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The reaction 17O(n, α)14C was studied at energies from Ecm = 0 to Ecm = 350 keV using the
quasi-free deuteron break-up in the three body reaction 17O+d → α+14C+p, extending the Trojan
Horse indirect method (THM) to neutron-induced reactions. It is found that the 18O excited state
at E∗ = 8.125 ± 0.002 MeV observed in THM experiments is absent in the direct measurement
because of its high centrifugal barrier. The angular distributions of the populated resonances have
been measured for the first time using this method. The results unambiguously indicate the ability
of the THM to overcome the centrifugal barrier suppression effect and to pick out the contribution
of the bare nuclear interaction.

PACS numbers: 25.40.-h, 28.20.-v, 26.90.+n

In the last decade, in order to extract the cross sections
of two body reactions at low energies for astrophysical ap-
plications, many indirect methods have been developed.
Among them, the Trojan Horse Method (THM) [1–7] has
been successfully applied to the study of several charged-
particle induced reactions, bypassing the Coulomb bar-
rier penetration effect and the electron screening effect
dominant at very low energies. Briefly, in the THM the
cross section of the A+x → C+ c reaction is determined
by measuring the differential cross section of a suitable
reaction, A + a → C + c + s, and selecting the events
where the Trojan Horse (TH) nucleus a, having a strong
x
⊕

s cluster structure, breaks up inside the nuclear field
of nucleus A. This process is most likely inside the quasi-
free (QF) kinematics regime, i.e. when the momentum
transfer to the spectator (the cluster s of the TH nucleus)
is small. Hence, if the wave function of the intercluster
motion is dominated by the l = 0 component, as for the
deuteron, the relative momentum pxs of the clusters x
and s of the TH nucleus is close to zero. In the cen-
ter of mass of the A-x system, the two body reaction
A + x → C + c takes place at the energy given in the
post-collision prescription by Ecm=ECc−Q2, where ECc

is the relative energy of the ejectiles andQ2 is theQ-value
of the two-body reaction A+ x → C + c. Consequently,
the energy Ecm can lie below the Coulomb barrier, even if
the reaction A+a occurs at an energy above the barrier.

† Deceased

The application of the THM to the indirect study of p-
p scattering has strongly confirmed the THM hypothesis,
i.e. the suppression of Coulomb effects in the two-body
cross section at sub-Coulomb energies [4]. Indeed, the
deep minimum in the p-p scattering cross section, due to
the interference between nuclear and Coulomb diffusion
amplitudes, is missing in the TH data, because of the
suppression of the Coulomb contribution resulting from
this method [4].

In the present work the ability of the THM to overcome
the centrifugal barrier effects is definitely and unambigu-
ously demonstrated, by studying a neutron induced two-
body reaction which does not suffer Coulomb hindrance.
To perform this measurement, the deuteron QF break-up
is used as a source of virtual neutrons [8].

The two-body reaction 17O+n →14C+α has been cho-
sen to investigate the effect of centrifugal barrier suppres-
sion. This reaction is interesting for both nuclear energy
and nuclear astrophysics. In fact, in nuclear reactors the
neutron induced reactions on 14N and 17O are the domi-
nant sources of the radioactive isotope 14C (T1/2 = 5730
yr) [9]. In nuclear astrophysics, this reaction takes place
in the nucleosynthesis of heavier elements in various as-
trophysical scenarios [10, 11], and it could also help to ex-
plain anomalies in 18O/16O and 17O/16O ratios found in
asymptotic giant branch stars and in circumstellar Al2O3

meteorite grains [12].

