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Background: The ''B(p, 2a)?He reaction is being discussed as a prime candidate for advanced aneutronic fusion
fuel systems. Particular interest in this reaction has recently emerged for laser driven plasma systems for energy
generation and jet-propulsion systems. The lack of long-lived radioactive reaction products has been suggested
as the main advantage of proton-boron fusion fuel. However, 19% of natural boron is '°B, with the '°B(p, a)"Be
fusion reaction producing long-lived "Be as a side product.

Purpose: A detailed measurement of the *°B(p, a)7Be reaction over the critical energy range of hot fusion plasma
environments will help to determine the amount of “Be radioactivity being produced. This information can be
used in turn to monitor the actual fusion temperature by off-line measurement of the extracted "Be activity.
The goal of the here presented experiment is to expand on the results of earlier experiments, covering a wider
energy range of interest for aneutronic plasma fusion applications, including also both °B(p,ap)"Be and the
19B(p, a1)"Be reaction channels.

Method: The reaction cross section was measured over a wide energy range from E, = 400 to 1000 keV using
particle detection and from E, = 80 to 1440 keV using vy-ray spectroscopic techniques. Reaction « particles were
measured at different angles to obtain angular distribution information. The results are discussed in terms of an
R-matrix analysis.

Results: The cross section data cover a wider energy range than previously investigated and bridge a gap in the
previously available data sets. The cross sections show good agreement with previous results in the low energy
region and show that the '“B(p, ap) " Be channel is considerably larger than that of the *°B(p, a1)”Be channel up
to Ep = 1 MeV.

Conclusions: The new reaction data provides important new information about the reaction cross section over
the entire energy range of plasma fusion facilities. This data, when coupled with previous measurement of the
competing 10B(p7 ’y)nC reaction will provide the opportunity for an extensive R-matrix analysis of the rather
complex level structure in the '*C compound nucleus system.

I. INTRODUCTION plasma systems [I0HI2], and another proposes laser jet

propulsion systems for long distant space travel [I3]. The

Aneutronic plasma fusion systems have been increas-
ingly discussed as possible energy sources without the dis-
advantage of long-lived radioactive end-products [I]. The
most frequently quoted aneutronic energy sources are the
3He(*He, 2p)*He (Q=12.9 MeV) and the 'B(p,2a)*He
(Q=8.7 MeV) reactions. Of particular interest is the
"B(p, 2a)*He reaction [2], which produces stable helium
as the primary end-product and generates a sufficient
amount of energy. This reaction has two primary advan-
tages over the 3He(3He, 2p)*He reaction. First, it does
not require 3He, which is mostly produced as a decay
product of tritium 3H [3, 4] and second, 'B is a natu-
rally abundant and inexpensive fuel stock.

While the ''B+p fusion system has already been con-
sidered as a potential energy source in traditional plasma
systems [BH7] and for colliding beam reactors [8], recent
observations of aneutronic fusion reactions on laser pi-
cosecond plasmas [9] have motivated the discussion of
other possible applications. One such application uses
the 'B(p,2a)*He reaction for laser driven hot pulsed
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optimal energy range for a 'B+p fusion system is be-
tween E. . = 200 and 1000 keV. This is because a broad
resonance structure has been observed at E. ., = 600
keV [I4] that dominates the total cross section of the re-
action. Therefore the efforts of laser driven fusion studies
focus on that energy range [15].

While the 'B(p, 2a)*He fusion reaction does not pro-
duce any long-lived radioactive products, the 19% 1°B
abundance in naturally occurring boron fuel material
will produce the longer-lived “Be isotope through the
10B(p, a)"Be reaction. "Be decays by electron capture
with a laboratory life-time of 53.3 days with a 10% tran-
sition to the first excited state in “Li. The “Li subse-
quently y-decays to the ground state under emission of a
characteristic 478 keV ~-line [I6]. The total cross section
of the reaction near E. . =~ 600 keV is oista1 =~ 10 mb
according to the EXFOR data compilation [I7]. This
is substantially lower than the 1 barn cross section re-
ported for ''B(p,2a)*He reaction [14]. The production
of a spurious amount of “Be in a plasma fusion operation
with enriched ''B fuel may therefore not be a matter of
great concern, but the observation of "Be from a boron-
hydrogen plasma burning environment, doped with a well
know amount of 1B may provide the means for tempera-
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ture determination in the plasma region. This may serve
as an independent test for temperature analysis in the
new generation of laser driven hot plasma facilities such
as the National Ignition Facility [I8], were recent studies
of d —t and d — d fusion signals indicated considerable
uncertainty in the temperature analysis [19].

Yet, the EXFOR data [I7], shown in Fig. [1} indicate
significant differences and uncertainties between the dif-
ferent experimental data sets for the possible transitions
to the ground state 1°B(p, ag)"Be and the first excited
state 19B(p, a1)"Be in “Be. The ground state transition
has been measured extensively in the low energy range
between 100 keV and 1 MeV [20H29], with some exper-
iments covering a higher energy range as well [30H32].
These results already show noticeable deviations from
one another as displayed in Fig. The 1°B(p, ;) Be
reaction has seen significantly less study and there is a
wide gap in the experimental measurements between the
low energy data of Angulo et al. [33] and the higher en-
ergy measurements [31] B4H4T]. Complicating the inter-
pretation of the data, the level structure in this region,
just above the proton separation energy in 1C, is char-
acterized by a number of unbound states as indicated in
Fig. [2l However, the detailed way these levels contribute
as broad overlapping and possibly interfering resonances
to the reaction cross section is not well understood. Ad-
ditionally, several data sets have been measured using the
activation technique [42H44]. These data then represent
the total 1°B(p, a)"Be cross section (i.e. the sum of the
0B (p, ap)"Be and °B(p, ay)"Be cross sections at these
low energies).

