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The recent discovery of Carbon Enhanced Metal Poor (CEMP) stars leaves open questions as
to how carbon, nitrogen, and oxygen (CNO) elements were enriched through the nucleosynthe-
sis of primordial elements in the first stars. It has been proposed that the reaction sequence
Li(a, 7)'°B(a,d)**>C may offer an alternative path to the traditional triple-oc process, taking ad-
vantage of « cluster configurations in the B and *N compound nuclei. In the present study,
an investigation of the low-energy 6Li(a,'y)mB cross section is performed using a combination of
different ~ ray detectors. The discrepancies in the literature of the width of the broad resonance
(Fe.m. = 1200 keV, 1§L) are resolved. A consistent and much more precise width, I' = 125(8) keV,
is obtained via a simultaneous R-matrix fit of the data from the present study and that reported
previously in the literature. The uncertainty in the tail contribution of the broad resonance indi-
cates that a substantial increase in the low temperature reaction rate is possible compared to that

adopted by the REACLIB compilation.

5 I. INTRODUCTION

6  Nucleosynthesis during the Big Bang occurs between
7 the third and tenth minute [I]. The rapidly declining
s temperature and density conditions in the expanding en-
vironment prohibit the formation of a substantial amount
10 of nuclei in and above the carbon range due to the mass
1n b and 8 gaps. The resulting primordial baryonic abun-
1 dances therefore consist primarily of 'H and *He, with
mass fractions Xy ~ 0.5 and Xy, ~ 0.5. Heavier isotopes
beyond the mass A = 5 gap, such a 5Li and “Li - often
produced in the form of "Be (t1/2 ~ 53 days) - are pre-
dicted to have been formed with the very small mass frac-
17 tions of log;o(6Li/H) = -13.894:0.20 and logyo("Li/H) ~ -
18 9.3240.06, respectively [IJ.

19 The first stars emerged about 400 million years after
» the Big Bang via gravitational contraction of higher den-
a1 sity inhomogeneities in the baryon distribution of its de-
bris [2]. This material was characterized by a pure pri-
»3 mordial abundance and provided the seed material at the
onset of stellar nucleosynthesis. These stars are thought
» to have been very massive, typically between 15 and
26 150 M. In later stellar generations, such massive stars
are stabilized by the CNO cycles [3] during the hydrogen
burning phase. However, due to the scant abundances
2 of CNO elements in the initial primordial fuel material,
3 energy generation in first stars is based primarily on the
a pp-chains, expanding to include the hot pp-chains [4] in
the gradually contracting cores. Simulations indicate [5]
that the these types of stars continue to contract un-
a til sufficient temperatures and densities are reached for
35 the triple-a process to generate enough 2C to initiate
3 the CNO cycle, thus re-establishing hydrostatic equilib-
s rium. While this reaction comes to full fruition above
1 0.3 GK, alternative o induced reaction sequences may op-
3 erate at considerably lower temperatures, between ~0.05
» and 0.3 GK, and may accelerate the production of CNO
isotopes.

2 Indeed, the initial Li abundance in primordial ma-
w terial, which was primarily formed by the *He(d,~)%Li
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reaction, opens another possible reaction branch towards
the CNO range. The °Li(a,v)!°B(a, d)!2C reaction se-
quence, which feeds deuterium back as fuel material, es-
tablishes a weak cyclic reaction sequence by which heav-
ier elements are produced [6]. The efficiency of this pro-
cess depends on the strength of the associated reaction
rates as well as those of the competing %Li(p, a)*He [7], 8]
and 1°B(p, a)"Be [9] reactions.

The reaction rate of ©Li(a,7)°B as well as
the three subsequent reaction branches, °B(a,d)!2C,
0B(a, p)t3C, and °B(a,n)!3N, are expected to be char-
acterized by pronounced a-cluster resonances near their
thresholds [10]. This might cause a substantial increase
in the reaction rate [6] of %Li(c, v)!B compared to pre-
vious assessments [I1], which have not taken into ac-
count possible broad resonances or direct capture contri-
butions. This increase, in combination with an increase
of helium rich bubbles in the highly convective early star
environment [12], may generate a substantial reaction
flow via this proposed branch, which may in turn lead
to a faster production of CNO material in the first star
environment.

In this work, we will discuss recent measurements of
the °Li(a, v)1B reaction while measurements of the sub-
sequent '°B+a reaction channels will be presented sep-
arately in other publications. Sec. [[]] first discusses the
different underlying components of the 5Li(c,v)'°B re-
action rate. Sec. [T describes the experimental set-up
for the measurements, followed in Secs. [[V]and [VI] by the
analysis of the data and its interpretation in the frame-
work of multi-channel R-matrix theory, respectively. A
reaction rate is then calculated in Sec. [VII based on the
R-matrix calculations and narrow resonance strengths.
Some conclusions, in terms of the impact on the reaction
path, will be drawn in Sec. [VIII|
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II. REACTION COMPONENTS IN °LI(a,7)'°B

Because of the low level density in B and the low
Q-value of 4.461 MeV, the SLi(c,v)!°B reaction is char-
acterized by only a few low energy resonances. The level
structure in the 1B compound nucleus is shown in Fig.
It displays a state at E, = 4.773 MeV (J™ = 37), corre-
sponding to a narrow, low energy, { = 2, resonance near
E, = 520 keV. An earlier study observed a lower energy
for this resonance, E, = 500(25) keV [13], which has been
used in the reaction rate calculations of Cyburt et al. [I4].
The strength has been measured with an uncertainty of
~10%, but upper and lower values differ significantly [T5}-
17], indicating that systematic uncertainties hamper the
results of earlier studies. Both of these factors lead to a
great deal of uncertainty in the reaction rate. This res-
onance is the dominant component of the Li(c,v)!°B
reaction rate at the temperature range in an early pri-
mordial stellar environment (0.05 < T' < 0.3 GK).

Three low-spin excited states between E, = 5.109 and
5.170 MeV, in the compound nucleus '°B, form a reso-
nance group at F, = 1.078, 1.168, and ~1.2 MeV. The
two narrow resonances (I' < 1 keV) at E, = 1.078 (27,
¢ =1) and 1.168 MeV (2, ¢ = 2) have been measured
several times, although there are still fairly large uncer-
tainties associated with their resonance strengths [I7H21].

The third resonance in the group at E, ~ 1.2 MeV
corresponds to a J* = 17 excited state in B at a
proposed excitation energy of 5.182 MeV. This level
is rather broad; previous works have suggested total
widths of T' = 200(30) [22], 105 [23], 110(10) [24] and
100(10) keV [25]. However, in Dearnaley et al. [23] it was
explained that the 200 keV width reported by Sprenkel
et al. [22] used an inaccurate formalism for the width
calculation. They showed, using a simultaneous fit to
their a-scattering on °Li data and Sprenkel et al. [22]’s
Li(cr, 7)19B data, that the width should be considerably
smaller, ~105 keV. Similar widths were also observed by
Armitage and Meads [24] and Auwérter and Meyer [25]
using spectra from 1°B(d,d)!°B and °Be(p,v)°B mea-
surements, respectively. Unfortunately, even the most
recent rate compilation that includes the *Li(c, v)1B re-
action of Caughlan and Fowler [26] (CF88) has used the
erroneously large width of Sprenkel et al. [22]. The tail of
this broad resonance characterizes the cross section be-
low 500 keV. The uncertainty in the tail contribution of
this resonance, therefore, translates into a considerable
uncertainty in the reaction rate at temperatures below
0.1 GK.

Even the revised width of =100 keV for the
1.2 MeV resonance translates into a reduced width of
~1.8 MeV [23], twice the Wigner limit of ~0.9 MeV,
implying a unique nuclear structure. The spin and par-
ity assignment of this level identifies the 5Li+« entrance
channel as ¢ = 0 s-wave. It has been suggested that this
level’s very large reduced width can be interpreted as
a pure a-cluster state, but for two identical a-particles
[23 27].
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Finally, the direct capture (DC) component of the
5Li(c, v)!°B reaction is not known. The direct cap-
ture is expected to be dominated by FE2 transitions
to the 3% ground state, the 17 first excited state at
E, = 0.718 MeV, and the 07 second excited state at
E, = 1.740 MeV in 19B. Direct capture calculations, us-
ing the single particle potential model code JEZEBEL [28§],
have been performed to compare the strength of the di-
rect capture contributions with the strength of the low
energy tails of the 07 s-wave resonance at £, ~ 1.2 MeV.
The simulation assumed a pronounced a-cluster struc-
ture for the bound states in 1B [29] [30]. For example,
[29] gives a spectroscopic factor of 0.6 for the 1] state.
The cross sections of these DC components are well be-
low that of the tail of the ~1.2 MeV resonance at most
energies. However, below E., ~ 0.17 MeV, the calcula-
tions indicate that the ground-state DC component could
become larger than the tale of the broad resonance, as
discussed later in Sec. [VIIl

The experimental goal of this work is to accurately de-
termine the width of the £, ~ 1.2 MeV cluster state, and
provide a high statistics measurement of the strengths
of the narrow resonances at F, = 0.520, 1.078 and
1.168 MeV. The high precision measurement of the res-
onances located in the low energy excitation function is
necessary in order to better understand the limits and
contributions of the broad resonance and the DC to the
low temperature reaction rate.

