PHYSICAL REVIEW C 106, 065801 (2022)

Excitation function for the ®Li +a reaction between 0.5 and 1.4 MeV
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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 nucleosynthesis of primordial elements in the
first stars. It has been proposed that the reaction sequence °Li(a, y) '°B(a, d) '>C may offer an alternative path
to the traditional triple-o process, taking advantage of o cluster configurations in the '°B and '*N compound
nuclei. In the present study, an investigation of the low-energy ®Li(, y) '°B cross section is performed using a
combination of different y ray detectors. The discrepancies in the literature of the width of the broad resonance
(Ecm. = 1200 keV, 17) 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 indicates that a substantial increase in the low
temperature reaction rate is possible compared to that adopted by the REACLIB compilation.
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I. INTRODUCTION

Nucleosynthesis during the big bang occurred between the
third and tenth minutes [1]. The rapidly declining temperature
and density conditions in the expanding environment
prohibited the formation of a substantial amount of nuclei in
and above the carbon range due to the mass 5 and 8 gaps. The
resulting primordial baryonic abundances therefore consisted
primarily of 'H and “He, with mass fractions Xy ~ 0.5
and Xpg. ~ 0.5. Heavier isotopes beyond the mass A =35
gap, such a Li and ’Li—often produced in the form of
Be (1 2 ~ 53 days)—are predicted to have been formed
with the very small mass fractions of log,(°Li/H) =
—13.89+£0.20 and log,,("Li /H) &~ —9.32 £ 0.06,
respectively [1].

The first stars emerged about 400 million years after the
big bang via gravitational contraction of higher density in-
homogeneities in the baryon distribution of its debris [2].
This material was characterized by a pure primordial abun-
dance and provided the seed material at the onset of stellar
nucleosynthesis. These stars are thought to have been very
massive, typically between 15M and 150M. 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 of CNO elements in the initial pri-
mordial fuel material, energy generation in first stars is based
primarily on the 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
until sufficient temperatures and densities are reached for the
triple-a process to generate enough '2C to initiate the CNO
cycle, thus reestablishing hydrostatic equilibrium. While this
reaction comes to full fruition above 0.3 GK, alternative o
induced reaction sequences may operate at considerably lower
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temperatures, between ~0.05 and 0.3 GK, and may accelerate
the production of CNO isotopes.

Indeed, the initial °Li abundance in primordial material,
which was primarily formed by the *He(d, y)°Li reaction,
opens another possible reaction branch towards the CNO
range. The “Li(e, 1) 19B(«, d) 12C reaction sequence, which
feeds deuterium back as fuel material, establishes a weak
cyclic reaction sequence by which heavier elements are pro-
duced [6]. The efficiency of this process depends on the
strength of the associated reaction rates as well as those of
the competing °Li(p, «) *He [7,8] and '°B(p, «) "Be [9] reac-
tions.

The reaction rate of °Li(«, ¥) 108 as well as the three
subsequent reaction branches, 0p(w, d) 2C, '°B(e, p) C,
and '°B(a, n) 1’N, are expected to be characterized by pro-
nounced «-cluster resonances near their thresholds [10]. This
might cause a substantial increase in the reaction rate [6] of
Li(a, y)1°B compared to previous assessments [11], which
have not taken into account possible broad resonances or
direct capture contributions. This increase, in combination
with an increase of helium rich bubbles in the highly convec-
tive 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
6Li(oz, Y) 108 reaction while measurements of the subsequent
10B 4+« reaction channels will be presented separately in other
publications. Section II first discusses the different underlying
components of the °Li(a, ) '°B reaction rate. Section III
describes the experimental set-up for the measurements, fol-
lowed in Secs. IV and VI by the analysis of the data and its
interpretation in the framework of multichannel R-matrix the-
ory, respectively. A reaction rate is then calculated in Sec. VII

©2022 American Physical Society
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FIG. 1. Level scheme of the "B compound nucleus with y 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 [17]. The a-particle separation (S,)

energy is indicated by the red dashed line.

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. VIIL.

II. REACTION COMPONENTS IN ®Li(a, y) 1B

Because of the low level density in '°B and the low Q value
of 4.461 MeV, the 6Li(a, Y) 10B reaction is characterized by
only a few low energy resonances. The level structure in the
198 compound nucleus is shown in Fig. 1. It displays a state at
E, =4.773 MeV (J® = 3™), corresponding 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 was used in the reaction rate calculations
of Cyburt ef al. [14]. The strength has been measured with
an uncertainty of ~10%, but upper and lower values differ
significantly [15—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
resonance is the dominant component of the ®Li(«, y) !B
reaction rate at the temperature range in an early primordial
stellar environment (0.05 < 7 < 0.3 GK).

Three low-spin excited states between E, = 5.109 and
5.170 MeV, in the compound nucleus 108 form a resonance
group at E, = 1.078, 1.168, and ~1.2 MeV. The two nar-
row 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 uncertainties associated
with their resonance strengths [17-21].

The third resonance in the group at E, =~ 1.2 MeV cor-
responds to a J™ = 1+ 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 I = 200(30)
[22], 105 [23], 110(10) [24], and 100(10) keV [25]. How-
ever, in Dearnaley er al. [23] it was explained that the
200 keV width reported by Sprenkel et al. [22] used an in-
accurate formalism for the width calculation. They showed,
using a simultaneous fit to their a-scattering on °Li data
and the ®Li(x, y) '°B data of Sprenkel et al. [22], that the
width should be considerably smaller, ~105 keV. Similar
widths were also observed by Armitage and Meads [24] and
Auwirter and Meyer [25] using spectra from '°B(d, d) '°B
and 9Be(p, V) 108 measurements, respectively. Unfortunately,
even the most recent rate compilation that includes the
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Li(a, ) '°B reaction 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 sec-
tion below 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 nu-
clear structure. The spin and parity assignment of this level
identifies the ®Li 4+« entrance channel as £ = 0 s wave. It has
been suggested that this level’s very large reduced width can
be interpreted as a pure «-cluster state, but for two identical o
particles [23,27].

