Measurement of the '°B( p,o) Be cross section from 5 keV to 1.5 MeV in a
single experiment using the Trojan horse method
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For the first time the astrophysical factor of the '°B(p,a,)’Be reaction has been measured over a wide energy
range, from 5 keV to 1.5 MeV, via the Trojan horse method (THM) applied to the quasifree 2H('°B ,a’Be)n

reaction. Therefore, the S(E) factor has been recast into absolute units by scaling in the energy range 200
keV-1.2 MeV to a recent measurement using the activation method, leading to a normalization uncertainty of

4%. An R-matrix fit of the THM data was performed, to parametrize the S factor, obtain spectroscopic information
on the populated resonances, and compare with other recent experiments. Finally, a new determination of the

screening potential U, has been obtained, U, = 240 & 50 eV, with a much smaller error than our previous

measurement.

I. INTRODUCTION

The '"B(p,)"Be reaction at low energy is of interest for
nuclear physics, nuclear astrophysics, and applied physics. In
nuclear physics, it allows one to investigate ! C states presently
poorly known [1,2]. In nuclear astrophysics, it represents
the main '°B destruction channel in H-rich main-sequence
star outer layers. Therefore, its cross section, dominated by
a resonance at 10 keV (due to the J7 = %Jr 8.699 MeV
"¢ level), corresponding to the Gamow window energy
(Eg = 10 £ 5 keV) for such stellar environments [3], plays
a key role in predicting boron abundances and constraining
mixing phenomena occurring in such stars [4]. Finally, the
0B(p,a)’Be reaction is important for application to clean
energy production in future generation fusion reactors. In
this framework, proton-induced reactions on natural boron
"B containing ''B isotopes (~80%) and !°B isotopes
(«~20%), have been considered as possible candidates for
fusion processes with no neutron emissions [5,6]. If "B is
used as fuel, the 'B(p,ap)’Be reaction can be a source of
radioactive waste in the reactors, due to the production of "Be
(t1/2 = 53.22 £ 0.06 d), thus influencing future fusion reactor
building projects.
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The '°B(p,a)’Be reaction at low energy exhibits two
different exit channels, i.e., 10B(p,cvo)7Be and IOB(p,a1)7Be.
However, because of the Coulomb penetrability in the out-
going channel and for phase-space considerations, at low
bombarding energies (E, < 1 MeV) the a; channel is strongly
suppressed with respect to the o one.

For all the reasons discussed so far, it is important to have
good quality data of the '°B(p,a)’Be cross section at low bom-
barding energies. The cross section of the '°B(p,a()’Be reac-
tion has been investigated in many different experiments, direct
[7-13] and indirect [14—16], and it has been calculated using
the distorted-wave Born approximation (DWBA) and potential
model [17]. Reviews of the data are reported in [18,19].

However, none of these experiments provides a complete
and consistent measurement of the cross section over the
energy range of interest for nuclear physics, nuclear astro-
physics, and applied physics: about 0—1 MeV, where at least
six excited levels of ''C in the 8.7-9.7 MeV excitation energy
range contribute to the cross section. These problems have
triggered two recent direct measurements of the '°B(p,a)'Be
cross section. In the first measurement by Caciolli et al. [13],
the total cross section was measured by means of the activation
technique. Experimental data cover a wide center-of-mass
energy range, from 300 to 1200 keV, and few points (about
10) with very high precision and accuracy were taken. The
dataset thus obtained shows a large discrepancy with respect
to previous data at the same energies and a total uncertainty
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reduced to the level of 6%. In contrast, Lombardo et al. [12]
measured '°B(p,a)’Be at many energies in a small energy
range, between about 500 keV and 1 MeV, using the inverse
absorber technique. New resonances were pointed out by the
authors, who performed a very accurate R-matrix analysis
even if for experimental reasons they could not approach the
energy range of astrophysical importance.

An indirect measurement was also attempted few years ago
by means of the Trojan horse method (THM) [20-22], aiming
at solving the inconsistencies among direct measurements
[16]. The THM is a renowned indirect method, very useful
in the study of reactions with charged particles in the exit
channel, in contrast with asymptotic normalization coeffcient
(ANC) [23] and Coulomb dissociation [24], which are focused
on radiative capture reactions. However, the '"B(p,ap) Be
cross section was measured in the energy range 0-100 keV
[16], and the lack of a sufficient statistics did not allow us
to extend the excitation function in the region 100-1000 keV.
Normalization was then performed by matching the THM S
factor to a R-matrix calculation performed by introducing into
the calculation the resonance parameters from the literature
[25], which caused the measured S(E)-factor to be affected
by an uncertainty of 20%, mainly due to the normalization
procedure [16].

The present paper reports on a new measurement of
the '"B(p,ap)’Be reaction with the THM applied to the
2H('°B,a0'Be)n process in the energy range 5 keV to
1.5 MeV. We focus on the oy channel that is the dominant one in
the energy range of interest [17]. Having a unique set of precise
data over such a wide energy range and given the availability
of new precise data from [12,13] for normalization, this
work definitely improves our knowledge of the '°B(p,a) Be
reaction over the whole energy range of interest.

II. BASIC THEORY

The study of the H('°B,xy’Be)n nuclear reaction to
extract the '°B(p,ap)’Be two-body reaction has been per-
formed within the plane wave impulse approximation (PWIA)
framework. The motivations for such a simplified approach in
the application of the THM are discussed in several previous
papers (see for example Refs. [22,26]. Some basic features of
this simplified approach are presented here. More sophisticated
theoretical formulations can be found in [22].

A. Quasifree reaction

The H('°B ,a'Be)n measurement has been performed in
inverse kinematics using a deuteron to transfer the participant
proton. The quasifree (QF) contribution (see, e.g., [27]
and references therein) to the 2H('°B,wy Be)n three-body
reaction, performed at energy well above the Coulomb barrier
in the *H+'°B entrance channel, is selected to extract the
0B(p,a0)"Be cross section at astrophysical energies free of
Coulomb suppression and electron screening (bare-nucleus
cross section). If the process can be described as QF, the
reaction mechanism can be sketched using the diagram in
Fig. 1 (pole approximation), while other graphs (triangle
graphs) indicating rescattering between the reaction products

’H n
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FIG. 1. Diagram representing the quasifree process *H +'°B —
o + "Be +n. The upper vertex describes the virtual decay of the THM
nucleus >H into the participant p and spectator n to the p + ''B —
o + "Be reaction that takes place in the lower vertex.

are neglected [28-30]. In QF dynamics, '°B interacts only with
the participant proton while the neutron acts like a spectator
to the '"H('°B ,a0)"Be virtual reaction. The QF process can
be regarded as a particular class of transfer reactions to
the continuum. The experiment kinematical conditions were
selected to explore the phase space region where the QF
contribution is expected to be dominant. In the data analysis,
only QF events are selected and other reaction mechanisms,
yielding the same particles in the exit channel such as
sequential decay (SD) or direct breakup (DBU) are identified
and subtracted, if any.