III. EXPERIMENTAL METHODS

The 5U Pelletron accelerator at the University of Notre
Dame [31] was used to measure the *Li(«,v)1°B reaction
between F, = 460-1400 keV. Beam intensities ranged be-
tween 1 pA and 15 pA because higher intensities resulted
in rapid deterioration of the lithium targets. The most
important feature of the Pelletron is its good energy reso-
lution, ability to change energies rapidly and in arbitrary
steps, and its stability over a wide range of energies. The
beam energy of this machine was calibrated using the
well-known resonances in the 27Al(p, v)?8Si reaction [32].

The target was mounted at 45° with respect to the
beam direction and together with the target chamber
formed the Faraday cup for measuring the beam current.
A cold trap was used in order to prevent carbon buildup
on the target surface. The trap consisted of a long LNy
cooled copper pipe, which extended to within &~ 3 cm of
the target. The pipe was electrically isolated and biased
at -300 V to suppress secondary electrons.

Evaporated lithium fluoride (LiF) targets have been
shown to be unstable under high intensity a-particle
beam bombardment [20] [33],[34]. Therefore, before yields
were acquired from the SLi(a, v)'°B reaction, a LiF tar-
get study was performed. In these tests, it was found
that the implementation of beam wobbling and water
cooling prevented appreciable target deterioration under
a certain threshold of integrated charge. A beam wobbler
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FIG. 1: Level scheme of the '°B compound nucleus with ~ ray transition energies and intensities shown from the
present measurement. All energy values are given in keV. The present measurements are in general agreement with
literature [I7]. The a-particle separation (S, ) energy is indicated by the red dashed line.

11 enabled the focused beam spot on target to be uniformly 203 After =60 mC depositions, the high energy tail of the
12 dispersed over an area of about 4 cm?. 20s target integrated resonance scans demonstrated diffusion
3 From these tests, it was found that a SLiF target ex- 2s effects as well as a ~15-20% drop in maximum yield on
104 perienced a 15-25% degradation after an accumulation 206 the plateau. In even smaller depositions, ~50 mC, the
105 of 75 mC of integrated charge on target and that the 2 deterioration that occurred was a5-10% and some faint
106 target profile began to show significant signs of diffusion 20 surface enrichment was observed. Because of this, all of
w7 and surface enrichment of ®Li nuclei. This could indi- 200 the targets in the current study were typically kept below
s cate that the SLiF had dissociated and the lithium had 20 ~50-55 mC of charge deposited. Some gains in stability
100 drifted away from the target backing while the fluorine 2u were seen with thicker targets, however it is also likely
200 may have drifted towards the target backing. Addition- 21 that the effect of drifting target nuclei in a thicker target
oo ally, it was discovered that the threshold for these target 213 is more easily obscured compared to a thin one.

202 stoichiometry effects to become significant was ~60 mC. 2«  Using SLiF enriched to >95%, targets of thicknesses

[N)
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FIG. 2: SLiF target scan of the 340.5 keV resonance in
the 1F (p, ay)1®0 reaction before and after
bombardment. A scan of a fresh target is indicated by
the black diamonds while that of a target exposed to
60 mC charge deposition by green triangles.

between ~10 pg/cm? and ~50 ug/cm? were evaporated
onto 0.5 mm tantalum backings. Targets were mounted
45° relative to the beam, making their effective thick-
nesses ~14 pg/cm? and ~71 pg/cm?, respectively. This
tantalum target backing served as the beam stop. He-
lium beam was impinged on a blank tantalum backing
for =~ 200 mC to determine what target backing contam-
ination and background reactions might occur. In the
present study, it was found that the F (o, py)??Ne reac-
tion was a substantial background above E, = 1.4 MeV.
The 7 ray produced at E, = 1.274 MeV did not greatly
effect the F, = 718 keV region of interest, however the
rate of detection for the emitted 1.274-MeV ~ ray was
high, > 5000 cts/s. In addition to this fluorine induced
background, a high intensity gamma line of 136 keV
from ¥1Ta(, ay)!8 Ta inelastic scattering could be seen
throughout the experiment.

Scans of the well known FE, = 340.5 keV resonance
in the F(p,ay)1%0 reaction were used for target stoi-
chiometry tests as well as for calibration of the detector
and accelerator [35H37]. An example of the deteriora-
tion of these SLiF targets under 60 mC of bombardment
is shown in Fig. It is clearly seen that some SLiF is
lost from the target, which amounts to 15% of the
integrated yield. However, appreciable energy shifts (
> 1 keV) in target profile are not observed, though evi-
dence for 9F drift toward the target backing is observed.
Scans of the E,, = 520 keV resonance in the °Li(a,v)'°B
reaction are also shown for comparison in Fig.

~
~

A. Excitation Function Experiment

A CeBrj detector was placed at an angle of ),;, = 55°
at a distance of 2.5 cm from the target position to max-
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FIG. 3: SLiF target scan of the 520 keV resonance in
the SLi(a,7)1°B before (black points) and after
bombardment (red points).
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FIG. 4: Excitation function of the F, = 718 and
3430 keV-v rays from the °Li(a,v)'°B reaction. The
contribution from the underlying broad (I, >100 keV)
resonance can be observed separately through the yield
of ~3430 keV-v rays and is shown by the red points.
The solid red line indicates an R-matrix fit of this
broad resonance (see Sec. .

imize efficiency and to minimize the contribution of the
P2(0) Legendre polynomial in the angular distribution
of the emitted v rays. Due to the very close geometry
of this detector, coincidence summing corrections need
to be applied and are discussed in Sec. The 2x2
in. CeBrs detector was a type 51B51/2M-CEBR(LB)-
E2-X-NEG from Berkeley Nucleonics [38], and is referred
to as “CeBr” through the remainder of the text. The
measured excitation function is shown in Fig. A dia-
gram showing the experimental setup using this detector
is given in Fig.

In the excitation function, the F, = 520, 1078, 1168,
and 1170 keV resonances are observed. Because of spin
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FIG. 5: Experimental setup diagram. The target was placed at 45° with respect to the beam direction. The CeBr

detector was placed ~2.5 cm from the target position at 55° relative to the beam direction. A camera was used to

view the beam induced fluorescence from the SLiF targets, which assured a consistent bombarding location. A lead

castle was assembled surrounding the detector crystal and electronics. The gaps seen between the lead bricks and
the CeBr detectors is due to a low profile acrylic detector holder.

and parity selection rules, most transitions in the com-
pound states of 1B will decay through the 718 keV first
excited state. Because of this, yield for the 718-keV
7 ray, shown as black squares in Fig. [d] gives an excellent
measure of the states populated in the °Li(c, v)1°B reac-

tion. Since the intermediate transitions shown in Fig. []

are weak compared to the 718-keV transition, these -
ray yields are usually difficult to observe. This is es-
pecially true in the regions between resonances. How-
ever, the E, = 3400 keV yields from the broad reso-
nance at F, =~ 1.2 MeV and branching ratios for these
bound states were redetermined in the second experiment
(Sec. discussed later, which used a higher resolu-
tion high purity germanium detector (HPGe).

Energy and efficiency calibrations for the CeBr detec-
tor were performed using calibrated radioactive sources.
The low-energy region was calibrated using a '37Cs
source [39] as well as a 133Ba source [40]. The quoted
radioactivity for these sources at purchase was 0.1014 +

a0 5% pCi (1] and 1.0 £+ 5% pCi, respectively. For the in-
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termediate energy regions, between the 37Cs and the -
rays from the *F(p, ay)!00 [35] reaction, 5°Co and *°Co
sources were used. The %°Co source was quoted to have
an activity of 11.59 + 1.9% uCi, whereas the 6Co source
was uncalibrated. The 56Co source was normalized using
the 1238.288(3)-keV 7 ray in 56Co that lies between the
1173.228(3) and 1332.492(4)-keV + rays of °Co [42] 143)].
The data points of this efficiency curve were fit with a
fourth order polynomial that described the log(efficiency)
versus log(energy) trend of the calibration sources [44].
A systematic uncertainty of 5% was estimated from the
uncertainties quoted on the radioactive sources.