For incident neutron energies from thermal up to a few
hundred keV, the cross section of this reaction is charac-
terized by the presence of several narrow resonant states
in the 18O compound nucleus. Three resonances have
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E∗ (keV) Ec.m. (keV) Jπ Γtot (keV) ref.
8038 ± 0.7 -7 1− <2.5 (rw) [13]

2.4 (rw) [14]
8125 ± 2 75 5−

8213 ± 4 166 2+ 1.0 ± 0.8 [13]
1.280 ± 1.000 [15]
2.258 ± 0.135 [14]

8282 ± 3 236 3− 8.0 ± 1.0 [13]
8.000 ± 1.000 [15]
14.739 ± 0.590 [14]

TABLE I: Summary of the 18O resonance parameters in the
energy range explored by the experiment. For the negative-
energy resonance, the reduced width (rw) is given.

energy above the 17O+n threshold (8044 keV ), and one
sub-threshold level is present. The resonance parameters
are reported in table I. The total width (Γtot) for each
resonance from the literature together with the relevant
references are presented in the last two columns of the
table. For the negative-energy resonance, the reduced
width is given.
Direct measurements [14–20] have shown the popula-

tion of the two excited states at energies 8213 keV and
8282 keV and the influence of the sub-threshold level
at 8038 keV. At the astrophysical relevant temperatures
(T∈ [0.01− 1.3] · 109 K), the reaction rate calculated by
using the different data sets [14–16] differ by a factor 2-
2.5, with a consequent change in the abundance ratios
for some elements (e.g. 22Ne, 26Mg) [10].
The 8125 keV state of 18O would be populated by f -

wave neutrons, but due to the high orbital momentum
barrier, the cross section is too low for direct measure-
ment. Since the THM should not be affected by or-
bital momentum barrier effects, we anticipate that the
three bodies 2H(17O, α14C)1H study should provide ob-
servational evidence for resonance contributions from all
known states.
Two experiments were performed: the first one at the

Laboratori Nazionali del Sud (LNS) in Catania, Italy,
and the second one at the Nuclear Science Laboratory
(NSL) of the University of Notre Dame, USA. In the LNS
experiment a 17O beam of 41 MeV was delivered onto a
CD2 target of thickness 150µg/cm2. In the NSL experi-
ment a beam energy of 43.5MeV and a target tichkness of
170µg/cm2 were used. The angles and the energies of the
ejectiles α and 14C were detected in coincidence using an
experimental set-up, symmetric with respect to the beam
axis, consisting of 6 Position Sensitive Silicon Detectors
(PSDs, single area, resistive readout, spatial resolution
0.5 mm). The proton was not detected in these experi-
ments, and its energy and angle were reconstructed from
kinematical calculations. The PSD detectors covered the
angular ranges in the laboratory reference system θ1=5◦-
10◦, θ2=13.3◦- 20.8◦ and θ3=21.5◦-29.0◦ in the LNS ex-
periment and θ1=5◦-10◦, θ2=13.1◦-18.1◦ and θ3=23.8◦-
28.8◦ in the NSL experiment. The two most forward
detectors were equipped with ionization chambers (ICs)
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FIG. 1: (Color online) Experimental momentum distribution
(full dots for LNS experiment and open squares for NSL ex-
periment) compared with the Hulthén function (black solid
line) and the DWBA momentum distribution calculated us-
ing the FRESCO code (red dashed line).

used as ∆E detectors to identify carbon. Coincidences
among either one of the two forward PSD detectors and
one of the three placed on the opposite side with respect
to the beam axis were recorded by the data acquisition
system.

The reaction of interest was identified by selecting
events in which a carbon was detected in one of the tele-
scopes. The reconstructed Q-value for the three-body
reaction (Q = −0.6± 0.3 MeV) is in agreement with the
expected one (Q = −0.407 MeV).

The beam energy was chosen such that (i) the inci-
dent center-of-mass energy (after half target thickness
Ecm = 4.27 MeV in the LNS experiment and Ecm = 4.53
MeV in the NSL experiment) was higher than the bind-
ing energy of n and p in d (Bxs = 2224.5± 0.2 keV), and
(ii) the wavelength in the entrance channel (λ = 1.65 fm
in the LNS experiment and λ = 1.60 fm in the NSL ex-
periment) was smaller than the deuteron radius (rd = 4.5
fm). As a result, the validity conditions of the impulse
approximation (IA) approach remained fulfilled.

