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Spectroscopy of high-lying resonances in ’Be by the measurement of (p, p), (p, d),
and (p, o) reactions with a radioactive 8Li beam
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We measured the *Li(p, p)®Li, 3Li(p, d)’Li, and 3Li(p, a)’He reactions at low energies using the thick
target inverse kinematics method, with a polyethylene [CH,], target and a radioactive 811 beam available at the
Radioactive Ion Beams in Brazil facility of Sdo Paulo. By measuring simultaneously several reaction channels
(p, p), (p,d), and (p, @), the still uncertain high-lying resonances of Be, close to the proton threshold, can
be studied and their parameters, such as energy, width, and spin parity can be more reliably determined. The
experimental excitation functions of the reactions *Li(p, p)’Li, ®Li(p, d)’Li, and ®Li(p, a)’He were analyzed
using the R-matrix theory, which allows us to infer the properties of the resonances. Multichannel R-matrix
analysis provides evidence for a significant clustering in the (p, d) channel. The experimental data and the

multichannel R-matrix analysis will be presented.
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I. INTRODUCTION

The study of weakly bound nuclei, radioactive or stable,
is of permanent interest in nuclear structure and in nuclear
reactions and the study of nuclei far from the stability valley,
also called exotic, is at the forefront of current research in nu-
clear physics [1]. Facilities that produce beams of radioactive
nuclei are being developed worldwide, and provide unique
opportunities to probe new aspects of nuclear physics [2—4]
and of nuclear astrophysics [5], as the existence of halo nuclei
or the emergence of new magic numbers, among others.

The concept of exoticism can be extended by consider-
ing either core excitations, or a larger number of cluster
constituents. Recently, core excitation has been observed
by inelastic scattering in '®Ne + p [6]. Modern scattering
calculations also involve core excitations, as an important
contribution to the reaction mechanism [7,8]. On the other
hand, most exotic nuclei present a two- or three-body struc-
ture. Some nuclei, such as '°C, can even be considered as
Borromean four-body systems (none of the two- or three-
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body substructures of the o + o + p + p system is bound),
but there is currently no experimental evidence for four-body
clustering.

In the present work, we intend to investigate exotic states
in °Be, near the proton threshold, possibly characterized by a
multicluster structure. At low proton energies, we probe the
9Be spectrum around E, ~ 18-20 MeV. This energy region
was previously studied by our group [9] (see also Erratum
[10]), but was limited to the 3Li(p, @)’He cross section. To
this aim, we use three reactions involving a radioactive Li
beam on a proton target. By observing simultaneously the
protons, the deuterons and the « particles, we determine the
excitation functions of the ®Li(p, p)®Li elastic scattering, and
the 8Li(p, d)"Li and 3Li(p, o) He transfer reactions.

The excitation functions of the 8Li(p, p)’Li, ®Li(p, d)'Li,
and ®Li(p, )’He reactions were analyzed by the R-matrix
theory [11,12]. It is a very convenient method to analyze
low-energy data. It introduces poles to describe bound states
and resonances in the excitation functions. The R-matrix
parameters, energies, and reduced widths, are associated with
properties of Be states. The simultaneous analysis of dif-
ferent reaction channels with common parameters provides
constraints on these parameters.

©2018 American Physical Society
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The paper is organized as follows. In Sec. II, we present
the experimental setup and method. Section III is devoted to
experimental data analysis and results. In Sec. IV is presented
the R-matrix analysis of the data, and a discussion of ‘Be
spectroscopy near the proton threshold. Concluding remarks
and outlook are presented in Sec. V. In an Appendix we give
all details about possible contamination in our experiment.

II. EXPERIMENTAL METHOD
A. RIBRAS facility and production of 3Li beams

The reactions of the ®Li + p system were studied with the
Radioactive Ion Beams in Brazil (RIBRAS) facility, installed
at the 8-UD Pelletron Tandem of the University of Sao Paulo.
The details can be found in Refs. [4,9,13,14] and a schematic
overview of the RIBRAS system can be seen at Fig. 1. The
facility consists of two superconducting solenoids with 6.5 T
maximum central field and a 30 cm clear warm bore, a produc-
tion target mounted in chamber (1) before the first solenoid, a
central scattering chamber (2) between the two solenoids, and
a large scattering chamber (3) after the second solenoid. Both
chambers (2) and (3) have target towers that can hold up to
four target foils and frames for AE-E Si telescopes to detect
particles scattered or produced on the targets.

The "Li** primary beam was accelerated by the Pelletron
Accelerator at energy of 24.4 MeV, and its current on the
production target was typically 300 nA. The primary beam
("Li) was stopped after the production target in a Faraday
cup, constituted by an isolated tungsten rod, which stops all
particles in the angular region from 0°—2°, and where the
primary beam intensities are integrated.

The ®Li®" beam with E = 22.5 MeV was produced by
the °Be(’Li, 8Li)®Be one-neutron transfer reaction (Q =
0.367 MeV) with a *Be foil of 16 m thickness as production
target. The tungsten stopper and a collimator at the entrance
of the first solenoid define the angular acceptance of the
system, which in the present experiment was, respectively, 4°
(between 2° and 6°) in the entrance of the first solenoid, and
2° (between 1.5° and 3.5°) at the exit of the second solenoid.
The angular straggling in targets and degraders will increase
the angular divergence of the secondary beam and this will be
detailed for each target and degrader in the following.

The secondary beams are selected and focused by the
solenoids according to their magnetic rigidity. The 3Li beam
transport to each of the chambers (2) and (3) was optimized
by varying the current of the corresponding solenoid and

maximizing the 3Li detected in a AE-E Si telescope after its
elastic scattering on a '°’ Au target mounted in the respective
chamber (2) or (3).

The radioactive 3Li beam can be purified after the second
solenoid by passing through a degrader mounted in chamber
(2), which changes the magnetic rigidity of the beam of
interest and contaminant beams by different amounts. The
method was tested previously with ®Li beam scattering in
a 7Au target of 5.3 mg/cm? thickness and detected by a
AE-E Si telescope with thicknesses of 50 um and 1000 pum,
respectively, in chamber (3), without and with a 4.6 mg/cm?
[CH;], degrader mounted in chamber (2). The identification
spectra obtained in this test were published in Refs. [4,14].
The degrader eliminated nearly all contaminant beams, and
the result was a 99% pure ®Li secondary beam in chamber
(3). In our experiment, to avoid possible recoil protons from
[CH,],, degrader in our proton spectra, we changed the mate-
rial to aluminum. The thickness of the degrader was calculated
by the code SIM-RIBRAS [15], which optimizes the purity of
the beam and calculates the currents in the solenoids. The
8Li beam with energy of 16.0 MeV stops in the 50 um AE
detector after passing through the '°” Au target of 5.3 mg/cm?.
We obtained purity of 98.4% of 8Li with 0.69% of “He, 0.9%
of *H and 0.01% of 'H as contaminants in our experiment
with the Al degrader.