The choice to use the CeBr detector over a HPGe de-
tector for the excitation function is due to the higher ef-
ficiency of the CeBr detector. Fig. [6]shows a comparison
between the efficiency calibrations for two HPGe detec-
tors labeled “ORTEC” and “Georgina” (20% and 100%,
respectively) and the CeBr detector. The HPGe detec-
tors’ efficiencies fall very rapidly with increasing v-ray
energy, while that of the CeBr does so, but much more
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slowly. This slow tailing is particularly important in the
present study since a measurement of the ground state
direct capture was attempted. In addition, the ratio of
CeBr to the 20% HPGe efficiencies is nearly a factor of
fifteen at the 718-keV ~ ray line of interest. However, at
low-energies the thin beryllium window of the 20% HPGe
detector accounts for the rapid rise in the efficiency curve
labeled “ORTEC” in Fig. [f] A relative efficiency mea-
surement of this CeBr detector indicates that it is 50%
relative to Nal(T1), however, because the CeBr detector
could be placed in much closer geometries, the overall
efficiency was higher.

Room background added an additional unfortunate
complication to acquiring yields for the 718-keV v ray
from the SLi(a,)'°B reaction. Due to the radioac-
tive decay of uranium and thorium, bismuth-212 and
bismuth-214 are produced. @~ When these nuclei de-
cay, they produce 7 rays at £, = 727.2 keV and
E, = 719.9 keV, respectively. For an HPGe detector,
the v ray at £, = 727.2 keV poses little concern, but the
v ray at B, = 719.9 keV is troublesome. In particular
for data in the off-resonant regions, the unresolved ~718-
keV  ray of interest and the 719.9 keV background line
could be easily mistaken. However, because of both the
low efficiency of the HPGe detectors and the difficulty in
observing off-resonant yields, the CeBr detector [38] was
used for the %Li(,)'°B study but the background was
studied rigorously beforehand so that it could be sub-
tracted.

In the studies of the background, it was found that a
lead castle was able to reduce the background in the re-
gion of interest by nearly an order of magnitude.In these
background studies, about three days of background was
measured to provide good statistical significance. Back-
ground spectra are shown in Figs. and 0] In addi-
tion, care was taken to remove and replace lead bricks
that had an unusually high concentration of uranium or
thorium.

B. Angular Distributions and Broad Resonance
Experiment

For the angular distributions presented in Sec. [[V] two
100% HPGe detectors labeled as “Georgina” in Fig. |§|
were used. The high resolution of these detectors was
necessary for this portion of the experiment in order to
resolve several transitions in the ®Li(a,~)!°B reaction
that occur at or around the £, = 1.46 MeV 40K back-
ground line. In addition, two of the high energy reso-
nances at F, = 1.078 and 1.168 MeV are quoted as hav-
ing [I7] very large B(E2) and B(M2) values for these
transitions to the E, = 1.740 MeV state in '°B, indicat-
ing that the branching ratios for these transitions may
be too large. This may be caused by contaminant yields
for these transitions from the underlying broad resonance
at E, ~ 1.2 MeV not being properly subtracted out as
discussed further in Sec. [Vl
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The HPGe detectors were both n-type, coaxial, EGC
100-260-R models from Canberra [46] and are the
Georgina detectors mentioned previously. The efficiency
calibration was accomplished using '37Cs, 133Ba, 56Co,
60Co, '52Eu sources, and the 27Al(p,~)?8Si reaction.
Similar to the CeBr efficiency calibration, the data points
of the efficiency curve were fit with a fourth order polyno-
mial that described the log(efficiency) versus log(energy)
trend of the calibration sources [44]. This fit also accepts
a systematic uncertainty of 5% due to the uncertainties
quoted on the radioactive sources.

The first HPGe detector was placed 10 cm from the tar-
get position on a movable platform with the pivot point
directly below the target position. This allowed for an-
gular distributions on top of the narrow resonances near
E, =~ 1 MeV. The second detector was placed 10 cm
from the target position and fixed at a backward angle
of 135°. This second detector allowed for the monitor-
ing of target deterioration during the angular distribu-
tion measurements via the rates observed during each
run. Finally, because of the higher resolution provided,
an 3400-keV ~ ray yield for the broad resonance transi-
tion could be extracted. This broad resonance yield is
shown in Fig. [4] as the red points.

No lead castle was implemented in this setup since the
719.9 keV background line from bismuth-214 was not a
concern with the high resolution of the detector. Addi-
tionally, the rate never exceeded 1000 cts/s due to the
larger distances from the target.

IV. DATA ANALYSIS

Since the 718-keV ~ ray transition from the first ex-
cited state is the dominant decay in the Li(a, v)!°B re-
action, it was used to determine the branching ratio cor-
rected resonance strengths. Additionally, because of the
better efficiency afforded by the detectors used in the
present study, the branching ratios for all states below
FE, = 5.2 MeV were remeasured in the present study and
smaller uncertainties than in the previous literature were
found in many cases. These ~-ray energies and branching
ratios are presented in Table[l]

The branching ratio analysis for the bound states was
performed primarily with the 100% HPGe detector setup
because of the energy resolution needed to resolve sev-
eral ~ 1.4-MeV ~ rays emitted as part of the y-ray decay
cascade. The summed plateau yields measured at 55°
on each resonance between £, = 1 - 1.2 MeV provided
a clear spectrum, which could be used to extract these
branching ratios. From these analyses, it was found that
most or all of the R/DC— Of photopeak counts came
from the underlying broad E, = 1.2 MeV resonance.
This indicated that the branching ratios in the litera-
ture [I7] need to be adjusted down as given in Table
These suggested adjustments would help to place these
transition strengths more firmly within the B(F2) and
B(M?2) limits.



. ---- Georgina fit Georgina fit err ¢ Georgina
A e ORTEC fit ORTEC fit err # ORTEC
. 'Q. —-—- CeBr fit CeBr fit err b CeBr
¥
— S~ -
> 1072 e
@ ~
'O e, ”,
. - | S
E 1073 T e
ag, e .
E L o
B
TR
................... m
10~

0 2000 4000

6000 8000 10000

v-ray Energy (keV)

FIG. 6: Detector full energy peak efficiency comparison between the CeBr detector and two different HPGe
detectors. Each detector calibration used sources and nuclear reactions to determine full energy peak efficiencies at
various energies as describe in the text. The error band shown is a 5% band on this fit.

a0 The angular distributions, shown in Fig. [I0] were taken

with the HPGe detector setup discussed in Sec. [[ITB}
Measurements at each angle had the same amount of
charge deposited except at 0° and 135°, which were run
s slightly longer. The relative angular distribution data
as from Basak [47] for the E, = 1.078 and 1.168 MeV res-
se onances were normalized to the 55° data point of the
a7 present measurements. This was done because the ma-
a8 jority of measurements found in Basak [47] were taken
a0 at 52°. Overall, good agreement is observed between the
measured angular distributions in the present study and
those measured by Basak [47].
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Spectra produced on top of each narrow resonance us-
ing the CeBr detector are shown in Figs. and
with each ~ ray present in the spectrum identified and
contamination sources attributed. Branching ratios for
emissions from each level are given in Table [ where
literature values are taken from the NNDC [I7]. The
w8 branching ratios that were calculated from the HPGe de-
w9 tector and the CeBr detector are in excellent agreement.
s The values given in Table [ and Fig. [I] are the weighted
.51 mean of these two measurement techniques.
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a2 The three narrow resonances in the excitation func-
s tion of the ®Li(a,~)'"B reaction between E, = 0.46-
e 1.4 MeV were measured with a level of high statistics
a5 varying between over 5000 to over 25000 counts for the
a6 718-keV ~ ray on the plateau. Each narrow resonance
27 was analyzed using the thick target yield technique, see
s Fig. 4.57 of [48). This analysis was appropriate since the
a9 broadest of these narrow resonances was the one studied
wo at B, = 1078 keV, which has a total width of ~ 1 keV,
a1 while the beam energy loss through the targets ranged
a2 from 110 to 130 keV at E, = 1.078 MeV.

w3 On each narrow resonance plateau, energy steps of
aa 5 keV were taken until ~15 keV before the front edge.
ws Smaller steps, ~1-2 keV, were then taken over the front
us edge. However, during resonance scans, to check for tar-
w7 get deterioration, energy steps as large as 25 keV were
ws taken in order to prevent excessive charge accumulation.

ws  Due to the very close geometry of the detector to the
w0 target, coincidence summing corrections were performed
s following the two procedures laid out in McCallum and
12 Coote [49] and Yoon et al. [50]. This was done to compare

»s3 the intensities of sum peaks observed to the predicted



TABLE I: Branching ratios of states below E, = 5.2 MeV in 1YB.