In the impulse approximation (IA), the cross section of the
2H('B oy’ Be)n QF reaction can be factorized into two terms
corresponding to the vertices of Fig. 1, besides a phase-space
term, and it is given by [22,26,31]
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where

(i) KF is a kinematical factor containing the final-
state phase-space factor and it is a function of the
masses, momenta, and angles of the outgoing particles
[22,26,27].

(ii) ¢(p,)? is the squared Fourier transform of the radial
wave function x(7,,) describing the p-n intercluster
motion, given by the Hulthen function. Since the p-n
relative motion essentially takes place in the s wave,
the momentum distribution has a maximum at p, = 0.
The contribution of the d wave has been demonstrated
to be negligible [32].

(iii) (j—g)ﬂgi a1 75 15 the half-off-energy-shell (HOES)

differential cross section of the '’B(p, )’ Be reaction
at the center-of-mass energy E.,, given in post-
collision prescription (PCP) by the relation [33]

Ecpn = Eqe — Qop, (2)

where Q,, is the Q value of the '°B( p,a0)7Be reaction
and E, g, is the a-'Be relative energy.

A proportionality sign is present owing to the use of the
plane wave approximation, thus the two body-cross section
that we can obtain is in arbitrary units [26], even if recent
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developments could make it possible to derive the binary cross
section in absolute units [22].

B. From QF reactions to the THM

As it is apparent from the previous section, the THM
is rooted in the theory of direct reaction mechanisms (see,
e.g., [34,35]) and in particular in the studies of the QF
reaction mechanism (see [27] and references therein). The
THM can be regarded as an extension to the ultralow
energies of QF reactions, making it possible to apply the
method to nuclear astrophysics [21,33,36]. The methodology
behind the THM application has been described in different
articles [16,26,31,37]. In the following paragraphs, we briefly
summarize the main features, with particular reference to the
H('°B , 9y’ Be)n case.

1. Energy and momentum prescriptions

In the 2H('°B ,a07Be)n measurement, the 27 MeV bom-
barding energy was chosen to overcome the 2H-!°B Coulomb
barrier (1.6 MeV). Thus, p is brought inside the nuclear
interaction zone to induce the '°B 4+p — ay + 'Be reaction.
Moreover, electron screening is a fortiori bypassed, since the
distance of closest approach is significantly smaller than the
atomic radius [38]. Yet, astrophysical energies can be reached
since the projectile energy is compensated for by the binding
energy of the deuteron ([22,26,39] and references therein); in
the QF condition the interaction energy is

Eor = E .0 — By, 3)

E .10 being the projectile energy in the 10B - p center-of-mass
system and B, the deuteron binding energy. Regarding mo-
mentum prescriptions, we need to select the neutron momenta
for which the cross section can be essentially described by
the single diagram in Fig. 1 [22,30]. This is accomplished
by selecting only events with small p, intercluster momenta,
satisfying the condition [29,30]

FARSIA 4)

with k, = /24 pn Bpn, tnp the p-n reduced mass, and B,
the deuteron binding energy. For deuterons, this limit is p, <
44 MeV /c. Within this interval, deviations from the Hulthen
function are negligible (see for instance [29,40,41]). Beyond
this interval, deviations from the pure Hulthén function start to
be dominant, signalling that a PWIA description of the reaction
mechanism is not realistic. In these cases, deviations can be
evaluated via devoted computer codes, such as FRESCO [42].

2. Selection of the “Trojan horse” nucleus

In the THM approach, a so-called Trojan horse (TH)
nucleus is used to transfer the participant particle; a proton in
the case of the '"B(p,ao)’Be reaction. In the *H('°B iy’ Be)n
measurement, a deuteron is used to supply virtual protons
owing to its obvious p @ n structure, its well known binding
energy and internal wave function, and because the residual
spectator particle is not charged, reducing the chances of
distortions induced by the long-range Coulomb interaction.

These make the deuteron the best choice, in comparison with
other systems that can be used to transfer protons, such as *He.

At present, all TH nuclei (*H, °Li, *He, '“N, and *°Ne)
used to perform TH experiments are characterized by an
! = 0 orbital angular momentum for the intercluster motion.
Thus, the momentum distribution of spectator nucleus (in
this case the neutron) has a maximum for |p,| = 0. This
choice is linked not only to the reduction of experimental
difficulties when selecting the QF mechanism but also to
theoretical considerations for the applicability of the pole
approximation [30].

The extension to measurements with TH nuclei having / =
1 is desirable as it would allow for the investigation of nuclear
reactions induced by virtual 3H and *He, obtained from the
cluster systems 'Li = ¢ + « and "Be = « + *He, respectively.

III. THE EXPERIMENT

A. Experimental setup

The *H('°B,a’Be)n experiment was performed at the
Pelletron-Linac laboratory [Departamento de Fisica Nuclear
(DFN)] in Sao Paolo, Brazil. The Tandem Van de Graaff
accelerator provided a 27 MeV B beam with a spot size on
target of about 2 mm and intensities up to 1 nA. The relative
beam energy spread A Eveam/ Ebeam Was about 10~*. The beam
energy was chosen in order to span a 'Be-p relative energy
ranging from 1.5 MeV down to zero. This was needed in order
to investigate, under QF conditions, both the Gamow energy
region of interest for astrophysics (i.e., Eg = 10 £ 5 keV)
as well as a higher energy region needed for normalization
purposes. Additionally, the wide energy range allows us also
to investigate possible interference effects between the reso-
nances intervening in the '°B(p,ap) Be reaction as recently
addressed in the work of [12,13]. A self-supported deuterated
polyethylene target (CD,) of about 200 pg/cm? was placed
at 90° with respect to the beam axis. The detection setup
(Fig. 2) consisted of a 1000 um position sensitive silicon
detector (PSD;) and a telescope system, having a proportional
counter (PC) as AFE and a standard 500 um PSD (PSD,) as
E detector. The PSD; detector was devoted to o detection

108

FIG. 2. Schematic drawing of the adopted experimental setup,
showing the A E-FE system, made up of a proportional counter (AE)
and a position sensitive detector (PSD,), devoted to "Be detection,
and a position sensitive detector (PSD,), optimized for « particle
detection.
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TABLE I. Laboratory central angles (6,), covered angular ranges
(AB), solid angles (A€2), distances from the target (d), thickness (s),
effective area, and intrinsic angular resolution (§6) for each detector.