B. Scattering setup for cross-section measurements

The measurements of the 3Li+ p cross sections were
performed in the scattering chamber (3) after the second
solenoid, with a pure 3Li secondary beam of 16.0 MeV
hitting a thick [CH,],, polyethylene target of 6.7 mg/cm?. The
reactions were measured in inverse kinematics, which yields
low energies in the center of mass reference frame.

Targets of '’ Au and natural carbon were also mounted,
respectively, with thicknesses of 5.3 and 15.0 mg/cm?. Mea-
surements of Rutherford elastic scattering '°’ Au(®Li, 8Li)
with the gold target were performed several times in order to
normalize the ®Li beam intensity, and the production rate was
quite constant (about 2 x 10* pps). Measurements with the
natural carbon target were also performed in order to subtract
possible reactions with the carbon present in the polyethylene
target.

The particles produced by the secondary beam on the
reaction targets were detected using a A E-E Si telescope with
thicknesses of 50 um and 1000 pm, respectively, covering

AE-E Silicon
Faraday Cup Secondary Detector
Primary f— Degrader Target
Target /_7t (—
Primary |
Beam . n
Chamber (1) Chamber (2) \—
Solenoid 1 Solenoid 2 Chamber (3)

FIG. 1. Schematic overview of the RIBRAS facility depicting its main components. Blue lines are simulated trajectories of secondary

beam transport through the setup.

064601-2



SPECTROSCOPY OF HIGH-LYING RESONANCES IN ...

PHYSICAL REVIEW C 98, 064601 (2018)

a geometrical solid angle of 12.0 msr. A large vertical Al
blocker, with a 3.5 cm diameter hole, aligned with the target
of 2 cm diameter, was placed 2 cm before the target holder
in order to clean the beam from contaminant ions arriving
into the target with different trajectories (see Fig. 1). A set
of collimators in front of the telescope prevented that con-
taminant beams with different trajectories reach the detectors.
The basis of the chamber consists of double, independently
rotating plates. For the 8Li + p measurements the Si telescope
was located at 6},, = 18°, which was a safe position with no
contamination in the measured spectra. The detectors were
calibrated using a standard «-particle source.

The angular divergence of the beam in the center of cham-
ber (2), before the degrader, is the divergence related to the
solenoid geometry (1.3°-5.5°), thus 3.2°. The SLi beam of
22.5 MeV and this divergence impinges on the Al degrader
of 7.5 mg/cm?. The total divergence after the degrader was
calculated as the quadratic sum of the original divergence
3.2° with the angular straggling of the ®Li beam passing
through the Al degrader (3.26°). This calculation yielded
FWHM = 4.5° around the average angle of £2.9°. This is
the angular divergence of the beam incident on the target
localized in the center of chamber (3). For the thick [CH»],
polyethylene target, the angular spread of the beam (which
stops in the target) has not much effect on the data since
we are detecting the backward center of mass angles, where
the direct contribution to the reaction should be negligible.
The localization of the reaction spot can be larger by a small
amount and consequently the energy resolution of the light
particles.

For the Au target the effect is much more important.
The angular straggling in the Au target is FWHM = 5.7°.
Performing the quadratic sum of the two factors, we obtain
FWHM = 7.3° around £2.9°, or a beam with total angu-
lar opening of +6.55° after having passed through the Al
degrader and the Au secondary target. The detection angle
is B = 18° & 2°. If the undiverted beam can emerge from
the target at +6.55° than the smallest and largest scatter-
ing angles can be, respectively, 9.5° and 26.5°, and they
can enter into the telescope, when the geometrical average
angle of the telescope = 18 £ 2°. The determination of the
effective average scattering angle is of foremost importance.
The Rutherford elastic scattering of ®Li on Au is assumed
to determine the number of incident beam particles on the
target and such Rutherford cross section has a rapid variation
with the scattering angle. This concept is mainly important
for radioactive ion beams produced, in flight, by transfer
reactions [4], due to the large angular divergence of the beam
scattered on a detector with large angular opening, positioned
at forward angles. Further details can be found in Ref. [4]
and in other publications realized with a similar technique at
RIBRAS [9,13,14,16-26].

The AE-E Si telescope in use was moved during the
experiment to measure the 5Li 4 '°” Au angular distribution.
It is presented on Fig. 2(a). When the geometrical scattering
angle was considered the cross section increased above the
Rutherford cross section at forward angles. A Monte Carlo
simulation was developed to solve this problem, which takes
into account the collimator size, the secondary beam spot
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FIG. 2. (a) The yield of the experimental ®Li 4+ '’ Au angular
distribution is presented by black squares. The red line is the Ruther-
ford cross section. (b) Using the effective average scattering angle
instead of the geometrical one, the angular distribution agrees with
the Rutherford cross section.

size (¢ =7 mm), the secondary beam divergence, the an-
gular straggling in the degrader and secondary target, and
the angular distribution of the emitted particles. It yields the
effective average detection angle, the total angular uncertainty
(0ang = 2.2°) and the effective solid angle. The effective av-
erage detection angle is calculated as the weighted average
angle, where the weight is given by the number of particles
arriving/unit angle, or weighted by the Rutherford differential
cross section, in our case. Its calculated value was Ger = 15.7°
for 615 = 18°. The experimental angular distribution on gold
confirmed the angular shift in calculated angle values. We
show on Fig. 2(b) that using the effective angles instead of the
geometrical ones the measured angular distribution followed
the Rutherford behavior, proving the correctness of the cal-
culations. The angular correction was very important for the
gold target and for the calculation of the 3Li beam intensity.
It is important to mention that the angular dependence of
the 8Li(p, p)®Li, 8Li(p, d)"Li, and ®Li(p, o)’ He reactions is
much weaker than the Rutherford cross section and for these
reactions we assume Gt = G, = 18°.

C. Thick target inverse kinematics method and results

The measurement of the SLi(p, p)gLi, SLi(p, d)7Li, and
8Li(p, @) He excitation functions was performed using the
so-called thick target inverse kinematics (TTIK) method, with
a 8Li secondary beam impinging on a 6.7 mg/cm? thick
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[CH;], polyethylene foil. The reaction between the 81 and
the target protons can form the compound system °Be. The
8Li loses energy in the target until it stops, and the reaction
is performed continuously at all energies from the maximum
energy down to zero. Whenever a resonance in *Be is popu-
lated, a larger number of p, d, and « particles can be produced
and detected in the Si telescopes, producing a peak in the
respective spectra. The energy spectra of the emitted light
particles, protons, deuterons, and « particles thus corresponds
to the excitation functions of the reactions (p, p), (p, d), and
(p, ).