As noted previously [47], in the low energy range the
data of Bach and Livesey [22] exhibit a pronounced differ-
ence to other data sets. This can most likely be explained
by a deviation of 10 to 15 keV in the energy calibration
of their experiment. This seems large by modern stan-
dards, but the energy calibration used at the time (1955)
was based only on voltage readings and not on a direct
measurement of the beam energy. Other discrepancies
can be observed at energies above 1 MeV, in particu-
lar between the data of Kalinin et al. [42] and those of
Kafkarkou et al. [45]. The cross section values given by
the earlier measurement [42] are based on the activation
technique where the authors measured the characteristic
decay activity of “Be. These results also indicate con-
siderably larger values than the later work of Kafkarkou
et al. [45], which is based on the direct measurement of
the emitted « particles. Kalinin et al. [42] used targets
that were more than an order of magnitude thicker than
the transmission targets used by Kafkarkou et al. [45].
The difference, therefore, might be due to target integra-
tion effects that were not fully corrected in the earlier
work. Indeed, when the thick target data of Roughton
et al. [43] (not shown) were unfolded for generating cross
sections [47], they were found to be in good agreement
with other data, albeit with large uncertainties as shown
in the bottom panel of Fig.

Low energy data have relied on the direct measure-
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FIG. 1. (Color online) Cross section data for the reaction

19B(p, a)"Be, based on 64 years of experimental work and
compiled in the EXFOR data base [I7]. Data are in their raw
form, not subjected to any later re-normalization recommen-
dations. The top part of the figure (a) shows cross sections
determined by prompt detection of « particles to the ground
state, the middle part (b) shows measurements of the cross
section to the first excited state, and the lower (c) are those
determined by the activation method (total (p,«) cross sec-
tions). The exception is that of Kafkarkou et al. [45] where
both the ap and a1 particles were detected directly but only
the sum of the cross sections is reported. Note that because of
the lack of higher energy angle integrated cross section data,
some differential data have been scaled by 47 to facilitate the
comparison. They are indicated by an * sign.
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FIG. 2. (Color online) Level diagram of the '*C compound
nucleus [46]. The red dashed lines indicate different particle
separation energies. The nucleus becomes a unbound at S,
= 7.54 MeV and then proton unbound at S, = 8.69 MeV.
The level density begins to increase rapidly above the proton
separation energy and the levels are characterized by large
particle widths of the order hundreds of keV. This has made
disentangling the level structure quite challenging. Above
FE, = 11 MeV the level properties become highly uncertain.

ments of the reaction cross section by Angulo et al.
[26, 33]. Based on these results it was suggested that
the data by Youn et al. [24], that stretch to a some-
what higher energy, should be corrected by a factor
1.83. In a recent experiment by Spitaleri et al. [29] the
Trojan Horse Method (THM) has been applied to the
quasifree 2H(1°B, ap)"Be reaction at a boron-beam en-
ergy of 24.5 MeV (preliminary measurements reported
in [27, 28 48])E| The THM analysis of the experimen-
tal data leads to the determination of the 1°B(p, ap) Be
cross section at low energy, but it must be matched to
previous results at higher energies to obtain the abso-
lute scale. An R-matrix prediction was also made based
on the level parameters available in the literature. It
shows a peculiar energy dependence in the energy range
between 0.5 and 1.0 MeV, where it under-produces the

I During the submission of this work, Spitaleri et al. [49] has pub-
lished an extended THM measurement, which covers an energy
range up to Fc.m. = 1.5 MeV. At low energies the measurements
are in general agreement with previous work, but the effect of
the new higher energy data on the R-matrix fit has not yet been
determined.

experimental data [20 [30} [31]. This has been interpreted
as an indication for the existence of a possible resonance
state in that excitation range that was not included in
the R-matrix parameter set. Such a resonance structure
has already been suggested by the °B(p,v)''C radiative
capture study, which indicated the existence of several
strong broad and interfering resonance states in this ex-
citation range [50]. An alternative explanation could be
non-resonant direct reaction contributions that could be
described in the framework of a 3-particle transfer reac-
tion model [5I] or the low energy tail of a very broad
resonance(s) at higher energies.

A recent study by Caciolli et al. [44] attempted to ad-
dress this issue by measuring the total cross section of the
10B(p7 a)7Be reaction at energies between F. ., = 250
and 1200 keV. The experiment was based on the activa-
tion technique, measuring the 478 keV ~-ray activity of
the "Be reaction products at eight different irradiation
energies. The data are a factor of two higher than the
data of in the previous work by Youn et al. [24], which
seems to confirm the former assessment by Angulo et al.
[26] that the latter data need to be modified by a factor
1.83.

Another recent measurement by Lombardo et al. [52]
observed ground state « particles over the range from
E, = 600 to 1000 keV. The kinematics at these energies
result in very similar energies for the scattered protons
and reaction « particles, complicating the separation of
the individual cross sections. This experiment used an
inverse absorber technique to determine the individual
yields at several angles relative to the beam. This tech-
nique utilizes detectors placed at mirror angles to the
beam axis. One set of detectors is masked by a thin foil
whose thickness is tuned so that protons can penetrate
the foil but « particles are stopped. After correcting for
the effects of the absorber foil on the energies of the par-
ticles, a subtraction of the two spectra can be made to
separate out the yields from the protons and « particles.

In addition to the experimental work, the authors per-
formed the first multichannel R-matrix fit to a subset
of B(p,ag)"Be, °B(p,a;)"Be, and °B(p,p)'°B data
from the literature. The fit was made over the excitation
energy range from 9.2 to 11.0 MeV (500 to 2300 keV
center-of-mass energy), covering the range where the
0B(p, a1)"Be cross section begins to compete with that
of the °B(p,ag)"Be. A consistent fit was obtained but
an additional state at B, = 9.36 MeV of J™ = 5/2~ was
required. The fit also highlights the rather poor state
of the data over this energy region. Much of the data
have large uncertainties and the authors needed to as-
sume isotropy for some of the higher energy differential
cross section data in order to generate a complete set of
angle integrated data covering the entire energy range.

