins for the initial i and
final f channels), it takes the form:

The background-subtracted d2’ dEc:m: d d cross
section is displayed as full symbols in Fig. 1. The
error budget affecting experimental data comprises
statistical, back- ground subtraction, and angular
integration uncertainties. The horizontal error bars give
the width of the -13C relative-energy bins. Figure 1
clearly shows the presence of several resonances in the
13C- relative energy spectrum at 3keV,810 keV, and 1 :
02MeV.Thesepeakscorrespondto17Ostatesat6.356MeV (J

I. METHODS

In the THM, the low-energy cross section of a A(x, c)C
reaction is obtained by selecting the quasi-free (QF) con-
tribution to a suitable A(a, cC)s reaction that is mea-
sured. In QF kinematics, particle a, chosen for its x� s
cluster structure, is used to transfer the participant clus-
ter x for the reaction with A, while the other constituent
cluster s remains spectator to the A(x, c)C sub-process.
... In the case of a multi-resonance A(x, c)C reaction, a
modified R-matrix approach has been developed by A.M.
Mukhamedzhanov [21] to extract the reduced widths �

from the THM reaction yield. This differs from the stan-
dard R-matrix (Lane Thomas 1958) as it considers the
half-off-energy-shell (HOES) character of the TH cross
section. In this framework, assuming that the A(x, c)C
reaction of interest proceeds via isolated non-interfering
resonances, the THM cross section in the plane wave im-
pulse approximation [22,23] is given by:
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IMPORTANT: reduced widths are the same for the extraction of the S(E) 
factors à From the fitting of the experimental THM cross section they can be 
obtained and used to deduce the OES S(E) factor.   
 

Reduced widths for known levels are fixed to reproduce their total and 
partial widths as in Abegg & Davis, PRC 1991 



Big Bang Nucleosynthesis and Light Element Depletion:  
          7Be(n,a)4He  and 7Be(n,p)7Li 

Notice: Standard approaches cannot be used to measure short-lived RIBs + n 
reactions à  need of indirect methods such as THM, ANC, surrogate reactions … 

26Al(n,p)26Mg and 26Al(n,α)23Na reactions 

 Insights of the massive star forming conditions (mainly from explosive phase) as 
well as of the astrophysical context of the Solar System formation 

Other nuclei of interest: 22Na (Novae) 
22Mg and 26Si in the αp-process in X-ray bursts 
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