The great advantage of the method is the good energy
resolution, which does not depend on the energy dispersion
of the incident 8Li beam, which in the present experiment was
o (®Li) = 370 keV, measured by the elastic scattering peak on
the 7 Au target in chamber (3). The ®Li beam particles having
different energies in the beam envelope, will perform the same
reaction at slightly different points in the target, but the light
particles emitted have the same energy. The energy dispersion
in the detected energy will be due to the slightly different
energy loss of the light particles as they travel different
distances in the target. As the energy loss of the light particles
is quite small, the resolution will be very good. We calculated
this energy resolution, converting the energy dispersion of
the 3Li beam into a distance Ax through its stopping power
dE/dx and reconverting Ax into the energy dispersion of
the protons, deuterons, and « particles, using their respective
stopping powers. The energy resolution of the light particles
was o(p) =16keV, o(d) =23 keV, and o(a) = 56 keV.
The energy variation of the resolution is related to the energy
variation of the stopping power: as the Bragg peak of the light
ions is situated at very low energies, for higher incident energy
the light particles will have higher energy and lower stopping
power, resulting in better resolution.

The maximum energies of the protons, deuterons, and
o particles, from the reactions 3Li(p, p)SLi, 3Li(p, d)'Li,
and 8Li( P, oz)SHe, detected at 6O, = 18°, are respec-
tively E,(detector) = 5.15 MeV, E,(detector) = 7.06 MeV,
E,(detector) = 4.5 MeV, and E,(detector) = 26.0 MeV tak-
ing into account the energy losses in the target.

Protons, deuterons, and tritons stop in the 50 um AE
detector with energies, respectively, less than 2, 4, and 6 MeV.
The electronic noise pollutes the proton and deuteron spectra
up to 3.5 and 5 MeV. Thus we do not observe the tritons from
the ®Li(p, )°Li reaction in our spectra. The light ejectiles,
protons, deuterons, and « particles were detected at forward
laboratory angle 18°, which corresponds for the elastic scat-
tering to the backward center of mass angle 144°.

On Fig. 3 (top) we present the bidimensional identification
spectrum of the Si telescope at 8j,, = 18°, using the thick
[CH;], target. We clearly see well-separated proton, deuteron,
triton, and o strips. In this measurement we had 4.5 x 103
incident ®Li beam particles. We also measured in the same
conditions, spectra using the gold and the carbon targets, in
order to see the possible contaminant beams, and the contam-
inant reactions on the carbon content of the polyethylene foil.
On the gold target (Fig. 3, middle), with 0.85 x 108 incident
8Li beam particles, there are no protons and deuterons, only «
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FIG. 3. Bidimensional identification spectra obtained using a
Si telescope at i, = 18° in the scattering chamber (3), with the
secondary beam of Ej,, = 16.0 MeV. We clearly see well-separated
proton, deuteron, triton, and « strips. The beam was focused, respec-
tively, on: the [CH,], target of 6.7 mg/cm2 (top), with 4.5 x 108
incident 8Li beam particles; a '’ Au target of 5.3 mg/cm? (middle)
with 0.85 x 10% incident ®Li beam particles; a carbon target of
15 mg/cm?(bottom) with 8.2 x 108 incident 3Li beam particles.

particles and tritons (two spots), with well-defined energies.
They represent the 1.6% contamination in the purified 8Li
beam. On the carbon target, we performed measurements
with 8.2 x 10® incident Li beam particles. We can see qual-
itatively, that there are very few « particles, tritons, and
deuterons, and somewhat more protons. In the next section
we give our conclusions about possible contaminations.
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D. Possible contamination

We list all possible reactions between the possible beams
arriving on the target (8Li, d, t, o) and the target constituents
(p, 12C). We calculated their kinematics, and determined the
energy range of light ejectiles as protons, deuterons, and o
particles arriving in our detector. We give the conclusions in
this section and all details are presented in the Appendix, at
the end of the paper. Table II in the Appendix has all possible
reactions and their energy range in the detectors.

The proton spectrum has no contamination in the energy
range of interest between E,(detector) =3.5—-5.15 MeV,
however the protons we observed with energies between 5.2
and 10.5 MeV can come from 'H(«, p)*He, 'H(z, p)*H, and
12C(a, p)"N reactions.

The maximum detected deuteron energy is about 7.5 MeV,
which is close to the kinematic limit of the (p, d) reaction
of interest. The possible contaminant reactions should yield
higher energy deuterons, so we can conclude that they are not
observed. This conclusion is also supported by the very low
yield of deuterons (and «’s) on the carbon target, which had
similar number of incident particles.

The same argument supports that the o spectrum is also
free from contamination. « particles produced with energy
below 18 MeV are out of the region measured with purified
8Li beam, presenting no harm to our data.

III. DATA ANALYSIS

The energy of the light particles detected in the Si tele-
scopes depends on the detection angle, on the target thickness,
and on the incident energy of the 8Li beam. In order to
transform these energies into center-of-mass energy of the
8Li + p system, we performed simulations, using the follow-
ing procedure. The thick target was divided into thin slices of
0.1 mg/cm?. The energy of the 3Li beam at the end of each
slice was calculated by subtracting the energy loss from the
incident energy. Then the energy of the emitted light particle
(p,d, t, a) was obtained from the kinematics of the respective
two-body reaction, followed by the energy loss calculation of
the light particles in the rest of the target. This calculation
yielded the correspondence between the detected light particle
energy and ®Li energy, as a function of the angle and incident
energy. The center of mass energy of ®Li+ p system can
be easily calculated from ®Li laboratory energy. However,
the transformation would be wrong if the recoiling heavier
particle was excited. Thus for the 8Li( p,d )’Li channel, where
the recoiling "Li could be excited, we present the energy
spectra not as a function of E.,, but of the light particle’s
laboratory energy immediately after the reaction. This energy
can also be obtained from the same simulation.