Before using the °B(p,a)"Be reaction as a reliable
monitor for plasma fusion conditions, the present in-
consistencies in the experimental data need to be re-
moved and a reliable interpretation of the reaction mech-
anism needs to be obtained over the entire low energy



range. This requires more detailed cross section mea-
surements for the two open reaction channels at low en-
ergies: '°B(p,ap)"Be and “B(p, ;) Be. Transitions to
higher-lying final states do not become energetically al-
lowed until higher energies as shown in Fig. [2| The cross
section measurements need to be complemented by an-
gular distribution studies to identify the nature of the
reaction mechanism. These are most likely contributions
from broad resonance states in the °B(p,a)"Be reac-
tions. The reaction channels that feed higher excited
states in "Be open at higher energies, above E, =32
MeV (e.g. Sq, = 12.11 MeV, E, = 3.77 MeV, see
Fig.[2). The 'B(p,He)"Be threshold is at E, = 590 keV
but the lowest energy measurements do not begin un-
til B, ~ 4.0 MeV [53]. However, penetrability argu-
ments, and the lack of experimentally observed lower
energy yields, suggest this reaction remains weak up
to these higher energies. Additionally, inelastic pro-
ton scattering, 1°B(p, p1)1°B can occur at energies above
E, =~ 790 keV. This cross section has been measured
down to E, ~ 1.5 MeV by Day and Huus [34] but re-
mains weak until E, ~ 2.5 MeV [36] 4I]. Both of these
reaction channels should be further investigated at low
energies. An additional direct 3-particle transfer compo-
nent that is energetically possible above E, ~ 490 keV.
These additional channels are assumed to make a negli-
gible contribution to the total cross section at energies
below E, = 3 MeV.

For these purposes, we have performed an indepen-
dent study of the 1°B(p, o) "Be reaction. We investigated
both the ag (0.4 to 1 MeV proton energy) as well as
the ay (0.08 to 1.44 MeV proton beam energy) channels
to the ground state and the first excited state in "Be,
respectively, using particle and v spectroscopy meth-
ods. Also measured were the angular distributions in
the °B(p, ap)"Be channel to investigate possible devi-
ations from the isotropic distribution reported in earlier
work [26]. Such deviations would indicate a change in re-
action mechanism or signal interference effects between
different resonance components. In the following section
we describe the experimental set-up and provide a de-
scription of the data and cross section analysis. This will
be complemented by an R-matrix analysis that includes
data from several past measurements for the reactions
0B (p, po)'°B, °B(p, ap)"Be and °B(p, a;)"Be. This ap-
proach may help to reduce the overall uncertainties, as
most previous R-matrix analyses of the ''C compound
system were based on only a single channel.

II. EXPERIMENTAL SET-UP AND ANALYSIS

The experiment was performed at the JN accelera-
tor of the University of Toronto, now located at the
Nuclear Science Laboratory of the University of Notre
Dame. The machine provided proton beam currents of
up to 30 nA on enriched '°B transmission targets and up
to 70 uA on water cooled beam-stop targets during the
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course of the experiment. For the 1°B(p,a)"Be particle
spectroscopy experiments, the targets were prepared by
evaporating a thin layer of 20 ug/cm? 93% enriched °B
onto a 10 ug/cm? thin carbon foil forming an amorphous
BC layer. For the °B(p, a; — 7)"Be measurements, the
targets were mounted as beam-stop targets with a thin
layer of 55 pg/cm? enriched 1°B (93%) evaporated onto
a clean 0.3 mm thick Ta-backing.

For measuring the « particles, four Si surface barrier
detectors were mounted around the transmission target
in a scattering chamber. The target had an orientation
of 130° with respect to the beam direction and the detec-
tors were mounted at angles of 45, 60, 90 and 120° with
respect to the beam axis. During the runs, the reaction
induced « particles, as well as the protons from elastic
scattering, were recorded. Since BC targets oxidize easily
[54], elastic proton scattering on 0O was also measured
and was recorded for beam normalization.

The reaction data obtained from particle detection
were normalized to elastic °B(p, p)!°B scattering data
at I, = 400 keV. It will be demonstrated later that
the low energy 1°B(p, p)!°B data of Chiari et al. [55] de-
viate from Rutherford scattering at energies as low as
E, = 500 keV. However, the same R-matrix calculations
that well describe that data give a maximum deviation
of 5% at E, = 400 keV (at 180°). At 120°, the largest
observation angle in the present measurements, the de-
viation just exceeds 3% at E, = 400 keV. Therefore a
conservative estimate of 5% systematic uncertainty is rec-
ommended for the particle detection measurements. This
systematic uncertainty should be considered independent
for each angle. Additionally, the measured °B(p, o) Be
reaction yield showed no pronounced narrow resonance
structures in the investigated energy range and the thin
target yield formalism [56] was utilized to determine the
cross section.

For measuring the yield of the 429 keV radiation from
the 1°B(p, a; —7)"Be reaction, the solid beam-stop target
was mounted at 55° with respect to the beam direction
and a Ge detector with 35% relative efficiency was set-up
in close geometry facing the target backing. The detec-
tion efficiency was determined with calibrated 56Co and
60Co sources. In addition, the efficiency was determined
with respect to the well-known non-resonant cross section
of the 0(p,7)"F reaction [57] and the strength of the
27Al(p, ) resonance at 632 keV [58]. A liquid nitrogen
cooled copper shroud was mounted in front of the target
to reduce carbon deposition. The shroud together with
the target formed a Faraday cup for charge determina-
tion. The measured yield was normalized to the collected
charge during each run. For a detailed description of the
arrangement see [50].

The cross section excitation curve for the
0B(p, ap)"Be ground state transition was determined
for all four detection angles over the laboratory proton
energy range from 400 to 1000 keV. The reaction channel
to the first excited state in”Be, °B(p, a1)"Be, could not
be recorded because it could not be separated from the
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FIG. 3. (Color online) Differential S-factor excitation curves
for the '°B(p, ap)”Be transition taken at four angles (lab) and
total S-factor excitation curves for the °B(p, ao)"Be ground
state and the '°B(p, o) Be first excited state transitions in
"Be based on the present data set. In the lower energy range,
near 400 keV, the ground-state transition is nearly two or-
ders of magnitude stronger than the transition to the first
excited state in "Be. The ratio of the cross section of the
9B (p, a1)"Be to °B(p, an)"Be reactions generally increases
towards higher energies as shown in Fig. [5] At 900 keV, this
ratio is about one order of magnitude.

strong elastic scattering °B(p,p)!°B and '2C(p,p)'2C
in the here investigated energy range. Further, the
0B(p, ;)" Be yields vary between 1 and 2 orders of
magnitude weaker than those from °B(p, ap)"Be over
the experimentally investigated region.  The cross
sections for the ground state transitions have been
converted to the astrophysical S-factor for better com-
parison with existing data. The astrophysical S-factor
for the °B+p system is defined as a function of the
center-of mass energy in units (MeV) and the reaction
cross section o(FE) in units (barn):