Detector 0y AO AQ d s Area 80
(deg) (deg) (msr)  (mm) (um)  (cm?) (deg)

PSD-1 16°  £8°
PSD-2 14°  +6°

1.5+£0.1 1672 1000 5 0.1
41£4 195+2 500 5 0.1-02

and was placed at a distance d; = 167 mm from the target,
covering the angular range 8°-24°. The telescope devoted to
"Be detection was placed at the opposite side with respect
to the beam direction, at a distance d» = 195 mm from the
target, covering the angular ranges 8°-20° (see Table I for
details about the experimental setup).

The PC was filled with 13.3 mbar butane gas and a foil
of 1.5 um mylar was used as a window. The pressure of the
gas inside the PC was monitored during the whole experiment
through a standard pressure sensor. The experimental setup
was chosen to cover the QF angular range, as given from
kinematic simulations. An antiscattering system was used to
preserve detectors at small angles from scattered beam. Energy
and position signals were processed by standard electronics
and sent to the acquisition system for the online monitoring
and data storage.

B. Angular and energy calibrations

First runs of the experiment were dedicated to posi-
tion and energy detector calibration. Calibrations were per-
formed by using the '2C(°Li,a)"*N, 2C(°Li,°Li)'2C, and
97 Au(®Li ,°Li)'”’ Au reactions induced at beam energies of
10 and 16 MeV as well as a ! Am « source. To perform
position calibration, a frame with four equally spaced wires
was placed in front of each PSD and then kept during the
whole experiment in order to assure a continuous monitoring
of the fixed angular position even after calibration. An optical
system was used to measure the central angle of each detector
and the angle of each wire with respect to the beam direction.
Since the geometry of these masks is known, a cross-check of
the measured position was performed to reduce the possible
systematic errors on detection angles. Deterioration of CD,
targets was continuously monitored by checking the ratio of
the Z = 4 particle yield to the charge collected in the Faraday
cup at the end of the beam line. The overall procedure lead to
an energy resolution better than 1% and a position resolution
of 0.3°.

IV. DATA SELECTION

A. Identification of events
of the 2H +!°B — ay + "Be +n reaction

The first step in channel identification is the selection of
Z = 4 particles using the standard A E-E technique, while no
identification was used for « particles on PSD;. Unfortunately,
very poor energy resolution characterizes the PC, thus the Z =
4 locus partly overlaps with the peak arising from elastically
scattered '°B nuclei. Therefore, apart from the selection of the

16
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FIG. 3. Experimental E7g. vs E,, kinematical locus at 6, =
14° £ 1° and 675, = 16° £ 1° (black dots), compared with the
simulated locus, with detection thresholds and energy loss in the
materials traversed by the detected particle fully accounted for (red
circles).

Z = 4locus, further checks are necessary to reject background
events.

Since events from the 2H+'B — «o + 'Be +n reaction
gather along peculiar kinematic loci for each pair of detection
angles, determined by energy and momentum conservation
laws, the examination of Epgsp; vs Epgspy plots for each
pair of detection angles allows us to disentangle the tar-
get reaction from spurious events, assuming that the third
undetected particle is a neutron. An example is given by
Fig. 3, where the chosen angular pair is Opsp, = 14° £ 1°
and Opsp, = 16° = 1° (similar results are retrieved for the
other couples). Here, the energy detected in PSD, is reported
in the vertical axis, while the energy deposited in PSD; is
on the horizontal axis. Experimental data (black dots) clearly
distribute along an ellipse, which can be attributed to events
from the >’H+'°B — a + "Be +n reaction from comparison
with a simulated two-dimensional (2D) spectrum (red dots),
including all experimental effects such as energy loss in the
dead layers and detection thresholds. Good agreement between
the experimental and simulated kinematic loci is found for
all the angular couples. The differences in the population of
the kinematic loci originate from reaction dynamics. Spurious
events, due, for instance, to other competing reactions induced
by the projectile and the CD, target, lie outside the picture
area, thus they can be rejected by gating on the experimental
kinematic plot. Such identification allows us to label the axes
of Fig. 3 with E, and E7g,.

Assuming that the undetected particle is a neutron, as
supported by the agreement between the experimental and
simulated kinematic plots, we deduced the Q-value spectrum
that is displayed in Fig. 4. The theoretical Q value is
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FIG. 4. Experimental Q-value spectrum. The peak marked with
the vertical arrow refers to the 2H('°B oy’ Be)n reaction. The vertical

dashed lines mark the window on the Q value adopted for the next
stages of the data analysis.

marked by an arrow in the figure (Q"" = —1.079 MeV).
The Q-value spectrum shows a single peak at about Q%P =
—1.13 £ 0.23 MeV, in agreement with the theoretical value. In
the further analysis only events in the range —1.45 < Q value
< —0.25 MeV are considered. In this way, additional back-
ground sources are removed. The measured background on
this energy range is lower than the 5%.

B. Selection of QF events
1. Relative energy two-dimensional plots

Since THM equations can be applied only to the QF yield to
deduce the binary cross section of interest, the QF mechanism
has to be identified and separated from different reaction
mechanisms. Sequential decay (SD) is especially affecting QF
data selection, and it has attracted particular attention in recent
years (see, for instance, [43,44]). In detail, the "Be +a +n
exit channel can be populated through three different paths,
corresponding to the different couplings of n, “He, and Be:

(1) 'B+’H - '"c*+n — "Be+a +n,
(2) B+H — *Be* +a — "Be+n + «,
(3) '“B+?*H — "He*+'Be — « +n + 'Be.

