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Abstract. In this review, we discuss the new recent results of the Trojan Horse Method that is used to
determine reaction rates for nuclear processes in several astrophysical scenarios. The theory behind this
technique is shortly presented. This is followed by an overview of some new experiments that have been

carried out using this indirect approach.

1 Introduction

The production of energy in the stars and element forma-
tion in the Universe are among the main goals of nuclear
physics and astrophysics. It would not be possible to un-
derstand what is the evolution of stars and their life cy-
cle without the knowledge of stellar nucleosynthesis [1-4].
Fusion of charged particles occurs at the so-called Gamow
energy (E¢q), usually much lower than the Coulomb bar-
rier under stellar quiescent burning conditions. Typically,
FE¢ is of the order of keV while the Coulomb barrier E¢x
of the interacting nuclei is of order of MeV. The Coulomb
barrier often makes the cross section o, (F) of the reactions
too small to measure since o, (E) drops exponentially with
decreasing energy. Thus, direct measurements of o, (E) ex-
hibit a low-energy limit, usually at energies much larger
than Eq. Extrapolation from measurements at higher en-
ergies would be the standard way to obtain o3(F), but
extrapolation is complicated because of the exponential
variation of the cross section o,(E), entailing the occur-
rence of many possible sources of systematic errors. The
astrophysical factor S(E) was then adopted as a way to
characterize cross sections by removing the gross contri-
bution of the Coulomb penetration factor, since it shows
a much weaker energy dependence than the cross section
op(E). However, such an extrapolation into the unknown
can lead to considerable uncertainties and important con-
tributions to the excitation functions, like resonance tails
of sub-threshold resonances, can be missed [3,4].
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In those cases where accurate direct measurements
come within, or close to, the Gamow peak (e.g., [5]), an
unexpected effect shows up, attributed to the presence of
atomic electrons [6]. Electron clouds are responsible for
the increase of the cross section at low energies with re-
spect to the case of bare nuclei (whence the subscript b
used so far to characterize cross sections), the so-called
electron screening effect [6,7]. To parameterize such incre-
ment due to the screening effect, an enhancement factor
fiap is usually introduced, defined as

fran(E) = 05(E)/op(E) ~ exp[nn(Ue/E)}, (1)

where U, is the electron screening potential, 7 the Som-
merfeld parameter and the subscript s is used for the
screened cross section. Electron screening is more impor-
tant, the closer the interaction energies are to the electron
screening potential, being the enhancement not negligible
already at E /U, ~ 100 [6]. Typical values of U, are given,
for instance, in ref. [6] and equal ~ 30eV for the d+d sys-
tem and ~ 6keV in the case of the 12C + '2C interaction.
Therefore, electron screening is usually not negligible in
quiescent stellar burning while in higher temperature en-
vironments, such as supernovae, it can be neglected. Since
S(FE¢) for bare nuclei is not available experimentally, ex-
trapolation is needed even when measured cross sections
are available in the Gamow energy range.

Electron screening is an additional challenge for di-
rect measurements at the low energies necessary to as-
trophysics. To overcome the experimental difficulties of
direct measurements, a number of indirect methods have
been suggested to measure bare nucleus cross sections at
low energies. Several indirect methods such as Coulomb
Dissociation [8], Asymptotic Normalization Coefficient [9,
10], and Trojan Horse Method (THM) [11-19] have been
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Fig. 1. Diagrams describing the TH reaction a+A — b+ B+s
in the QF kinematics, proceeding through the direct z + A —
b+ B sub-reaction (a) or through the formation of the F' = b+B
resonant state (b).

developed in the last 25 years. In indirect techniques, nu-
clear reaction theory is necessary to link the cross section
of the measured process to the one of the astrophysical
reaction of interest.

In this paper we address only the THM, which provides
a way to determine the reaction rate for reactions having
hadrons in the exit channel [11,18,19]. Throughout this
work, we will assume h =c = 1.

2 Trojan Horse Method: Generalities

The THM is an extension of quasi-free (QF) reaction
mechanism studies [20-24] to low incident energies (<
70 MeV) [12,25-27].