S(E)=o0(FE)-E- 6(18.869.]3*1/2). n

The resulting excitation curves for the differential S-
factors of the 1°B(p, o) Be reaction are shown in Fig.
together with the total S-factor extracted from these
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FIG. 4. (Color online) Total S-factor excitation curve for the
0B (p, ao)7Be transition in comparison with previous work.
The data by Youn et al. [24] are lower in the overlapping en-
ergy range, while the THM data by Spitaleri et al. [29] are
higher. However, the data of Spitaleri et al. [29] are normal-
ized to the direct measurements of Angulo et al. [26] at sub-
stantially lower energies in the tail of the E.m. = 10(2) keV
threshold resonance. The recent measurements by Caciolli
et al. [44], using activation techniques, agree in the higher
energy range but deviate substantially at energies below
500 keV, matching the THM predictions.

data. Also shown is the S-factor excitation curve for
the 19B(p, a; — 7)"Be 429 keV transition. Both g and
o transitions appear fairly flat but lower energy data
[26], B3] suggest a smooth increase in S-factor towards
low energies. In the low energy range the strength
of the "B(p,a; — v)"Be* reaction channel is substan-
tially weaker than the one for the ground state transition
OB(p, ap)"Be. At 400 keV it represents only 1% of the
total reaction cross section. However, the strength of the
0B (p, a1)"Be reaction increases more rapidly with en-
ergy and is about 10% of the total strength near 900 keV.
At higher energies a comparable strength for both reac-
tion channels has been observed in previous work [30].
Fig. 4| shows the S-factor of the °B(p, ap)"Be reaction
branch in comparison with previous results. This fig-
ure underlines the uncertainties that hamper the present
data sets.

The here presented data set does not overlap with the
data of Angulo et al. [26], so a direct comparison is not
possible. A direct comparison with the predictions by
Spitaleri et al. [29] are difficult, since these data are not
absolute measurements but are normalized to the cross
section data given in Ref. [26]. Within the given uncer-
tainties they agree with the present data in the overlap-
ping energy range. Similarly, the new S-factor data also
agree well with the S-factor numbers quoted by Youn
et al. [24] (after being scaled by the factor of 1.83), al-
beit the increase in S-factor towards lower energies is
not as obvious. This discrepancy is even more visible in
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the comparison with the S-factor predictions by Caciolli
et al. [44], which strongly deviate from the present re-
sults in the energy range below 500 keV. However, there
is good agreement towards higher energies. This agree-
ment can also be observed in comparison with the data
by Cronin [3I] below 800 keV.

One explanation for these energy dependent deviations
can be possible contributions from the 1°B(p, a;)"Be re-
action channel. Brown et al. [30] and Cronin [31I] sug-
gested a strong «; contribution above 1.3 MeV, how-
ever, these measurements did not include the lower en-
ergy range and possible a; resonance contributions to
the total cross section cannot be excluded. Fig. 5| shows
the ratio of the total S-factors of the °B(p, ;) Be and
the 19B(p, ap) "Be channels based on the R-matrix fit dis-
cussed below. While displaying a small bump in the ratio
around 500 keV it does not indicate a major contribution
of the 1°B(p, a1)"Be channel to the total cross section.

A critical feature for determining and identifying the
various reaction components are changes in the angular
distribution of the emitted « particle as a function of
energy. The angular distribution data obtained in this
experiment were fit in terms of a Legendre polynomial
function to compare the results with previous claims of
anisotropies in this energy range [24]. The polynomial
fit parameters a; and as reflect the angular distribu-
tion dictated by the angular momenta associated with
the reaction process. Fig. [6] shows the Legendre fit pa-
rameters as a function of energy normalized to the ag
term, that describes the total cross section (as shown
in Fig. . Also shown are the results of former work
[24, BT]. The present data indicate isotropy for the en-
ergy range above 700 keV and below 350 keV as observed
in previous work [3I]. Deviation from an isotropic distri-
bution is observed for the energy range between 400 keV
and 700 keV. This presents itself as an increase in the as
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FIG. 6. (Color online) The Legendre polynomial fit pa-
rameters a1 (a) and a2 (b) for the angular distribution are
displayed as function of energy, indicating a deviation from
isotropy between 400 and 700 keV. Besides the results of the
present experiment, the figure also shows the angular distri-
bution data of two previous studies [24] [31].

term. This is also reflected in the angular distribution
data of [24]. However, their claim of an increasing a;
term cannot be confirmed because of the uncertainty in
the present data set. The energy range between 400 and
700 keV corresponds to the range for which the R-matrix
calculation of [29] fails to reproduce the S-factor data of
previous thick target measurements [43] (see Fig. 12 of
that work). The anisotropy in the angular distribution
data of the present thin target measurements provides
additional evidence for a resonance contribution in this
particular energy range as will be discussed in the follow-
ing section.

III. R-MATRIX ANALYSIS

R-matrix analyses have been made previously by sev-
eral authors [44] [52] [59] 60] where the most comprehen-
sive is the multi-channel analysis of Lombardo et al. [52].
While a good fit was obtained by Lombardo et al. [52],
the analysis was limited to the proton energy range be-
tween 600 and 1000 keV, corresponding to an excitation
energy range from 9.2 < FE, < 11.0 MeV. In this work
the fit is extended to include the lower energy data down
to the proton separation energy (S, = 8.6894(9) MeV).

The present R-matrix analysis includes °B+pg,
"Be+ag, and "Be+a; particle pairs. This analysis is
truncated at an upper energy limit of E, = 10.5 MeV
(Een. = 1.8 MeV). As discussed in Sec. [ while both
10B+p, and ®Be+3He channels open in this energy range,
previous measurements [34, 53] have shown that these
cross sections remain small compared with the uncertain-
ties on the data in the dominating channels, hence they
are neglected. The capture channel, also small compared
to the total reaction cross section, has been neglected but



will be considered in a forthcoming analysis. A channel
radius of 5.0 fm was used for the proton channels, while
5.5 fm was used for the a channels. Variations in these
radii were observed to not have a significant effect on the
quality of the fit.

Table [l summarizes the different data sets used for the
R-matrix analysis. Whenever possible, primary data (i.e.
data closest to the measured yields) have been utilized.
Many older measurements lack tabulated cross sections
but most have been digitized from the figures of those
works by EXFOR [17].

A few of the data sets in the literature are found to be
in poor agreement with the majority of previous results.
The disagreements are not just ones of overall normal-
ization, but are energy dependent as discussed in Sec. [}
These data sets have been excluded from the R-matrix
analysis. Additionally, the “Be+a data have been ne-
glected from the fit for reasons that will be discussed in
Sec.