Finally, the direct capture (DC) component of the
®Li(a, ) '°B reaction is not known. The direct capture is
expected to be dominated by E2 transitions to the 3% ground
state, the 17 first excited state at E, = 0.718 MeV, and the 0*
second excited state at E, = 1.740 MeV in '°B. Direct capture
calculations, using the single particle potential model code
JEZEBEL [28], have been performed to compare the strength
of the direct capture contributions with the strength of the
low energy tails of the 0" s-wave resonance at E, ~ 1.2 MeV.
The simulation assumed a pronounced a-cluster structure for
the bound states in '°B [29,30]. For example, [29] gives a
spectroscopic factor of 0.6 for the IT state. The cross sec-
tions of these DC components are well below that of the
tail of the ~1.2 MeV resonance at most energies. However,
below E.., ~ 0.17 MeV, the calculations indicate that the
ground-state DC component could become larger than the tale
of the broad resonance, as discussed later in Sec. VII.

The experimental goal of this work is to accurately de-
termine the width of the E, ~ 1.2 MeV cluster state, and
provide a high statistics measurement of the strengths of the
narrow resonances at E, = 0.520, 1.078, and 1.168 MeV.
The high precision measurement of the resonances located
in the low energy excitation function is necessary in or-
der 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(x, y) '°B reaction
in the range E, = 460-1400 keV. Beam intensities ranged
between 1 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 resolution, ability to
change energies rapidly and in arbitrary steps, and its stability
over a wide range of energies. The beam energy of this ma-
chine was calibrated using the well-known resonances in the
Y Al(p, y) *Si 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 liquid nitrogen (LN;) 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 «-particle beam bombard-
ment [20,33,34]. Therefore, before yields were acquired from
the ®Li(e, ) '°B reaction, a LiF target study was performed.
In these tests, it was found that the implementation of beam
wobbling and water cooling prevented appreciable target de-
terioration under a certain threshold of integrated charge. A
beam wobbler enabled the focused beam spot on target to be
uniformly dispersed over an area of about 4 cm?.

From these tests, it was found that a °LiF target experi-
enced a 15-25% degradation after an accumulation of 75 mC
of integrated charge on target and that the target profile began
to show significant signs of diffusion and surface enrichment
of °Li nuclei. This could indicate that the °Li F had dissociated
and the lithium had drifted away from the target backing
while the fluorine may have drifted towards the target backing.
Additionally, it was discovered that the threshold for these tar-
get stoichiometry effects to become significant was ~60 mC.
After ~60 mC depositions, the high energy tail of the target
integrated resonance scans demonstrated diffusion effects as
well as a &15-20% drop in maximum yield on the plateau.
In even smaller depositions, ~50 mC, the deterioration that
occurred was ~5-10% and some faint surface enrichment was
observed. Because of this, all of the targets in the current study
were typically kept below ~50-55 mC of charge deposited.
Some gains in stability were seen with thicker targets, how-
ever it is also likely that the effect of drifting target nuclei in
a thicker target is more easily obscured compared to a thin
one.

Using °LiF enriched to >95%, targets of thicknesses
between 210 and ~50 pg/cm? were evaporated onto 0.5 mm
tantalum backings. Targets were mounted 45° relative to
the beam, making their effective thicknesses ~14 and
~71 ug/cm?, respectively. This tantalum target backing
served as the beam stop. Helium beam was impinged on a
blank tantalum backing for ~200 mC to determine what target
backing contamination and background reactions might occur.
In the present study, it was found that the "F(x, py)**Ne
reaction was a substantial background above E, = 1.4 MeV.
The y ray produced at E, = 1.274 MeV did not greatly
effect the £, = 718 keV region of interest; however, the rate
of detection for the emitted 1.274-MeV y ray was high, >
5000 cts/s. In addition to this fluorine induced background, a
high intensity y line of 136 keV from '®!Ta(a, ay)'®!Ta
inelastic  scattering could be seen throughout the
experiment.

Scans of the well known E, = 340.5 keV resonance in the
YF(p, ay) %0 reaction were used for target stoichiometry
tests as well as for calibration of the detector and accelera-
tor [35-37]. An example of the deterioration of these °LiF
targets under 60 mC of bombardment is shown in Fig. 2.
It is clearly seen that some °LiF 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 evidence for '°F drift toward the target
backing is observed. Scans of the E, = 520 keV resonance in
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FIG. 2. °LiF target scan of the 340.5 keV resonance in the
YF(p, ay) '°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 is indicated by green triangles.

the ®Li(«, y) '°B reaction are also shown for comparison in
Fig. 3.

A. Excitation function experiment

A CeBrj detector was placed at an angle of 6}, = 55° ata
distance of 2.5 cm from the target position to maximize effi-
ciency and to minimize the contribution of the P»(6) Legendre
polynomial in the angular distribution of the emitted y rays.
Due to the very close geometry of this detector, coincidence
summing corrections need to be applied and are discussed in
Sec.IV. The 2 x 2 in.? CeBr; 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. 4. A diagram
showing the experimental setup using this detector is given

in Fig. 5. In the excitation function, the E, = 520, 1078,
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FIG. 3. °LiF target scan of the 520 keV resonance in the
*Li(a, ) '°B before (black points) and after bombardment (red
points).

