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Abstract

The quasi-free break-up of deuteron was used to study the neutron induced %Li 4+ n reaction
via the 2H(®Li,a®H)p. The aim of the experiment was to check whether the deuteron can be
considered as a source of virtual neutrons. This was done by studying the excitation function of the
8Li(n,a)® H two body reaction at low energy where the resonance corresponding to the excited level
at 7.454 MeV of " Li is present. Two experimental runs were performed at the Laboratori Nazionali
del Sud (LNS) in Catania, Italy. In both experiments, the energy and the position of the outgoing
a and 3H particles were measured and the kinematics were reconstructed assuming a proton as
third particle. The quasi-free events were selected in order to reconstruct the ®Li(n,a)>H cross
section in the center of mass energy by using the Plane Wave Impulse Approximation approach.

The obtained cross section is in very good agreement with the directly measured one.

*Electronic address: spitaleri@lns.infn.it



I. INTRODUCTION

The study of neutron induced reactions is important not only to get information about
fundamental nuclear physics but also in applied nuclear physics and nuclear astrophysics.
Indeed, neutrons are ideal to probe nuclear interactions avoiding the interference of elec-
tromagnetic forces. Moreover, neutron cross sections are relevant for the development of
nuclear technologies used for energy production and nuclear waste transmutation. Neutron
cross-sections at low energies are also interesting for nuclear astrophysics. For example,
all elements heavier than iron were made in environments where neutrons play an impor-
tant role and the abundance of several light nuclides is modified by (n,7), (n,p) and (n, @)
reactions during the s-processes or r-processes, or during explosive nucleosynthesis [1, 2.

However, experiments involving neutrons present many problems. Up to now, two com-

plementary methods are mainly used to provide neutron beams. The first method is based
on time of flight techniques in connection with neutron sources producing a wide neutron
energy range, from nearly thermal energies up to energies in the MeV range. The second
method uses charged particle induced nuclear reactions. For example the 7 Li(p,n)” Be reac-
tion can be used to produce neutron energy spectra which simulates a stellar (kKT ~ 25 kel)
Maxwell-Boltzmann distribution. The on-line detection of the reaction products is often
limited by high neutron fluxes. Therefore, the activation technique is frequently used, mea-
suring the characteristic decay of the reaction product, when it is radioactive [3]. Otherwise,
new on-line detection techniques have to be used to measure y-radiation at high neutron
fluxes (arrays of BaF; detectors not very sensitive to neutron radiation or heavily shielded
Nal detectors).
Alternatively, cross sections for some (n,p) and (n, «) reactions can be obtained by study-
ing the reverse reaction and then computing the cross section for the forward one [4]. In
this case, a very complex experimental set-up must be used to detect neutrons with good
efficiency and resolution.

In this work, the possibility to use the 2H Quasi-Free (QF) break-up as a source of virtual
neutrons is investigated.

QF reactions of light nuclei have been extensively studied in the past at low and inter-
mediate energies in order to investigate the nuclear structure [5-9]. In particular, due to

the low binding energy of n — p in deuteron, n — d and d — d break-up reactions have been



FIG. 1: Pole diagram of the three body reaction studied in the present work.

studied, in order to get information on the n — n and n — p interactions [10-13]. In the
last decades, the deuteron QF break-up has been exploited in the framework of the Trojan
Horse Method (THM) to study several proton induced reactions at energies relevant for
astrophysics, avoiding the Coulomb suppression and the electron screening effects [14-24].
A three-body reaction like:
A+a—CHc+s, (1)

where the nucleus a has a strong = @ s cluster structure, can proceed through a transfer
reaction to the continuum, where the nucleus a breaks up into x and s: x is transferred into
the nuclear field of the nucleus A, while s acts as a spectator. This direct process occurs
in a restricted region of the three-body phase space, where the momentum of the nucleus
spectator s does not change during the reaction, i.e. when the QF reaction conditions are
fulfiled. Under these conditions the reaction (1) can be used to determine the cross section
of the binary subprocess:

A4z —C+e (2)

where the nucleus x is a virtual particle.