It is especially important to include differential cross
sections for the reactions under consideration because the
resonances are often broad and overlapping, making them
difficult to resolve in the total cross section. The addi-
tional interferences that occur in the differential cross
sections add further constraints in deducing the level
properties of the underlying compound nucleus states.
However, at low energy, both the (p, ag) and the (p, 1)
cross sections are nearly isotropic, making high precision
measurements necessary to observe these effects. An-
gular distributions have been taken from Youn et al.
[24], Cronin [3I] and differential excitation curves from
Brown et al. [30], Cronin [31], Jenkin et al. [32], Chiari
et al. [55], Overley and Whaling [61] and this work.

A. The Analysis of the '°B(p,p) Scattering Data

Important additional information for the R-matrix
analysis is provided by the study of 1°B(p,p)'°B elas-
tic scattering. There are three measurements of low en-
ergy proton elastic scattering on '°B, those of Brown
et al. [30], Overley and Whaling [61], and Chiari et al.
[55], but the measurement of Brown et al. [30] is at only
one angle and covers a rather limited energy range. All
the measurements appear to be in reasonable agreement,
however the data of Overley and Whaling [61] do not
provide detailed uncertainties. Two distinct resonances
appear to dominate the cross section at F.,, = 1.39
and 1.99 MeV that correspond to the levels at E, =
10.08 (7/2%) and 10.68 (9/2*) MeV. However, there are
other broad states in this region like the E, = 10.10 MeV
(5/2%) state proposed by Lombardo et al. [52] and the
E, =9.98 MeV (7/27) state proposed by Wiescher et al.
[50] that also make more subtle contributions to the cross
section. Further, lower energy resonances are mostly
masked by Coulomb scattering.

A fairly good reproduction of the scattering cross sec-
tion can be obtained with the levels included in the R-

matrix fit as shown in Fig. [7] The fit is of similar qual-
ity to that given in Lombardo et al. [52] but has been
expanded to include all the data of Brown et al. [30],
Overley and Whaling [61], and Chiari et al. [55]. The
data of Overley and Whaling [61] and Chiari et al. [53]
are in excellent agreement. Those of Brown et al. [30]
also match the shape of the other measurements, but are
low in absolute normalization by about 20%. However,
this is equivalent to the uncertainty in the digitization
procedure quoted by EXFOR for this data.

A rare feature of the scattering data is that even at
very low energy there is deviation from Coulomb scat-
tering. Although, since it is slowly varying in energy,
it seems that this has been overlooked previously. This
may be responsible for some of the normalization issues
observed in the different data sets. This is illustrated, for
example, in Fig. 8 of Lombardo et al. [52] where the R-
matrix fit under-produces the experimental data at the
lowest energies. This deviation can be explained by the
contribution from the E., = 10(2) keV threshold reso-
nance state at E, = 8.6987 MeV. Including this level in
the R-matrix gives a better match to the low energy cross
section data as shown in Fig.[7] Because this resonance is
strong, narrow, and isolated, this state provides a clear
link between the scattering, (p, o), (p,a1), and (p,7)
cross sections at low energy where this state dominates.
Because the partial widths of this prominent resonance
are known, this provides a constraint on the absolute
scale of the scattering data. I'y ~ 2x10~ eV has been
determined recently from the THM measurements of Spi-
taleri et al. [29] and the o width (T'¢ota1 = T'a,) has been
measured by Fortune et al. [62] as 'y, = 15(1) keV. This
is a valuable cross check between these different reaction
channels since the boron target thickness are difficult to
determine experimentally because no narrow resonances
exist in the proton induced cross sections.

B. The Analysis of the '°B(p,a) Cross Section Data

The majority of the data in the literature focus on the
0B(p, ap)"Be cross section as it is the largest reaction
cross section at low energy. Much of this low energy
data is in reasonable agreement as far as their absolute
scale is concerned apart from the data of Youn et al. [24].
This data has to be scaled up, and Angulo et al. [26] has
suggested a factor of 1.83. However, there are random
variations in the point-to-point cross section data of sev-
eral measurements that are significantly larger than the
uncertainties suggest are reasonable. This is especially
true for the low energy data of Angulo et al. [26].

At higher energy, the majority of the data are also in
reasonable agreement as far as their absolute scales are
concerned. The exception here are the data of Jenkin
et al. [32]. In the current analysis it has been observed
that these data need to be scaled up by a factor of 2
to match the other data sets. Their energy dependence
is then in good agreement with the other data. In the



TABLE I. Summery of experimental data. A significant amount of data was obtained by digitization of figures from the original
works and made available by EXFOR [17]. The data considered in the R-matrix fit are labeled “Fitted Data”. Data found to
be inconsistent with the majority are labeled “Inconsistent Data”. A consistent fit could also not be obtained with the current

"Be + « data.
Ref. Reaction(s) Source
Fitted Data
Burcham and Freeman [20] (1949) 9B(p, a0)"Be Fig. 11 (EXFOR)
Burcham and Freeman [21] (1950) 9B(p, a0)"Be Fig. 7 (EXFOR)
Brown et al. [30] (1951) B (p,p)''B Fig. 9 (EXFOR)
Cronin [31] (1956) 9B (p, 0,1)"Be Fig. 5 (EXFOR)

Overley and Whaling [61] (1962)
Jenkin et al. [32] (1964)
Roughton et al. [43] (1979)
Youn et al. [24] (1991)
Knape et al. [25] (1992)
Angulo et al. [26] (1993)
Angulo et al. [33] (1993)
Chiari et al. [55] (2001)
Spitaleri et al. [29] (2014)
Lombardo et al. [52] (2016)
this work

IOB(p, p)IOB
9B (p, 0,1)"Be
IOB(pv atota1)7Be
9B (p, an)"Be
YB(p, an)"Be
9B (p, an)"Be
YB(p, a1)"Be
IOB(p7 p)IOB
B (p, an)"Be
9B (p, an)"Be
0B (p, ap,1)"Be

Figs. 2 and 3 (EXFOR)
Figs. 2, 3, and 4 (EXFORf
Table
Fig. 2 (EXFOR
Fig. 3
Table 2
Table 1
EXFOR
Table IV
from author