Lab Energy (keV)

FIG. 4. Excitation function of the E,, = 718 and 3430keV y rays
from the ®Li(a, ) '°B reaction. The contribution from the under-
lying broad (I, > 100 keV) resonance can be observed separately
through the yield of ~3430 keV y rays and is shown by the red
points. The solid red line indicates an R-matrix fit of this broad
resonance (see Sec. VI).

1168, and 1170 keV resonances are observed. Because of spin
and parity selection rules, most transitions in the compound
states of '°B will decay through the 718 keV first excited
state. Because of this, yield for the 718 keV y ray, shown as
black squares in Fig. 4, gives an excellent measure of the states
populated in the °Li(c, y) '°B reaction. Since the intermediate
transitions shown in Fig. 1 are weak compared to the 718 keV
transition, these y-ray yields are usually difficult to observe.
This is especially true in the regions between resonances.

Pb Bricks

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 ®LiF 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.
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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 en-
ergy peak efficiencies at various energies as describe in the text. The
error band shown is a 5% band on this fit.

However, the E, = 3400 keV yields from the broad reso-
nance at £, ~ 1.2 MeV and branching ratios for these bound
states were redetermined in the second experiment (Sec. 111 B)
discussed later, which used a higher resolution high purity
germanium detector (HPGe).

Energy and efficiency calibrations for the CeBr detector
were performed using calibrated radioactive sources. The low-
energy region was calibrated using a '*’Cs source [39] as well
as a 'Ba source [40]. The quoted radioactivities for these
sources at purchase were 0.1014 4= 5% puCi [41]and 1.0 £ 5%
uCi, respectively. For the intermediate energy regions, be-
tween the *’Cs and the y rays from the ’F(p, ay) '°0 [35]
reaction, ®°Co and >°Co sources were used. The ®°Co source
was quoted to have an activity of 11.59 £ 1.9% pCi, whereas
the 3°Co source was uncalibrated. The *°Co source was nor-
malized using the 1238.288(3) keV y ray in °Co that lies
between the 1173.228(3) and 1332.492(4) keV y rays of ®°Co
[42,43]. 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 uncer-
tainties quoted on the radioactive sources.

The choice to use the CeBr detector over a HPGe detector
for the excitation function is due to the higher efficiency of the
CeBr detector. Figure 6 shows a comparison between the effi-
ciency calibrations for two HPGe detectors labeled “ORTEC”
and “Georgina” (20% and 100%, respectively) and the CeBr
detector. The HPGe detectors’ efficiencies fall very rapidly
with increasing y-ray energy, while that of the CeBr does
so, but much more 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 15 at the 718 keV y 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. 6. A relative efficiency measurement of
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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
24Bi y ray at 719.9 keV has been largely suppressed due to the
lead shielding. For reference, the 609 keV y ray is two orders of
magnitude more intense and the 768 keV y ray is one order of
magnitude more intense than the 719.9 keV y ray [45].

this CeBr detector indicates that it is 50% relative to Nal(Tl);
however, because the CeBr detector could be placed in much
closer geometries, the overall efficiency was higher.

Room background added an additional unfortunate com-
plication to acquiring yields for the 718 keV y ray from
the ®Li(a, y) '°B reaction. Due to the radioactive decay of
uranium and thorium, bismuth-212 and bismuth-214 are pro-
duced. When these nuclei decay, they produce y rays at
E, =727.2 keV and E, =719.9 keV, respectively. For an
HPGe detector, the y ray at E, =727.2 keV poses little
concern, but the y ray at E, = 719.9 keV is troublesome. In
particular for data in the off-resonant regions, the unresolved
~718 keV y 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 SLi(c, y) '°B study but the background was studied
rigorously beforehand so that it could be subtracted.

In the studies of the background, it was found that a lead
castle was able to reduce the background in the region of
interest by nearly an order of magnitude. In these background
studies, about three days of background was measured to
provide good statistical significance. Background spectra are
shown in Figs. 7-9. In addition, 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. IV, two
100% HPGe detectors labeled as “Georgina” in Fig. 6 were
used. The high resolution of these detectors was necessary
for this portion of the experiment in order to resolve sev-
eral transitions in the °Li(c, ) 198 reaction that occur at or
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FIG. 8. Background spectra acquired with 6,,, = 55° CeBr de-
tector at higher y-ray energies. The '*Bi y rays continue to be
observed throughout the spectrum with the addition of the strong
Ky ray.

around the E, = 1.46 MeV oK background line. In addition,
two of the high energy resonances at E, = 1.078 and 1.168
MeV are quoted as having [17] very large B(E2) and B(M2)
values for these transitions to the E, = 1.740 MeV state in
10B, indicating 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. V.

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 '3’Cs, **Ba, °Co, ®Co, 'S2Eu

2
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FIG. 9. Background spectra acquired with 6,,, = 55° CeBr de-
tector at the highest y-ray energies. The 2*Bi y rays and the
strong 2%T1 y 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 analog to digital
converter spectrum at over 12 MeV.

sources and the >’ Al(p, y) 2Si reaction. Similarly to the CeBr
efficiency calibration, the data points of the efficiency curve
were fit with a fourth order polynomial 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 target
position on a movable platform with the pivot point directly
below the target position. This allowed for angular distribu-
tions on top of the narrow resonances near £, ~ 1 MeV. The
second detector was placed 10 cm from the target position
and fixed at a backward angle of 135°. This second detec-
tor allowed for the monitoring of target deterioration during
the angular distribution measurements via the rates observed
during each run. Finally, because of the higher resolution
provided, a 3400 keV y ray yield for the broad resonance
transition 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 con-
cern with the high resolution of the detector. Additionally,
the rate never exceeded 1000 cts/s due to the larger distances
from the target.