Kinematic conditions can be chosen to minimize SD contri-
butions in most cases; in particular, this is possible in a region
of the three-body phase space where the neutron momentum
(pn) is small, i.e., where the neutron energy E, is almost
vanishing. We first focus on the SD processes taking place
through the feeding of 8Be* (case 2) and “He* (case 3). Under
these circumstances, it is possible to identify contributions
coming from SD by means of the analysis of the relative energy
spectra for any pair of detected particles.

—~ 4
s (3+4) (5 (a)
E.9 . Vo
é 2 i\(f) (9;10)
Lo "

\\I\‘\\\\‘\\\I‘\\\\

E,. (MeV)
[\®) W EEN

Eose (MeV)

FIG. 5. Relative energy scatter plots: (a) Eg.., Vs E,.75. (lower
panel) and (b) E,., vs E, 5. (upper panel). The arrows mark !'C
states discussed in the text.

Figure 5 shows the scatter plots of 'Be -n and a-n relative
energies as a function of the «-'Be relative energy (upper
and lower panels, respectively). In these plots, any event
correlation appearing as a horizontal line gives evidence of
the formation of ®Be and *He excited intermediate system,
respectively, finally feeding the exit channel of interest.
Figure 5 shows no horizontal loci, making it clear that
eventual contribution from SD is well below the statistical
uncertainty. Conversely, Fig. 5 demonstrates very clear vertical
loci corresponding to ''C levels at excitation energies of
8.104 MeV [labeled (1)], 8.420 MeV [labeled (2)], 8.654
MeV, and 8.699 MeV [unresolved levels labeled (3)+(4)],
and less clear ones above 1.5 MeV of «-'Be relative energy,
corresponding to levels at 9.2 MeV [labeled (5), not clear in
this representation], 9.36 MeV [labeled (6)], 9.645 and 9.780
MeV [wide vertical locus from unresolved levels, labeled
(7)+(8)], 9970 MeV [labeled (9)] and 10.083 [labeled (10)].
Therefore, the *H('°B ,oz07Be)n reaction mainly proceeds
through formation of an intermediate ''C excited nucleus.
In contrast with >He and ®Be states, however, this can be
populated through both SD and QF reaction mechanisms,
thus a more thorough examination of the process leading
to !'C formation is mandatory. In particular, only the 8.699
and 9.200 MeV !'!C excited states might contribute within
the astrophysical energy region, with the low lying states



C. SPITALERI et al.

10

= =) R

%)

$?(p,) (arb.units)

030 40 60 S0 100

P, (MeV/c)

FIG. 6. Experimental momentum distribution (black circles)
compared with the theoretical one (black line) given by the squared
Hulthén wave function in momentum space. The red line represents
the fit of the data with the Hulthén function leaving b as free parameter.
The vertical error bars include only the statistical error, the horizontal
ones the data bin width. The vertical line fixes the momentum region
0 < p, <40 MeV/c selected for the further analysis.

at 8.654, 8.420, and 8.104 MeV being below the 10 +p
decay threshold and those at 9.360, 9.645, 9.780, 9.970,
and 10.083 MeV being very far from the Gamow energy
(Eg = 10 keV).

2. Data as function of the neutron momentum p,

Equation (1) entails that a necessary condition for the
occurrence of the QF mechanism is that the coincidence yield
is proportional to the p-n momentum distribution ¢(p,)>.
However, the strong energy dependence of the differential
cross section (at odds with angular dependence, since angular
distributions are isotropic at low energies) and phase space
effects conceal such dependence.

To validate our hypothesis, which is mandatory to proceed
with the extraction of the astrophysical factor, we have selected
the events corresponding to a very narrow window in Evge_q,
100 keV wide, corresponding to the (3)4+(4) ''C states, to
lessen the influence of the (do/d 2)HOFS factor, and projected
onto the p, axis. By correcting for the kinematical factor to re-
move phase-space effects, a quantity that is proportional to the
momentum distribution should be obtained, the '°B(p,a)'Be
two-body cross section being constant in the restricted relative
energy chosen.

The resulting experimental momentum distribution
&( pn)gXp is given as black circles in Fig. 6. The vertical error
bars include only statistical errors, while the horizontal bars
mark the widths of the data bins. The black solid line represents
the theoretical distribution, namely, the squared Hulthén wave
function in momentum space:

2_1 ab(a + b) 1 B 1
¢(pn) 7\ (a—b)? [az%—pn2 b2+173}

with parameters ¢ = 0.2317 fm~! and b = 1.202 fm~' [33].
This theoretical distribution was superimposed on the data,
after being normalized to the experimental maximum, and
reproduces quite well the shape of experimental data.

The red line superimposed onto the data represents the fit
with the Hulthén function leaving, b as free parameter. The
best fit is obtained with b = 0.81 £ 0.49 fm~', corresponding
to a reduced x? of 0.2. By using b as a fitting parameter, the
FWHM of the momentum distribution can be adjusted to the
experimental one, to check whether distortions induced, for
instance, by rescattering between the particles in the final state
might be relevant [29]. The experimental FWHM obtained
in this way is 57 =4 MeV/c, in very good agreement with
the theoretical one, FWHM;, = 58 MeV/c, obtained under
pure PWIA.

The agreement between the experimental and theoretical
distributions shows that the dominant reaction mechanisms is
the QF one, and other reaction mechanisms, such as sequential
decay, produce a contribution smaller than the statistical
uncertainty, deviations from the Hulthén wave function in
momentum space being not appreciable. Even if the agreement
is good also at p, values as large as 100 MeV/c, we have
introduced a p, < 40 MeV/c cut in the data to comply with
Eq. (4), making any sequential decay contribution smaller a

fortiori.