The THM, first suggested by Baur [11], aims at obtain-
ing the cross section of the binary process t + A — b+ B
at astrophysical energies by measuring the cross section
ofaa+ A — b+ B+ s THM reaction in the QF kine-
matic regime. Under these conditions, the TH particle a,
which has a dominant s-x cluster structure, is accelerated
at energies above the Coulomb barrier and, after pene-
trating the barrier, undergoes breakup in the nuclear field
of A. There, x interacts with A while s, also called the
spectator, flies away. From the measured three-body cross
section, the energy dependence of the binary sub-process
x+ A — b+ B is determined. The QF reaction used to
extract the x + A — b+ B cross section is schematically
shown in fig. 1, in the case of direct (a) or resonant (b)
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sub-reactions. Since the projectile energy is chosen larger
than the A-a Coulomb barrier EZ#, the probability to find
a near A, which is given by the square modulus of the
scattering wave function describing their relative motion,
is not suppressed [28], leading to a finite probability that
A can be in the proximity of x. This is an heuristic ex-
planation of the possibility to explore the whole Gamow
window by using the THM, with no need of extrapola-
tion. A more detailed explanation takes into account the
virtual nature of the transferred particle x, whose energy
and momentum are not related by the (non-relativistic)
mass-shell equation E, = k> /2m,,. Therefore, as we will
see in the forthcoming sections, corrections have to be in-
troduced to account for off-energy-shell effects (see ref. [19]
and references therein for details).

It is important to note that the a + A — b+ B + s
reaction can proceed through different reaction mecha-
nisms, besides QF, so that an investigation of the reaction
mechanisms populating the b + B + s final state is nec-
essary before applying the THM formalism. In particular,
the QF reaction process gives a dominant contribution to
the cross section in a restricted region of the three-body
phase space, where the relative momentum p, ¢ of the frag-
ments s and z is zero (QF kinematical condition) or small
compared to the bound state s-z wave number. Owing to
quantum mechanics, this entails that the relative distance
of z and s is very large and we can assume that s acts as
a spectator to the x-A interaction, the strong interaction
being short range.

Since in the THM application the A-a interaction en-
ergy is larger than F2#, electron screening does not play
a role in the reaction. Consequently, the TH cross section
can be used to determine the energy dependence of the
x+ A — b+ B S(E) down to zero relative kinetic en-
ergy without distortions due to electron screening [18,29,
30]. At low energies, where electron screening becomes im-
portant in direct measurements, the comparison between
the THM astrophysical factor and direct data provides a
determination of the screening potential [30-38].

In recent years, neutron induced reactions have been
addressed, using deuterons as TH nuclei to transfer neu-
trons, while protons act as spectators [39-41]. Some of the
results were included in the recent compilation of astro-
physical factors of interest for nucleosynthesis and energy
production in the Sun [42].

The theory of the THM for resonant and non-resonant
binary sub-reactions is presented in detail in ref. [19]. In
the following section the theory is shortly described.

2.1 THM: basic theory for non-resonant reactions

The first attempt to deliver the THM theory has been
done by Typel, Wolter and Baur in ref. [14,15], where
they introduced the surface approximation. Under such
condition, only non-resonant processes (corresponding to
fig. 1(a)) can be analyzed. An additional approximation
used to obtain a simple factorization of the a + A —
b+ B + s cross section is the plane-wave approximation
(PWA), which predicts reasonable energy dependence of
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the © + A — b+ B cross section [43] and is much simpler
then the distorted wave Born approximation (DWBA) and
the continuum-discretized coupled channel (CDCC) ap-
proaches. Under these conditions, the energy dependence
and angular distribution of the z + A — b+ B reaction
are measured and normalization of THM data is obtained
by scaling to direct measurements available at higher en-
ergies, where both electron screening and Coulomb sup-
pression do not play a significant role.

In ref. [19] it has been shown that, under QF kinemat-
ical conditions, non-THM reaction mechanisms are sup-
pressed as the terms in the reaction amplitude, containing
the s-z interaction potential Vj, (involving the spectator
s), may be small. Therefore, only the terms in the to-
tal amplitude proportional to the on-energy shell (OES)
S-matrix elements can be retained. It means that QF con-
dition has to be enforced in order to apply the THM for-
malism. The second important feature is that the total
prior PWA amplitude is proportional to the wave func-
tion of the TH-nucleus @ in momentum space, ¢q(Psz)-
Therefore, the z-s momentum distribution for the system
a, that is, the squared wave function in momentum space,
has to be known from previous studies to extract the cross
section of the x + A — b+ B reaction.