IV. DATA ANALYSIS

Since the 718 keV y ray transition from the first excited
state is the dominant decay in the SLi(c, y) '°B reaction, it
was used to determine the branching ratio corrected reso-
nance strengths. Additionally, because of the better efficiency
afforded by the detectors used in the present study, the branch-
ing ratios for all states below E, = 5.2 MeV were remeasured
in the present study and smaller uncertainties than in the
previous literature were found in many cases. These y-ray
energies and branching ratios are presented in Table I.

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 y rays emitted as part of the y-ray decay
cascade. The summed plateau yields measured at 55° on
each resonance between E, =1 and 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 resonance/direct capture — 0] pho-
topeak counts came from the underlying broad E, ~ 1.2
MeV resonance. This indicated that the branching ratios in
the literature [17] need to be adjusted down as given in
Table 1. These suggested adjustments would help to place
these transition strengths more firmly within the B(E2) and
B(M?2) limits.

The angular distributions, shown in Fig. 10 were taken with
the HPGe detector setup discussed in Sec. III B. Measure-
ments at each angle had the same amount of charge deposited
except at 0° and 135°, which were run slightly longer. The
relative angular distribution data from Basak [47] for the
E, = 1.078 and 1.168 MeV resonances were normalized to
the 55° data point of the present measurements. This was
done because the majority of measurements found in Basak
[47] were taken at 52°. Overall, good agreement is observed
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TABLE I. Branching ratios of states below E, = 5.2 MeV in '°B.

E, (MeV) E, (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) <05
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) <03
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

between the measured angular distributions in the present
study and those measured by Basak [47].

Spectra produced on top of each narrow resonance using
the CeBr detector are shown in Figs. 11-13, with each y ray
present in the spectrum identified and contamination sources
attributed. Branching ratios for emissions from each level are
given in Table I, where literature values are taken from the
NNDC [17]. The branching ratios that were calculated from
the HPGe detector and the CeBr detector are in excellent
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FIG. 10. Angular distributions for primary y-ray transitions
from the resonances at E., = 1078 and 1168 keV in the
®Li(a, ) '°B reaction. The angular distributions presented here,
shown as black circles, were measured with the n-type HPGe de-
tector. 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.

agreement. The values given in Table I and Fig. 1 are the
weighted mean of these two measurement techniques.

The three narrow resonances in the excitation function of
the °Li(e, y) 'B reaction between E, = 0.46 and 1.4 MeV
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FIG. 11. Sample spectrum from the CeBr detector on the E, =

1.168 MeV resonance. The 1.168 MeV resonance scan contains the
most complicated spectrum observed in the present SLi(a, ) ''B
experiment. Several high energy y rays from the 5162 keV state
are visible. The ground state (GS) transition is seen with a fairly
strong intensity; however, the 3008 and 4444 keV y rays dominate
the higher energy spectrum. These feed the lower energy states in
198, which mostly feed the 718 keV y ray that is seen strongly in the
spectrum. Beyond the y rays from the reaction of interest, prominent
background lines from '°F, '®1Ta, and "Li inelastic scattering are
present. In addition, the 511 keV y ray and the room background
40K line at 1.46 MeV are prominent.
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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 E, &~ 1.2 MeV broad resonance con-
taminating the 718 keV y ray feeding in the spectrum. The primary
transition from the broad resonance and its escape peaks are shown
with an asterisk in this figure.

were measured with a level of high statistics varying between
over 5000 to over 25 000 counts for the 718 keV y ray on the
plateau. Each narrow resonance was analyzed using the thick
target yield technique; see Fig. 4.57 of [48]. This analysis was
appropriate since the broadest of these narrow resonances was
the one studied at E, = 1078 keV, which has a total width of
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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 [17]. This may be due to incomplete analysis of
coincidence summing in the y-ray detectors.

TABLE II. Summary of systematic uncertainty estimates.

Systematic uncertainty contribution (%)

Charge collection

Stopping power

Efficiency

Stoichiometry

Thick target analysis techniques

Total 7.8

== W

~1 keV, while the beam energy loss through the targets ranged
from 110 to 130 keV at E, = 1.078 MeV.

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

Due to the very close geometry of the detector to the target,
coincidence summing corrections were performed following
the two procedures laid out in McCallum and Coote [49] and
Yoon et al. [50]. This was done to compare the intensities
of sum peaks observed to the predicted 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 total efficiency could have varied. How-
ever, both methods were discovered to agree well with each
other and the corrections to the E,, = 718 keV yield were per-
formed. The corrections resulted in an increased yield. For the
E, = 1168 keV resonance the correction was ~15%, whereas
for the E, ~ 520 keV resonance it was only ~4%. This cor-
rection is very similar to that reported by Gyiirky et al. [11],
who estimated a correction of ~10% for the E, = 1168 keV
resonance.

As mentioned in Sec. III, an energy calibration of the ac-
celerator was performed using the well-known 2’ Al(p, y) 28Si
reaction. This energy calibration produced < 1 keV deviation
from the narrow resonances in the 2’ Al(p, y ) 2Si reaction and
the energy resolution at the front edge of the £, = 992 keV
resonance was < 100 eV. Section 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 [18,19,47].

During the present experiment, several sources of systemic
uncertainties were identified and are presented in Table II. 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 geo-
metric variances of the detector position and angle as well
as the calibration uncertainties. Additional uncertainties in
charge collection are suspected, either from the incomplete
collection of secondary electrons from the target or due to
beam instabilities. Finally, the stoichiometry of the target LiF
material was stable during initial thick target scans; however,
small uncertainties are associated with this determination of
the active density.
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TABLE III. Revised resonance strengths. Literature values are taken from [17].

