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Abstract Nuclear reactions play a key role in the frame-
work of the Big Bang Nucleosynthesis. A network of 12 prin-
cipal reactions has been identified as the main path that drove
the elemental nucleosynthesis in the first 20 min of the his-
tory of the Universe. Among them an important role is played
by neutron-induced reactions, which, from an experimental
point of view, are usually a difficult task to be measured
directly. Nevertheless big efforts in the last decades have
led to a better understanding of their role in the primordial
nucleosynthesis network. In this work we apply the Trojan
Horse Method to extract the cross section at astrophysical
energies for the He(n,p)*H reaction after a detailed study
of the 2H(*He,pt)H three-body process. Data extracted from
the present measurement are compared with other published
sets.
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1 Introduction

One of the foundation stones of the Big Bang model, together
with the Hubble expansion and the Cosmic Microwave Back-
ground (CMB) radiation [1], is the Big Bang Nucleosynthesis
(BBN). BBN probes the Universe at very early times, the so
called radiation dominated era, from a fraction of a second to
afew minutes. Itinvolves reactions that occur at temperatures
below 1 MeV, and naturally plays a key role in forging the
connection between cosmology and nuclear physics [2—4].
Focusing on the products of the BBN, according to the
Standard Big Bang Nucleosynthesis model (SBBN), only
the formation of light nuclei (2H,3’4 He,’ Li) is predicted in
observable quantities, starting from protons and neutrons.
Great uncertainties affect observational *He abundance, as
well as the attempt to estimate its primordial value, thus it
is not reliable in the SBBN model validation. The remaining
elemental abundances, both observed and calculated are con-
sistent, with the exception of TLi [5]. A comparison between
the primordial abundances deduced from WMAP and Planck
CMB precise measurements and the calculated ones con-
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Table 1 Nuclear reactions of greatest relevance for Big Bang nucle-
osynthesis, labelled from 1 to 12

Hn<p
(3) d(p,y)*He

(5) d(d, n)>He™

(7) t(d, n)*He

(9) *He(e, y)"Be

(11) Be(n, p)’Li and "Be(n,a)*He™

(2) p(n,y)d

(4) d(d, pt™

(6) *He(n, p)t

(8) 3He(d, p)*He™
(10) t(c, y)7Li
(12) "Li(p,a)*He™

The reactions already measured with the Trojan Horse method are
marked with a # symbol. Reaction (6) will be studied in the present

paper

strains the baryon-to-photon ratio, n, which is the only free
parameter in the presently accepted model of the SBBN. A
recent observation yields n = 6.1640.15x 10~'9 [6], which
is the value that is usually adopted.

BBN nucleosynthesis requires several nuclear physics
inputs and, among them, the major role is played by the
nuclear reaction rates. Due to the relatively small amount of
key nuclear species involved in the BBN nuclear reaction net-
work, only 12 reactions play a major role [7]. Some of those
reactions involve neutrons and radioactive ions and are cur-
rently not known with sufficient precision (see Table 1). The
reaction rates are calculated from the available low-energy
reaction cross sections. They are also a fundamental input
for a number of other still unsolved astrophysical problems,
e.g. the so called “lithium destruction” either in the Sun or
in other galactic stars [8,9]. Cross sections should be mea-
sured in the astrophysically relevant energy window [10], of
the order of few hundreds of keV. In the last decades these
reactions have been widely studied and, in particular, great
efforts have been devoted to their study by means of direct
measurements at the relevant astrophysical energies, some-
times in underground laboratories [11-13].