As discussed at length in ref. [19] the a+A — b+ B+s
cross section takes the form

d?c

HOES
dUwA—»bB
dE. ,,.d2yd2p ) ’

e
(2)

where KF is a kinematical factor, function of the masses
m; , momenta k; and angles ; of the outgoing particles
(see [44] for its explicit expression). The momentum distri-
bution |¢4(psz)|? is usually described in terms of Hiinkel,
Eckart or Huilthen functions depending on the z—s system
properties [45]. (%)(x A—bp) 18 the half off-energy-shell
(HOES) differential cross section of the  + A — b+ B
reaction; it is referred to as HOES as in the entrance chan-
nel z is off-energy shell, while particles in the exit channel
are all fulfilling the mass-shell equation. The HOES cross
section approaches the OES one only when the beam en-
ergy in the z-A center of mass is much larger than the x-s
binding energy. In other cases, corrections have to be intro-
duced. In the case F.,,. approaches zero energy, which is
the most interesting case for astrophysics, the main correc-
tion factor is the penetrability factor Pj(kyzars;4), whose
absence in the THM formalism makes it possible to ex-
tend the measurement of the binary cross section down
to astrophysical energies. In the case of neutron-induced
reactions (z = n), where the Coulomb barrier is obviously
absent in the entrance channel, if the n+ A — b+ B reac-
tion occurs with [ > 0, only the centrifugal barrier plays a
role and has to be introduced before comparing the THM
cross section with the direct one [39-41].

x KF|pa(pss) (

2.2 Basic theory of resonant reactions

Resonant reactions play a key role in astrophysics as the
appearance of resonances in the astrophysical factor might
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determine a dramatic change in the reaction rate, if res-
onances sit at energies of astrophysical interest. For in-
stance, in the case of branch-point reactions (such as the
15N(p, a)'?C reaction [46-48]), the relative weight of the
different branches can be strongly affected by low-energy
resonances thus significantly changing the resulting iso-
topic abundance pattern.

A peculiar role is played by broad sub-threshold reso-
nances, if they are broad enough to have a tail extending
to energies above the threshold. The THM in its formula-
tion for resonant reaction has proven an invaluable tool to
investigate resonances both above and below the thresh-
old.

Figure 1(b)) describes a QF process occurring through
the formation of a compound system F'. Following [19,49—
51], under the non-essential hypothesis that the nucleus a
undergoing breakup is at rest in the laboratory system,
the z-A relative energy can be written in terms of energy
and momenta of the intervening particles:

2
My b

4 —
My +Mma 2M5F

Ps - PA (3)

Eac—A = — Esx,
My + Mg

where m;, p; and F; are the mass, momentum and energy
of the i-th particle, usp the s-F reduced mass and e,
the z-s binding energy. Therefore, negative F,.4 energies
can the explored by choosing a suitable combination of
beam energy, spectator momentum and target nucleus a.
Indeed, in a number of cases the same participant x can
be transferred off different targets a, each contributing to
eq. (3) with a specific binding energy €.

Starting with the PWA in the prior form and neglect-
ing, for simplicity, the spins of the particles involved in
the reaction, the amplitude of the a+ A — b+ B+ s takes
the form

MPWAETOD (P g 4) = (PO L Vaalpapaxil),  (4)

where P = (kyp, kyp) is the six-dimensional momentum
describing the three-body system s, b and B. XSB =

exp(ikaa - Taa), XE(Q = exp(iksp - rsp), r5; and k;; are

the relative coordinate and relative momentum of nuclei
i and j, ¥,  is the wave function of the fragments b and
B in the exit channel, FF = b+ B, V.4 is the interaction
potential of x and the target nucleus A, ¢, and ¢4 are the
bound state wave functions of nuclei a and A, respectively.