Ex (MCV) Eoz (MCV) E]il. (MGV) Ea—lit. (MCV) a)y(a.y) wy(a‘y) (ht) a)y(a,y) (I'BV.)
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)

V. DISCUSSION
A. The 4.773 MeV level

The J* = 3; narrow resonance located at Ej,, = 521.1(8)
keV in the literature [17] is currently found to be at Epp =
519.6(5) keV. While these values are consistent at about
the 1.50 level, this difference 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(, y) '°B reaction. Very
few measurements of it have been made, 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 ‘Li(x, y) '°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 ~ 5 x 1072 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 partic-
ular, the thick target yields presented in Nelson er al. [15]
indicated wy = 0.041(4) eV from a relative measurement of
the 520 keV resonance with respect to that at £, = 1168 keV.
Though the Alburger et al. [16] and Nelson et al. [15] reso-
nance strengths agree, the yield curves presented in Fig. 1 of
Nelson et al. [15] seem to indicate resonance energies closer to
E, ~ 520 and ~1168 keV, but their calculations used 500 and
1175 keV, respectively. This energy difference changes the
relative 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 corresponding to the cascades termi-
nating in the observed transition—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 [15], @w¥Neson = 0.0440(44) eV,
which is much closer to the values obtained by Alburger
et al. [16] and the present study: wy = 0.046(8) eV and
wy = 0.0472(37) eV, respectively.

The resonance strength presented in the TUNL compilation
[17] is reported as the weighted mean of the Nelson et al.
[15] and Alburger et al. [16] data with wy = 0.0420(36) eV.
However, the weighted average of the Nelson et al. [15] and
Alburger et al. [16] wy is actually 0.0445(39) eV. Addition-
ally, the value presented in NNDC appears to be just that
of Nelson et al. [15]. As discussed above, these should be
reevaluated considering the corrected strength. In addition,
the present study is in excellent agreement with the other

resonance strengths discussed in the following subsections,
which suggests a good degree of reliability in the wy =
0.0472(37) eV found in the present study. A compilation of
these suggested wy revisions is given in Table III.

B. The 5.109 MeV level

The J* = 2| state at E, = 5.11(2) MeV, corresponding to
a resonance energy of Ej, = 1.08(1) MeV, has been mea-
sured thoroughly by Napolitano and Freedman [18] and by
Ajzenberg-Selove [55]. In the present study, good agree-
ment is found with this value, where the resonance was
observed at Ej, = 1.0782(20) MeV, corresponding to E, =
5.1085(12) MeV. This state has been measured previously
[18,19,47,52,56], with differing experimental techniques. The
most important difference in these previous studies is that
of the resonance strength determination. One of the first of
these measurements, in 1957 [52], found the strength of this
resonance to be wy = 0.105(26) eV, where the uncertainty is
roughly estimated as ~25%.

The next experiment by Forsyth et al. [19], performed in
1966, found a smaller strength of wy = 0.092(17) eV. In ad-
dition, 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].

A subsequent Napolitano and Freedman [18] study mea-
sured the I', of this resonance to be 0.98(7) keV, which is
still used in literature today. However, a calculation of the
resonance strength was not performed. Additionally, the broad
resonance at E, & 1.2 MeV, corresponds to the ~5.182 MeV
J™ = 17 state in '°B, was unobserved in this study. The 1966
study of Forsyth ef al. [19] observed the contamination of this
broad state to correspond to < 15% of the 1.078 MeV y-ray
intensity. However, in the present study, it was found to be
~25% at the plateau. However, the branching ratios measured
in the present study are still in fair agreement with Forsyth
etal. [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 in the resonance strength
measurement, which was found to be wy = 0.046(4) eV.
The second strong disagreement was in the branching ratios,
where Basak [47] found Bs. 1091740 = 0.109(35), compared
to fBs.109-1.740 = 0.05(5) found in FOISyth et al. [19]. This
large change in S5 1091740 Was addressed in the 105 TUNL
data compilation in 2004 [17], where the branching ratios
of Basak [47] were rejected due to the B(M2) value being
much larger than the recommended upper limit (RUL) of the
Weisskopf estimates for y-ray transitions. The 1989 study of
Basak [47] was one of the few to perform angular distribution
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measurements. However, many of these have few angles of
measurement and have large uncertainties.

Finally, in the discussion of Spear ef 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 ~ %. 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 factor is applied to these measurements, they
are still quite high with respect to the present study’s finding
of wy = 0.0456(36) eV. Though the average found in Table
10.22 of [17], wy = 0.055(10) eV, is in agreement within
error bars with the present study, a great deal of uncertainty
on the high values of this average exists; namely, the lack, or
underestimation, of the broad resonance contributions to the
yields.

As stated earlier, the Forsyth er al. [19] study estimated
this contribution to be < 15%, and Meyer-Schutzmeister and
Hanna [52] and Napolitano and Freedman [18] do not discuss
this contribution. In the present study, the broad resonance
contributions were found to be about 25% of the total y-
ray yields around this resonance. If the Forsyth er al. [19]
study is corrected to include this higher broad resonance con-
tribution, 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 @WYForsyth-cm. = 0.049(9) eV is found. This value is much
closer to the present studies finding of wy = 0.0456(36) eV
and is also in agreement with [47], despite the problems men-
tioned with that study.

Finally, the angular distributions of 5.163 — 2.154,
5.109 — 0.0, and 5.109 — 0.718 transitions were remea-
sured 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].

C. The 5.163 MeV level

Very little deviation in the branching ratios, y-ray energies,
or resonance strengths are observed between the present study
and the TUNL and NNDC compilations. However, there is
a moderate difference in the resonance energies found in
the present study compared to that reported in these com-
pilations. Both compilations adopt Ejx_,+ = 5163.9(6) keV,
whereas the present study finds this resonance appears to
be located at E, = 5162.6(12) keV corresponding to E, =
1.1683(20) MeV.