In particular, the 3He(n,p)*H reaction is one of the most
relevant neutron induced processes in BBN and has a strong
impact on the primordial *He and "Li production. At the tem-
peratures relevant for predicting Big Bang yields, the reac-
tion rate is determined by the He(n,p)>H cross section in the
energy range 0 < E.,, <0.4 MeV. The first studies of this
reaction were performed by Coon et al. [14] in 1950 in the
0.1< E., <30 MeV using a neutron beam. Errors turned
out to be around 30%. Other measurements, more focused
at lower energies, were conducted by Batchelor et al. [15]
(directone, 0.1< E.,, <1MeV), Gibbons et al. [16] (inverse
measurement) and Costello etal. [17] who measured directly
in the range 0.3< E., <Il.1 MeV. Theoretical predictions
are also available, the most recent one carried out by Drosg
et al. [18], which covered a wider energy range. Reaction
rates were then calculated for astrophysical applications by
Brune et al. [19], Adahchour et al. [20] and Smith et al. [21].
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They all show a similar trend at temperatures of astrophys-
ical interest while the reaction rate calculated by Caughlan
and Fowler [22] is considerably higher. In the energy range
of interest, the existing data are therefore sparse and mostly
measured more than 50 years ago after facing tough exper-
imental challenges, thus resulting several times in errors as
high as 30% depending on the energy.

Alternative and complementary ways to obtain the bare
nucleus cross section, o, have been provided by indirect
methods such as the Coulomb dissociation method [23,
24] and the Asymptotic Normalization Coefficient (ANC)
method [25,26]. Among those ones, the Trojan—Horse
method (THM) [27] is particularly suited to investigate, at
astrophysical energies, binary reaction induced by neutrons
or charged particles by using appropriate three-body reac-
tions. It allows one to avoid both Coulomb and centrifu-
gal barrier suppression and electron screening effects, thus
very low energies can be reached and extrapolations are not
needed. Moreover, it may be used with neutron induced reac-
tions, radioactive isotopes, as well as to determine cross sec-
tions of neutron induced reactions on unstable isotopes.

The THM in particular has shown its great power for mea-
suring reaction rates for the BBN in the whole energy range of
interest. This is reviewed in Ref. [28] and has been extended
to reactions induced by unstable nuclei of interest for BBN as
in Refs. [29,30]. The same methodology has been adopted
for the 3He(n,p)>H reaction and will be reported in the present

paper.

2 Trojan Horse Method: generalities

The THM, first suggested by Baur [31] and then defined
in the present formulation [27], aims at obtaining the cross
section of the binary process x + A — b 4+ B at astro-
physical energies by measuring the TH reaction, that is, the
2 — 3-particle processa+ A — b+ B +s, in the quasi-free
(QF) kinematic regime. Under these conditions, the Trojan
Horse (TH) particle a, which has a dominant s — x cluster
structure, is propagating at energies above the Coulomb and
centrifugal barrier and after penetration, undergoes breakup
in the nuclear field of particle A. There, particle x interacts
with target A while projectile s, also called the spectator,
flies away practically without changing its momentum. From
the measured three-body cross section, the energy depen-
dence of the binary sub-process x + A — b + B is deter-
mined. The QF reaction used to extract this cross section
is schematically depicted in Fig. 1. For the details on the
theoretical formalism please refer to [32-36] and refer-
ences therein. Since the projectile energy is chosen larger
than the A — a Coulomb barrier EgA, the probability to
find a within the nuclear field of A, which is given by the
squared modulus of the scattering wave function describing
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Fig. 1 Diagrams describing the TH reaction 2H(*He,pt)H in the QF
kinematics, proceeding through the direct 3He(n,p)3H sub-reaction

their relative motion, is not suppressed leading to a finite
probability that A can be in the proximity of x. This is
an heuristic explanation of the possibility to explore the
whole Gamow window by using the THM, with no need
of extrapolation. A drawback of the present formulation of
THM is that the absolute value of the cross section has to be
determined by scaling the TH data to available direct mea-
surements, at energies where electron screening is negligi-
ble.

It is important to note that the a + A — b+ B + s
reaction can proceed through different reaction mechanisms
besides QF so that an investigation of the reaction mecha-
nisms populating the b+ B + s final state is necessary 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 py of the fragments s and x is close to
zero (QF kinematical condition) or 71/ p, is small compared
to the bound state s — x wave number. Owing to quantum
mechanics, this entails that the relative distance of x and s
is very large and we can assume that s acts as a spectator to
the x — A interaction, the strong interaction being of short
range.