In the present application the nucleus a is a deuteron, the neutron is the transferred
virtual particle (z = n), and the proton is the spectator (s = p).

Many theoretical approaches, based on the Impulse Approximation (IA) [10, 25], describe

this kind of processes using a Feynman diagram. The diagram of the reaction studied in the



present work is shown in fig. 1. The amplitude of the diagram is calculated multiplying two
factors: the amplitude of the upper vertex of the diagram, representing the break-up of d
into n and p in our case, and that of the lower vertex which describes the virtual two body
reaction. The IA is valid if the following conditions are fulfilled: (a) the momentum in the
initial channel is sufficiently high or, equivalently, the associated wavelength is smaller than
the nuclear radius of the nucleus a, so that the nucleus A can interact only with the cluster
x, leaving the other cluster s as a spectator; (b) the incident center of mass energy is higher
than the binding energy of the clusters x and s in a.

In Plane Wave Impulse Approximation (PWIA) the three body cross section assumes a
simple expression [26-28]:

d®c

dE.dQ.dQ2c

N >H ’

KF 2
I

In eq. (3) KF is a kinematical factor, depending on masses, momenta and angles of the
outgoing particles, that takes into account the final state phase-space factor:

3 — — —
K0 = i e e~ ) 3] 8

where p;, m; are the momentum and the mass of particle j; ﬁij and p;; are the relative
momentum and the reduced mass of particles ¢ and j and B denotes the C' + ¢ system
(see (1)). ¢o(pss) is the Fourier transform of the radial wave function for the z — s inter-
cluster motion inside a, usually described in terms of the Hulthén function for deuteron [23].
The (do/de.m.)TOF factor is the differential cross section for the two body reaction (2)
at the relative energy F,4 of the two particles in the entry channel (x and A) and at the
center-of-mass reaction angle 6., of the two-body reaction. The two-body cross section is
half-off-energy-shell (HOES), because of the off-shell character of z in the entry channel.
The angle 0., is calculated as [31]:

(UA - 77:13) : (UC __:D“C) (5>

‘UA — Um”'UC — Ve

0., = arccos

where the vectors U4, v,, Uc, U., are respectively the velocities of projectile, transferred
cluster and outgoing particles.

The relative energy F, 4 is given by [15, 16, 20]:

E:):A = ECC - Q2b (6)
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where Qg is the @ value for the binary reaction (2) and E.¢ is the relative energy of the
outgoing particles ¢ and C'. The relative momentum of the on-shell exit particles (¢ and C')
is related to their relative energy by kc. = v2uccFEc.. Indeed, the relative momentum of
the entry particles (A and z), due to the off-shell character of x, is compensated for by the
binding energy of x and s inside a (€,5) and it results F 4 = % — €gs.

The distorted wave impulse approximation (DWIA) treatment [28, 29] was sometime
applied to describe QF reactions. In the DWIA the radial wave functions are deduced
from optical-model potentials, so that the |¢4(ps.)|* in eq. (3) becomes dependent on the
considered reaction as well as on the energy. However, it should be stressed that the main
differences between the momentum distributions calculated in PWIA and DWIA are in the
tails and in the absolute value [16, 30]. Furthermore, the eq. (3) prevents the extraction of
the absolute value of the two body cross-section. However, the absolute magnitude of the
cross-section can be derived from a scaling to the direct data, in an energy range where they
are available. Thanks to this, as only the region of low momentum p, for the spectator is
selected in the data analysis (|ps| < 20MeV/cin this work), where the |@,(ps,)|? distributions
are coincident, the more simple PWIA approach was used in the present study.

In order to study the cross section of neutron induced reactions we have to select the QF
reaction channel in the three body reaction. In this way, it is possible to get a measurement of
a neutron induced reaction cross section using deuterons as a virtual source of neutrons and
avoiding the experimental problems coming from the use of neutron beams and/or neutron
detectors. Preliminary studies of the 2H (°Li, o®H)p, 2H(*"O, a*C)p reactions have been
performed, checking the possibility to retrieve information on the cross section of the ®Li+n
and 7O + n two-body reactions [32-35].