E. (MeV) Ea (MeV) E, (keV) Final state (MeV) Branching ratio Branching ratio (lit.) [17]
5.1699(25) 1.180(4) 3430.0(20) 1.740 100 100
5.1626(12) 1.1683(20) 5162.6(20) 0.0 5.2(3) 4.4(4)
4444.2(20) 0.718 23.6(6) 22.6(6)
3423.0(25) 1.740 <0.2(2) <0.5
3008.4(20) 2.154 63.3(7) 65.3(9)
1575.5(20) 3.587 7.94(24) 7.8(3)
5.1085(12) 1.0782(20) 5108.8(20) 0.0 69(5) 64(7)
4390.4(20) 0.718 31.0(15) 31(7)
3368.8(20) 1.740 <3(3) 5(5)
4.7731(3) 0.5196(5) 4774.0(20) 0.0 0.42(8) 0.5(1)
4055.0(20) 0.718 99.6(10) >99
3.5870(20) - 3587.0(20) 0.0 12(4) 19(3)
2867.0(20) 0.718 71(7) 67(3)
1847.0(20) 1.740 <0.1(1) <0.3
1432.0(20) 2.154 17.4(11) 14(2)
2.1543(20) - 2154.7(20) 0.0 16.6(5) 21.1(16)
1436.4(20) 0.718 25.6(6) 27.3(9)
414.7(20) 0.718 57.8(7) 51.6(16)
1.7401(20) - 1740.0(20) 0.0 0.0 <0.2
1021.9(20) 0.718 100 100
0.7184(20) - 718.4(20) 0.0 100 100
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FIG. 7: Background spectra acquired with the CeBr
detector at low energies. In the low energy region, the
primary contaminants seen throughout the spectrum
are 2*Bi and, the parent nucleus, 2'*Pb with several

weaker lines from uranium decay chain nuclei. The
214B§ ~ ray at 719.9 keV has been largely suppressed
due to the lead shielding. For reference, the 609-keV
~ ray is two orders of magnitude more intense and the
768-keV ~ ray is one order of magnitude more intense

than the 719.9-keV ~ ray [45].
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FIG. 8: Background spectra acquired with 6j,;, = 55°
CeBr detector at higher y-ray energies. The 2!4Bi
~ rays continue to be observed throughout the spectrum
with the addition of the strong 4°K ~ ray.

sum peaks using the total efficiency acquired from the use
of calibration sources. Because of the beam rastering, the
source produced during bombardment would have been
broader than the calibration sources used, thus the to-
tal efficiency could have varied. However, both methods
were discovered to agree well with each other and the
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FIG. 9: Background spectra acquired with 6., = 55°
CeBr detector at the highest y-ray energies. The 2'Bi
~ rays and the strong 2°%T1 v ray are the only
remaining radiogenic lines present in the high energy
spectrum. Though not shown here, the cosmic ray
background smoothly decays out to the end of the ADC
spectrum at over 12 MeV.

corrections to the £, = 718 keV yield were performed.
The corrections resulted in an increased yield. For the
E, = 1168 keV resonance the correction was 15%,
whereas for the E, = 520 keV resonance was only ~ 4%.
This correction is very similar to that reported by Gytirky
et al. [11], who estimated a correction of ~ 10% for the
FE, = 1168 keV resonance.

~
~

As mentioned in Sec. [T} an energy calibration of
the accelerator was performed using the well-known
2TAl(p,7)?8Si reaction. This energy calibration pro-
duced <1 keV deviation from the narrow resonances
in the 27Al(p,v)?%Si reaction and the energy resolution
at the front edge of the E, = 992 keV resonance was
<100 eV. Sec. [V] discusses how several of the narrow
resonances studied here were found to sometimes be at
significantly different energies than those quoted in the
literature [I8] [19, [47].

During the present experiment, several sources of sys-
temic uncertainties were identified and are presented in
Table. [l The most dominant systematic uncertainties
are from the stopping power calculation [53] and the
efficiency calibration of the detectors. Included in the
efficiency uncertainty is the geometric variances of the
detector position and angle as well as the calibration un-
certainties. Additional uncertainties in charge collection
are suspected, either from the incomplete collection of
secondary electrons from the target or due to beam in-
stabilities. Finally, the stoichiometry of the target LiF
material was stable during initial thick target scans, how-
ever small uncertainties are associated with this determi-
nation of the active density.
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TABLE II: Summary of systematic uncertainty
estimates.

Systematic Uncertainty Contribution %
Charge Collection 3
Stopping Power 5
Efficiency 5
Stoichiometry 1
Thick Target Analysis Techniques 1
Total 7.8
V. DISCUSSION
A. The 4.773 MeV Level

The J™ = 35 narrow resonance located at

Epp = 521.1(8) keV in the literature [I7] is cur-

rently found to be at Ej, = 519.6(5) keV. While these
values are consistent at about the 1.50 level, this differ-
ence in energy is quite significant as the low temperature
reaction rate depends exponentially on the resonance
energy, as shown later in the discussion of the reaction
rates in Sec. [VII} This is the lowest energy resonance
known to exist in the %Li(c,~)!°B reaction. Very few
measurements have been made of it, though they do find
moderate agreement in the resonance strength. Early
charged particle and transfer reaction measurements
had observed the corresponding state in °B [54], but
the first SLi(a,v)!°B measurement was performed in
1953 by Wilkinson and Jones [13], where an energy
of E, = 500(25) keV was reported. The strength of
this resonance remained unknown until Warhanek [51]
measured it to be wy ~ 5x1072 eV in 1957. Shortly
thereafter, Alburger et al. [16] (1966), found a very
similar value of wy = 0.046(8) eV.

In later studies performed by Nelson et al. [15] in 1985,
a much smaller resonance strength was observed. In par-
ticular, the thick target yields presented in Nelson et al.
[15] indicated wy = 0.041(4) eV from a relative measure-
ment of the 520 keV resonance with respect to that at
E, = 1168 keV. Though the Alburger et al. [I6] and
Nelson et al. [I5] resonance strengths agree, the yield
curves presented in Fig. 1 of Nelson et al. [I5] seem
to indicate resonance energies closer to F, ~ 520 and
~1168 keV, but their calculations used 500 and 1175 keV,
respectively. This energy difference changes the rela-
tive resonance strength calculation, causing the strength
to go from wy = 0.041(4) eV to wy = 0.0425(43) eV
when the present resonance energies are used. The
718 keV state feeding coefficients (f) — where f is given
by the sum of all branching ratio products correspond-
ing to the cascades terminating in the observed transi-
tion — found in the present study are f(4.773) = 0.996
and f(5.163) = 0.828. Using these f instead of those
found in [I5], then wyneison = 0.0440(44) eV, which is
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FIG. 10: Angular distributions for primary ~-ray transitions from the resonances at E. . = 1078 and 1168 keV in
the SLi(a,7)'°B reaction. The angular distributions presented here, shown as black circles, were measured with the
n-type HPGe detector. The data of Basak [47], shown as the blue squares, were normalized to the present data at
55°. The red line is the R-matrix angular distribution fit performed using AZURE2.

s:3 much closer to the value obtained by Alburger et al.
s [16] and the present study: w7y = 0.046(8) eV and
s3 wy = 0.0472(37) eV, respectively.

The resonance strength presented in the TUNL com-
s7 pilation [I7] is reported as the weighted mean of the
s3 Nelson et al. [I5] and Alburger et al. [16] data with
s0 wy = 0.0420(36) eV. However, the weighted average of
s the Nelson et al. [I5] and Alburger et al. [16] w7y is actu-
sa ally 0.0445(39) eV. Additionally, the value presented in
s2 NNDC appears to be just that of Nelson et al. [T5]. As
sai3 discussed above, these should be re-evaluated considering
s the corrected strength. In addition, the present study is
s5 in excellent agreement with the other resonance strengths
sss discussed in the following subsections, which suggests a
sev good degree of reliability in the wy = 0.0472(37) eV found
s in the present study. A table compiling these suggested
se0 w7y revisions is given in Table |[LI
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B. The 5.109 MeV Level

The J™ = 27 state at E, = 5.11(2) MeV, correspond-

s2 ing to a resonance energy of Fj,, = 1.08(1) MeV, has
ss3 been measured thoroughly by Napolitano and Freedman
ss¢ [I8], Ajzenberg-Selove [55]. In the present study, good
agreement is found with this value, where the resonance
was observed at Ej,p = 1.0782(20) MeV, corresponding
to E, = 5.1085(12) MeV. This state has been measured
previously [18, [19] 47, 52} [56], with differing experimen-
tal techniques. The most important difference in these
previous studies is that of the resonance strength deter-
mination. One of the first of these measurements, in
1957 [52], found the strength of this resonance to be
se3 wy = 0.105(26) eV, where the uncertainty is roughly es-
timated as ~25%.

The next experiment by Forsyth et al. [19], performed
in 1966, found a smaller strength of wy = 0.092(17) eV.
In addition, that study was able to measure the y-decay
branching ratios fairly accurately. These branching ratios
and strength remain consistent with modern accepted
values in literature today [57].
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TABLE III: Revised Resonance Strengths. Literature values are taken from [17].