The THM has been successfully applied to the measure-
ment of bare-nucleus cross sections of reactions between
charged particles at sub-Coulomb energies. Many validity
tests were also performed for it like the pole invariance test
which was positively satisfied, for details see [37,38]. The
method has been used in the last three decades to explore
nucleosynthesis reactions other than the primordial ones in
different sites, e.g., massive stars [39], AGB stars [40—43],
LiBeB depletion in stars [44—48] as well as novae [49-52] .

In recent years, neutron induced reactions [53-56] have
been addressed as well, using deuterons as TH nuclei to
transfer neutrons, while protons act as spectators. Following
the simple plane-wave impulse approximation (PWIA), the
three-body reaction cross section of the reaction of interest
can be factorized into three terms as:

d*c (E)
d2,d$23,dE,

HOES
2 U
x KF -|p(ps)|”- (d—9> ey

where

(i) KF is a kinematical factor containing the final-state
phase-space factor, which is a function of the masses,
momenta, and angles of the outgoing particles [35];

@) |o( ps)|2 is the modulus-squared Fourier transform of
the radial wave function x (r,) describing the p — n
inter-cluster motion, given by the Hulthén function.

(i) (42)" " is the half-off-energy-shell (HOES) differ-
ential cross section of the reaction of interest at the

center-of-mass energy E .

The theory of the TH for resonant and non resonant binary
sub-reactions is presented in detail in Ref. [57]. As s sketched
in Fig. 1, this work will present the investigation of the
2H(*He,pp)*H quasi-free reaction, thus applying the THM
in order to retrieve the cross section for the 3He(n,p)3H reac-
tion at astrophysical energies.

3 Experimental setup

In the preparatory phase the best angular and energy regions
were determined using a simulation to favour the QF reac-
tion mechanism and to discriminate it as much as possible
from other processes occurring in the target. In particular the
QF angular pairs, i.e. angular couples for which the specta-
tor momentum is nearly zero were calculated and detectors
placed in order to cover this kinematic region [35]. The He
beam, delivered at a total kinetic energy of 9 MeV by the FN
Tandem accelerator at the Nuclear Physics Laboratory of the
University of Notre Dame, was impinged on a 100 pg/cm?
isotopically enriched (up to 98%) deuterated polyethylene
target, which was manufactured at the INFN-LNS target lab-
oratory. Detectors were placed as sketched in Fig. 2. Three
silicon position sensitive detectors (PSD 1-3), 1000 pm thick
were used; PSD1 was coupled with a 35 pm thin, 10 x 50
mm? silicon detector for particle identification, while no par-
ticle identification was required for the other two detectors,
thus optimizing the energy resolution of the apparatus. Two
symmetrical monitor detectors were placed on both sides of
the beam at 60° to check the beam symmetry. Another point-
like silicon detector (PL1) was placed at 45° for on-line moni-
toring of the target thickness and its deuterium content during
the experiment. A metal grid, with equally spaced slits, was
placed in front of each PSD in order to perform an accurate
angular calibration.

@ Springer
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Fig. 2 Experimental setup employed for studying the TH reaction
2H(3He,pt)H in QF kinematics

Table 2 Angular position, distance and covered angular range from
central position of the PSDI1, PSD2, PSD3 and AE; detectors as
sketched in Fig. 2 and as described in the text

Detector Central angle (°) Distance (cm) AB (°)
PSD1 10.0 35 +4
PSD2 15.0 20 +7
PSD3 25.0 35 +4
AE 10.0 33 +43

As a first stage of the measurements, devoted calibra-
tion runs were performed for energy and angular calibration.
Thanks to the spatial resolution of PSD and to the accurate
positioning of the detectors which were measured by optical
means, an angular resolution of about 0.15 was calculated.
This is required by THM for an improved spectator momen-
tum resolution which is crucial for QF mechanism selection.
The energy resolution of PSD detectors was tested prior the
experiment and turned out to be around 0.8%. This leads,
thanks to the so-called Magnifying glass effect [53] to an
overall relative energy resolution of about 25 keV.

Angular positions of the PSD’s detectors and geometri-
cal features of the experimental set-up are summarized in
Table 2. Calibration runs were performed using 2*! Am and
148Gd alpha sources and proton and alpha scattering on a
gold target at various energies ranging from 3.5 to 9 MeV.
The trigger for the data acquisition was made via the logic
coincidence of PSD1 with any of the three PSD’s placed on
the opposite side with respect the beam axis. Then data were
stored in the DAQ system provided by the University of Notre
Dame and converted to ROOT format for offline analysis.