If the direct coupling between the initial x + A and fi-
nal b+ B channels is neglected, that is, if we assume that
resonant reaction mechanism is dominant, the wave func-
tion !I/lf;) can be conveniently expressed using the spectral
decomposition given by ref. [52]. This leads to the shell-

model based resonant R-matrix representation for Wb(;)
which is similar to the level decomposition of the wave
function in the internal region in the R-matrix approach:

N
kplfé) ~ Z VVbB(EbB) [A_l]u-r .. (5)

v,T=1

Here N is the number of the levels included, Fyp is the
relative kinetic energy of nuclei in the channel b+ B, ¥, is
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the bound-state wave function describing the compound
system F excited to the level 7. A, is the same level ma-
trix as in the conventional R-matrix theory and is given
by ref. [52]. It depends on the entry and exit channels re-
duced width amplitudes, energy levels and energy shifts.
It means that reduced width amplitudes and level ener-
gies can be obtained from the fitting of the experimental
THM cross section and used to deduce the A(x,b)B as-
trophysical factor, since they are the same in both THM
and direct data [49,53-55].

In the PWA, a formula simular to eq. (2) is found; how-
ever, the a-A and the s-F interactions can be treated as
well within the distorted waves (DWBA) or the more ad-
vanced CDCC formalism [53]. This is very important as it
opens the possibility to make normalization to direct data,
at present a major drawback of THM especially in the in-
vestigation of reactions induced by radioactive ion beams,
not necessary. A major result of the THM formalism for

resonant reactions is that the factor Pl_l/ 2 (kza, Rza) ex-
plicitly appears in the equations, eliminating the penetra-
bility factor in the z + A channel.

In the case of the THM measurement of a sub-
threshold state, the ANC can be deduced, clearly disclos-
ing the deep connection of the two indirect approaches [49,
55].

3 Application of THM: New results in the
case of non-resonant reactions

3.1 The 2H(d, p)3H and 2H(d, n)3He reactions

Over the last decades, Big Bang nucleosynthesis (BBN)
has emerged as one of the founding stones of the Big
Bang, joining the Hubble expansion and the cosmic mi-
crowave background radiation (CBR) in this role. Among
them, Big Bang nucleosynthesis probes the Universe to
the earliest times, from a fraction of a second to hundreds
of seconds. Since BBN involves events that occurred at
temperature of order of 1MeV, it naturally plays a key
role in forging the natural connection between cosmology,
particle physics and nuclear physics. BBN nucleosynthesis
requires several nuclear physics inputs and, among them,
an important role is played by nuclear reaction rates. Due
to the relatively small amount of key nuclear species in-
volved in the BBN nuclear reaction network, only 12 re-
actions play a major role [56].

An experimental program has been carried out during
the last decade to apply the THM to study several reac-
tions selected among those of relevance for the BBN, e.g.
2H(d, p)*H, 2H(d, n)>He, "Li(p, a)*He and 3He(d, p)*He.
In particular, the d+d cross section has been extensively
measured in laboratory for both the mirror channels
2H(d, p)*H and ?H(d, n)*He.

Recently, a review of existing data has been performed
to recommend a set of reaction rates to be used in BBN
calculations [57]. Considering only results with a center-of-
mass energy of interest for BBN (i.e. around 1MeV), the
choice of direct data has been done selecting the newest
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Fig. 2. 2H(d, p)*H S-factor measured with direct methods,
blue solid triangles (only data above 10keV were considered
in order to get rid of the electron screening enhancement) and
with the Trojan Horse Method (red solid circles) [32,34]. The
solid line is an R-matrix fit [57]. The vertical dotted line marks
the upper value of the energy range of interest for primordial
nucleosynthesis.

and most reliable data sets, taking into account the pos-
sible presence of systematic errors.

For ?H(d, p)®H, the ones reported in [58-65] and the
most recent result from [66] were chosen. The data set
of [58] reaches down to a center-of-mass energy value of
1.62keV, but at such low energies a clear enhancement due
to the electron screening effect is present. Thus, in order
to be used for astrophysical applications, they needed to
be corrected for this effect. It is also noticeable that the
energy range between 600keV and 1MeV is not covered
by any data set, making it difficult to provide a reliable
fit in the whole energy range.