3. Discussion of the FWHM of ¢(p,)* momentum distribution vs
the momentum transfer q,

To check for departures from the simple PWIA, the mea-
sured FWHM value (57 &= 4 MeV/c¢) and momentum transfer
(g = 188 MeV/c) have been compared with the expected
values based on the discussion reported in in [40,41,45]. In
the PWIA framework, the dependence of the FWHM on ¢, is
given by

W(g) = foll — exp(—4:/q0)] (6)

with parameters fy = 58 MeV/c and gp = 48 = 2MeV/c, ob-
tained by fitting experimental data from literature as reported
in [40,41]. Its behavior is shown in Fig. 7 as a dashed line
superimposed onto the experimental data sets (open circles and
diamonds, solid triangles) used to fix the fj and g parameters.
The black solid circle refers to the measured FWHM and ¢,
values from this work. At g, = 188 MeV/c the theoretical
curve gives a FWHM value of 56.5 MeV/c, in very good
agreement within experimental errors with the present one.
This result is an indication of negligible distortions and makes
us confident of the use of PWIA.
In conclusion of this section,

(i) in the experimentally selected kinematic regions, the
QF mechanism gives the main contribution to the
108 4+ reaction at 27 MeV;
(i1) the QF mechanism is selected, without significant
contribution from contaminant SD processes;
(iii) PWIA can be used to describe the process.

Further data analysis will be limited to events in the
momentum region |p,| < 40 MeV/c, inside the theoretical
limit given by Eq. (4) of Sec. II B.
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FIG. 7. FWHM for the n momentum distribution inside the
deuteron as a function of the momentum transfer ¢, (see [40,41,45]).
The black dashed line represents Eq. (6), whose free parameters
have been fixed from a fit to experimental data shown as black
triangles, open circles and open diamonds (see [40,41] for a detailed
description). The black circle is used to indicate the FWHM value
obtained in this work, with the corresponding g, value from the present
experiment.

V. ANALYSIS OF THE Eu . EXCITATION
ENERGY SPECTRA

The coincidence yield of the '°B +d — "Be +« + n re-
action, corresponding to the p, < 40 MeV/c momentum
range, is shown in Fig. 8 as a function of ''C excitation
energy. Two well separated peaks show up at 8104 keV [level
(1)] and 8420 keV [level (2)], while the label (3+4) refers
to the convolution of the 8654 keV (3) and 8699 keV (4)
levels. Labels (5) to (10) and corresponding arrows locate
the positions of higher lying states not resolved in the figure
and whose energies and resonance parameters are reported in
Table II.
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FIG. 8. Events corresponding to the kinematical condition p, <
40 MeV/c (as discussed in the text) projected onto the ''C excitation
energy axis. Labels and arrows highlight the position of known excited
states of ''C. The numbering is the same as in the previous figures.

TABLEIIL. Resonance labels, resonance energies of the !'C states
populated in this work, corresponding E., values in the '°B-p
system, spin-parities, natural widths I",,,, from the literature, observed
decays, and related references.

Level EY, c E.. Jr TCem Decay Ref.
number (MeV) (keV) (keV)

1 8.104 £ 1.7 —585 3/2~ 61’52 x 1073 (y,a) [25]
2) 8420+£2 —269 5/27 8x1073(fs) (y,a) [25]
3) 8.654 + 4 -35 7/2* <5 (y) [25]
“4) 8.699 £ 50 10 5/2* 15+1 (y,p) [9]
) 9.200 £+ 50 511 5/2* 500 4+ 90 (y,p) [25]
6) 9.36 + 50 671 (5/27) 239 (p,a) [12]
@) 9.645 + 50 956 (3/27) 210+40 (y,p,a) [9]
®) 9.780 £ 50 1091 (5/27) 240450 (y,p) [25]
) 9.970 £ 50 1281 (7/27) 120420 (y,p) [25]
(10) 10.083 + 5 1394  7/2% ~230 (y,p,a) [25]

The experimental energy resolution has been evaluated by
fitting the isolated 8.420 MeV level [label (2) of Fig. 8] with
a Gaussian function, since this level shows a very narrow
natural width T’ ~ 8 x 1073 keV (see Table II). The data fit
yields a FWHM equal to 87 & 5 keV, representing the energy
resolution achieved in this work. The fit also gives a resonance
energy Er = 8432+ 2 keV, to be compared with the one
in the literature (see Table II), so a negligible energy shift
of 12 keV is obtained, in comparison with the experimental
energy resolution. The result of the fit is shown in Fig. 9.

Figure 8 demonstrates that the 8.654 and 8.699 MeV
"¢ excited states (344) are not resolved owing to the
experimental energy resolution (87 keV). Unfortunately, the
8.699 MeV state sits right at the Gamow peak energy for
the '°B(p,a)’Be reaction, making it necessary to disentangle
the two contributions and to subtract from the experimental
data the subthreshold state at 8.654 MeV. We apply the same
procedure as in [16]. The observed peak corresponding to the
two unresolved levels (3)4(4) has been fitted by considering
the broadening due to the energy resolution. The fitting

2500

L ———

2000
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1500

1000

L B

SO0

845 8.55
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FIG. 9. Fit of the 8.420 MeV ''C level with a Gaussian function
to deduce the experimental energy resolution.
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function is expressed in terms of the incoherent sum of two
Breit-Wigner shapes bw(E)3), bw(E)4), plus an additional
term describing the contribution of the tail of the resonant
level at 9.2 MeV, bw(E)s), and a nonresonant term p(E):

F(E)unres. = bU)(E)(3) + bw(E)(4) + bw(E)(S) + I’(E)

(N
with
) 2]
bw(E)(,-) =N ER,. - (8)
! (E - ERU))Z + (%)2
and
P(E) = po+ p1E + pE* + p3E°. ©)

In the fitting, the resonance energies where fixed to the values
of Table II , while the widths were calculated from the sum
of the squared intrinsic widths of Table II and the energy
resolution. The fitting procedure yielded the normalization
parameters N (Eg,) = 88000 £ 300, N(Eg,) = 12000 £ 105,
and N(Eg,) = 160 % 13 and the coefficients for the nonreso-
nant term po = 500, p; = —1308 MeV’l,pg = 4775MeV 2,
and p3 = —20000 MeV~>. The nonresonant contribution
p(E) can be due to the direct breakup and/or to the tails of
higher energy resonances [labels (6) and (7)], but no definitive
conclusion can be drawn about its origin, as mentioned in
[16]. However, this does not affect significantly the fitting
procedure.

Using Eq. (7), setting to zero the contribution of resonance
(4) and of the nonresonant part, it has been possible to subtract
the contribution of the subthreshold resonance at 8.654 MeV
[16]. The deduced coincidence yield is shown in Fig. 10 as a
function of the p-'°B relative energy E.,,.

The maximum of uncertainty (€ey.sup.); cOming from
subtraction of the subthreshold 8.654 MeV level, has been

z
= 5000

o
Q

2000

1000 |
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T * .. ...