Following the procedure described elsewhere [1–8],
many tests have been performed to ensure the presence of
the QF reaction mode and to establish ways to discrim-
inate from other reaction contributions populating the
same final state. The strongest evidence of the predomi-
nance of the QF mechanism is given by the shape of the
momentum distribution for the p-n intercluster motion in
the deuteron. This was extracted by using the standard
procedure, selecting events corresponding to the most
populated resonance in the TH measurement at energy
8213 keV. The result is shown in Fig. 1 by black dots for
LNS experiment and open squares for NSL experiment.
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FIG. 2: (Color online) Excitation function of the 17O(n, α)14C
reaction from LNS experiment (a) for θcm = 55◦±5◦ and from
NSL experiment (b) for θcm = 65◦ ± 25◦. The red solid line
is a fit using four Gaussian functions; the black dashed lines
represent their individual contributions.

The solid line in Fig. 1 represents the Hulthén function
in momentum space with the standard parameter val-
ues [5–8] (χ̃2=1.45). This is expected if the plane-wave
impulse approximation (PWIA) is used to describe the
reaction mechanism. A more accurate description of the
momentum distribution was obtained by distorted-wave
Born approximation (DWBA) using the FRESCO code
[21] (dashed red line in Fig. 1, χ̃2 = 0.77). As the ex-
perimental momentum distribution is in arbitrary units,
the maximum of the DWBA theoretical distribution has
been scaled to the experimental data. The parameters
of the potentials used in the FRESCO calculation were
extrapolated from the Perey and Perey compilation [22],
as there are no available optical potentials at the low en-
ergies involved in the studied reaction. To check whether
the uncertainty related with the choice of potential was
comparable with the experimental one, FRESCO calcu-
lations were performed on varying the optical potential
parameters in the entrance and exit channels by about
30%, and using the Koning-Delaroche optical potential
[23] in the exit channel. Experimental data and FRESCO
calculations are still in good agreement ( χ̃2 < 1.5) even
in these cases.

The comparison of DWBA and PWIA calculations
with data shows good agreement by both theoretical dis-
tributions for |pxs| < 50 MeV/c, as distortions influence
only the tails of the distribution. Indeed, for higher val-
ues of pxs the s cluster does not act as a spectator to
the A + x → C + c reaction, and interactions in the fi-
nal state must be taken into account [24, 25]. In the
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FIG. 3: Angular distributions for the 17O(n, α)14C reaction
for the four 18O resonances populated in this work (full dots
LNS exp., open squares NSL exp.) The solid lines are the
theoretical angular distribution for the on-energy-shell reac-
tion calculated as described in [27, 28]. The dashed line for
E∗ = 8213 keV represent the angular distribution for l1 = 0,
as discussed in the text.

following, only the events having |ps| < 50 MeV/c, for
which the PW constitute a viable approximation, will be
selected.

A further probe of the reliability of the PW approach
in describing the experimental data comes from the com-
parison between PWBA and DWBA calculations. The
differences in the ratios of the integrated resonance cross
sections calculated in PW and DW approaches are less
than 19%, compared with the experimental uncertainties
(statistical ∼ 15%+ fitting ∼ 14%). Therefore, as no ab-
solute values of the cross sections are extracted, the PW
description is used in the following.