E.(MeV) Eo(MeV) Eiir. (MeV) Ea—1it.(MeV) WY(ay) WY(a,qy) (lit.) WY(a,y) (rev.)
5.1626(12) 1.1683(20) 5.1639(6) 1.1704(10) 0.389(30) 0.40(4) -
5.1085(12) 1.0782(20) 5.1103(6) 1.0812(10) 0.0456(36) 0.055(10) 0.049(9)
4.7731(3) 0.5196(5) 4.7740(5) 0.5211(8) 0.0472(37) 0.0420(36) 0.445(35)
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FIG. 11: Sample spectrum from the CeBr detector on
the F, = 1.168 MeV resonance. The 1.168 MeV
resonance scan contains the most complicated spectrum
observed in the present °Li(a,v)'"B experiment.
Several high energy ~ rays from the 5162 keV state are
visible. The GS transition is seen with a fairly strong
intensity, however the 3008 and 4444 keV ~ rays
dominate the higher energy spectrum. These feed the
lower energy states in 1B, which mostly feed the
718-keV ~ ray that is seen strongly in the spectrum.
Beyond the 7 rays from the reaction of interest,
prominent background lines from '°F, ¥1Ta, and "Li
inelastic scattering are present. In addition, the
511-keV 7 ray and the room background “°K line at
1.46 MeV are prominent.

A subsequent Napolitano and Freedman [I8] study
measured the I', of this resonance to be 0.98(7) keV,
53 which is still used in literature today. However, a cal-
sia culation of the resonance strength was not performed.
Additionally, the broad resonance at E, ~ 1.2 MeV cor-
s responds to the ~5.182 MeV J™ = 171 state in 1YB, was
sr7 unobserved in this study. The 1966 study of Forsyth
s et al. [19] observed the contamination of this broad state
s19 to correspond to <15 % of the 1.078 MeV ~-ray intensity.
ss0 However, in the present study, it was found to be ~25% at
se1 the plateau. However, the branching ratios measured in
the present study are still in fair agreement with Forsyth
et al. [19].

One of the most recent studies by Basak [47] in
1989 found very different results for the 5.108 MeV
state. The first disagreement is a drastic decrease
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FIG. 12: Sample spectrum from the CeBr detector on
the E, = 1.078 MeV resonance. In previous
studies [19, [47], significant errors were made in the
measurement of the 1.078 MeV resonance. This was due
to several factors, including the overall small strength of
the resonance as well as the F, ~ 1.2 MeV broad
resonance contaminating the 718-keV ~ ray feeding in
the spectrum. The primary transition from the broad
resonance and its escape peaks are shown with an
asterisk in this figure.

in the resonance strength measurement, which was
found to be wy = 0.046(4) eV. The second strong dis-
agreement was in the branching ratios, where Basak
[47 found Bs109—1.740 = 0.109(35), compared to
,85,109_”.740 = 005(5) found in FOI“Syth et al. [19] This
large change in f5109-1.740 was addressed in the °B
TUNL data compilation in 2004 [I7], where the branch-
ing ratios of Basak [47] were rejected due to the B(M?2)
value being much larger than the Recommended Upper
Limit (RUL) of the Weisskopf estimates for v-ray transi-
tions. The 1989 study of Basak [47] was one of the few
to perform angular distribution measurements. However,
many of these have few angles of measurement and have
large uncertainties.

Finally, in the discussion of Spear et al. [20], many
of the resonance strengths are given in the center of
mass frame of reference but appear to have failed to
correctly apply the center-of-mass conversion factor =
1—60. This factor also appears to have been omitted
in Forsyth et al. [19) and Meyer-Schutzmeister and
Hanna [52]. When the center of mass conversion fac-
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FIG. 13: Sample spectrum from the CeBr detector on
the E, = 0.520 MeV resonance. In previous studies, the
strength of the 0.520 MeV resonance was disputed and
difficult to measure due to its low yield. In the present
study, great effort was placed on studying this resonance

and accurately determining its strength. In addition,
the GS feeding found in prior literature [51], 52] appears

to overestimate the branching ratios. However, the
present study is in good agreement with the
compilation [I7]. This may be due to incomplete

analysis of coincidence summing in the ~-ray detectors.

tor is applied to these measurements, they are still
quite high with respect to the present study’s finding of

s10 wy = 0.0456(36) eV. Though the average found in Table

10.22 of [I7], wy = 0.055(10) eV, is in agreement within
error bars with the present study, a great deal of uncer-
tainty on the high values of this average exists; namely,
the lack, or underestimation of, the broad resonance con-
tributions to the yields.

As stated earlier, the Forsyth et al. [I9] study es-
timated this contribution to be <15%, and Meyer-
Schutzmeister and Hanna [52] and Napolitano and Freed-
man [I8] do not discuss this contribution. In the present
study, the broad resonance contributions were found
to be about 25% of the total v-ray yields around this
resonance. If the Forsyth et al. [I9] study is cor-
rected to include this higher broad resonance contribu-
tion, then their original wy = 0.092(17) eV resonance
strength would be reduced to 0.081(15) eV. Then, with
the center of mass factor reapplied [20], a resonance
strength of wyrorsyth - c.m. = 0.049(9) eV is found. This
value is much closer to the present studies finding of

20 wy = 0.0456(36) eV and is also in agreement with [47],

despite the problems mentioned with that study.
Finally, the angular distributions of 5.163 — 2.154,
5.109 — 0.0, and 5.109 — 0.718 transitions were re-
measured and found to be in good agreement with those
found in Basak [47]. Because of these considerations, it
appears that the resonance strength for the 5.108 MeV
state is near the 0.046(4) eV value found by Basak [47].
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C. The 5.163 MeV Level

Very little deviation in the branching ratios, ~v-ray
energies, or resonance strengths are observed between
the present study and the TUNL and NNDC compila-
tions. However, there is a moderate difference in the
resonance energies found in the present study compared
to that reported in these compilations. Both compila-
tions adopt E ;- _,+ = 5163.9(6) keV, whereas the present

study finds this resonance appears to be located at F, =
5162.6(12) keV corresponding to E, = 1.1683(20) MeV.

The largest energy deviation found in the present study
comes from this J* = 27 state. In literature, this reso-
nance was cited to be observed near E, = 1.175 MeV
in many prior studies [I8] 19, 47], but the compilation
value indicates an adopted value of E, =~ 1.170 MeV.
However in the present study, this resonance is observed
at B, = 1.1683(20) MeV. It is unclear if the current com-
pilation [I7] has retained the high energy values from the
prior studies [I8, 19, [47] that cite E, = 1.175 MeV, how-
ever it is clear that the present study deviates from the
literature value of E, ~ 1.170 MeV by =2 keV. This
2 keV energy shift does not have a substantial impact on
the reaction rates discussed in Sec. due to the high
energy of this resonance. However, for stellar tempera-
tures near 1 GK, this shift may have a small boosting
effect.

D. The 5.170 MeV Level

In several previous studies, the underlying broad res-
onance located at E; = 5.1699(25) MeV was often ig-
nored [I8, 52} [56] or underestimated [19]. There has been
some confusion about the total width of this level, but,
as described in Sec. |} previous studies clearly indicate a
value of I'¢ 1. =100 keV

In 1961, measurements of the ®Li(a,~)'YB reaction
were performed by Sprenkel et al. [22]. Two large Nal
detectors were placed at 90° with respect to the beam
and 3/4 in. away from the target. These detectors were
used to perform coincidence measurements with the 718-
1022-keV cascade  rays in order to extract a yield for
the E, ~ 1.2 MeV resonance. From this work, a re-
ported I'c . = 200(30) keV was measured and a reported
I'y = 0.06(3) eV was given. However, only experimen-
tal yields for this resonance were presented (see Fig. 2
of [22]).

If, according to Sprenkel et al. [22], the T 1. of 200 keV
was true, then this would correspond to a very large di-
mensionless reduced width of 62 = 42 /43, = 7.26, well
above even twice the Wigner limit (2 x 7§, = 1.8 MeV,
see Sec. . Because of this apparent discrepancy, a mea-
surement of Li(a, a)SLi was performed in 1962 by Dear-
naley et al. [23]. In this a-scattering measurement, a very
well resolved broad resonance was observed at four lab-
oratory angles at ~1.2 MeV with a calculated center of
mass [, &~ 105 keV. Dearnaley et al. [23] performed a
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FIG. 14: Observed shift of the 17 —0] transition at
various energies. The broadened peak structure
observed is due to the thickness of the target. A target
of AE = 30 keV was used for this portion of the study.

multichannel R-matrix fit and found that their data and
those of Sprenkel et al. [22] were in fact consistent. They
then showed that the formalism used by Sprenkel et al.
[22] to calculate the width was inconsistent with that of
Lane and Thomas [58].