In this paper, a detailed study of the 5Li(n, a)?H reaction via the 2H (°Li, o®H)p three
body reaction is presented. The experimental conditions were chosen to satisfy the validity
conditions of the TA. Indeed, the energy of the °Li beam of 17MeV/c corresponds to a
6Li — d relative wavelength of 1.8 fm, much smaller than the deuteron effective radius of
4.5 fm. The studied reaction represents a good benchmark to verify this new application of
the QF reaction mechanism, since the directly measured data show a resonance in the cross
section at about Fep;_,, = 210 keV with a FWHM of 100 keV', corresponding to the excited

level at 7.454 MeV of " Li. The aim of this study is to reproduce the resonance cross section

with a resolution comparable with the directly measured one.
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TABLE I: Details of the set-up used for the two different measurement runs.

first run second run

Beam Energy 14 MeV 17 MeV

Target Thickness 150 pug/em?| 100 pug/cm?
AFE Si Detectors Thickness 20 um —

E Si PSD detectors Thickn. 1000 pm 1000 pm

Detection Angular Ranges 18° —28° | 22° —25°

43° —53° | 36° —39°

Angular resolution +0.1° +0.05°

Rel. energy (Esy;_,,) range 0-1.5MeV| 0-0.3MeV

Experimental Fsy;_,, uncertainty| =£60keV 15 keV

(resolution of the method)

II. THE EXPERIMENT

Two measurements of the °Li + d — a + t + p reaction were performed at Laboratori
Nazionali del Sud (LNS) in Catania. In both experimental runs, a %Li beam was delivered by
the SMP Tandem Van de Graaf on a C'D, target. The angular positions and the energies of
the two ejectiles, o and H, were detected in coicidence using two Position Sensitive silicon
Detectors (PSDs, single area, resistive readout) having a spatial resolution of 0.5 mm. The
two detectors were placed on opposite sides with respect to the beam axis direction.

The details of the experimental set-up used in the two experimental runs, together with
the relative energy Fsj;_, range exploited by the experimental apparatus are reported in
tab. I.

In the first experiment [32] the two ejectiles, o and 3H, were identified using two AE — F
Si telescopes. Events produced by the QF break-up of a deuteron were selected and the two
body cross section for the 5Li + n — ¢ + a reaction was reconstructed. Since the energy
uncertainty achieved by the indirect measurement was higher than that presented by the
direct one, the direct data [36] were smeared out at the same uncertainty of the indirect
ones, in order to make a comparison of the two data sets. The result reported in ref. [32]

shows a good agreement.



The second experiment was devoted to the measurement of the resonance. The aim was
to reproduce the resonance width with a resolution comparable with the directly measured
one. To found the best experimental conditions, a detailed kinematical simulation of the
2H(%Li, o® H)p reaction was performed taking into account the experimental uncertainties
coming from the finite dimension of the beam spot, the energy and angular spread of both
beam and ejectiles in the target and the angular and energy resolution of the detectors. The
beam energy and the experimental set-up were then chosen such that the “magnifying glass”
effect [37] can be exploited to achieve a resolution better than that of the first experiment
in the %Li —n relative energy variable, Es,;_,,. Indeed, under proper kinematical conditions,
it is possible to translate a slow variation in relative energy of the two outgoing particles
(Ei, in our case) into a large variation of energy of the ejectiles (E; and/or E,). This effect
allows to accurately study the variation of the cross section as a function of Fs;_,. As
the simulations have shown the strong dependence of the Esy;_,, measurement uncertainty
on the angular resolution of both ejectiles, the experimental set-up was designed to reduce
the uncertainties in the measurement of angles. The beam spot was reduced to 1mm in
diameter using a collimator and an anti-scattering system. Thanks to the diameter of the
scattering chamber (2000 mm), the two PSDs were placed at a distance of 780 mm from the
target. A holder designed for this purpose was used to fix both PSDs together with two
point-like silicon detectors, placed at 8° on both side with respect to the beam direction. The
measurement of the Li + d elastic scattering in the point-like detectors gave the possibility
to check the position of the detectors holder and to monitor the beam direction and the
target during the experiment. Moreover, the beam energy and the detectors angular ranges
were chosen such that >H and « particles can be identified by kinematics, avoiding the use
of AFE detectors and hence the straggling effects affecting the detected particles.