The Trojan Horse experiment for this channel has been
performed in two runs by measuring the three-body reac-
tion 2H(*He, pt)'H. The data analysis has been performed
according to the THM prescriptions after selection of the
QF mechanism and has allowed to measure the bare nu-
cleus S-factor in the whole energy range from 2.6 keV up
to 1.5 MeV, with a 5% error (a full review is given in [32—
34]). This has allowed us to have measurements for this
cross section also in the energy range 0.5-1MeV where
no direct data were available. THM data have been nor-
malized to direct ones above 1 MeV. THM data have been
also extracted from the 2H(®Li, pt)*He reaction (after SLi
break-up) as reported in [67]. The electron screening po-
tential has also been extracted for the 2H(d, p)®H reaction
and a value of 13.4 +£0.6eV has been found (which is in
agreement with the adiabatic limit [68] U,y = 14€eV). In
fig. 2 the S-factor for the reaction “H(d, p)*H is shown.
This has been obtained with the THM (red filled circles)
and by the different direct measurements (blue triangles)
cited above. The solid line is an R-matrix fit to both direct
and indirect data.
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Fig. 3. Same as fig. 2, but for the *H(d, n)*He reaction.

The status of the art before the THM measurement
of the 2H(d,n)?He is very similar to its mirror chan-
nel.The most relevant data sets in the energy range be-
tween 600 keV and 1 MeV are missing and, in addition, no
experimental point below 6 keV is present. For this reason,
the direct data from references [58-66,69-73] were used for
our fit. The bare nucleus S-factor has been obtained from
the 2H(*He, n®He)'H by means of the THM [32,34], and is
shown in fig. 3. The spectator particle detection technique
has been adopted to avoid all the experimental problems
related to neutron detection. A 5% experimental error on
the whole data set, from 2.6keV up to 1.5 MeV has been
obtained. As for the other channel, THM allowed to mea-
sure the S(E)-factor in the 0.5-1 MeV energy range. Then,
a R-matrix fit has been performed over THM and direct
measurements from [57,58,60,63-65,69-73] and is shown
as a solid line in fig. 3, together with the experimental
points.

3.2 The "Li(p, o)*He reaction

Besides its importance in the BBN, the "Li(p, a)*He plays
an important role in stellar nucleosynthesis as it is a ma-
jor lithium burning process in stars. In detail, the attempt
to solve the long standing “lithium problem”, i.e. the in-
ability of current stellar models to predict the observed
surface lithium abundance, has triggered several theoret-
ical works.

The “lithium problem” is part of the larger field of
investigation, usually referred to as “light element deple-
tion”, involving beryllium and boron as well [36,74,75].

The "Li(p, a)*He reaction has been studied [29] via
the THM application to the QF 2H("Li, aa)n reaction,
by using deuteron as TH-nucleus [76]. The same reaction
has been studied also by using He as TH-nucleus [77].
By selecting only the experimental events corresponding
to neutron momentum values lower than 40 MeV /¢, it was
possible to span both the energy region of astrophysical
importance and the energy region where direct data not
affected by electron screening are available. In this way,
THM data were normalized to the direct measurements
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Fig. 4. The THM "Li(p, o)*He S(E)-factor (black points) dis-
cussed in ref. [81], normalized to the direct data [79,80] (blue
and red circles, respectively). The full black line describes the
bare-nucleus Sy(E)-factor while the dashed one describes the
enhancement of the direct data of Engstler et al. [78] due to
electron screening leading to U. = 425 + 60eV.

of ref. [78], obtaining a zero-energy S-factor S,(0) = 55+
3keV barns. Recently, taking advantage of the more recent
"Li(p, a)*He direct measurements of ref. [79,80], a new
normalization procedure has been applied in ref. [81] for
the same THM data discussed in ref. [29]. Normalization
has been performed at energies ranging from 200keV up
to 400keV with an evaluated error of ~ 4%. The result
obtained in the analysis of ref. [81] is reported in fig. 4,
where the THM data (black points) are compared with
the ones of ref. [79] and ref. [80] (blue and red circles,
respectively) and those of ref. [78] (open diamonds). The
full black line represents the fit of the THM bare-nucleus
Sy(E)-factor, via a second order polynomial function

Sy(E) =53+ 213 F — 336 - E*keV barns,  (6)

where the energy F is expressed in MeV. The fit yields to
the value of S;(0) = 53+ 5keV barns, where the evaluated
error takes into account a ~ 4% uncertainty related to the
normalization procedure, a ~ 6% uncertainty related to
statistics and a further uncertainty of ~ 6% related to the
errors affecting the direct data of ref. [80] (on the average).