The differential cross section in the center of mass frame is
calculated using

NJ
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where N is the total number of light particles detected with
energy corresponding to the interval E and E + AE(Li),
A is the solid angle of the detector considered, Nj, is the
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FIG. 4. The experimental cross section of the reaction
8Li(p, @)’He before (black dots) and after (blue triangles) the
subtraction of the o particles from the decay of He (red dots), and
of the phase-space three-body breakup (green triangles).

o

number of ®Li ions incident on the secondary target, J is the
Jacobian that converts the geometrical solid angle from the
laboratory frame to the center of mass frame. The number
of target atoms per unit area, Nige, 1S NOt constant, since
the energy loss of the beam, A E(8Li) per unit distance Ax,
depends on the energy. Niarge: is calculated using

AE(LI)
Ntarget = "4 - (2)
dx

Details on the analysis method of the ®Li(p, «)’He re-
action can be found in Ref. [9]. This reaction needs some
special attention, since the recoiling SHe is unbound and
breaks up into an « particle and a neutron. Observing the
variation with angle of the resonance energy (centroid), at
E .. = 1.7 MeV, and comparing with two-body kinematics,
we have shown that the 'H(®Li, «)’He reaction was a two-
body reaction [9]. Most of the breakup of SHe occurs, when
the “He ejectile and the recoiling He are moving away. This
finding is in agreement with the half-life of the SHe ground
state (Ti2 = 1 x 107! s). Similarly, in the 'H(®Li, ®Be)n
reaction the ®Be is unbound breaking into two o particles,
and their energy and kinematic angular variation does not
agree with the observation. The contribution of the breakup
o particles, as well as the continuous energy distribution of o
particles resulting from the phase-space three-body breakup,
were calculated and subtracted from the energy spectra.

In Fig. 4 we present our cross section for the reaction
8Li(p, @) He without the subtraction of backgrounds (black
dots), the background due to « particles from the decay of >He
(red dots), the background due to the phase-space three-body
breakup (green triangles) and the final cross section after the
subtraction of backgrounds (blue triangles). This subtraction
affects mainly the form and the width of the peak, and thus
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FIG. 5. The experimental cross sections of the reactions (a)
8Li(p, p)iLi, (b) ®Li(p, @) He, and (c) 3Li(p, d)’Li measured at
01 = 18° with the secondary beam of Ej,, = 16.0 MeV. The black
dots and red crosses in (a) were obtained, respectively, without and
with the subtraction of the background of protons detected with
Carbon target.

is very important for a correct determination of the resonance
parameters.

The cross sections for the reactions SLi(p, p)’Li,
8Li(p, d)"Li, and ®Li(p, «)’He were calculated following
Egs. (1) and (2). For the proton spectrum we subtracted
the proton background measured with carbon target. For the
deuteron spectrum no background was subtracted and for the
a spectrum the subtraction explained above and shown on
Fig. 4 was performed.

A. Results

In Fig. 5 we present our cross sections for the reactions
8Li(p, p)iLi, 8Li(p, d)"Li, and 3Li(p, @)’He measured at

.:"g?’o' 8Li(p,)°He +

A d
. | H‘ﬂﬂ?
Pl T

06 08 10 12 14 16 1.8 20 22
Ec.m. (MeV)

FIG. 6. The superposition of the experimental ®Li(p, a)’He
cross sections measured in three experiments is presented. The red
dots represent the cross section of 3Li(p, «)’He measured at Ey,, =
18.7 MeV and 6y,, = 10° [27]. The black squares correspond to the
8Li( D, o)’ He measurement of Mendes ef al. [9] (see also Erratum
[10]). The blue triangles represent the cross sections shown on
Fig. 5(b).

Elab(SLi) = 16.0 MeV and at 0),, = 18°. The black dots and
red crosses of the 3Li(p, p)SLi cross section of Fig. 5(a) were
obtained, respectively, without and with the subtraction of the
background due to protons detected with carbon target. The
8Li(p,oe)SHe cross section of Fig. 5(b) was obtained by
the subtraction of the decay and phase-space backgrounds
shown on Fig. 4. The ®Li(p, d)’Li cross section had no
background due to contamination (see Fig. 3) and phase-space
decay.

In the ®Li(p, p)®Li data [Fig. 5(a)] we see a strong min-
imum at E.;, = 1.63 MeV, which is close in energy to the
strong peak we observe in the gLi(p, o) He data [Fig. 5(b)].
On the other hand, on the ®Li(p, d)’Li channel [Fig. 5(c)],
data suggest the presence of two peaks around E,(reaction) =
7.1 and 7.8 MeV.

The absolute normalization of the cross section at
Olap = 18° with the secondary beam of Ej, = 16.0 MeV
was obtained from the measurements of the Rutherford
elastic scattering of the 8Li beam on a gold target in chamber
(3). The elastic angular distribution allowed us to determine
correctly the effective scattering angle, independently from
calculations.

B. Previous measurements and results

In Figs. 6 and 7 we present the results of our previous
measurements. We have measured the same reactions of the
8Li + p system, using Eyp, = 18.7 MeV and 6y, = 10° [27]
with a purified *Li beam. In Fig. 6 is shown, using red dots, the
8Li( D, oz)5 He cross section in arbitrary units, where again, we
see the large peak around E. ;, = 1.65 MeV. In this measure-
ment we could not obtain the 8Li + '°” Au angular distribution
and determine the effective scattering angle, thus the absolute
normalization is uncertain. In Fig. 6 is represented with black
squares the cross section of the SLi(p, «)’He reaction at
Oy = 13.5°, measured with an incident 8Li beam of Ej,, =
19.0 MeV [9] (see also Erratum [10]). In Fig. 6 we show
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FIG. 7. (a) The cross section of ®Li(p, d)"Li measured at E, =
18.7 MeV and 6},, = 10° [27]. (b) The comparison, as a function of
E. ., of two measurements of the reaction ®Li(p, d)'Li at different
incident energies and angles.

the superposition of all three measurements of 3Li(p, o)’ He,
the one on Fig. 5(b), with E., < 1.786 MeV and those on
Fig. 6 with E.,, < 2.08 MeV and 2.11 MeV, respectively.
All three correspond clearly to the same resonance, but there
are differences in width and absolute value.

The difference with the red dot data points of Fig. 6 can
be accounted on its problems in the absolute value. The
disagreement between the width and the absolute value of
the black squares, data of Mendes et al. (Ej;, = 19.0 MeV)
and our recent data, blue triangles, (Ej,, = 16.0 MeV) will be
discussed in more detail in the next section.

In Fig. 7(a) we present the energy spectrum of the detected
deuterons measured using Ej, = 18.7 MeV and 6, = 10°
[27]. The energy axis is the deuteron energy at the reaction in
the target. A strong peak appears at 8.5 MeV. It corresponds to
the elastic scattering of a contaminant deuteron beam, focused
by the second solenoid, on the proton target. Next to it, at
7.7 MeV, appears a smaller peak corresponding to the reaction
8Li(p, d)"Li. At E(reaction) = 5.5 MeV another peak is
visible, which corresponds to E.,, = 1.1 MeV. There is a
resonance at this energy quoted in the literature [28], which
was not observed in the 3Li( D, o)’ He reaction.