In the second experiment, thanks to the described set-up and the chosen kinematical con-
ditions, the overall resolution was enhanced. An angular resolution of the outgoing particles
of about 0.1° (FWHM) was achieved. Moreover, taking into account all the experimental
uncertainties, the energy Fosy; , was measured with an uncertainty of 30 keV (FWHM),
though the investigated range was reduced with respect to the first experiment.

The energy and position signals of the PSDs were processed by standard electronics
together with the delay between the time signals coming from the two PSDs. The trigger

for the data acquisition was given by the coincidence between the two PSDs. The signals
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FIG. 2: Correlation spectra of the energies detected by the two PSD detectors. The selection of

the kinematical locus of interest is superimposed on the data (full line).

were then sent to the acquisition system for on-line monitoring and data storing.

In the following, only data from the second experimental run will be presented.

IIT. DATA ANALYSIS
A. Detector calibration and identification of the 2H(°Li,a®H)p reaction

The PSDs used in the experiment were calibrated in energy using the elastic scattering
peaks measured at different beam energies for the 6Li +1°7 Au, $Li +'2 C reactions and the
6Li+12C — N*+areaction. Moreover, a three peaks alpha source (23 Pu—24 Am—2*Cm)
was used to calibrate at low energies.

The angular calibration was performed using grids with equally spaced slits placed in
front of each PSD during the calibration runs. This allows to establish a correspondence
between position and angle.

The beam spot and its energy spread on the target were also taken into account for the
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FIG. 3: Q-value plot for the events falling in the kinematical locus corresponding to the $Li+d —

a +3 H + p reaction.

calibration in position and energy, as well as the detected particle energy loss on the target
and on the dead layer of the detectors.

After detector calibration, to identify the events corresponding to the 3-body reaction
of interest °Li + d — o +3 H + p, the correlation spectrum of the energies measured by
the two PSDs was checked (see Fig. 2). The kinematical locus that corresponds to the
channel of interest is clearly separated from the background and from the kinematical locus
corresponding to the ®Li +d — « +2 He + n reaction. For the events falling into the region
defined by the solid line in fig. 2, the Q-value was reconstructed under the hypothesis of a
proton as third particle, and it is shown in fig. 3. It is centered at 2.59 £ 0.20 MeV, to
be compared with the theoretical value of 2.558 MeV. The good agreement between the
experimental and the theoretical Q-values confirms the identification of the reaction channel
and the accuracy of the detector calibration. The identification of the events belonging to
the reaction under study is done by using a selection cut on the Q-value. In the following,

only events falling between the two solid lines shown in fig. 3 are considered. Moreover,
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FIG. 4: Comparison between the experimental data (red points) that satisfy the Q-value and the

TAC cuts (see text) and the kinematical calculation for the $Li + d — o +3 H + p reaction.

to further select the events of interest, a cut on the time delay between the signals coming
from the two PSDs was used (TAC).

To check the identification conditions, a comparison between the selected experimental
data and the kinematical calculation for the ®Li+d — a+3 H +p reaction was performed for
several angular pairs of the two outgoing particles. A typical spectrum of energy correlation
is shown in fig. 4, where the black region represents the result of the kinematical calculation,
and the red points are the experimental data. The agreement between the two data sets

confirms the good identification of the reaction of interest.