In fig. 4, the low-energy (< 60keV) direct data of
refs. [78,79] has then been fitted leaving U, as the only free
parameter and taking eq. (6) as the bare nucleus S-factor.
This procedure leads to the value of U, = 425 4+ 60eV,
where the quoted error takes into account a ~ 14% con-
tribution related to the uncertainties in the low-energy
direct data of [78].

The bare-nucleus Sy(E)-factor of eq. (6) have then
been used for evaluating the “Li(p,a)*He reaction rate
in the temperature range of 0.01 < Ty < 2. Its ratio to the
NACRE one is shown in fig. 5, where a discrepancy rang-
ing from ~ 13% at Ty = 1073 to ~ 5% at Ty = 1 is clearly
visible. The impact of such discrepancy has been evalu-
ated in ref. [83] in the framework of Red Giant Branch
(RGB) nucleosynthesis by means of the theoretical astro-
physical models discussed in ref. [84,85]. In particular, it
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Fig. 5. Ratio between the THM "Li(p, a)*He reaction rate and
the NACRE one [82] (full blue line), together with THM upper
and lower limits (red dashed lines) [81]. This is compared with
the upper and lower values recommended in NACRE (black
dashed lines).

has been found that the understanding of the “Li abun-
dance in RGB is strongly influenced by the uncertainty
affecting mixing phenomena, while the uncertainty con-
nected with the reaction rate is negligible.

3.3 The THM SLi(p, a)3He study

The °Li(p, a)®He reaction has been studied via the THM
applied to the 2H(°Li, a®He)n QF reaction, as discussed
in details in refs. [86,87]. By normalizing THM data
to the direct measurement of ref. [78], we got S(0) =
3.00 £ 0.19 MeV barns, where the quoted error is only
the statistical one, while an additional ~ 11% error is due
to the normalization procedure to the direct data [78]. A
further THM measurement has been later performed for
exploring the energy range ~ 10-400keV [88].

Recently, the work of ref. [83] reanalyzes the same
THM data of refs. [88] in the light of the recent direct mea-
surements in refs. [79,80]. In particular, the high-energy
data of ref. [80], affected by an overall error of about ~ 6%,
together with the direct measurements collected in the
NACRE compilation [82], have been used to normalize
the THM data. The result of this new data analysis given
in ref. [83] is reported in fig. 6, where the THM data are
reported as full red-squares while the full-black points rep-
resent the THM data of [86]. The full black line is the fit
of the THM bare nucleus S,(E)-factor, given by

Sy(E) =3.44 —3.50- E+ 1.74- E* +0.23 - E* MeV barns,

(7)
where E is given in MeV. This leads to the value of S;(0) =
3.44 + 0.35 MeV barns, where the total error accounts for
the statistical error on the TH experimental points (~ 7%
on the average), on the direct data (~ 7% on the average)
and on the normalization procedure (~ 3%). In fig. 6, the
dashed line describes the enhancement of the S(E)-factor
for the low-energy direct data and it has been obtained by
fitting the direct data in refs. [78,79], adopting the bare
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Fig. 6. The THM S(E)-factor of ref. [83] for the SLi(p, )*He
reaction (red squares) normalized to the ones of ref. [80,82].
The TH data from [86] are reported as black points. The full
line is the bare nucleus S,(E)-factor as given in eq. (6), while
the dashed line describes the enhancement due to the electron
screening, taking an electron screening potential U, = 355 +
100eV.
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Fig. 7. Ratio between the THM °Li(p, a)3He reaction rate
and the REACLIB one [89] (full blue line), together with THM
upper and lower limits (red dashed lines) [83]. The black dashed
area gives the upper and lower limits of the REACLIB reaction
rate assuming the same uncertainties reported in the NACRE
compilation of ref. [82].

nucleus Sy (E)-factor of eq. (7). The procedure leads to the
value of U, = 355 &= 100eV.