The PWIA is generally preferred as it is less depen-
dent from theory. In this approach the three-body cross
section assumes a simple expression, from which the two-
body cross section of interest is easily deduced:

d3σ

dE1dE2dΩ
∝ KF |Φ(pxs)|

2
∑

l1

|Ll1 |
2
dσHOES

l1

dΩ
(1)



4

In eq. (1) KF is a kinematical factor, depending on
masses, momenta and angles of the outgoing particles,
and it takes into account the final state phase space fac-
tor [1–8]. Φ(pxs) is the momentum distribution of the
clusters in the TH nucleus. l1 is the orbital momen-
tum in the entrance channel A-x and |Ll1 |

2 is a coeffi-
cient expessed in terms of the Wronskian of regular and
outgoing solutions of the free radial Schroedinger equa-
tion, taken at the off-shell and on-shell x-A momenta
correspondingly. dσHOES

l1
/dΩ is the half-off-energy-shell

(HOES) cross section of the 17O(n, α)14C reaction at
the center-of-mass reaction angle θcm calculated as [26]:

θc.m.=arccos (k̂Ax · k̂Cc) where kij is the relative momen-

tum of the particles i and j, and k̂ij = kij/kij . The
HOES label of the 17O(n, α)14C cross section refers to
the off-energy-shell nature of the transferred neutron.
The cross section of the 17O(n, α)14C reaction was then

extracted from eq. (1) by dividing experimental yield by
the productKF |Φ(pxs)|

2, estimated by means of a Monte
Carlo simulation where the experimental momentum dis-
tribution shown in Fig. 1 was used. This introduces an
uncertainty of 10% in the experimental data. Typical
excitation functions for the 17O+n reaction are shown in
Fig. 2 in arbitrary units: Fig. 2a reports the LNS ex-
perimental data for 50◦ < θcm < 60◦, and Fig. 2b shows
the NSL experimental data for 40◦ < θcm < 90◦. In the
figure, the horizontal error bars represent the integration
energy bin, and the vertical bars take into account the
statistical uncertainties. The solid line represents the re-
sult of a fit performed using four gaussian functions to
disentangle the contributions of the four 18O resonances
populated in the explored energy and θcm range. No in-
terference effect is taken into account in the fitting pro-
cedure, owing to the resonance widths (< 15 keV), which
are much smaller than their energy separation (see table
I). The use of a gaussian function for fitting the contribu-
tions due to the resonances is justified by considering the
energy resolution of the THM measurement, as discussed
in [6]. The width of the 4 resonances is the same and
equal to the experimental resolution: σ=20 keV for the
LNS experiment and σ=30 keV for the NSL experiment.
The peak energies coming from the fit well-reproduce the
resonance energies compiled in Ref. [13] and are shown
by arrows in Fig. 2.
The extracted two-body cross section does not suf-

fer from the centrifugal barrier penetration effect. In
particular, the presence of the level at E∗ = 8125 ± 2
keV, Jπ = 5− must be noted. It has been clearly observed
in both of the present experiments, but was missed in
the direct measurements. Since Coulomb effects are ab-
sent in neutron-induced reactions, it is directly evident
from this result that only the pure nuclear interaction
potential enters into the virtual A + x reaction studied
by THM.
To confirm the spin assignment of the 18O levels, the

angular distributions for the four resonances were ex-
tracted. The experimental set-up provided coverage of
the c.m. angular ranges θcm,1=0◦-40◦, θcm,2=30◦-90◦
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FIG. 4: (Color online) Cross section of the 17O(n, α)14C reac-
tion from TH data after the correction for the penetrability of
the centrifugal barrier (full dots). The dashed red line repre-
sents the direct data from Ref. [14], where available, while the
solid line reports the direct data smeared at the TH energy
resolution.

and θcm,3=70◦-100◦, with overlap regions amongst the
three detectors coincidences which allowed for a relative
normalization of the data. The contribution of each res-
onance to the overall coincidence yield at different angles
θcm was disentangled by using a four-gaussian fitting pro-
cedure, as in Fig. 2. The obtained angular distributions
in arbitrary units are shown in Fig. 3 as full dots for LNS
experiment and open squares for the NSL experiment.
Following the formalism developed in [27, 28], assuming
that 17O(n, α)14C is going through isolated compound
levels of 18O with spin Jπ, the angular distributions for
the free on-energy-shell reaction is given by:

W (l1, S1, J, l2, S2; θcm) ∝
∑

L

Z(l1Jl1J ;S1L)Z(l2Jl2J ;S2L)PL(cos θcm) ;

Z(abcd; ef) = â b̂ ĉ d̂ 〈ac00|acf0〉R(abcd; ef).