In 1964, Armitage and Meads [24] wused the
10B(d, d’)!°B reaction to populate this state, and found a

similar width of T'. ,,, = 110(10) keV by fitting deuteron !
Similarly Auwiérter and Meyer [25] in 1975, "

spectra.
performed a °Be(p,7)'°B measurement found a similar
width by fitting broadened v-ray emission spectra from
the E, = 7.56 MeV state to the E, = 5.17 MeV broad
state, see Fig. 7 of Auwérter and Meyer [25]. From the
fit of this y-ray emission data, a I'c . = 100(10) keV was
found.

Additionally, the present study was able to track the
movement of the ~ 3400 keV ~-ray emission, shown in
Fig. From this study, it was observed that the branch-
ings from the E, = 1.078 and 1.168 MeV resonances
through Br/pc_i1740 were entirely from the broad res-
onance, within statistical uncertainty. This finding in-
dicates that many of the very large B(E2) and B(M?2)
values previously reported should be revised.

~
~

VI. R-MATRIX ANALYSIS

Using the R-matrix [58] data analysis framework,
AZURE2 [59] [60], theoretical fits were performed in order
to more confidently determine the width of the broad
~1.2 MeV resonance. The alternative R-matrix param-
eterization of Brune [61] was used so that observable
widths could be used directly as R-matrix fit parame-
ters. The narrow resonances in the Li(c, v)1°B reaction
were not included in the R-matrix analysis. The mea-
surements of Sprenkel et al. [22] and Dearnaley et al. [23]
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TABLE IV: R-Matrix Experimental Effects Parameters
for the AZURE2 code.

Segments Integration Points  Active Density
Dearnaley et al. [23] 50 1.51x10'®
Sprenkel et al. [22] 50 2.51x10"

Present Study 50 1.00x10*®

used targets of a thickness large enough that target ef-
fects needed to be included in the calculations as given
in Table Additional details can be found in Ref. [62].

In Sprenkel et al. [22], a 50 keV thick target was re-
ported, whereas Dearnaley et al. [23] used targets varying
between 10-20 ug/cm?. From SRIM stopping power cal-
culations [53], the Sprenkel et al. [22] target would have
been nearly 25 pug/cm? with n &~ 2.51x10'® and the Dear-
naley et al. [23] target would have had n ~ 1.51x 1018 as-
suming an average of 15 ug/cm? for the target thickness.
Implementing these target integration effects, a small re-
duction of about &5 keV in I',, was observed.

A simultaneous R-matrix fit of the data surrounding
the =1.2 MeV resonance was performed. The fit included
the °Li(c, )®Li elastic scattering data of Dearnaley et al.
[23], and the °Li(,7)!°B data of Sprenkel et al. [22] as
well as the current data. For the SLi(a, «)Li data of
Dearnaley et al. [23], detailed uncertainties are not given.

22 The only uncertainty information in the text states that

“The accuracy of the experimental points is estimated
at 3%, except at the lowest energies and near the min-
ima of the anomalies where the increased magnitude of
the background correction raises the error to about 5%.”
Therefore, to be conservative, the maximum uncertainty
of 5% has been used. Using the Markov-Chain Monte-
Carlo code BRICK [63], the statistical and common mode
uncertainties of the fit parameters for the broad reso-
nance were estimated to be I'y = 0.0589(46) eV (7.8%)
and T',, = 124.7(25) keV (2.0%). Given the small statisti-
cal uncertainty for I, driven by the numerous scattering
data, model uncertainties were also significant. In partic-
ular, those from the channel radius and background level
contributions were investigated. Channel radii between
4.7 and 6.0 fm were investigated and found to produce
variations of ~4%. The fit was quite insensitive to back-
ground level contributions, producing variations of only
~2%. In addition, no uncertainty in the energy calibra-
tion is given for the data of Dearnaley et al. [23], so a
420 keV uncertainty was assumed, which was found to
produce a width variation of ~4%. Different target thick-
ness were also used by Dearnaley et al. [23], varying be-
tween 10 and 20 pg/cm?. The present fit used an average
value of 15 pg/cm?, thus the +5ug/cm? target thickness
uncertainty leads to an uncertainty of ~1%. Given these
additional contributions, the total uncertainty increases
to 6.3%, giving I'y, = 125(8) keV. The R-matrix fits for
these data are shown in Figs. and

Using the channel radius of 4.9 fm used by Dearnaley
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FIG. 15: Possible interference patterns with the
subthreshold state at E, = 2154 keV for the transition
to the second excited state (E, = 1740 keV) at 6 = 45°.

The uncertainties in the current data are not able to
distinguish between the two solutions. The upper limit
DC component for the E, = 2154 keV state is shown in

green for comparison.

et al. [23], we find a reduced width of 2 = 1.82(11) MeV,
in good agreement with the value of 1.8 MeV quoted in
that work. While it should be noted that the Wigner
limit is not a strict upper limit but only a limit on the
average reduced width [64], Dearnaley et al. [23] have
made the argument that this state corresponds to a clus-
ter state of two a-particles and a deuteron. Thus the
Wigner limit should be twice the usual value, owing to
the two identical a-particles. As twice the Wigner limit
would be 2 x &, = 2x0.929 MeV = 1.85 MeV, this state
would be a nearly pure cluster state of this type.

The R-matrix particle pair inputs are given in Table[V]
segments are given in Table [VI] experimental effects are
given in Table [[V] and fit parameters are given in Ta-
ble [VIT} The normalization factor for the Dearnaley et al.
[23] and Sprenkel et al. [22] were allowed to vary, since
both sets were not given as absolute cross-sections in lit-
erature. In addition, error bars for these data were gener-
ated based on discussions found in these literature. The
error bars for the Sprenkel et al. [22] data were assumed
to be at minimum 10% and the Dearnaley et al. [23] data
were assumed to be at minimum 5%.

VII. REACTION RATES

Sec. [ described the potential role of the SLi(a,v)'°B
reaction in first star nucleosynthesis. In the following,
the contributions of the different reaction components
to the reaction rate are described in more detail. Two
calculations are the focus of this section, one with only
the known resonance contributions, one that includes
both non-resonant tails of subthreshold and higher en-
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ergy states as well as direct capture contributions. Rep-
resentative rate values for each component are quoted at
T = 0.1 GK to help illustrate the effect of each to the
total rate.

Previously, the rate of the SLi(a,v)!°B reaction com-
monly used in nucleosynthesis simulations is that of Ther-
monuclear Nuclear Reaction Rates V [26]. These tabu-
lations are based on the estimate of an underlying direct
capture component with individual known resonances be-
ing added separately. Specifically, two resonance contri-
butions are considered [65]. The first is a single narrow
resonance located at ~500 keV with a resonance strength
wy = 0.0462 eV, as based on the measurements by Spear
et al. [20]. This would correspond to the 3% state at
4.773 MeV in the compound nucleus '°B. The second
term refers to the sum of the tail distributions of higher
energy resonances with a cut-off term at ~1044 keV [65].

In the present analysis, three narrow and one broad
resonance have been mapped. The DC component may
exist, but has not been observed experimentally and spec-
troscopic factors remain unknown [I7]. An upper limit
for the DC contribution and its possible contribution to
the overall reaction rate are considered below.

A. Resonance contributions

The narrow resonance contributions to the reaction
rate were calculated individually using the narrow res-
onance approximation [66] and their individual contri-
butions to the total rate are shown in Fig. The
E, = 519.6(5) keV resonance is one of the main con-
tributors to the rate, with a resonance strength of
wy = 0.0472(37) eV; it’s contribution dominates the re-
action rate in the temperature range of 0.1 < T < 1 GK.
At 0.1 GK, its rate contribution is 1.13(6)x107 cm3
mol~! s™!, where it competes with the low energy tail of
the broad higher energy resonance at ~1.2 MeV.

The two other observed narrow resonances are located
at higher energies F, = 1078.2(20) and 1168.3(20) keV.
These resonance are fairly strong, with resonance
strengths of wy = 0.0456(36) eV and wy = 0.389(30) eV,
respectively. However, at 0.1 GK, due to their higher
energy, they only have reaction rate contributions of
1.17(7)x1072 and 2.27(12)x1073° ¢cm?® mol~! s71, re-
spectively. At higher temperatures, above ~2 GK, the
E, =1078.2(20) keV resonance dominates the rate. The
E, = 1168.3(20) keV makes its largest contribution to
the rate over a similar temperature range, but is always
a weaker component.

The contribution from the broad resonance at
FE, =~ 1.2 MeV, which is found in this work to be at
E, = 1180 keV, dominates the reaction rate in the low
temperature range 7' < 0.1 GK. The value at 0.1 GK is
7.01x107" cm?® mol~' s~'.The resonance also makes a
substantial contribution to the rate above ~2 GK, be-
coming almost equal to that from the E, = 1168 keV
resonance at 10 GK.
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TABLE V: R-Matrix Particle Pair Parameters used for the AZURE2 code.