200(s) e ..
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02 04 06 08 1.0 12 14
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FIG. 10. 9B -p relative energy spectrum obtained by subtraction
of the 8.654 MeV ''C state and for p, < 40 MeV/c.

evaluated as

N ENDOT — N, (E)®
N, (E;)[®+@]

where N,,(E))[®+® and N,,(E;)® are the numbers of events

corresponding to the value of F(E;)ures. and to bw(E;)3)

at the energy E;, respectively. Events thus selected, with

the corresponding error bars, enter the extraction of the
lOB(p,Ot)7Be cross section.

(elev.suh)i = ’ (10)

VI. EXTRACTION OF THE “B(p,a)’Be
ASTROPHYSICAL FACTOR

A. From the HOES to the OES cross section

Following the PWIA, the '°B +p — « + "Be differential
do(E) )HOES
as

do(ENTP __ do [KFo(pa)dy]” (1)
X n
a9 dQ2d.dE, Prlexp

cross section (

is extracted by inverting Eq. (1):

As already discussed, K F is calculated from masses, angles
and momenta of the detected "Be and o particles and ¢ ( p,,)gXp
is given by the fit described in the text (red line in Fig. 6). It has
been proved that the HOES cross section is essentially linked
to the OES one by the penetration factor of the Coulomb barrier
[46-49], calculated by introducing the correct wave number
and interaction radius for the p-'°B system. The THM cross
section is then obtained through the relation

do(E)]™  Tdo(E)
e =%

with Py(k R) the penetrability of the Coulomb barrier, for/ = 0
given by

HOES
] Po(kR), 12)

kr

Py(kR) = :
0 F2(kR) + G2(kR)

13)

with Fy and G being regular and irregular Coulomb functions
for [ =0, and k£ and R the wave number and the interaction
radius for the p-'°B system, respectively. Here, the s wave
only is considered as it is dominant at such low energies [10].
In fact, the angular distributions for the 10g( p,a0)7Be reaction
are essentially isotropic in the whole energy region explored
here [10,12]. Since the angular distributions are isotropic, they
can be easily integrated over the entire solid angle to obtain
the total cross section, which is expressed in arbitrary units
since PWIA is used.

B. Calculation of the S,(E) factor

To remove the strong energy dependence due to the
Coulomb penetration, the astrophysical S(E) factor is intro-
duced via the relation

Sp(E) = Eop(E) exp(2mn), (14)

where E is the energy in the center of mass system, 7 is the
Sommerfeld parameter

1 Zye?
= hv

, s)
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FIG. 11. Comparison of the THM bare-nucleus S factor with the
data in the literature. Present-work data are shown as solid diamonds,
while red symbols mark the direct data from [10], corrected for the
factor 1.83 as recommended in [18], blue symbols the data from
[18], and purple symbols the thick-target data in [8]. Green and grey
triangles are used for the recent works [13] and [12], respectively.
The numbered arrows mark the !'C states contributing, as listed in
Table II.

where Z; and Z, represent the charges of interacting nuclei
and v is their relative velocity, and exp(27n) is the reciprocal
of the Gamow factor.

Introducing the integrated THM cross section, the bare nu-
cleus astrophysical S,(E) factor in arbitrary units is obtained.
We use the subscript b to emphasize that the astrophysical
factor obtained using the THM is devoid of electron screening
enhancement, at odds with the direct one.

C. Normalization of the THM S, (E) factor

The THM astrophysical factor in absolute units has been
obtained by normalization to direct data from [8,12,13]. In
detail, we have fitted a scaling factor N multiplying the THM
Sp factor to the direct data, weighed by their uncertainties,
over the 0.2—-1.2 MeV energy interval. The procedure yielded
areduced X2 of 2.2, while the error affecting the normalization
constant is 4%. This is the normalization error to be added
to the other sources of uncertainty. Figure 11 shows the
normalized THM S factor (black diamonds) superposed on the
direct data from [13] (green triangles), [12] (grey triangles),
[8] (purple circles), [18] (blue circles), [10] (red squares),
and with published THM data [16] (black stars). A very good
agreement is found between the direct data (especially the data
from [13]) and the THM ones after normalization. The error
bars affecting the THM S(E) factor include the statistical error,
the uncertainty connected to the subthreshold level subtraction,
the uncertainty derived from the choice of the nuclear radius
in the penetrability factor [R in Eq. (13)], and the uncertainty
due to the normalization procedure. The THM S, factor
obtained in the present work is reported in Table III.

TABLE III. THM S, factor. In the columns, the '°B - p relative energy, the THM astrophysical factor, the total uncertainty AS(E), and

statistical €y, and total €, errors (in percent) are given.

Ecm S(E) AS(E) Estat. €tot. Ecnm S(E) AS(E) Estat. €ot.
(keV) (MeV b) (MeV b) (%) (%) (keV) (MeV b) (MeV b) (%) (%)
203.5 26.7 1.5 35 5.7 875.5 16.2 0.9 32 55
231.5 21.1 1.2 3.7 5.8 903.5 16.6 0.9 3.0 5.4
259.5 20.3 1.2 3.6 6.0 931.5 18 1 2.8 5.3
287.5 14.7 0.9 42 6.1 959.5 20.8 12 2.8 5.3
315.5 13.4 0.8 4.4 6.2 987.5 22 1 2.7 52
3435 113 0.7 44 6.3 1015.5 20.1 1.1 2.6 52
3715 12.7 0.8 4.5 6.3 1043.5 22 1.2 25 5.1
399.5 11.6 0.7 4.4 6.3 1071.5 22.7 1.2 25 52
4275 10.7 0.7 45 6.4 1099.5 232 1.2 2.6 52
455.5 10.1 0.6 4.6 6.5 1127.5 21.5 1.1 2.6 5.1
483.5 10.2 0.6 4.4 6.5 1155.5 22 12 2.7 52
511.5 8.7 0.5 43 6.2 1183.5 22 1.2 2.9 53
539.5 11.1 0.5 4.4 6,2 1215.5 19.6 1.1 3 5.4
567.5 11.3 0.7 43 6.2 1239.5 17.8 1 3.1 55
595.5 11.1 0.7 4.1 6.1 1267.5 19.6 1.1 32 55
623.5 12 0.7 3.9 59 1295.5 18.8 1 33 5.6
651.5 12,6 0.7 4.0 0.6 1323.5 15.1 0.9 3.6 5.7
679.5 11.8 0.7 3.8 59 1351.5 17.7 1 3.7 5.8
707.5 13. 0.7 3.7 5.8 1379.5 13.9 0.8 3.8 5.8
735.5 12 0.7 37 5.8 1407.5 16.4 1 3.9 59
763.5 13.2 0.8 3.6 5.8 1435.5 14.1 0.8 4 6