(2)

Here PL(cos θcm) is the Legendre polynomial of order L;

î = (2i + 1)1/2; 〈ac00|acf0〉 is the Clebsh-Gordan coeffi-
cient ; R(abcd; ef) is the Racah coefficient; S1 = IA + sx

where IA and sx denote the spins of target and projec-
tile; l1 is the orbital momentum in the entrance channel,
given by J = S1 + l1; finally S2 and l2 are the spin and
orbital momentum in the exit channel. The solid lines in
Fig. 3 represent the results of calculations for the popu-
lated resonances without any fitting parameter except for
one free parameter to normalize the yields. The compar-
ison between the experimental data and the calculation
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confirms that the levels E∗ = 8038 keV and E∗ = 8282
keV are populated in l1 = 1, and the E∗ = 8125 keV is
populated in l1 = 3. However, the angular distribution
of the resonance corresponding to the E∗ = 8213 keV
level is better reproduced by adopting l1 = 2 (solid line,
χ̃2 = 0.82) instead of l1 = 0 (dashed line, χ̃2 = 1.55),
as usually assumed by considering the low value of the
neutron energy availabe in the c.m. system [29].
The differential cross section for the 17O(n, α)14C re-

action extracted from the THM measurements was then
integrated over θc.m., assuming the theoretical trend out-
side the angular range covered by the measurement. The
uncertainty in the integration coming from the uncer-
tainty on the fit parameters is of 3%, 20%, 11% and 8%
for the resonances at energies E∗ = 8038 keV, E∗ = 8125
keV, E∗ = 8213 keV, and E∗ = 8282 keV, respectively.
To compare the TH data with the direct measure-

ments, the TH cross section is multiplied by the penetra-
bility factor calculated for each resonance by: Pl1(kr) =
1/

[
kr(jl1 (kr)

2 + nl1(kr)
2)
]
, where l1 is deduced from the

angular distribution, and jl1(kr) and nl1(kr) are the
spherical Bessel and Neumann functions, respectively.
The contribution of each resonance for a fixed value
of energy is evaluated by fitting the TH cross section
using four gaussian functions, following the same pro-
cedure used in Fig. 2. The reaction radius used for
the calculation of the penetrability factor was given by
R = r0(17

1/3) where r0 = 1.6 fm. The change in the
scaled cross sections is still inside the experimental un-
certainties if 1.2 < r0 < 1.9. The result is shown in
Fig. 4. For comparison the direct data from [14] have
been smeared to the THM experimental resolution and
they are shown, where available, as a solid line in Fig. 4.
Moreover, the actual direct data from [14] are shown in
Fig. 4 as dashed red line (color online). The two data sets
have been normalized at the maximum of the resonance
at E∗ = 8213 keV, where indirect data have smaller error

bars. The widths of the peaks are determined by the TH
data experimental resolution. The agreement between
the two data sets is evident.

In conclusion, this measurement has demonstrated
the ability of the THM to determine nuclear structure
parameter of orbital momentum-suppressed neutron
capture resonances. This is evidenced by the population
of the Jπ = 5− level of 18O, present in the indirect data
for the neutron-induced reaction but not observed in
direct neutron capture studies. This demonstrates the
effectiveness of the THM to emphasize the mere nuclear
interaction, avoiding the centrifugal suppressions or the
electron screening effects, opening new perspectives in
the use of the method for nuclear structure studies.
A particularly interesting application is the study of
neutron induced reactions on short-lived radioactive
nuclei using inverse kinematics. This approach will
provide a unique method to study n-induced reactions
on short-lived nuclei, which are crucial for both nuclear
astrophysics and in nuclear engineering.
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