Light Particle Light Mass Heavy Particle Heavy Mass E, (MeV) Separation Energy (MeV) Channel Radius (fm)
a 4.0026 SLi 6.01512 0 4.4611 5.5
7o 0 1B 10.0129 0 0 0
T 0 10 10.0129 0.71838 0 0
~a 0 10 10.0129 1.74005 0 0
3 0 10 10.0129 2.15427 0 0
4 0 108 10.0129 3.58713 0 0
p 1.00783 'Be 9.01218 0 6.5867 5.5
S 0.75 1 0.75
I(S)E T | T = T | T E 10
Voun
5 1 = 31
= = = =
) C T ]
A — - = -
g - -4
S 01f -+ 0.1
8 C T -
@w  f e, =40° T 6, =56° :
n - lab T lab 7
Z 10k | | | | | | 1410
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) - T _
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] c 0 3
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qq: L L _|
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A 0l1g = —=0.1
E e _ 716'= EE e _ 760 E
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0.0b : : : : 0.01
S 0.75 1 0.75 1

Center of Mass Energy (MeV)

FIG. 16: R-Matrix fit of the SLi(a, a)°Li elastic scattering data of Dearnaley et al. [23] at the lab angles of 40, 56,
71, and 76°.

TABLE VI: R-Matrix Segment Parameters.

Data set Ref.
5Li(a, o) @ 40° - 76° Dearnaley et al. [23]
Li(a, v) Sprenkel et al. [22]

Compared to the present study, the reaction rate used
sss by Caughlan and Fowler [20] is slightly smaller below

857

so 0.1 GK, by about 15%. This difference is entirely at-
o tributable to the difference in the tail contribution from
ssr the broad 1.2 MeV resonance. In Caughlan and Fowler
sz [20], as with all the previous rate calculations for the
ses OLi(cr,7)1°B reaction in that series, the larger width of
see 200 keV given by Sprenkel et al. [22] was used, and
ss the smaller width of =100 keV found in the later works
ses of Dearnaley et al. [23], Armitage and Meads [24] and
sor Auwarter and Meyer [25] was not considered. It was
s therefore expected that this larger width should have pro-



TABLE VII: R-Matrix Fit Parameters.

E, MeV) J* Partial Width ¢ s I (eV)
6.8730 1~
s 1 1 67000
., 1 1 0.24
s, 1 0 0.64
Iy, 1 1 0.16
Ty 0 1 53000
5.1699 1+
T's 0 1 124700
Iy, 1 0 0.058906
5.9220 2"
Ty 2 5820
Iy 2 0.130
ry, 0.02
6.0240 4t
T's 4 52.0
Iy, 1 0.11
1 T — T
‘-w
L |- 4
o |
S 0.75- \ B
é .
!
5 I 1 |— 520 keV 1
g - 1078 keV
2 0.5+ 1168 keV
g <= 1180 keV
O [ .
~ 1
= 1
S 0.25 |
3 \
" e T
Y [ O S A L
0.01 0.1 10
Temperature (GK)

FIG. 17: Reaction rate contributions comparison for the
Li(a,y) "B reaction where only resonances with known
strengths are included.

a0 duced a larger reaction rate than the present calculation,
sr0 but the opposite is true. Unfortunately, details on the
sn calculation of the reaction rate given by Caughlan and
sz Fowler [26] (and their previous works) is incomplete. Re-
a3 constructing the S-factor from the equation for the rate
are given by Caughlan and Fowler [26] does indeed produce a
ss somewhat larger value, consistent with the reaction rate.
ere The ratio of the rate as a function of temperature is il-
er7 lustrated in Fig.

16

2 —ry
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FIG. 18: Reaction rate ratio comparison to that
of Caughlan and Fowler [26], taken from the Reaclib
data base [I4]. The position of the E, = 520 keV
resonance has a significant impact on the reaction rate.
Prior calculations put it at E, = 500 keV.

B. Inclusion of DC and subthreshold states

878

Because the DC components to the different bound
states of 1°B may play a role at low temperatures, upper
limits for these DC components were modeled using the
external capture formalism [67H69] (EC) of the R-matrix
code AZURE2 and the direct capture (DC) potential model
formalism of Rolfs [70] of the code JEZEBEL [28]. The
DC S-factors were calculated for the transitions to the
ground state (GS) up to the fourth excited state in °B
as shown in Fig. [I9] It was found that the GS transition
is the dominant component and the energy dependence
of the different models were similar. A hard-sphere (HS)
EC calculation is used in AZURE2, whereas JEZEBEL uses
a Wood-Saxon potential to calculate the DC contribu-
tion. The upper limit for the direct component, which
would correspond to a pure alpha cluster configuration of
s0¢ 9Li becomes comparable with the broad resonance con-
sos tribution at E¢.,. =~ 0.17 MeV, which corresponds to
a6 P =~ 0.28 MeV, and a temperature of ~0.18 GK.

In addition to the DC contributions to the reaction
rate, possible interference between the broad 1.2 MeV
resonance (J™ = 11) and a subthreshold state could en-
hance the low energy S-factor. Considering the sub-
threshold 17 levels, only the subthreshold state present
at B, =2154 keV (E..,. = -2307 keV) has a strong tran-
903 sition to the E, = 1740 keV bound state similar to the
o0s 1.2 MeV unbound state [I7]. It should be noted that DC
to the second excited state is not possible from selection
rules, as it is a 0" state. The subthreshold state contri-
o7 bution was calculated in AZURE2 using the different in-
s terference possibilities between the broad resonance and
o0 the subthreshold resonance. The I'y for the state was
a0 taken from the TUNL database [I7] and the branching
on ratios from the present study were used. The ANC for
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FIG. 19: Comparison of the S-factor of various direct
reaction components. The upper limit for direct
component to several of the bound states in 9B is
shown. The strongest contributions come from the GS
transition, as shown in red (solid line for JEZEBEL,
dashed for AZURE2).

the subthreshold state was set at the Wigner limit of the
corresponding reduced width amplitude, 72 fm~1/2. Us-
ing these upper limit values, it was found that significant
interference with the tailing of the broad ~1.2 MeV reso-
nance at low energy is possible, as shown in Fig. This
interference occurs below the presently explored energy
range, making this a significant source of uncertainty at
temperatures below 0.1 GK. An extension of the mea-
surements towards lower energies would require improved
cosmic ray shielding as given at underground accelerators
[T, [72].

By including the subthreshold state and DC compo-
nents, a maximal reaction rate can be calculated. The
DC components that have the highest impact are the
transitions to the ground state and the first excited state.
The subthreshold effects of the third excited state in 1B
could also be significant through its interference with the
broad resonance at E, =~ 1.2 MeV. The impact of these
additional components can be seen in the upper limit
reaction rate calculation presented in Fig. The indi-
vidual contributions to the upper limit reaction rate are
given in Fig. An upper limit of 1.2x107'9 ¢cm?® mol !

s™! was found at T = 0.1 GK for comparison.

C. Recommended Rates

From the above calculations, the central, upper, and
lower bounds of the reaction rate have been calculated
as follows:

e Central value — The central value has been cal-
culated using the central values of the resonance
strengths and energies given in Table [T} The con-
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FIG. 20: Reaction rate ratio comparing the present rate
with the one given by Caughlan and Fowler [26] as in
Fig. but the upper limit DC and subthreshold
FE, = 2154 keV state contributions are included.
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FIG. 21: Reaction rate contributions comparison using
the upper limit for the DC and interference with the
subthreshold state described in the text. Below 0.1 GK,
the GS DC and broad E, ~ 1.2 MeV resonance with
subthreshold state interference in the third excited state
transition dominate the rate.

tribution from the broad 1.2 MeV resonance is in-
cluded by numerical integration of the R-matrix
fit described in Sec. [VI without any subthreshold
state interference. No direct capture contribution
is included.

e Upper limit — The upper limit has been calculated
using the lower values of the resonance energies and
the upper values of the resonance strengths given in
Table [T} The increased low energy S-factor inter-
ference solution from the R-matrix calculation (see
Fig. , that includes the 1.2 MeV resonance and
the subthreshold state, has been used as described
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FIG. 22: The SLi(a,v)°B reaction rate based on the
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in Sec. [VIIB] Upper limits for the direct capture
contributions are also included.

954
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Lower limit — The lower limit has been calcu-
lated using the upper values for the energies and
lower values for the resonance strengths given in
Table [[TT} The decreased low energy S-factor inter-
ference solution from the R-matrix calculation (see
Fig. , that includes the 1.2 MeV resonance and
the subthreshold state, has been used as described
in Sec. [VII B} No direct capture contribution is in-
cluded.
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While the reaction rate uncertainties above 0.1 GK
o6 can be treated as lo uncertainties of a Gaussian dis-
o7 tributed underlying probability density function (PDF)
o8 for the reaction rate, the uncertainties at lower tempera-
o0 tures should be treated as classical upper and lower lim-
o0 its. This is because the uncertainties below 0.1 GK come
on from the uncertainty in the interference of the tail contri-
o2 bution of the 1.2 MeV, broad resonance, which has been
calculated by assuming full clusterization (the maximum
value) for the reduced widths of the bound states used
to calculate the subthreshold and DC contributions. The
reaction rate is given in Table[VIII] while a rate tabulated
on a finer temperature grid is available in the Supplemen-
tal Material [73]. The reaction rate is shown in Fig.
compared with that of Caughlan and Fowler [26], and the
relative rate uncertainty is shown in Fig.
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VIII. CONCLUSION
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New measurements of the low energy excitation func-
s tion for the 5Li(,y)'°B reaction at 014, = 55° are pre-
sented with angular distributions for the E, = 1078 and
1168 keV resonances. The new data have been used

982

9

o

9

©

4

985

986

987

988

989

990

991

992

99.