B. Experimental evidence of the QF-mechanism

The SLi+d — a+3 H+p reaction can in principle proceed through the processes shown in
fig. 5. In the figure the deuteron break-up is represented in (a), and the sequential processes

(SP) through the excited states of "Li and *He and the ground state of °Li are sketched

11



FIG. 5: Simplified schema of the QF 2H(°Li, a® H)p reaction (a) and of other possible compet-
itive channels feeding the same particles in the final states: SLi(d,p)"Li*," Li* — o +3 H (b),
SLi(d,a)*He** He* — p+3 H (c), SLi(d, H)>Li,> Li — o+ p (d).

in (b), (c), (d), respectively. After selecting the events corresponding to the 2H (°Li, o*H)p
reaction, it is then necessary to verify if the QF reaction process is present and if it can be
discriminated from other ones feeding the same particles in the final state.

For this purpose, several tests were carried out to assess if the necessary conditions for
the presence of QF processes were fulfilled and to identify the events corresponding to the

QF process. These tests are reported in the following sections.

1. Relative energy two-dimensional plots

In order to investigate the possible presence of SP, the correlations between the relative
energy of two out of three outgoing particles calculated in post collision prescription are
checked for fixed values of the angles of the outgoing particles 6, and 6:5. For all the

angular pairs a clear vertical locus, corresponding to the excited level of “Li under study,

12
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FIG. 6: Correlation plots for the relative energies Esp, vs Esy, and Eup vs Espy, for Oz =
38.5° £0.5° and 6, = 23.3° +0.5°. The solids lines represent the position of the third excited state

of *He and the g.s. of °Li. No signal of other *He or ®Li states can be found in the data. The

arrows indicate the position of the "Li excited state under investigation.

is present. Small contributions due to the 2~ state of *He and to the g.s. of >Li were also

found.

The typical two dimensional plots, Ey, vs Fi, and E,, vs Ei,, for 6s5 = 38.5° & 0.5°
and 0, = 23.3° 4+ 0.5° are reported in Fig. 6. For this angular pair, the momentum of the
spectator in the 3-body reaction has its minimum at 0MeV/c. The condition of zero proton
momentum is requested for QF reaction because the deuteron has a predominant component

in s wave, so the momentum distribution of p —n system in the deuteron has a maximum for
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ps = 0 MeV/c. The angular pairs (6, 0s5) which fulfill this condition are called quasifree
angles.

In Fig. 6 the locus due to the excited level of "Li is indicated by a vertical arrow. The
horizontal solid lines show the relative energy corresponding to the ground state of 5Li
(upper panel) and the 2~ state of *He at excitation energies 21.84MeV (lower panel), and
the dashed lines represent the FWHM of the reported states. Small contributions due to the
2~ state of *He are visible in the figure. Similar plots are obtained for any other angular
pair of the ejectiles and no other contributions from *He or °Li states were found in the

data.

2. Study of the coincidence yield

A quantitative analysis of the presence of SP and QF mechanism was performed studying
the coincidence yield of the three body reaction projected on different variables for fixed
values of 0, and 6,. The spectra were fitted by incoherently adding, with free weights, the
contributions of SP and QF reactions (see fig. 5) calculated using a Monte Carlo simulation.
In particular, the coincidence yields for SP were described assuming a Breit-Wigner shape
for the spreading of the *He, 5Li and "Li levels involved in the 3-body reaction, and to
describe the QF process the eq. (3) was used. For each fixed pair (6,, 0sy) the fit was
firstly performed for the F, spectrum, and the obtained weights for the different SP and
QF processes were used to reproduce the Esy, Ey, and E,, spectra.

As an example, in fig. 7(a) the fit of the coincidence yield as a function of E, for the
QF angular pair 03 = 38.5° +0.5° and 6, = 23.3° 4+ 0.5° is shown. The full line represents
the results of the fit, the dashed line shows the QF reaction contribution, and the dotted
and the dashed-dotted lines show the contributions of SP due to the population of the 2~
state of *He and the g.s. of °Li, respectively. In fig. 7 (b),(c),(d), the coincidence yield as a
function of Esp, Ey, and E,, is compared with the incoherent sum (full lines) of the Monte
Carlo calculations for SP and QF processes weighted using the parameters obtained from
the fit of fig. 7 (a). No adjustment of these parameters was done to obtain the solid lines in
fig. 7 (b),(c) and (d).