Then, the obtained THM reaction rate has been com-
pared with the one reported in the JINA REACLIB li-
brary [89] and the result is reported in fig. 7. The effect of
the ~ 15% discrepancy at temperatures lower than 108 K
has been evaluated in Pre-Main Sequence (PMS) stars by
means of the updated FRANEC code [90-92]. The SLi
temporal evolution has been studied for different stellar
masses and metallicities. It has been found that the un-
certainties in the adopted reaction rate hardly influence
the stellar physics with respect to other input parameters
(such as helium abundance, metallicity, opacity, .. .).
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4 Application of THM: New results in the
case of resonant reactions

4.1 The *F(p, «)!®0 reaction: The case of resonances
above threshold

Understanding fluorine production in Asymptotic giant
branch (AGB) stars [93] may lead to a more accurate
picture of heavy element nucleosynthesis through the s-
process [94]. The F(p, a)'®O channel is the main fluorine
depleting reaction in hydrogen rich environments, such as
the outer layers of AGB stars [95]. However, only a di-
rect data set is available at energies E..,, < 300keV [96],
where fluorine burning is most effective, in particular
for the ag channel, corresponding to the emission of a-
particles off 2°Ne leaving 'O in its ground state, which is
regarded as the main contributing channel [97]. However,
Lombardo et al. data [96] stop at 200keV and the lowest
data points are affected by a considerable uncertainty.

While refs. [96,98] indicate the existence of resonances
at FE.m. < 0.4MeV, the unpublished data of [99] and the
NACRE extrapolation support a non-resonant trend of
the low-energy S(FE) factor. This contradiction and the
very simple recommended extrapolation to astrophysical
energies have generated speculations about a nuclear ori-
gin of the discrepancies observed in Galactic fluorine stud-
ies [54], since the largest observed fluorine overabundances
cannot be explained with standard AGB models including
extra-mixing (see [100], for instance). This has requested
a reassessment of the nuclear reaction rates involved in
fluorine production and destruction.

Since the astrophysical factor shows a definitely res-
onant behavior above 0.6 MeV, the THM in its modified
version developed to handle resonant reactions is very suit-
able to investigate the F(p,a)'%0 astrophysical factor.
To this purpose, THM was applied to the 2H(**F, a160)n
reaction. Details on the experimental setup and the anal-
ysis procedures are given in [54]. This work showed the
occurrence of a peak at 113 keV, sitting inside the Gamow
window, which was not observed before and might have
important consequences for astrophysics. The p-'°F rela-
tive energy spectrum spanned an energy interval from 0
to about 1 MeV, making it possible to normalize the THM
astrophysical factor to the existing direct data. Recently,
the data from ref. [54] have been reanalyzed [101] to eval-
uate the influence of the new improved direct data at high
energy by Lombardo et al. [102].

Figure 8 shows the S(FE)-factor calculated with the
resonance parameters from the fitting of THM data be-
low 600keV. Above this energy, the resonance parame-
ters are taken from the fitting of the data from ref. [102]
for normalization. Since the THM cross section yielded
the resonance contribution only, the non-resonant part of
the cross section was taken from ref. [82]. The middle red
curve marks the S(E)-factor computed using the param-
eters from the best fit, while the red band arises from
the uncertainties on the resonance parameters, due to the
combined statistical, normalization and energy shift errors
(including correlation). An average error of 20% was ob-
tained. At present, the main source of uncertainty is due
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Fig. 8. THM astrophysical factor of the F(p, a)'®O reac-
tion, normalized to the data from [102] above 600 keV, as shown
in [101]. The middle red line marks the recommended S-factor,
while the upper and lower red lines stand for upper and lower
limits set by combining statistical, normalization and energy
shift error. The solid symbols represent the direct astrophys-
ical factor in [102]. Finally, the arrows mark the *’Ne states
contributing to the S(E)-factor.

to the non-resonant contribution to the astrophysical fac-
tor, since the one given in [82] is based on a very simple
calculation.

4.2 The 3C(a, n)®0 reaction: The case of
sub-threshold resonances

A key reaction for understanding the s-process is the
13C(a, n)*®0. In AGB stars, *C nuclei give up their ex-
cess neutrons to heavier nuclei through the *C(a, n)°0O
reaction, at temperatures varying between 0.8 - 108 K and
1-108K [103]. At 0.9 - 10® K, the energy range where the
13C(a, n)*®0 reaction is most effective, the Gamow win-
dow [104], is ~ 140-230keV.