The largest energy deviation found in the present study
comes from this J* = 2; state. In literature, this resonance
was cited to be observed near E, = 1.175 MeV in many
prior studies [18,19,47], but the compilation value indicates
an adopted value of E, ~ 1.170 MeV. However, in the present
study, this resonance is observed at E, = 1.1683(20) MeV.
It is unclear if the current compilation [17] has retained the
high energy values from the prior studies [18,19,47] that cite
E, = 1.175 MeV; however, 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. VII, 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 reso-
nance located at E, = 5.1699(25) MeV was often ignored
[18,52,56] or underestimated [19]. There has been some con-
fusion about the total width of this level, but, as described
in Sec. I, previous studies clearly indicate a value of I'.;, =~
100 keV

In 1961, measurements of the 6Li(a, ¥) 10B 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
y rays in order to extract a yield for the E, ~ 1.2 MeV
resonance. From this work, a reported I'c, = 200(30) keV
was measured and a reported I', = 0.06(3) eV was given.
However, only experimental yields for this resonance were
presented (see Fig. 2 of [22]).

If, according to Sprenkel ef al. [22], the [, of 200 keV
was true, then this would correspond to a very large dimen-
sionless reduced width of 2 = y2/y3 = 7.26, well above
even twice the Wigner limit (2 x y3 = 1.8 MeV, see Sec. II).
Because of this apparent discrepancy, a measurement of
®Li(ar, @) °Li was performed in 1962 by Dearnaley et al.
[23]. In this a-scattering measurement, a very well resolved
broad resonance was observed at four laboratory angles at
~1.2 MeV with a calculated center of mass I'.,. =~ 105 keV.
Dearnaley et al. [23] performed a multichannel R-matrix fit
and found that their data and those of Sprenkel ez 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] used the '°B(d, d") '°B
reaction to populate this state, and found a similar width of
Iem = 110(10) keV by fitting deuteron spectra. Similarly
Auwiirter and Meyer [25] in 1975 performed a Be(p, y) 1°B
measurement and found a similar width by fitting broadened
y-ray emission spectra from the E, = 7.56 MeV state to the
E, = 5.17 MeV broad state; see Fig. 7 of Auwirter and Meyer
[25]. From the fit of this y-ray emission data, ['¢ ,,, = 100(10)
keV was found.

Additionally, the present study was able to track the move-
ment of the ~3400 keV y-ray emission, shown in Fig. 14.
From this study, it was observed that the branchings from the
E, = 1.078 and 1.168 MeV resonances through Br/pc— 1740
were entirely from the broad resonance, within statistical un-
certainty. This finding indicates that many of the very large
B(E2) and B(M?2) values previously reported should be re-
vised.

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
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FIG. 14. Observed shift of the 13 — 07 transition at various en-
ergies. 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.

resonance. The alternative R-matrix parametrization of Brune
[61] was used so that observable widths could be used directly
as R-matrix fit parameters. The narrow resonances in the
®Li(r, ¥) '°B reaction were not included in the R-matrix anal-
ysis. The measurements of Sprenkel et al. [22] and Dearnaley
et al. [23] used targets of a thickness large enough that target
effects needed to be included in the calculations as given in
Table IV. Additional details can be found in Ref. [62].

In Sprenkel et al. [22], a 50 keV thick target was reported,
whereas Dearnaley et al. [23] used targets varying in the
range 10-20 ug/cm?. From SRIM stopping power calculations
[53], the Sprenkel et al. [22] target would have been nearly
25 ug/cm? withn &~ 2.51 x 10'® and the Dearnaley et al. [23]
target would have had n &~ 1.51 x 10'® assuming an average
of 15 pg/cm? for the target thickness. Implementing these
target integration effects, a small reduction 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
SLi(a, ) °Li elastic scattering data of Dearnaley et al. [23],
and the °Li(«, ¥) 108 data of Sprenkel et al. [22] as well as
the current data. For the °Li(a, ) °Li data of Dearnaley e al.
[23], detailed uncertainties are not given. The only uncertainty
information in the text states that “The accuracy of the experi-
mental points is estimated at 3%, except at the lowest energies
and near the minima of the anomalies where the increased
magnitude of the background correction raises the error to
about 5%.” Therefore, to be conservative, the maximum

TABLE IV. R-matrix experimental effects parameters for the
AZURE2 code.

Segments Integration points Active density
Dearnaley et al. [23] 50 1.51 x 10'8
Sprenkel et al. [22] 50 2.51 x 10'8
Present study 50 1.00 x 108
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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.

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 res-
onance were estimated to be I'), = 0.0589(46) eV (7.8%)
and 'y, = 124.7(25) keV (2.0%). Given the small statistical
uncertainty for I'y, driven by the numerous scattering data,
model uncertainties were also significant. In particular, 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 background level contributions,
producing variations of only ~2%. In addition, no uncertainty
in the energy calibration is given for the data of Dearnaley
et al. [23], so a £20 keV uncertainty was assumed, which
was found to produce a width variation of ~4%. Different
target thicknesses were also used by Dearnaley er al. [23],
varying between 10 and 20 pg/cm?. The present fit used
an average value of 15 pg/cm?, thus the £5 pg/cm? target
thickness uncertainty leads to an uncertainty of ~1%. Given
these additional contributions, the total uncertainty increases
to 6.3%, giving I', = 125(8) keV. The R-matrix fits for these
data are shown in Figs. 4, 15, and 16.