In Fig. 7(b) we superimpose the recent and the previous
8Li( p,d Y'Li cross sections, measured at different energies
and different angles. When plotted as function of E.., (the
conversion from deuteron energy to E.., was performed
assuming the recoiling 'Li in its ground state), the lower-
energy peaks coincide in position around E., = 1.6 MeV.
The higher-energy peak is covered by the contamination in
the previous data, but is clearly observed in our recent mea-
surement at E. ,,, = 1.75 MeV. The remarkable superposition
of the peaks as a function of E.p, reinforce the existence of
two peaks in the Li(p, d)’Li spectrum.

A measurement of the 8Li( p.d Y'Li angular distribution at
E.n. =4.0 MeV has been performed recently by Li Yun-
Ju et al. [29], and suggests that the 'Li ground and first
excited states are equally populated. These data, however, are
measured at a different center of mass energy and do not
provide information on the resonance structure.

There are two possible interpretations for the existence
of two peaks in the ®Li(p, d)’Li channel. One is that the
two peaks are due to two channels leading to "Liy and "Li*
recoiling nuclei. Performing the kinematic calculation of the
energies of the deuterons emitted from the ®Li(p, d)’Li and
8Li(p, d)"Li* reactions, leading to "Lig and its first excited
state at 0.4776 MeV at Ej;, = 16.0 MeV and 6,, = 18°, re-
spectively, we find E;(reaction) = 7.8 and 6.8 MeV. Thus this
energy separation is about 300 keV larger than the distance
between the observed peaks.

The second interpretation is of the existence of two res-
onances in the compound nucleus °Be, as it was already
suggested in our previous work [9], with E, = 1.69(3)
with Ty = 680(90) keV and E, = 1.76(4) with [y =
490(80) keV, respectively. If the energy difference between
the two resonances is AE., = 155 keV, it yields an energy
difference between the two peaks in the deuteron spectrum
of AEp(d)=155%(9/2) =700 keV. Those peaks would
then correspond to E., = 1.6 and 1.75 MeV in the SLi+ )4
system. However, these resonances should be considerably
narrower than the ones found in the previous work, to cor-
respond to the Fig. 7(b).

The first interpretation (the two peaks are due to two
channels leading to "Lig and "Li* recoiling nuclei) would be a
very important result, with the structure of the °Be resonance
having an excited ’Li* core coupled with a deuteron. The
second interpretation also leads to a very relevant conclusion,
because it clearly proves the existence of two close-lying
resonances at high excitation energies in *Be.

The published cross section [9] is affected by an unnec-
essary normalization factor dE(®Li)/dE,, associated with
the conversion from the « energy to the 3Li energy and its
removal reduces the cross section (see Erratum [10]). Thus, in
Fig. 6 we present the 8Li(p, a) He cross section without this
normalization.

IV. R-MATRIX ANALYSIS OF THE DATA

The R-matrix theory [11,12] is an ideal tool to analyze
low-energy data. It is based on the existence of two regions,
separated by the channel radius a. In the internal region,
the physics of the problem is described by real and energy-
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independent parameters. In the external region, the colliding
nuclei interact through the Coulomb force only. The R-matrix
parameters, energies and reduced widths, are associated with
properties of states of the compound system, in our case, the
Be. The simultaneous analysis of (p, p), (p,d), and (p, @)
data with common parameters provides constraints on these
parameters. For example, the energies and proton widths of
the resonances are common to the three processes.

Information on clustering or, in other words, on the defor-
mation of a state, can be inferred from the reduced widths
y? in the various channels. When 2 exhausts a significant
fraction (typically ~ 10-20%) of the Wigner limit (y32 =
3h%/2ua®, where p is the reduced mass), the reduced width
brings out a dominant cluster structure in the corresponding
channel. This method has been mostly used in elastic and
inelastic scattering to investigate proton-rich nuclei [6,30].

In its ground state, Be can be accurately described by an
o + o + n three-body model [31]. This structure corresponds
to a Borromean system, for which none of the two-body
subsystems (« + « and « + n) is bound. At high excitation
energies (the proton threshold energy is O, = 16.89 MeV),
the °Be spectrum is, however, more complex, and other cluster
structures can be expected. The availability of (p, p), (p, d),
and (p, ) cross sections obtained simultaneously in the same
energy range provides an excellent opportunity to probe the
9Be structure in this energy region.

The present cross sections are then analyzed in terms of a
multichannel R-matrix calculation. In this way the transfer to
excited state of "Li and of He can also be included among the
channels For a given partial wave J”, the R matrix involving
the initial channel i and the final channel f is given by

N ViAV}
Ry(E)=) 7% 3)

r=1

where index A refers to the N poles, associated with reso-
nances and bound states. The energies are denoted as E;, and
the reduced partial widths in channel ¢ as y/. The present
analysis involves five channels: proton (¢ = 1), o (¢ = 2),
o' (c=3),d(c=4),andd (c =5).

The R-matrix parameters (E;,y)) are real and energy
independent. They are specific to the R-matrix theory, and
depend on the channel radius. They can be transformed into
observed parameters, the resonance energies E, and the par-
tial widths I';, by well-known techniques [32].

From the R-matrices, the scattering matrices S 77 can be
obtained [11,12]. They provide the elastic cross sections from
the diagonal elements S}, by using standard formula of
the scattering theory. The various transfer cross sections to
channels ¢ are obtained from

d 1
<£) ~ 10k2 Y Bej(E)P;(cosh), 4)
¢ j

where k is the wave number in the 3Li + p entrance chan-
nel, P;(x) is a Legendre polynomial, and B, ;(E) are the
anisotropy coefficients, directly deduced from the nondiago-
nal elements S{C’T in the different partial waves (see Ref. [11],
Sec. VIII). In Eq. (4), 0 is the c.m. scattering angle.

The R-matrix code [12] was modified in order to include
the channels, where the recoiling nuclei are in excited states.
The center-of-mass energy above the reaction threshold was
transformed into laboratory energy of the ejectiles, which
are different when the recoil is excited, even if the reso-
nance energy is the same. The present analysis involves five
channels: proton (¢ = 1), « (¢ =2), &' (¢ =3),d (c =4),
and d’' (¢ =5), where o/, and d’ refer, respectively, to the
recoiling nuclei >He and "Li in their first excited states. For the
8Li(p,oz)SHe and 8Li(p, d)7Li cross sections, respectively,
we have summed the R-matrix contributions of the ground
and first excited states.