Inconsistent Data
Brown et al. [30] (1951)

"B(p, ao,1) Be

Figs. 9 and 11 (EXFOR)

Bach and Livesey [22] (1955) 0B (p, ap) Be Table 2
Kalinin et al. [42] (1957) OB(p, atotal) "Be Fig. 2
Szabé et al. [23] (1972) OB(p, ap) " Be Table 1
Caciolli et al. [44] (2016) B(p, aotal) " Be Table 1

"Be + a Induced Data
Freer et al. [59] (2012) a("Be, ttotal) Be and " Be, protal) B Fig. 3 (EXFOR)
Yamaguchi et al. [60] (2013) a("Be, ao,1)"Be and a("Be,po,1)'’B Fig. 5 (EXFOR)

2 The current analysis suggests a renormalization of this data by a factor of about 2.
b Thick target yield unfolded to cross section by Angulo et al. [47] (NACRE).
¢ With the correction in the normalization of a factor of 1.83 as suggested by Angulo et al. [26].

fitting these data are included but with the addition of
the scaling factor as noted in Table [l

One issue in determining the °B(p, ap)"Be cross sec-
tion is that experiments have focused on different regions,
the lack of overlap makes a consistent R-matrix analysis
more challenging. At lower energies from 140 < Ej,p, <
300 keV, the measurement of the (p, ) cross section is
handicapped by the large count rate of the scattered pro-
tons compared to the rate of the reaction « particles. Be-
low ~140 keV Angulo et al. [26] used degrader foil in front
of the charged particle detector to block the high proton
flux. The « particles still can penetrate the degrader foil
because of their substantially higher energies. At higher
energies, above about FEj,, =~ 300 keV, scattered protons
and reaction alphas can be measured simultaneously in a
detector. The data of Youn et al. [24] are the only ones
that bridge this energy gap.

There are significantly fewer measurements of the low
energy °B(p, a1)"Be cross section. This is likely because
this cross section is between one and three orders of mag-
nitude smaller than the °B(p, ap) "Be cross section below
E, =~ 1MeV. The large gap between the low energy data
by Angulo et al. [33] and that of Brown et al. [30] and
Cronin [31], ranging from 160 keV < Fj,, < 1.3 MeV,

is bridged by the present data set, showing consistence
and good agreement between present and previous data
in the overlapping energy ranges.

C. The Impact of 5/2" Resonance States on the
Cross Section Analysis

In the low energy region between the proton sepa-
ration energy and FE.,,. ~ 1 MeV, the S-factors of
OB (p, ap)"Be, 1°B(p,a1)"Be, and °B(p, )1 C are sim-
ilar in shape. Below E..,, =~ 1 MeV, the S-factor de-
creases steadily with energy until at E. ., = 0.5 MeV, a
region of rapid inflection occurs, with the S-factor then
rapidly increasing towards lower energies.

This interference pattern is the result of at least two
5/2% states that result in strong resonances in the low en-
ergy cross sections. These states are populated by s-wave
protons and, for the 1°B(p, ap)"Be reaction, depopulate
primarily via p-wave « emission to the ground state of
"Be. Therefore they are expected, and observed, to have
large reduced widths in these channels.

The lowest energy of these resonances, correspond-
ing to the level at FE, = 8.699(2) MeV, is just



0.25

_I I__Il |I|I|I|I__I|I|I|I|I|I__I|I|I|I|I|I_
0.2 I . T o —110°
0.15F 4 O = 100" 6,,=105° T = .
= 0.1 __ 1 Chiarietal. | Chiarietal. | Chiari etal. 7
= B 1 1 1 ]
> 0.05oy T T T ~
et | T o PR L e B e
= - + RS + .
o 025 —1 0, =120 —1 — 1950 T _ 1200 —
E= R ol T, Chiarietal, T Ow=12" 1§ 8,130
Q <L 1 =1203° . I . ]
C%) 0.15 — —+ Ovelrﬂlbey and Whalimgl— Chiari et al. —+ Chiari et al. —
2 0%; — I I - -
= bbb e e e e
— 025 0,,=135 I B, = 140 T 0, =145° I 0, =150° ]
§ 02— —_ Chiari et al. . lab T lab T
= B Chiari et al. T 0. =137.8° I Chiari et al. I Chiari et al. ]
= 015 —_1 lab —_1 -1 —
) - -+ Brown et al. -+ -+ —
5 0.1 gy gy I =
= 005 —1 —1 -1 —
o= ol bbb b b b b v b b v b b b v b b b by
A 025 O =155 T B PR —— 0, =170°  —
2‘ 02 L Chiari et a(!. . 8,,, = 160 -+ e]abz 165 -+ lab — -
S = I iari I iari _ Chiari et al. ]
Q 0.15 — Overlaey and Whaling:__ Chiari et al. —+ Chiari et al. —+ lareta —
0.1 T T - —
0.05+ —_1 —_1 -1 —
O_|||||||||||__|||||||||||__|||||||||||__|||||||||||_
05115225 05115225 05115225 05115225

Center of Mass Energy (MeV)

FIG. 7. (Color online) Comparison of the '°B(p,p)'°B scattering data taken over a wide angle range by Brown et al. [30],
Overley and Whaling [61], and Chiari et al. [55] with the R-matrix fit of this work (solid red line). A good reproduction of
the scattering data can be obtained with the levels quoted in the literature. It is of note that in addition to the lowest orbital
angular momentum channels possible, the fit requires small but significant angular momentum channels of l,in+2 in order to

achieve a good fit (see Table [II)).

E.m. = 10(2) keV above the proton separation energy
(Sp = 8.689 MeV). This level has been identified in
the 1B(®He, d)!'C transfer reaction, it’s width Tiotal
and spin and parity value J™ have also been deter-
mined by Fortune et al. [62] as T'iotal = 15 £ 1 keV
and J™=5/27 respectively. More recently, this state has
been measured via the Trojan Horse method by Spita-
leri et al. [29]. The reduced proton width of this level
approaches the single particle limit (see Ref. [50] and ref-
erences therein), enhancing the low energy cross sections
of the 1°B(p, ap)"Be, 1°B(p, a1)"Be, and °B(p,v)*1C re-
actions. This low energy resonance even effects the scat-
tering cross section, which deviates from Coulomb scat-
tering even at very low energies as discussed in Sec.