The agreement between data and simulation gives us confidence of the goodness of the fit

results. As before, the contribution of QF mechanism is represented by a dashed line, while
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FIG. 7: Typical coincidence spectra projected on E,, Fsp ,Eq, and Ey, for 0, = 23.3° + 0.5°
and 0 = 38.5° £ 0.5°. In panel (a), the full line is a fit of the coincidence yield in the E,
variable obtained by taking into account SP (dotted and dash-dotted lines) as well as QF (dashed
line) contributions summed incoherently. In panel b, ¢, d the data are represented as a function
of the other variables. A remarkable agreement between the data and the incoherent sum (solid
lines) obtained using the same parameters as in a of SP (dotted and dash-dotted lines) and QF

contribution (dashed line) is clearly shown for all the variables.

the dotted and dash-dotted lines represent the SP contributions coming from population of
a* and °Li, respectively. Similar results are obtained for the other angular pairs.

The fit of the coincidence yields returns in average a 69% contribution of QF reaction for
the QF angular pairs. For angular pairs out of the QF ones, this contribution decreases in

average down to 33%.
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FIG. 8: The scatter plot of the three-body reaction yield weighted by the phase space contribution

as a function of Ey, and ps.

This result confirms the predominance of the QF process over the SP for the QF-angles,
so in the following only events falling into the QF angular pairs will be considered. Moreover,

the contributions due to the SP are subtracted in the following analysis.

3. Data as a function of momentum of the spectator

A complementary way to test the presence of the QF mechanism and/or SP is to in-
vestigate the correlation between the relative energy E;, and the momentum of the proton
ps (see fig. 8). The figure shows that the main contribution to the 7.454 MeV state of "Li
is obtained for very low values of ps, when the proton acts as spectator, as it is expected
for QF reaction mechanism. The scatter plot in fig. 8 shows the three-body reaction yield
weighted by the phase space contribution (see eq. 3) as a function of Ej, and p.

The correlation plot was than projected onto the E(;,) relative energy for different ranges
of ps, and the results are shown in fig. 9. The three-body coincidence yield divided by the
phase space factor appears to be higher for |ps| < 20MeV/c rather than for 20 < |p,| <

16



40MeV /e and 40 < |ps| < 60MeV/c. This behaviour represents a necessary condition for
the predominance of the QF mechanism with respect to SP.

When the QF reaction mechanism is predominant and a PWIA approach can be used, the
three body cross section is described by eq. 3. Consequently, the three-body reaction yield
divided by the phase space contribution is proportional to the product of the differential
two-body cross section and the p; momentum distribution:

Po 1 e (<)
dEchchC KF @\Psa dQcm '

(7)

The integral of this quantity with respect to Fi, (< |@a(psz)| >?) should then be mod-
ulated by the momentum distribution of n — p on d, described in s-wave by the Fourier

transform of the Hulthén function:

_ 1 jabla+b) 11
Pes) = \ (a—0)? laz +p2 b +p§1 ®)

The integrals of the histograms in fig. 9 are reported in fig. 10 as a function of the spectator

momentum p, and compared with the expected Hulthén function. The full line represents
the Hulthén function with the asymptotic parameters (a = 0.2317fm~% b = 1.202fm™!)
(23], while the dashed line reports the Hulthén function with a width of 54 MeV//c expected if
the final state interaction for low transferred momenta is taken into account [38-40]. A good
agreement is evident and gives once more confidence that, in the investigated kinematical
region, the QF mechanism gives the main contribution and that it can be disentangled from

the SP contributions.