In the energy region close to the threshold, two resonances
are important and described in the literature [28] at E., =
0.41 and 0.605 MeV, with tentative J™ = (5/2) and (7/2)%,
and N = 200 and 47 keV values, respectively. We observed
in our previous work [9] both resonances in the (p, ) channel,
confirmed their energy and tentative spin/parity and suggested
proton and « partial widths.

For the energy region between E.. = 1.0-2.5 MeV,
Ref. [28] indicates resonances at E.,, = 1.13(5) MeV (ob-
served in electron scattering), at 1.69(4) MeV [observed in
the "Li(d, p)®Li reaction], both without spin/parity or width
attribution. The resonance at 1.76(5) MeV was observed
in 9Be(p, p)gBe measurement [34] and J” = (3/2%) and
IMotal = 300 & 100 keV was attributed. They did not observe
the resonance at 1.69 MeV. Looking at their data it seems pos-
sible that they did not separate the close-lying resonances and
their [y refers to their superposition. The contribution of the
decay of the hypernucleus 7 Li, where a T = 3/2 state in *Be
was observed at E., = 1.7(1) MeV [35], motivated Tilley
to attribute J* = (5/27) to the resonance at 1.76 MeV. Reso-
nances were observed also at 2.31(5) MeV and 2.53(5) MeV,
without spin/parity attributions and Iy = 310 £ 80 keV
and 600 £ 300 keV, respectively. These higher-lying reso-
nances were not included in our calculations since they are
out of our energy range, no experimental data exist for our
reactions, and we do not know anything about their spin/parity
and partial widths values. Our energy region is limited below
2.00 MeV. In all our experiments (see Fig. 6) we observed
a large peak in the 8Li(p, o)’ He reaction around E., =
1.6—1.75 MeV, which probably corresponds to a superposi-
tion of the previously observed resonances at 1.69(4) MeV
and 1.76(5) MeV.

In the R-matrix calculations of Ref. [9], besides the low-
energy resonances (E, = 0.41 and 0.65 MeV), two reso-
nances were introduced to fit the peak at E., = 1.7 MeV,
with energies and spins/parities, of E, = 1.69 MeV, J™ =
5/2%,and E, = 1.76 MeV, J™ = 7/2". In this previous work
only the excitation function of the 8Li( D, «)’He reaction was
measured and only I', and I, partial widths were considered.
We began our calculations adopting the same resonance pa-
rameters, and allowing large variations of I',, I, and I'y.
Not only the elastic channel was impossible to reproduce
in form and absolute value, but also the simultaneous fit
of the 3Li(p, d)’Li and ®Li(p, @)’He reactions was impos-
sible. We also verified that the channel with excited He*
was unimportant, and thus we assumed I'y (c = 3) to be
negligible.
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TABLE I. Resonance properties (energies in MeV, widths in keV) obtained from R-matrix fit. Energies are given with respect to the

8Li + p threshold (16.888 MeV).

Present Literature [28]
E, Jr r, I, | 7 E, JT r
0.42 £+ 0.007 5/2~ 40 £+ 10 20 £ 3 150 + 7¢ 0.41 £ 0.007 5/2)~ 200
0.61 £ 0.007 7/2% 1.0 £ 0.2 39 + 4 7+3 0.605 £ 0.007 (7/2)* 47
1.10 £0.03 3/2%F 10 &= 7 30 + 10 10 £ 5 1.13 + 0.05
1.65 £0.04 7/2- 185 £+ 10 185 + 12 95 £ 7 30 £ 5 1.69 £+ 0.04
1.80 £ 0.04 5/2~ 20 &£ 5 14 £ 2 25+ 5 20+ 5 1.76 4+ 0.05 (5/27) 300 + 100

“Fitted on the "Li(d, p)®Li integrated cross section [33] near the resonance.

It is quite understandable that the inclusion of two or
maybe three new decay channels strongly constrains the res-
onance parameters, and modifications are necessary to fit the
new channels as well. We adjusted the R-matrix calculation
only to our recent data, presented in Fig. 5.

A systematic search was performed, varying spins/parities
and resonance parameters, in order to reproduce the elastic
and the transfer cross sections. For the energy region around
E.. = 1.6-1.8 MeV, besides the resonances quoted in the
literature [28] at E, = 0.41 MeV, 0.605 MeV, 1.1 MeV,
we began including only one resonance at energy E, =
1.65(4) MeV, with J* =7/27 and large I', and ['; widths.
We could get reasonable fits of the (p, p) and (p, o) channels
and any other spin/parity attribution would not produce a
minimum in (p, p) at the resonance energy. However, the
double peak at E (reaction) = 7.1 and 7.8 MeV in the (p, d)
data was not reproduced by this calculation. We included a
second resonance at E, = 1.76 MeV and varied all resonance
parameters with the strong constraint of the form of the elastic
cross section.

The best fit, which reproduced quite well all three excita-
tion functions, was obtained assuming two resonances, one at
E, =1.65(4) MeV, with J* =7/27 and large I',, 'y and 'y
widths and the other at E, = 1.80(4) MeV, with J* =5/27,
as suggested by Tilley et al., with smaller partial widths. When
using J* = 3/2% as suggested by Ref. [34] for the second
resonance, we had a much worse agreement for the absolute
values. The parameters of the best fit calculation are presented
in Table I, where we include also new information on the
lower lying resonances. The energies of these two resonances
agree within the uncertainties with the energies quoted in
Ref. [28]. In our calculations we included a direct background,
described by a 3/2% resonance at E. ,, = 5.0 MeV with ", =
10.4 MeV and all other partial widths close to zero. The
large partial widths ', 'y, and Iy of E, =1.65(4) MeV
are needed to reproduce the large width and absolute value
of the peak in the ®Li(p, )’He cross section, and the depth
and the absolute value of the minimum in the 3Li(p, p)’Li
cross section.

Tilley et al. [28] quoted T = 3/2 for the higher-lying
resonance, at E, = 1.80(4) MeV, and in this case the I', and
", widths should be zero, since “He + He and "Li + d have
T = 1/2. Effectively, in order to reproduce the much smaller
width of the double peak in the ®Li(p, d)’Li cross section

the resonance at E, = 1.80 MeV has much smaller partial
widths, however the double peak in (p, d) is mainly produced
by the two channels, the 3Li(p, d)"Li and the ®Li(p, d)"Li*
and thus both I'; and I'y need to be nonzero, indicating a
possible isospin mixing in the E, = 1.80(4) MeV resonance.
The result of the calculations is presented on Fig. 8. The
reduced yx? of the multichannel calculation is 1.1.