4 Data analysis

The first point of the data analysis is the identification of
the three-body process of interest among those occurring in
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Fig. 3 AE/E plot for PSDI1 for a typical run of the 2H(*He,pt)H reac-
tion. The black selection represents events identified as tritons

the target, which leads to the detection in coincidence of a
proton and a triton in two out of the three detectors. For
this purpose, a particle identification is performed for PSD1
via the AE/E technique as reported in Fig. 3. Many loci are
populated and in particular those related to deuterons and
tritons are present, the latter being selected by means of the
graphical cut. For further analysis only events corresponding
to the tritium locus in AE/E matrices are used. In particular
the scattered beam-spot is evident in the 3 He locus. The
recoil 2 H spot is also evident in the deuteron locus at an
energy of about 6.7 MeV in Fig. 3.

Energies and position signals for particles in coincidence
are then calibrated appropriately as discussed above. In the
present paper only the coincidence between PSD1 and PSD2
was analyzed. The other coincidence, between detectors
PSD1 and PSD3, which explores higher energies in the E,
range, will be investigated in the future. In the scatter-plot
reported in Fig. 4 the kinematic locus of the detected ¢ and p
coincidences (red points) is compared with a kinematic sim-
ulation for the same conditions and for angles ranging from
9° <6, < 11° and 10° < 6, < 12° (black dots). A clear
agreement is evident in the whole explored energy range.

Once the angle and energy of the two detected particles
are obtained, the energy and the angle of the third, unde-
tected, particle is reconstructed from energy and momentum
conservation. This allows to extract the Q-value of the three-
body reaction as shown in Fig. 5. A Gaussian fit is drawn as
ared line and gives an average value of —1.55 £ 0.14 MeV
which should be compared with an expected value of Q =
—1.46 MeV [58]. The agreement between expected and mea-
sured values in Figs. 4 and 5 validates the energy calibration.
Henceforth only events with —1.7 < Q0 < —1.4 MeV will
be considered for further analysis, thus leading to a clear
identification of the 2H(*He,pt)H process.

4.1 Identification of the quasi-free break-up

When the selection of the three-body process is well estab-
lished the next step in the data analysis is the identifica-
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Fig. 4 Kinematic locus for tritons detected in PSD1 and protons from
PSD2 for 9° < 6, < 11° and 10° < 6, < 12°. The experimental data
(red circles) are compared with a kinematical simulation (black dots)
for the 2H(3He,pt)H reaction

\l/ -1.46 MeV

1000

900

Counts

800

600

500

400

300

200

(AR AR R RN AR RN AR RN

100

TTTT

%

b
b

25 -2 -1.5 -1 -0.5 0 0.5

Q[MeV]

LS LN W NN B 14

Fig. 5 Q-value spectrum for PSD1-PSD2 coincidences after tritons
are selected in PSD1. A Gaussian fit is superimposed as a red line. The
calculated value of — 1.46 MeV is in fair agreement and is indicated by
the black arrow

tion of the QF mechanism and consequently its separation
from other processes. After studying the relative energy as
it is shown in Ref. [47] we can exclude the presence of any
sequential mechanism leading to 2p and *H particles in the
final state. Hence, to verify whether the quasi-free process is
taking place or not, the extraction of the momentum distribu-
tion of the spectator proton inside the TH nucleus (deuteron)
has to be extracted and carefully analyzed.

The momentum distribution is extracted following the pre-
scriptions of [60]; inverting Eq. (1) in terms of the momentum

distribution leads to
do HOES
/KF - <E) 2

3
b (I o dd&
24d$27;,dEy
Assuming a narrow energy range (AE., = 200 keV in
the present case) the binary HOES cross section is nearly
constant and therefore a division of the triple differential
cross section by the KF gives the momentum distribution
| (ps)|? in arbitrary units. This quantity is plotted in Fig. 6.