To describe the interference at low energy in the
capture data, Wiescher et al. [50] proposed that an-
other 5/27% level should exist at an excitation energy of
E, =~ 9.2 MeV. This resonance is not prominently visible
in other reaction channels, but in this analysis it has been
found that the inclusion of such a level does result in a

significantly better fit in this region. However, it should
be stressed that this solution may not be unique and the
match between the data and R-matrix fit in this region
is not yet satisfactory for the (p, ag) reaction.

At higher energies, Lombardo et al. [52] have suggested
another 5/2% state at E, = 10.10 MeV. This resonance
has also been included in this analysis and has been found
to greatly improve the fitting. However, in this analysis
the width of this resonance is much larger (see Table in
order to produce a better fit in the low energy interference
region, which was not included in the fit of Lombardo
et al. [52].

Further, to fit the interference region, the present
analysis finds it necessary to include very large back-
ground contributions (i.e. large widths for the back-
ground poles). This could be neglected in the analysis
of Lombardo et al. [52] since these background contribu-
tions only have a significant effect on the off-resonance
interference region that was not previously included. The
need for a slowly energy varying background component



(in S-factor) has also been noted by Caciolli et al. [44].
However, their method of adding a flat constant S-factor
contribution does not preserve the unitarity of the col-
lision matrix. This breaks one of the very useful con-
straints of the R-matrix approach, conservation of flux.

The very large widths of the background levels
suggest another (or several) additional strong reso-
nances at higher energies. Indeed the data of Jenkin
et al. [32], where measurements were made from 2 <
FEy, < 11 MeV, show many strong, broad, higher en-
ergy structures up to Fjap &~ 8 MeV. It may therefore be
necessary to extend the fitting to higher energy in order
to accurately reproduce the interference pattern.

D. R-Matrix Analysis of "Be4a Reaction Data

The R-matrix analysis of the '°B+4p data discussed
here should be consistent with “"Be+a data over a sim-
ilar excitation energy range since both populate the
same 1C compound nucleus. Therefore measurements
of "Be(a, a)"Be reaction could provide key information
for resolving the current discrepancies and ambiguities in
the R-matrix fitting.

There have been recent attempts to investigate the ex-
citation energy range from E, = 9 to 13 MeV in 1C
by measuring the "Be(a,p)'°B and "Be(a, a)"Be reac-
tions in inverse kinematics using thick target techniques
by Freer et al. [59] and Yamaguchi et al. [60]. For these
two measurements, the “Be(a, a)”Be scattering cross sec-
tions are in very poor agreement as shown in Fig. 8 of
[60). In addition, Freer et al. [59] could not differenti-
ate between « particles arising from elastic and inelastic
scattering, both of which are present over much of the
energy range. Freer et al. [59] assumed that the elastic
cross section dominates over the inelastic, but this is not
a valid assumption at E, > 9.7 MeV (E.,. > 1.0 MeV)
where the (p,ap) and (p, 1) cross sections have shown
that the widths of the levels above this energy are close
in magnitude (see Fig. [5).

R-matrix fits were performed by both Freer et al. [59]
and Yamaguchi et al. [60], but both fit only their data
and did not make any comparison calculations with the
available proton induced reaction data. Further, the R-
matrix fit of Freer et al. [59] neglected both the inelastic
« and proton channels that become significant at higher
energies. Both R-matrix analyses also neglected the 8Be
+ 3He channel that also may become significant over the
highest energy ranges of their data.

Fig. |8 shows an R-matrix calculation for the "Be+a
and the '°B+p reaction data based on the level param-
eters given in Freer et al. [59] and Yamaguchi et al.
[60]. In order to achieve a more reasonable comparison,
the branching ratios from the literature have been ap-
plied to the a widths of Freer et al. [59], assuming that
these widths represent approximately I'y, + I'o,. For
the "Be+a data, only those of Yamaguchi et al. [60] are
shown as there is some ambiguity in how the data of Freer
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et al. [59] should be interpreted. Further, additional in-
formation about the data of Yamaguchi et al. [60] have
been given on EXFOR. The R-matrix fit reported by
Yamaguchi et al. [60] (dashed-dotted red line in Fig.
can be reasonably reproduced using the level parameters
provided in that work. However, when the parameters of
Freer et al. [59] are used the cross section curve of that
work cannot be reproduced. The curve that results from
these parameters is given by the dashed red line in Fig.
When the level parameters from Freer et al. [59] and Ya-
maguchi et al. [60] are then used to calculate the cross
sections for the proton induced reactions, the agreement
between both the R-matrix cross sections and the proton
induced data is rather poor for both parameter sets as
shown in Fig. |8l This may indicate either a problem with
the data or with the understanding of the level structure
in this region.

Attempts were made to include the “Be+a data in
the current R-matrix fit, but a consistent fit could not
be achieved. For example, Fig. |8 also shows a calcula-
tion of the predicted "Be(a, )" Be cross section based on
the level parameters of this work. Again the agreement
is poor. A consistent description of the “Be + « and
OB + p data must be achieved before it can be claimed
that the level structure in this excitation energy region
is well understood. A detailed measurement, likely with
a setup that provides a thin target and well defined an-
gles, that covers a wide range in both angle and energy,
of the "Be+4-a cross sections is key in achieving this goal.
However, so far the very challenging experimental setups
that are necessary have prohibited such a measurement.

IV. DISCUSSION

The present data extends on the results of previous
work by closing the gap between the extensive studies in
the energy range of astrophysical relevance below 200 keV
and the energy range above 1 MeV that has been of inter-
est for the early interpretation of shell structure in light
nuclei. In the lower energy range, the S-factor data show
good agreement with previous work [24] 26, B33]. Fig. |§|
shows a subset of the °B(p, ag)"Be data compilation as
well as the data obtained in the present work. An R-
matrix description of the data was calculated using the
resonance parameters listed in the EXFOR 2014 data
compilation [I7]. While the calculated curve matches
the observed low energy increase of the S-factor data
very well, it fails to reproduce the present data as well
as much of the previous data in the 0.5 < FE. . < 1.0.
This suggests an additional reaction component in this
energy range. This could either be a broad resonance
near FE. ., = 810 keV that corresponds to a state at
E, =9.5 MeV excitation energy in the compound nucleus
1 [50] or a direct reaction component [51] as discussed
above. Such possibilities were already discussed in the
recent paper by Caciolli et al. [44]. A much better agree-
ment is reached when using the parameters suggested by
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FIG. 8. (Color online) Comparison of R-matrix fits to ' Be4a
data from Yamaguchi et al. [60]. The R-matrix fit reproduced
from the parameters of Freer et al. [59] (dashed red line),
Yamaguchi et al. [60] (dashed-dotted red line), are compared
to that produced by the current work (solid red line). Freer
et al. [59] and Yamaguchi et al. [60] fit only the "Be+a data
while the current fit includes only °B+p data.

the S-factor data by Lombardo et al. [52]. The resulting
R-matrix description from this work is shown as a solid
line in Fig.[0] This fit describes the overall energy depen-
dence of the S-factor data by Lombardo et al. [52] but
fails to provide a satisfying description of the present data
set. This again indicates the existence of an additional
broad reaction contribution around E. ,, = 500 keV.