The disagreement between the 8Li(p, «)’He reaction data
of Mendes et al. [9] and our recent data (see Fig. 6) can
be better discussed in the light of the R-matrix calculations.
One could argue that in the recent experiment we did not
populate entirely the resonance at E, = 1.80(4) MeV and this
is the origin of the difference in width and absolute value,
observed in Fig. 6. However, in the measurements performed
at 18.7 MeV, where this resonance is fully populated, the
width of the peak agrees with our recent data of 16.0 MeV.
Moreover, if the partial widths of the proton and « channels
at E, = 1.80(4) MeV are increased to reproduce the previous
data, the double peak in 8Li(p, d)’Li disappears and the fit of
the 8Li(p, p)Li gets much worse. The R-matrix calculation
yields similar absolute values for the 8Li(p, «) He reaction at
the three laboratory angles we have data points: 10.0°, 13.5°,
and 18.0°. They correspond to 6., = 161.0°, 154.3°, and
147.0°, respectively, for the (p, o) channel. The difference
in absolute value between these experimental data is about
36%, even larger than the a 1/ sin(0..,.) behavior, typical of
thermalized compound nucleus. It is possible that a direct
reaction contribution is responsible for the difference in the
(p, o) cross sections.

The 5/27 resonance near E., = 0.41 MeV determines
the 8Li(d , p)7Li cross section at low energies [33], and is used
to normalize the "Be(p, y)*B cross section [36]. We started
from I', and I'; values, which reproduce the cross section near
this resonance, and adjusted I',, to account for the structure in
the 3Li( D, «)’He cross section at low energies [9].

From the R-matrix partial widths of the two close-lying
resonances, we calculated the reduced widths y? and the
dimensionless reduced widths 62 for the « and d channels.
The 9(3 values of the resonances at 1.65 and 1.80 MeV are,
respectively, 1.4(1)% and 0.11(2)%. However, the resonance
at 1.65 MeV, with J” =7/27 and £ = 2 has 03 = 7.4(6)%,
which indicates a strong "Li+d clustering in this state,
similar to the E, = 0.42 MeV resonance, which has 63 =
10.5(5)%.
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FIG. 8. The experimental cross sections of the reactions
8Li(p, p)iLi [in (a)], 3Li(p, «)’He [in (b)], Li(p,d)’Li [in (c)]
measured at 6, = 18° with E,;, = 16.0 MeV. The red solid line is
the result of the best fit R-matrix calculation using the resonance pa-
rameters presented on Table I and was obtained including excitation
of the recoiling "Li in the reaction 8Li(p, d)"Li. More details and
explanations in the text.

V. CONCLUSIONS

We have performed a simultaneous measurement of the
8Li(p, p)®Li, ®Li(p, d)"Li, and ®Li(p, a)’He cross sections
at low energies. The data measured at the laboratory angle
Blab = 18°, where the possible contamination had very low
yield, allowed us to measure accurately the absolute values
of the cross sections of elastic scattering and transfer re-
actions. The availability of the three cross sections, and in
particular of the elastic cross section, puts constraints on the
R-matrix fits. With a common set of R-matrix parameters
assuming two resonances, one at E, = 1.65(4) MeV, with

J* =7/27 and large I',, I'y, and I’y widths and the other
at £, = 1.80(4) MeV, with J* = 5/27, with smaller partial
widths, the three cross sections can be fitted well, with a
reduced x? of 1.1. These resonances should correspond to
the resonances previously observed and presented in Ref. [28]
at E, = 1.69(4) MeV and 1.76(5) MeV since the energies
agree within the uncertainties. In the 8Li(p, d)’Li data we
see two peaks, which strongly constrain not only the energies
but also the partial widths of the two close-lying resonances
needed to give a good fit to the data. The 3Li(p, d)'Li and
8Li(p, d)’Li* reactions leading to "Liy and its first excited
state at 0.4776 MeV are necessary to describe the double peak
in the ®Li(p, d)"Li data.

The dimensionless reduced widths 6% for the « channel
of the resonances at 1.65 and 1.80 MeV are, respectively,
1.4(1)% and 0.11(2)%. However, for the d channel the res-
onance at 1.65 MeV, with J* =7/27 and ¢ = 2 has 9% =
7.4(6)%, which indicates a strong 'Li 4 d clustering in this
state, similar to the E, = 0.42 MeV resonance, which has
63 = 10.5(5)%. The "Li ground state shows a strong cluster-
ing in @ + ¢ and the weakly bound deuteron can be described
as constituted by two cores, a proton and a neutron. Thus,
the ®Li(p, d)Li data suggest a four-body o + ¢ + p + n res-
onance near E, = 18.55 +0.04 MeV in °Be. Its theoretical
interpretation is a challenge for cluster models, and it certainly
deserves further experimental and theoretical studies. In par-
ticular, a similar resonance with £ = O should exist at lower
energies.
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APPENDIX

Our goal in this Appendix is to discuss possible contam-
ination in our data, but also to show that the TTIK method
can be used with exotic beams produced by the in-flight
method, however, it demands a very careful analysis of all
possible contaminant reactions. Light particles can appear
in the energy spectra also from spurious reactions on the
[CH,], target. For the measurements performed at 6, =
18° +2° and Ein.((Li) = 16.0 MeV we consider the beam
of interest 8Li and the main contaminant beams, visible on
Fig. 3 (middle), “He and *H. The amounts of *He and *H with
respect to 81 are, respectively, 0.69% and 0.9%, as measured
on the gold target. The energies available are Ej,p(°Li) =
16.0-0 MeV, as the ®Li stops in the target. The “He beam
has incident energy between 17-18 MeV, and considering
its energy loss in the [CH;],/carbon targets, respectively, it
can produce reactions with energy between Ej,, (o) = 18-14
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TABLE II. Available information on the energy range in the detectors of all possible contaminant reactions that can occur between 3Li,
o, triton, and deuteron beams on the [CH;], target. The energy losses of the beams and of the ejectiles in the target are taken into account.

Energies are expressed in MeV.