4. Analysis of the proton momentum distribution

A final and more sensitive check of the predominance of the QF reaction mechanism is
achieved by investigating the shape of the experimental momentum distribution of the proton
inside deuteron. Indeed, this observable is very sensitive to the reaction mechanism. The
experimental momentum distribution can be obtained by dividing the three body coincidence
yield by the phase space factor in a kinematical region where the two body cross section can
be approximated to a constant (see eq. 7). This is done by considering steps of 30 keV in
the E, variable and steps of 10° in 6,,,. The experimental distribution is shown in fig. 11

as full dots, and compared with the Hulthén function normalized to the data. As before,

17
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FIG. 9: Coincidence yield divided by the phase space factor projected on E, for 0 < |ps| <
20 MeV/c (upper panel), 20 < |ps| < 40 MeV/c (central panel), 40 < |ps| < 60 MeV/c (bottom

panel).

the full line represents the Hulthén function for the asymptotic parameters [23], while the
dashed line reports the Hulthén function with the width expected at the used beam energy
[38-40]. The agreement between the experimental data and the predicted distribution is
good. This last test gives further evidence on the validity of the procedure used for the
selection of the data where the QF contribution is dominant. We note that the momentum
distribution of the spectator in the deuteron generated by the Hulthén potential coincides

with the one obtained using realistic Reid soft-core potential at |ps| < 40MeV/c
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FIG. 10: Integral with respect to Fy, of the coincidence yield divided by the phase space factor
as a function of the momentum of the spectator. The solid line represents the theoretical Hulthén

function and the dashed line represents the Hulthén function with a width of 54 MeV/c [38].

IV. EXPERIMENTAL RESULTS

The experimental tests described in the previous section demonstrated that: (i) the QF
mechanism is present in a subset of the experimental data; (ii) the QF mechanism represents
the main contribution to the °Li +d — t + « + p reaction if the kinematical region around
the QF angular pairs is selected; (iii) the QF contributions can be disentangled from the
contaminant component due to SP. Further data analysis was then performed only for these
data.

Moreover, only coincidence events with |ps| < 20MeV/c, corresponding to a center-of-
mass angular range 6.,, = 95° — 110°, were considered. As a consequence a simple analysis

in PWIA can be used to describe the selected subset of experimental data.
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FIG. 11: Reconstructed momentum distribution of the undetected proton inside the cluster nucleus
deuteron. The solid line represents the theoretical Hulthén function and the dashed line represents

the Hulthén function with a width of 54 MeV/c [38].

A. Extraction of the two-body indirect cross section.

The last step of the data analisys is the extraction of the HOES cross section of the
6Li+n —3 H+a binary reaction. From eq. (3), the two-body cross section in arbitrary units
can be derived by dividing the selected three body coincidence by the factor K F|¢p,(ps)|?.
This factor is calculated using a Monte Carlo simulation. The geometrical efficiency of the
experimental set-up together with the thresholds of the detectors were taken into account
in the simulation. The momentum distribution used in the calculation corresponds to the
dashed line in fig. 10 and fig. 11. We stress once again that only events with |ps| < 20 MeV/c
are accepted in the data analysis.

The on-energy-shell (OES) ®Li + n reaction is contributed by resonant and nonresonant
(direct) mechanisms. At low energies the J™ = 5/2~ resonance in "Li at Esp;_, = 204keV

dominates. The resonant reaction is characterized by the orbital angular momentum in the

initial (final) state [; = 1 (I = 3). At very low energies due to the threshold behavior of
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the neutron induced direct reaction cross section o o< k2~!, where k; is the ®Li — n relative
moment, the 1/k; tail from the direct mechanism with /; = 0 will prevail. To compare the
result obtained in the present work with the OES cross section, the indirectly measured
two-body cross-section was corrected for the neutron penetrability factor of the centrifugal

barrier, which is missing in the THM two-body cross section. The centrifugal barrier is given
by:

1
= (9)
Y k(g (ki) 4 ng, (kir)?)
calculated for I; = 1, where j;, (k;r) and ny, (k;r) are respectively the spherical Bessel and

P,

Neumann functions and r is the channel radius. In the calculations the value r¢7; = 2.09 fm
from ref. [41] was used as interaction nuclear radius of ¢ Li.