However, direct measurements could reach the low-
est energy of ~ 280keV [105]; lower energies cannot be
reached with present-day facilities owing to the strong
suppression of the cross section due to the Coulomb
penetration factor. Moreover, at these energies the as-
trophysical factor has to be corrected for atomic elec-
tron screening. Therefore, extrapolation has been per-
formed, mostly using the R-matrix approach; the most
recent result [106] reports a 100keV astrophysical factor
S(100keV) = 3.377% x 10 MeV barns.

On the other hand, indirect measurements aimed
at deducing the ANC or the spectroscopic factor of
the 6.356 MeV level in 17O through a-transfer reactions
(see [49] for a review of the indirect measurements).
However, contradicting values of the ANC and of the
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Fig. 9. R-matrix calculated S(F)-factor (red middle line), ob-
tained using the THM resonance parameters below E.,, =
500keV and the parameters from ref. [106] above, from ref. [49].
The upper and lower red lines mark the range allowed by exper-
imental errors affecting THM data and by the normalization
uncertainty. The R-matrix S(E)-factor not including the sub-
threshold resonance at —3keV is displayed with a blue line.
Black symbols are used for direct data normalized as in [106].
Different symbols are used for each data set, as specified in the
inset. See ref. [49] for more details.

spectroscopic factors were obtained. Moreover, systematic
errors might be introduced, especially in the case of the
extraction of the spectroscopic factor. Theoretical calcu-
lations were also performed [107,108].

To summarize, an untenable spread in the values of the
low-energy S-factor is present, ranging from 1.2x 105 [109]
to 6.3 x 105MeV barns [110] at a reference center-of-
mass energy of 100keV. The THM is well suited to in-
vestigate the 13C(a, n)190 process, as it allows to explore
the negative energy region and, consequently, to observe
the —3keV peak. Therefore, we used ®Li, having a well-
known a + d structure, to transfer an a-particle to 3C
while d was emitted without interacting in QF kinemat-
ics. 160 from the ¥*C(a, n)*®O sub-reaction and deuterons
were detected, to maximize the detection efficiency and
reduce systematic uncertainties. Figure 9 shows the THM
S-factor (red band), compared with direct data in the lit-
erature (black symbols). The blue line demonstrates how
the S-factor would look like in the case the —3keV peak
was not present. More details on fig. 9 are given in ref. [49].

The THM S-factor is obtained by taking the reso-
nance reduced widths from the THM cross section of
the 13C(5Li, n'0)2H QF process. Normalization was ob-
tained by scaling the resonance parameters to those of the
peaks above ~ 500keV; to have a robust normalization
and minimize normalization errors, the contribution of the
resonances up to about 1.2MeV was considered in the
normalization procedure. The THM astrophysical factor
agrees, within uncertainties, with existing extrapolations
of the ¥*C(a, n)'%0 S-factor to the Gamow window, with
theoretical calculations and other indirect approaches,
taking into account possible sources of systematic errors.

Eur. Phys. J. A (2016) 52: 77

The THM results, however, seem to indicate that the
largest values of the extrapolated S-factor are prefer-
able. The most striking result is a significant reduction
of the uncertainty affecting the 3C(a, n)1¢0 S-factor at
the Gamow peak, which is reduced from about 50% to
about 20%. As a result of the THM measurement, prelimi-
nary astrophysical calculations have shown that a different
neutron density and flux might modify the relative abun-
dances of isotopes placed in correspondence of branching
points and could be crucial for an accurate determina-
tion of the solar element distribution [49]. Detailed study
of the effects of the new, improved *C(a, n)'®O reaction
rate are under examination, extending the astrophysical
analysis to different stellar models of low-mass AGB stars.

5 Final remarks

In this review, we have focused on the THM indirect tech-
nique that has been used extensively for determining reac-
tion rates in nuclear astrophysics. The theoretical descrip-
tion of this technique has been presented and a review
of its use in the case of both resonant and non-resonant
reactions, as well as astrophysical implications, has been
given. This method is now a well established tool in nu-
clear astrophysics. As rare isotope beam facilities are being
developed around the world, the THM will play a major
role in determining rates for reactions that occur on short-
lived isotopes. The work that has been done to date with
rare-isotope beams represents only the first step in this
effort [111,112]. Beam intensities and beam species will
expand dramatically by the end of this decade opening
up many new opportunities to further utilize the THM to
learn about the nuclear reactions that drive the cosmos.
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