Using the channel radius of 4.9 fm used by Dearnaley
et al. [23], we find a reduced width of 62 = 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 ar-
gument that this state corresponds to a cluster state of two
a-particles and a deuteron. Thus the Wigner limit should be
twice the usual value, owing to the two identical « particles.
As twice the Wigner limit would be 2 x p% = 2 x 0.929
MeV = 1.85 MeV, this state would be a nearly pure cluster
state of this type.
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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)
o 4.0026 Li 6.015 12 0 44611 55
Y% 0 18 10.0129 0 0 0
7 0 g 10.0129 0.718 38 0 0
V2 0 18 10.0129 1.740 05 0 0
V3 0 18 10.0129 2.154 27 0 0
Va 0 g 10.0129 3.58713 0 0
p 1.007 83 °Be 9.012 18 0 6.5867 55

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

VII. REACTION RATES

Section I described the potential role of the ®Li(a, y) '°B
reaction in first star nucleosynthesis. In the following, the
contributions of the different reaction components to the re-
action rate are described in more detail. Two calculations are
the focus of this section: one with only the known resonance
contributions, and one that includes both nonresonant tails of
subthreshold and higher energy states as well as direct capture
contributions. Representative rate values for each component
are quoted at 7' = 0.1 GK to help illustrate the effect of each
to the total rate.

Previously, the rate of the °Li(a, y)'°B reaction com-
monly used in nucleosynthesis simulations is that of Ther-
monuclear Nuclear Reaction Rates V [26]. These tabulations
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FIG. 16. R-Matrix fit of the °Li(«, ) SLi elastic scattering data
of Dearnaley et al. [23] at the laboratory angles of 40°, 56°, 71°, and
76°.

are based on the estimate of an underlying direct capture
component with individual known resonances being added
separately. Specifically, two resonance contributions are con-
sidered [65]. The first is a single narrow resonance located
at ~500 keV with a resonance strength wy = 0.0462 eV,
based on the measurements by Spear ef al. [20]. This would
correspond to the 37 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 cutoff term
at 21044 keV [65].

In the present analysis, three narrow and one broad res-
onance have been mapped. The DC component may exist,
but has not been observed experimentally and spectroscopic
factors remain unknown [17]. An upper limit for the DC con-
tribution 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 resonance ap-
proximation [66] and their individual contributions to the
total rate are shown in Fig. 17. The E, = 519.6(5) keV res-
onance is one of the main contributors to the rate, with a
resonance strength of wy = 0.0472(37) eV; its contribution
dominates the reaction rate in the temperature range of 0.1
< T < 1 GK. At 0.1 GK, its rate contribution is 1.13(6) x
10~"" cm®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 E, = 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. How-
ever, at 0.1 GK, due to their higher energy, they only have
reaction rate contributions of 1.17(7) x 10728 and 2.27(12) x
1073 cm®mol~!s~!, respectively. At higher temperatures,
above ~2 GK, the E, = 1078.2(20) keV resonance domi-
nates the rate. The E, = 1168.3(20) keV makes its largest

TABLE VI. R-matrix segment parameters.

Data set Ref.

Li(o, @) @ 40°—76°
*Li(a, y)

Dearnaley et al. [23]
Sprenkel et al. [22]

065801-12
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TABLE VII. R-matrix fit parameters.

E, (MeV) J* Partial width l K I' (eV)
6.8730 1~
Iy 1 1 67 000
r, 1 1 0.24
r,, 1 0 0.64
r, 1 1 0.16
r, 0 1 53 000
5.1699 1"
Iy 0 1 124 700
r,, 1 0 0.058 906
5.9220 2+
Iy 2 1 5820
'y 0.130
Iy, 1 1 0.02
6.0240 4+
Iy 4 1 52.0
r 1 3 0.11

contribution to the rate over a similar temperature range, but
is always a weaker component.

The contribution from the broad resonance at E, ~
1.2 MeV, which is found in this work to be at E, =
1180 keV, dominates the reaction rate in the low temper-
ature range 7 < 0.1 GK. The value at 0.1 GK is 7.01 x
10~ ""'em3mol~! s~!.The resonance also makes a substantial
contribution to the rate above ~2 GK, becoming almost equal
to that from the E, = 1168 keV resonance at 10 GK.

Compared to the present study, the reaction rate used by
Caughlan and Fowler [26] is slightly smaller below 0.1 GK,
by about 15%. This difference is entirely attributable to the
difference in the tail contribution from the broad 1.2 MeV res-
onance. In Caughlan and Fowler [26], as with all the previous
rate calculations for the °Li(«, Y) 10B reaction in that series,
the larger width of 200 keV given by Sprenkel et al. [22] was
used, and the smaller width of ~100 keV found in the later
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FIG. 17. Reaction rate contributions comparison for the
Li(a, y) '°B reaction where only resonances with known strengths
are included.
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FIG. 18. Reaction rate ratio comparison to that of Caughlan and
Fowler [26], taken from the Reaclib database [14]. The position of
the £, = 520 keV resonance has a significant impact on the reaction
rate. Prior calculations put it at £, = 500 keV.

works of Dearnaley et al. [23], Armitage and Meads [24], and
Auwirter and Meyer [25] was not considered. It was therefore
expected that this larger width should have produced a larger
reaction rate than the present calculation, but the opposite is
true. Unfortunately, details on the calculation of the reaction
rate given by Caughlan and Fowler [26] (and their previous
works) is incomplete. Reconstructing the S factor from the
equation for the rate given by Caughlan and Fowler [26] does
indeed produce a somewhat larger value, consistent with the
reaction rate. The ratio of the rate as a function of temperature
is illustrated in Fig. 18.