791.5 13.7 0.9 3.7 5.7 1463.5 15.6 0.9 4 6

819.5 16.1 0.9 33 5.6 1491.5 18.3 1 4 6

847.5 15.9 0.9 32 55
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FIG. 12. R-matrix fit (dashed line) of the THM data from the
present work above 200 keV and of the data from [16]. The
present-work THM S(E) factor in absolute units is displayed as black
diamonds, while the data from [16] are shown as black stars. Red
symbols mark the direct data from [10], corrected for the factor 1.83
as recommended in [18], blue symbols the data from [18], and purple
symbols the thick-target data in [8]. Green and grey triangles are used
for the recent works [13] and [12], respectively. The screened S factor
(with U, = 410 eV) is shown as a full line.

VII. R-MATRIX ANALYSIS OF THE THM DATA

An R-matrix fit of the THM data was performed. In the
calculation, since no new THM data are available below
200 keV, the fitting parameters of the lowest laying resonances
at 10 and 500 keV were fixed to those in [16] (see Table III
for the resonance parameters). This choice was suggested by
the occurrence of a very pronounced resonance at 10 keV,
which dominates the astrophysical factor up to about 200 keV.
Moreover, it turns out that the THM S factor obtained in this
work perfectly matches with this R-matrix calculation from
[16] up to about 400 keV, corroborating the accuracy of both
indirect data sets coming from two independent experiments
and analyses. Above 400 keV, the presence of the resonances
discussed, for instance, in [12] cannot be neglected and urged
us to perform a new R-matrix analysis of the THM data. In
the fitting, besides the resonances at 10 and 500 keV that were
not fitted, we introduced the same levels considered in the
extensive R-matrix fitting performed in [12], using the fitting
parameters there obtained as starting values of the R-matrix
fitting of THM data. The THM measurement was focused only
on the o channel, namely on those events where the emitted
« particle leaves the residual "Be nucleus in its ground state.
Therefore, in the THM analysis the parameters for the o
channel were fixed to those of [12]. Regarding the 10.10 MeV
11 state, that plays a minor role, its presence seems to be not
necessary for a satisfactory reproduction of THM data.

Figure 12 shows the resulting R-matrix fit (dashed line),
superposed on the present-work S(E) factor in absolute units
displayed as black diamonds, and with the previous data
sets: Ref. [16] S factor shown as black stars, Ref. [10] data,
corrected for the factor 1.83 as recommended in [18], as red
squares, Ref. [18] as blue circles, thick-target data in [8] as

TABLE IV. Resonance energies of the ''C states populated
included in the M-matrix fit, corresponding E.,, values in the '°B -p
system, spin-parities, and I', and I, values. Resonance parameters
below 600 keV are taken from [16], while I',, widths are taken
from [12].

ETIC Eem Jﬂ Fp Foto Fotl
(MeV) (MeV) keV) (keV) (keV)
9.36 0.671 5/27 4 235 <0.1
9.65 0.961 3/2° 48 223 <0.1
9.80 1.111 5/2° 12 116 4
9.98 1.291 7/2~ 221 30 4
10.02 1.331 7/2* 13 105 1
10.67 1.981 9/2% 126 37 <0.1

purple circles, and recent works [13] and [12] S factors as
green and grey triangles, respectively. The R-matrix fit nicely
describes the astrophysical factor below about 1500 keV. The
resonance parameters are collected in Table IV. Interestingly,
this work confirms the occurrence of the 9.36 MeV ''C
state, in agreement with the results in [12] and in [13]. In
general, there is very good agreement between the resonance
parameters of Table IV and those in Table I of [12], but the
1.291 MeV resonance seems to be significantly narrower in our
fit. This might be attributed to the introduction of a nonresonant
contribution in this work, which was not considered in [12].
Indeed, it is important to note that a nonresonant contribution
has been added in the fitting, by considering a very broad
resonance at 30 MeV, leading to a nonresonant term of about
3 MeV b, constant across the whole energy window discussed
in this work. Finally, the enhancement at energies lower than
50 keV has been described by using the electron screening
potential value of 430 eV given in [11] (solid line).

A. New normalization of the low-energy S-factor

The concurrent availability of THM data up to about
1.5 MeV and of new improved direct measurements [12,13]
in the energy region where no electron screening is present,
represents a very good opportunity to revise the THM low-
energy S factor (7), stretching down to the Gamow window,
reported in [16]. Indeed, before the two measurements [12,13]
were published, only data affected by large uncertainties were
available above about 100 keV, namely those in [10] probably
affected by a systematic error in absolute normalization [11],
and those in [8]. As discussed above, by performing a weighted
scaling of the THM S factor to the available direct data,
the normalization error turned out to equal 4%, which is
significantly smaller than what is given in [16], namely 18%.
By using our R-matrix fitting, connecting the present data
with those lying below 100 keV in [16], we were able to
perform a new normalization of these data and calculate the
corresponding normalization uncertainty. Clearly, the total
uncertainties are much narrower than in [16] owing the
improved normalization procedure. The renormalized low-
energy S factor and the total uncertainties are given in Table V.

Particular emphasis should be given to the bare-nucleus
S factor at zero energy []) and at 10 keV [S,(10 keV)],
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TABLE V. Unfolded experimental astrophysical S(E) factor from
[16] renormalized as discussed in the text. The columns contain the
p-'B relative energy, the bare nucleus astrophysical factor, the total
error (including the effect of the change on the interaction radius R on
the penetration factor ~2%, and the normalization error 4%, besides
the level subtraction error), the statistical error in percent, the level
subtraction uncertainty in percent, and the total error in percent.