)B(arb.units)

I¢(P§

TTT T[T [ T[T T [TTT

10 20 30 40 50

0 60
P [MeV/c]

Fig. 6 Momentum distribution in arbitrary units for the proton inside
the TH deuteron. A Gaussian fit is depicted (red line) together with
the theoretical momentum distribution given by the Hulthén function
(black solid line)
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Fig. 7 Momentum distribution width as a function of the transferred
momentum g;. The blue circle marks data corresponding to the present
measurement while black symbols as well as the solid line are taken
from [61] and references therein

A Gaussian fit is superimposed in red color (FWHM =
35 4+ 5 MeV/c) while the black line represents the theoreti-
cal Hulthén function as discussed in Ref. [59]. It is clearly
evident that the present momentum distribution is distorted
and narrowed, an effect already pointed out for deuteron and
other nuclides in Ref. [61]. In fact, in this case, a transferred
momentum ¢g; = 80 MeV/c is calculated and the correspond-
ing momentum distribution width fits pretty well with what is
reported in the literature for deuteron acting as Trojan horse
nuclei [61]. This is evident from Fig. 7 where the blue circle
represents the present data. Other data from the literature as
well as a fit to them with an empirical function discussed in
Ref. [61] are depicted there.

This observation is a clear signature, taking into account
its distortions as recommended in Refs. [61,62], of the QF
break-up since the momentum distribution of the spectator
particle is the variable which is most sensitive to the nature
of the mechanism. For further analysis only events with p; <
25 MeV/c were taken into account, being the bulk of the QF
contribution in the 2H(*He,pt)H process.

@ Springer
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Fig. 8 Binary cross section (black circles) after including the pene-
tration factor and normalized to direct data from [15,16,18] for the
3He(n,p)3H sub-reaction extracted via the TH reaction 2H(® He,pt)H in
QF kinematics, as discussed in the text. Only errors from statistics and
normalization are shown

5 Results and concluding remarks

After the selection of events related to the quasi-free break-
up, as discussed above, standard THM prescriptions are fol-
lowed. Using the post-collision approach for the definition
of E.;y = E12 — Q2p (Where Q,,, is the two body reaction Q-
value), the triple differential cross section, is divided by the
product K F - | (ps)|? according to Eq. (1). As shown in Ref.
[62] the distorted momentum distribution, which has been
measured experimentally in this present case, is used. The
result yields the HOES binary cross section of the *He(n,p)*H
reaction in arbitrary units. The THM data must be multiplied
for the penetration factor in order to be compared and nor-
malized to direct data (see for example Refs. [53,54]). In
the case of a neutral particle at low energies and with /=0
the cross section energy trend may be approximated by the
1/v velocity-factor which should be multiplied with the TH
data. The results after applying this correction are shown in
Fig. 8. The cross section was normalized to the direct data
from[15,16,18]in the energy range 0.2 < E,, < 0.35MeV.
A remarkable agreement shows up in the whole energy range.
Statistical errors as well as normalization errors were fully
taken into account yielding an average 10% relative error for
the cross section extracted via THM. As far as the error on
the quantities contributing to E.,,, we apply the error prop-
agation law assuming an uncertainty on E, and E; of 0.8%
and an error on the position A0, ~ Af; ~ 0.15°.

In conclusion, the cross section of the 3He(n,p)3H reac-
tion, was measured in the energy range important for Big
Bang nucleosynthesis using the THM. Once more the method
has proved to be important for measuring neutron induced
reactions of astrophysical interest at thermal energies. The
present data set confirms, within the experimental errors, a
very satisfying agreement of the measured data with direct
and inverse reaction data from the literature [15,16] in the
energy region 0.03 < E.,, < 0.3 MeV. We also remark that
the present data are the only ones (together with [16]) avail-

@ Springer

able below 0.1 MeV. Further analysis is necessary in order to
extend the measurement to higher energies, using data from
the PSD1-PSD3 coincidence. This will allow to calculate
the reaction rate in an extended energy interval and to eval-
uate the astrophysical impact of the present measurement.
Nevertheless the present data sets is coherent with previous
determinations thus suggesting minor changes for the cal-
culated primordial abundances with respect to the reaction
rates currently adopted for BBN models.
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