Figs. [§ and [9] clearly demonstrate the difficulty in de-
scribing the 'C populating cross sections over this en-
ergy region. Part of the recent issues have been the use of
single reaction fits that ignore the constraints that would
be imposed by data in other reaction channels. That
said, the authors have attempted such a fit, but have
found that there is simply insufficient data, and insuffi-
cient consistency among the different data sets, to achieve
a unique fit. This is also rather aptly demonstrated by
the R-matrix parameters given in Table [[Il While the fit
given in this work appears similar to that obtained using
the parameters found in the literature, the parameters
are quite different. This is mostly the result of the fit’s
attempt to reproduce the cross section in the vicinity of
the interference dip near E..,, = 0.5 MeV.

In order to achieve a more reliable fitting providing a
deeper insight into the level structure of ''C, it is neces-
sary to significantly expand the energy range and provide
a consistent set of experimental data ranging from about
FE.m ~ 250 keV to 3 MeV. This would allow the fit to
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FIG. 9. (Color online) Comparison of R-matrix fits from the
recent publications of Caciolli et al. [44] and Lombardo et al.
[62] as well as a calculation preformed with parameters from
the compilation [I7]. The wide variation in the fits reflects
the complication of achieving a unique fit with the available
data.

take into account contributions from higher energy res-
onances in the 1 to 3 MeV proton energy range and it
would provide better overlap with the low energy data by
Angulo et al. [26] and the data range of "Be+a scatter-
ing data as provided by Freer et al. [59] and Yamaguchi
et al. [60]. Such a measurement should be made in en-
ergy steps fine enough to map all resonances and should
be made at several different angles to constrain the spin-
parities and interference patterns of the different con-
tributing levels. Further, the measurements should be
made for all exit channels, including the v radiative cap-
ture channels so that consistent branchings between the
different channels can be verified over a broad energy
range. Activation measurements should also be made
but in conjunction with prompt particle detection mea-
surements so that the discrepancies between these two
measurement techniques, which have been observed in
the literature previously, can be resolved.

V. CONCLUSION

In terms of the analysis of the °B(p,a)"Be reaction
as a possible impurity source for aneutronic plasma fu-
sion systems this study confirmed that this reaction only
plays a negligible role. Fig.[10[shows the comparison be-
tween the 'B(p, a1)®Be and the 1“B(p,a)"Be cross sec-
tions, which dominate over the energy range of interest.
In the critical energy range of aneutronic fusion, in the
vicinity of 600 keV, the prime reaction is about fifty times
stronger than the background process. Given a natural
abundance of 19% for 1°B the rate of the '1B(p, a1)®Be
reaction in a natural boron plasma is more than 250 times
stronger than the background process. The present study
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FIG. 10. (Color online) Comparison of the 'B(p, a1)*Be

reaction data of Becker et al. [14] (black circles) with that
of the “B(p, ap)"Be reaction from a sampling of previous
works [21) 26, 27, B0] (gray squares). The "'B(p, a1)®Be and
1B (p, ap)"Be are the dominant decay modes for each reac-
tion over the energy range. The present measurements (red
squares) are centered on the energy range of interest for aneu-
tronic fusion, which lies in the vicinity of F, ~ 600 keV.

significantly reduced the previous uncertainties associ-
ated with this question as outlined in the introduction.

A more concrete prediction is necessary for determin-
ing the suitability of the °B(p,a)"Be reaction as a sig-
nature for laser-driven plasma shots, however, requires a
more reliable parametrization over a wider energy range,
which has to rely on an R-matrix fit over a broad low
energy range. The reaction parameters of the here pre-
sented R-matrix fit are given in Appendix [A] Table [[I]
The analysis indicates the need for substantial improve-
ments in the data sets and therefore the present R-matrix
fit should be viewed as preliminary. To provide a reason-
ably unique solution and reduce the uncertainty range,
additional constraints are necessary.

While the data presented here are a step forward in
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obtaining added constraint to the R-matrix fitting, it
is clear that more comprehensive experimental measure-
ments are necessary. In particular, a consistent measure-
ment of all '°B+p induced reaction channels including ra-
diative capture, expanding on the data of Wiescher et al.
[50], over a wide energy range and at several angles would
lead to a significant improvement in the overall confi-
dence of future R-matrix fits by establishing the relative
normalizations of the different data sets. The current
situation of several patchwork measurements, with some-
times vastly differing normalizations, precludes a confi-
dent R-matrix analysis. Further, a similar comprehensive
measurement of "Be+a reactions over this same excita-
tion energy range would be equally valuable.
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Appendix A: R-matrix fit parameters

The parameters for the preliminary R-matrix fit of this
work are given in Table [l The level parameters pre-
sented in this work should not be viewed as reliable level
parameters. They are an example, that can be compared
with other analyses that have been used to fit data that
populate the 'C nucleus over a similar energy region,
that shows that these solutions are not unique and re-
quire further constraint from addition data to achieve a
unique solution.
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TABLE II. Energies and particle widths used for the R-matrix fit. Parameters marked in bold were treated as fit parameters.
All others were held constant at their central or nominal values. The R-matrix parameterization is that of Brune [63]. Channel
radii are @ay=0a, =5.5 fm and a,,=5.0 fm. Signs on the partial widths indicate the interference signs on the corresponding
reduced width amplitudes.

JT E, (MeV) particle pair (s,1) Iy (keV) TCiotal
this work lit. this work lit.
Physical States
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a Energy fixed at that of Spitaleri et al. [29].
® From Lombardo et al. [52].
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