Ecm S(E) A S( E) Estat. €lev.sub. €ot.
(keV) (MeV b) (MeV b) (%) (%) (%)
39 1995 394 9 17 20
8.9 3071 395 8 9 13
13.9 2530 277 8 6 11
18.9 1411 158 9 5 11
239 797 86 9 4 13
28.9 496 64 11 5 11
339 336 49 13 5 14
389 244 43 16 6 17
439 185 34 17 6 18
48.9 146 35 22 9 24
539 119 23 27 12 30
589 99 96 83 51. 97
63.9 84 76 78 46 90
68.9 72 28 36 14 90
73.9 63 51 73 37 82
78.9 56 22 38 12 31
83.9 49 23 44 15 47
88.9 44 26 56 21 60
93.9 40 39 90 38 98
98.9 36 44 100 71 100
103.9 33 23 65 22 69

corresponding to the Gamow peak energy. Using the new im-
proved normalization we obtained S;(0) = 1192+ 238 MeV b
and S,(10 keV) = 2942 + 398 MeV b, with the errors in-
cluding statistical, subthreshold subtraction, channel radius,
and normalization uncertainties. For ease of comparison,
we collect the values of S,(0) and S,(10 keV) deduced by
means of different approaches (extrapolation and indirect
measurements, for instance) in Table VI. Clearly, the present
result, in agreement with the extrapolated value in [11], shows
an improved accuracy as it is not an extrapolation but a real
measurement right at astrophysical energies.

TABLE VI. The bare nucleus '°B(p,a)’Be S(E) factor at zero
energy and at 10 keV obtained in the present work and from the
literature

S(0) S(10 keV) Approach Ref. Year
(MeV b) (MeV b)

2200+ 600  Direct exp. [10] 1991

2870 £500  Direct exp. [11] 1993
900 3480 DWBA [17] 1996
1116 £201 3105 £+ 559 R-matrix [16] 2014
1192 £298 2942 4+ 588 THM [16] 2014
1116 £ 45 3127 £583 R-matrix present work 2016
1192 £238 2942 + 398 THM present work 2016

TABLE VII. Electron screening potential for the boron+proton
system. It is worth noting that in the 'B-p direct measurement
the same U, potential deduced from the 'B_p measurement is
adopted, while the THM measurement provides an independent U,
determination for the boron+-proton system starting from the p-'°B
reaction.

Reaction U, Approach Reference Year
(eV)

UB(p,a)*Be 430 + 80 Direct exp. [11] 1993

472 + 120 THM [15] 2012

0B(p,a)’Be 430 + 80 Direct exp. [11] 1993

240 £ 200 THM [16] 2014

240 £ 50 THM present work 2016

B. Improved determination of the electron screening potential

Thanks to the reduced normalization error, a more accurate
low-energy S factor has been deduced below 100 keV, making
it possible to improve the determination of the electron
screening potential U,, characterizing the exponential increase
of S(E) owing to the presence of atomic electrons. Electron
screening significantly alters the low-energy trend of the S(E)
factor, thus its effect has to be removed before astrophysical
applications, electron screening in stellar plasmas being very
different from the one in the laboratory [3]. In the case of the
direct measurements, extrapolation is necessary to determine
the trend of the bare-nucleus S factor, possibly leading to
unpredictable systematic errors.

Since the THM allows us to measure the bare-nucleus
astrophysical factor S,(E), namely, the one for fully stripped
nuclei, it is possible to derive U, from the comparison of S,(E)
with the one deduced from direct measurements. This is done
by fitting the available low-energy direct data of [11] by using
the renormalized THM S,(E) factor [16] multiplied by the
enhancement factor fj,;, [3,38,50]:

U,
Ss(E) = Sp(E) exp (7”7?) (16)

where U, is left as the only free parameter in the best-fit
procedure and the subscript s is used to underline that the S
factor from direct measurements is affected by the electron
screening. This procedure yields U, = 240 &£ 50 eV, clearly
displaying a significant improvement in the uncertainty. For
ease of comparison, the values of U, available so far are
collected in Table VII.

VIII. CONCLUSIONS

Triggered by the new '°B(p,a)'Be astrophysical factors
measured at energies above ~200 keV [12,13], and by the
ambiguity affecting direct data in this energy interval, we have
performed a new indirect measurement of the log( p,oz)7Be S
factor by applying the THM to the '°B(d, o' Be)n QF reaction.
The QF reaction mechanism has been singled out by analyzing
the relative energy spectra and extracting the experimental
momentum distribution for the p-n intercluster motion inside
the deuteron. The QF reaction yield is characterized by
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the population of many different resonant levels of the
intermediate ''C nucleus, though only the 8.699 MeV one
is of primary importance for the '°B(p,a)’Be S(E) factor at
astrophysical energies. In fact, the Gamow peak for typical
boron quiescent burning is centered at 10 keV and coincides
with the 8.699 MeV '!C state. The extracted bare-nucleus S
factor turns out to be affected by a quite large energy resolution,
87 keV FWHM, which is well suited at higher energies, where
comparatively broad resonances show up, but it is not good
enough to explore the energy region below about 200 keV.
Therefore, the main aim of this work is to obtain a
normalization to direct data [8,12,13] in a very large energy
range (200-1200 keV) to reach a very low normalization
uncertainty (4%). In this way we have obtained a significant
improvement on the total error budget affecting the previous
TH experiment, more focused on the low energy reaction,
where the uncertainty on normalization was ~18-20% [16].
The effect of the reduced normalization error influences both
the 10 keV astrophysical factor, leading to a more accurate
Sp(10keV) = 3127 £ 583 MeV b value, and the determination
of the electron screening potential, 240 £ 50 eV, where the
quoted uncertainties include statistical, subthreshold level
subtraction, normalization, and channel radius uncertainties.
In the light of these new improved results, it would
be very interesting to perform a new measurement with
improved energy resolution in the same energy interval,
between 0.2 MeV and 1.5 MeV, and investigate also the energy

beyond 1.5 MeV, the existing direct data being of rather poor
quality. Moreover, it would be interesting to inspect the «;
channel as well, corresponding to the decay of ''C leaving
"Be in its first excited state; in fact, even if this is of lesser
importance, this channel would improve the understanding of
¢ spectroscopy [12]. Finally, the examination of the n 4 '°B
channel would be of interest for the spectroscopy of the ''B
mirror nucleus, a channel that is present in our data as it is
attributed to the neutron transfer off d. All these studies are
presently ongoing, aiming at providing a full description of
the '°B(p.a)Be reaction at astrophysical energies.
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