Moreover, as in the THM measurement the neutrons take part to the reaction as off-shell
particles, a function representing the 1/v dependence of the cross section for slow neutrons
was introduced in the indirect data. In fig. 12, the indirect two-body cross section is
compared with the experimental direct data. As the center of mass angular region covered
by the indirect measurement is not very large, the comparison was performed with the direct
data integrated over the same range of 0., (0 = 95° — 110°) [36]. The indirect two body
cross section and the directly measured one present the same energy uncertainty, so the
comparison of the two data sets was performed without smearing out the direct data at a
larger energy bin, as it was done to compare the direct data with those coming from the
first experimental run [32]. Since eq. (3) does not allow to extract the absolute value of
the cross section, the indirect data are normalized to the direct ones. The normalization
factor is calculated in the energy region where the resonance is present so that the areas
of direct and indirect measured resonance peaks are equal. The two data sets show a very
good agreement, and the indirect measurement successfully reproduces both the energy of
the resonance peak and its FWHM.

The two body cross section obtained in this work was fitted using a sum of a Breit-Wigner
function and a function o< 1/y/E that describes the cross section for slow neutrons induced
reactions. The result is shown in fig. 13, where the full line gives the total fit function, while
the dotted and dashed line are the Breit-Wigner and the 1/v/E functions respectively. The
fitting procedure returns a resonance centered at energy of 204 + 4 keV with a FWHM of
96 4+ 8 keV/, in excellent agreement with the fit performed on the direct data.

As the correction for the centrifugal barrier depends on the value of the channel radius,
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FIG. 12: Two body cross section obtained in this work (open circles) compared with the directly
measured one (full dots) integrated over the center of mass angular region 6., = 95° — 110°. The

line just guides the eye.

several calculations were performed on varying this parameter from 2 fm up to 10 fm. In
the region of the resonance, the change of channel radius gives a small shift of the maximum

of the resonance (about 2 keV'), while the width of the resonance remains unchanged.

V. CONCLUSIONS

A new application of the QF reaction mechanism to study neutron induced reactions is
shown in this work. In particular the ®Li + d reaction was studied at LNS to get information
about the Li+n processes by using the break-up of 2H. Since the % Li+n excitation function
presents a very well known resonance corresponding to the 7Li excited level at 7.454 MeV
this reaction is a good benchmark for the method. In order to reproduce the central value
and the width of the resonance with a resolution comparable with that of the direct data,

the experiment was optimized reducing the experimental uncertainties. To achieve a very
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FIG. 13: Two body cross section fitted by a Breit-Wigner peak (dotted line) on a function o 1/vE

(dashed line). The full line represents the total fit function and the dots are the experimental data.

good resolution in the measurement of the angles of the outgoing particles, the detectors
were placed at 800 mm from the target. In addition, the beam energy and the detection
angles were fixed so that the identification of the reaction channel of interest was achieved
by means of kinematics, avoiding the use of AE detectors. Moreover, the “magnifying glass”
effect was used in order to increase the Fs;;_,, energy resolution with respect to the previous
experiment [32].

A careful analysis was performed taking into account the beam spot and the beam energy
spread on the target, the energy loss of the detected particles in the target and in the dead
layers of the detectors.

The agreement between the 6Li(n, o) H cross section obtained in this work and the direct
one in the same two-body center of mass angular region is very good. This demonstrates
that using an indirect method it is possible to reach a good resolution in measuring the cross

section of two body reactions induced by neutrons. This result represents an important test
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in view of further applications to key neutron induced reactions in nuclear astrophysics using
deuterons as a virtual source of neutrons. This technique is particularly interesting when
applied to processes involving radioactive species. Indeed, such studies can not be performed
with direct methods when the radioactive species have short lifetime (order of minutes or

less).
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