Contaminant reactions affecting the proton spectrum

Reactions Qg B E CLi1) Ep(a) Ep (1) E(d) E,(det) Observed?
'H(e, p)*He 0 18° - 18-14 - - 10.5-7.9 Yes
'H(z, p)*H 0 18° - - 6-5 - 3.3 No
'H(t, p)°*H 0 18° - - 12-11 - 7.8 Yes
2¢c@éL, p)o +10.32 18° 16.0-0 - - - 23-10 No
2C(a, p)°N —4.9 18° - 18-14 - - 10.7-7.3 Yes
2¢(, p)'*c +4.65 18° - - 6-5 - 10-8.6 Yes
2¢(, p)c +4.65 18° - - 12-11 - 15.5-15.3 No
Contaminant reactions affecting the deuteron spectrum
Reactions Qs Oab EinCLI) Ep(a) Ep (1) En(d) E;(det) Observed?
"H(w, d)’He —18.35 10° - 16.6-13 - - - No
"H(w, d)*He —18.35 18° - 18-14 - - - No
"H(t, d)’H —4.03 10° - - 5.1-3.5 - - No
"H(t, d)*H —4.03 10° - - 14.2-13.5 - - No
'H(t, d)*H —4.03 18° - - 6-5 - - No
"H(t, d)*H —4.03 18° - - 12-11 - - No
'H(d, d)'H 0 10° - - - 8.3-7.5 7.8-7.0 No
2C@éLi, d)'*o +8.59 10° 18.7-0 - - - 25.7-1.7 No
2C3Li, d)'?0 +8.59 18° 16.0-0 - - - 23-7.7 No
2C(a, d)°N —13.57 10° - 16.6-13 - - - No
2C(a, d)°N —13.57 18° - 18-14 - - - No
2¢@r, d)BC —1.31 10° - - 5.1-3.5 - 3.6-2 No
2C@, d)3C —1.31 10° - - 14.2-13.5 - 12.6-12 No
2¢(t, d)C —1.31 18° - - 6-5 - 3.5-2 No
2¢@, d)BC —1.31 18° - - 12-11 - 10-9 No
2CWd, d)'*C 0 10° - - - 8.3-7.5 8.2-7.6 No
Contaminant reactions affecting the alpha spectrum
Reactions Qg B Ep (L) Ep(a) Ep (1) E(d) E,(det) Observed?
"H(e, ®)™H 0 10° - 16.6-13 - - 14.4-113 No
"H(a, «)'H 0 18° - 18-14 - - - No
'H(t, ) 19.81 10° - - 5.1-3.5 - - No
"H(z, a) 19.81 10° - - 14.2-13.5 - - No
"H(z, a) 19.81 18° - - 5-6 - - No
'H(t, ) 19.81 18° - - 11-12 - - No
2C3Li, @)'°N +12.37 10° 18.7-0 - - - 31.2-10.4 Yes
2C3Li, o)'*N +12.37 18° 16.0-0 - - - 28.1-10.4 No
2C(a, a)'*C 0 10° - 16.6-13 - - 16-12.5 Yes
2C(a, a)2C 0 18° - 18-14 - - 17.4-13.5 Yes
2C@i, 0)''B +3.86 10° - - 5.1-3.4 - 8.5-9 No
2C@t, 0)''B +3.86 10° - - 14.2-13.5 - 15-14.5 No
2C@t, a)!'B +3.86 18° - - 6-5 9-8.5 No
2C@t, 0)''B +3.86 18° - - 12-11 15-14.5 No
2C(d, a)"'B —1.34 10° - - - 8.3-7.5 6.8-5.9 No

MeV/18-11.5 MeV on the [CH;],,/carbon targets. We observe
on Fig. 1, middle, two contaminant beams of tritons with
energies Ejp,p (1) = 6-5 MeV and 12-11 MeV.

For the measurements performed at 6},, = 10° £ 2.5° and
Ein.(®Li) = 18.7 MeV we have used a [CH,], degrader in
chamber (2) and the proton spectrum was completely polluted
by recoiling protons from the degrader. Also due to the very
forward angle we had strong contaminant beams of deuterons,
tritons, and o particles with energies of, respectively,
En(d) = 8.3-7.5 MeV, two contaminant beams of tritons

with energies E (1) = 5.1-3.5 MeV and 14.2-13.5 MeV and
Ep(a) = 16.6-13 MeV.

We calculated the range of energies of protons, deuterons,
a ejectils produced in all possible reactions detected at
Oap = 10° £2.5° and 18° & 2° and in Table II we summarize
all information about possible contamination of our proton,
deuteron, and o spectra.

Referring to data measured at 18°, the reactions produced
by the o and triton beams on the protons and carbons
of the [CH;], target explain the yield we observe on our
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proton spectra with energies E,(det) > 5.2 MeV, which is
the kinematic limit of the 3Li(p, p)3Li reaction of interest. In
Ref. [37] we found experimental data on “*He(p, p)*He elastic
scattering angular distributions, for E, between 2-11 MeV.
The cross section for E, between 14-18 MeV varies from
650 mb/sr to 400 mb/sr. Even with the very small amount of
o beam this reaction fully explains the yield we observe for
E, between 7.9 and 10.5 MeV. Luckily, at this energy and
angle, the p + « elastic scattering does not superimpose on
our reaction of interest. The elastic scattering of the triton
beam with energies 5-6 MeV and 11-12 MeV on protons
should yield well-defined peaks in the proton spectrum at 3.3
and 7.8 MeV. Effectively, there is a small peak, out of our
range of interest, at 7.8 MeV.

The reaction '*C(c, p)'°N has Q,,. value of —4.9 MeV
and optimum Q-value of —6.6 MeV, thus probably the reac-
tion goes through the ground state. On the thick '*C target
of 15 mg/cm? it can produce protons with energies between
5 and 10.4 MeV, which is the strip we see in Fig. 1 (bottom).
However, on the thinner [CH;], target the protons have higher
energies, between 7.3 and 10.7 MeV. As none of the contami-
nant reactions on carbon contribute in the energy range of in-
terest, we did not subtract the proton spectrum measured with
carbon target from our data measured with the [CH,], target.

The conclusion about the reactions that can produce pro-
tons in our range of interest are: there is no contamina-
tion in our range of measurements between E,(detector) =
3.5—5.15 MeV, however the protons we observe with energies
between 5.15 and 10.5 MeV can come from 'H(x, p)*He,
"H(z, p)’H, and '*C(«, p)"°N reactions. The fact that the
proton strip goes up to 10.5 MeV indicates that the reac-
tions go mainly through the ground states. The conclusions
about the contamination of the deuteron spectrum are: as
the maximum detected energy is about 7.5 MeV, none of
the contaminant reactions are important. This conclusion
is also supported by the very low yield of deuterons (and
alphas) on the carbon target, which had similar number
of incident particles and which is thicker in carbon than
the [CH;], target. The same argument supports that the o
spectrum is also free from contamination. o particles pro-
duced with energy below 18 MeV are out of the region
measured with purified 8Li beam, presenting no harm to our
data.

Referring to data measured at 10°, the deuteron spectrum
has a strong peak between E,(detector) = 7.0-7.8 MeV,
due to 'H(d,d)'H reaction. The contribution from the
2C(®Li, a)'°N reaction on the a-particle spectrum was sub-
tracted by using data measured with the carbon target [9].
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