@

994

99

&

991

S

997

99

@

99

o

1000
1001
1002
1003
1004
1005
1006
1007
1008
1009
1010
1011

1012

o

1013
1014
1015
1016
1017
1018
1019
1020
1021

1022

3.0
2.8
26
24
22

220

& 1.8

216

“4
12
1.0
0.8
0.6

T T T T T LI

0.1
Temperature (GK)

|

FIG. 23: Ratio of the upper and lower limits of the
SLi(c, v)'"B reaction rate to its recommended median
value.

to provide both improved data on the narrow resonance
strengths and to better characterize the broad resonance,
DC, and direct components that influence the low energy
S-factor. New strengths for the three narrow resonance
at F, = 519.6(5), 1078.2(20) and 1168.3(20) keV are de-
rived from the present measurements.

The two identical a-particle cluster structure of the
state at 5.17 MeV has been confirmed by perform-
ing a multichannel R-matrix analysis that includes
SLi(a, 2)!1°B data from the present work, that of
Sprenkel et al. [22] and the ®Li(a, a)°Li scattering data
of Dearnaley et al. [23]. The interpretation of this unique
nuclear structure is a prime candidate for theoretical in-
vestigations using ab-initio theory. Further, an investi-
gation was made of the possible inteference of the tail
of this broad resonance with the subthreshold state in
0B at B, = 2.154 MeV, showing that a significant effect
on the low energy cross section is possible, if the sub-
threshold state has a a-cluster structure. This also mo-
tivates both future ab-initio calculations and a-transfer
measurements to better characterize the a-cluster struc-
ture of this bound state in °B.

Using these results, new upper and lower limits for the
reaction rate have been calculated. At temperatures be-
low 0.1 GK, the present study finds a lower limit that
is larger than the recommended value of Caughlan and
Fowler [26]. This is due to their use of a lower energy for
the F, = 519.6(5) keV resonance of E, = 500(25) keV.
The high likelihood of subthreshold cluster states results
in a larger upper limit than that estimated previously.
This is the result of the inclusion of broad resonance
interference, DC, and subthreshold state contributions.
This results in a minimum increase in the reaction rate
of ~15% and a maximum increase of ~85% compared to
that of CF88 [26]. An additional increase of the reaction
rate can be suggested based on the d-a structure of °Li,
which has been suggested to lead to an effective reduc-



1023

1024

1025

1026

1027

1028

1029

1030

1031

1032

1033

1034

1035

1036

1037

1038

1039

1040

1041

1058
1059
1060
1061
1062
1063
1064
1065
1066
1067
1068
1069
1070
1071
1072
1073
1074
1075
1076
1077
1078
1079
1080
1081
1082
1083
1084
1085
1086
1087
1088
1089
1090
1091
1092
1093
1094
1095
1096

tion in electron screening in a high density plasma envi-
ronment as suggested by Spitaleri et al. [74]. This effect
is reflected by the screening potential in low energy labo-
ratory experiments being systematically higher than the
values predicted for spherical nuclei [75]. To verify this
effect in a laboratory environment for the Li(a,v)!°B
reaction would require following the cross section mea-
surements towards lower energies. The impact on the
stellar reaction rate would depend on the highly dynamic
density conditions in the first star environment and can
only be evaluated in that context.

The impact of the here suggested enhanced reaction
rate in early star nucleosynthesis also depends sensitively
on the seed abundance for *He and the equilibrium abun-
dance of 5Li that is expected to be reached as a conse-
quence of the associated production and depletion re-
actions in the early star environment [76]. The latter
depends also on the depletion rate of the compound nu-
cleus 1°B via subsequent proton [77] and alpha induced

19

e reaction mechanisms [78]. These reactions are being ad-
w43 dressed independently. The nucleosynthesis conditions
10as are not only characterized by a complex dynamic reac-
w5 tion network driven by these reactions, but also depend
146 sensitively on dynamic mixing and the emergence of he-
1« lium rich hydrogen poor bubbles [I2]. This discussion is
18 beyond the scope of this paper and will be addressed in
149 & forthcoming study.
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TABLE VIII: Rate for the SLi(a, v)!°B reaction. A rate
table on a finer temperature grid is available in the
Supplemental Material [73].

T (GK) Median Minimum Maximum
1.00 x10™%  1.19 x107™®  6.51 x1077™*  3.22 x10™ "3
1.25 x10™%  7.89 x107%®  4.31 x107%®  2.13 x107%7
1.58 x10™%  2.67 x107%% 146 x107%%  7.18 x107%?
1.98 x10™%  3.48 x107°"  1.91 x107°7  9.37 x10~°7
2.50 x10™®  1.89 x107°%2  1.03 x107°%  5.06 x10752
3.14 x1072 451 x107™%® 248 x107*®  1.21 x107%7
3.96 x10™®  5.08 x10™*  2.80 x107™**  1.35 x107*3
498 x1073  2.84 x107%°  1.57 x107%  7.55 x107*°
6.27 x107% 829 x10737  4.60 x10737  2.20 x10736
7.90 x107®  1.33 x1073* 742 x1073*  3.51 x10733
9.94 x107®  1.23 x1073°  6.87 x1073'  3.22 x1073°
1.25 x1072  6.76 x1072®  3.81 x1072®  1.77 x10~%7
1.58 x1072  2.32 x107%® 1.31 x107%®  6.01 x10™2°
1.98 x1072 512 x1072% 292 x1072®  1.32 x10722
2.50 x1072  7.52 x10721  4.34 x107%*  1.92 x1072%°
3.14 x1072  7.59 x1071°  4.42 x107*  1.91 x107'®
3.96 x1072 541 x107'7  3.19 x10™*"  1.34 x107'
498 x1072  2.80 x107¥®  1.67 x107!®  6.85 x1071°
6.27 x1072  1.08 x107'®  6.54 x10™*  2.59 x107 '3
7.90 x1072  3.16 x107'2  1.95 x107'2  7.42 x10712
9.94 x1072 815 x107*  5.39 x10~**  1.76 x1071°
1.25 x107¢ 1.34 x1078 1.17 x1078 1.67 x1078
1.58 x107! 3.30 x107¢ 2.97 x107° 3.74 x107°
1.98 x1071 2.62 x1074 2.38 x107* 2.93 x1074
2.50 x107* 7.92 x1073 7.20 x1073 8.78 x1073
3.14 x107! 1.11 x107¢ 1.01 x107! 1.22 x1071
3.96 x107! 8.36 x107! 7.64 x1071 9.17 x107!

4.98 x107! 3.89 x10° 3.56 x10° 4.25 x10°
6.27 x107! 1.24 x10* 1.13 x10! 1.35 x10!
7.90 x1071 2.95 x10* 2.71 x10! 3.21 x10!
9.94 x107! 5.77 x10! 5.30 x10! 6.28 x10!
1.25 x10° 9.99 x10* 9.18 x10* 1.09 x10?
1.58 x10° 1.59 x102 1.46 x10? 1.73 x10?
1.98 x10° 2.35 x10? 2.16 x10? 2.56 x102
2.50 x10° 3.21 x102 2.95 x102 3.47 x102
3.14 x10° 4.02 x10? 3.70 x102 4.35 x102
3.96 x10° 4.69 x10? 4.31 x10? 5.07 x102
4.98 x10° 5.15 x10? 4.73 x10? 5.56 x102
6.27 x10° 5.37 x102 4.94 x10? 5.83 x102
7.90 x10° 5.36 x10° 4.93 x10? 5.90 x102

9.94 x10° 5.14 x102 4.72 x10? 5.83 x102




	Excitation Function for the  Reaction Between 0.5 and 1.4 MeV
	Abstract
	Introduction
	Reaction components in 
	Experimental Methods
	Excitation Function Experiment
	Angular Distributions and Broad Resonance Experiment

	Data Analysis
	Discussion
	The 4.773 MeV Level
	The 5.109 MeV Level
	The 5.163 MeV Level
	The 5.170 MeV Level

	R-matrix analysis
	Reaction Rates
	Resonance contributions
	Inclusion of DC and subthreshold states
	Recommended Rates

	Conclusion
	Acknowledgments
	References