B. Inclusion of DC and subthreshold states

Because the DC components to the different bound states
of 1B may play a role at low temperatures, upper limits
for these DC components were modeled using the external
capture formalism [67—69] (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 9B, as shown in Fig. 19. It was found
that the GS transition is the dominant component and the
energy dependences 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
contribution. The upper limit for the direct component, which
would correspond to a pure o cluster configuration of °Li
becomes comparable with the broad resonance contribution
at E.,. & 0.17 MeV, which corresponds to E, =~ 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® =1%) and a subthreshold state could enhance the low
energy S factor. Considering the subthreshold 17 levels, only
the subthreshold state present at E, = 2154 keV (E.n. =
—2307 keV) has a strong transition to the E, = 1740 keV
bound state similar to the 1.2 MeV unbound state [17]. It
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FIG. 19. Comparison of the S factors of various direct reaction
components. The upper limit for the direct component to several of
the bound states in '°B is shown. The strongest contributions come
from the GS transition, as shown in red (solid line for JEZEBEL,
dashed for AZURE2).

should be noted that DC to the second excited state is not pos-
sible from selection rules, as it is a 0T state. The subthreshold
state contribution was calculated in AZURE2 using the different
interference possibilities between the broad resonance and the
subthreshold resonance. The I'), for the state was taken from
the TUNL database [17] and the branching ratios from the
present study were used. The ANC for the subthreshold state
was set at the Wigner limit of the corresponding reduced width
amplitude, 72 fm~"/2. Using these upper limit values, it was
found that significant interference with the tailing of the broad
~1.2 MeV resonance at low energy is possible, as shown in
Fig. 15. 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 measure-
ments towards lower energies would require improved cosmic
ray shielding, as used at underground accelerators [71,72].

By including the subthreshold state and DC components, 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 '°B 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. 20. The
individual contributions to the upper limit reaction rate are
given in Fig. 21. An upper limit of 1.2 x 10~%cm?*mol~! s~!
was found at 7 = 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:

(i) Central value. The central value has been calculated
using the central values of the resonance strengths and
energies given in Table III. The contribution from the
broad 1.2 MeV resonance is included by numerical

FIG. 20. Reaction rate ratio comparing the present rate with the
one given by Caughlan and Fowler [26], as in Fig. 18, but the upper
limit DC and subthreshold E, = 2154 keV state contributions are
included.

integration of the R-matrix fit described in Sec. VI,
without any subthreshold state interference. No direct
capture contribution is included.

(i) Upper limit. The upper limit has been calculated us-
ing the lower values of the resonance energies and
the upper values of the resonance strengths given in
Table III. The increased low energy S-factor inter-
ference solution from the R-matrix calculation (see
Fig. 15), that includes the 1.2 MeV resonance and
the subthreshold state, has been used as described in
Sec. VII B. Upper limits for the direct capture contri-
butions are also included.

(iii) Lower limit. The lower limit has been calculated using
the upper values for the energies and lower values

1 SR R
~ 0.8+ -
<
St ]
=
5 0.6 — 520 keV _
= R B R 1078 keV
g F 1168 keV
T -=-= 1180 keV
@ 04p=-="—" \ DC ¢
8 H
5]
Moo2f \
W T L
0.01 0.1 1 10
Temperature (GK)

FIG. 21. Reaction rate contributions comparison using the up-
per 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.
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FIG. 22. The °Li(c, y) '°B reaction rate based on the measure-
ments of this work. The rate of Caughlan and Fowler [26] (CF88) is
also shown for comparison.

for the resonance strengths given in Table III. The
decreased low energy S-factor interference solution
from the R-matrix calculation (see Fig. 15), that in-
cludes the 1.2 MeV resonance and the subthreshold
state, has been used as described in Sec. VIIB. No
direct capture contribution is included.

While the reaction rate uncertainties above 0.1 GK can
be treated as 1o uncertainties of a Gaussian distributed un-
derlying probability density function (PDF) for the reaction
rate, the uncertainties at lower temperatures should be treated
as classical upper and lower limits. This is because the un-
certainties below 0.1 GK come from the uncertainty in the
interference of the tail contribution of the 1.2 MeV, broad
resonance, which has been calculated by assuming full clus-
terization (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
Supplemental Material [73]. The reaction rate is shown in
Fig. 22, compared with that of Caughlan and Fowler [26], and
the relative rate uncertainty is shown in Fig. 23.

VIII. CONCLUSION

New measurements of the low energy excitation function
for the ®Li(a, ) '°B reaction at 6., = 55° are presented
with angular distributions for the E, = 1078 and 1168 keV
resonances. The new data have been used 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 E, = 519.6(5), 1078.2(20), and
1168.3(20) keV are derived from the present measurements.

The two identical a-particle cluster structure of the state at
5.17 MeV has been confirmed by performing a multichannel
R-matrix analysis that includes °Li(a, y») !B data from the
present work, that of Sprenkel ez al. [22], and the °Li(a, ) °Li
scattering data of Dearnaley et al. [23]. The interpretation

TABLE VIII. Rate for the ®Li(«, y) '°B reaction. A rate table on
a finer temperature grid is available in the Supplemental Material
[73].

T (GK) Median Minimum Maximum
1.00x1073 1.19 x 10773 6.51 x 1077 3.22x 1077
1.25 x 1073 7.89 x 10798 4.31 x 10768 2.13 x 107%
1.58x1073 2.67 x 10762 1.46 x 10792 7.18 x 1072
1.98x1073 3.48 x 1077 1.91 x 1077 9.37 x 1077
2.50x1073 1.89 x 10732 1.03 x 10732 5.06 x 1072
3.14x1073 451 x 1074 2.48 x 10748 1.21 x 10747
3.96x1073 5.08 x 107# 2.80 x 107+ 1.35x 1074
4.98x1073 2.84 x 10740 1.57 x 10740 7.55 x 1074
6.27x1073 8.29 x 107% 4.60 x 1077 2.20 x 1073
7.90x1073 1.33 x 1073 7.42 x 107 3.51 x 1073
9.94x1073 1.23 x 1073 6.87 x 10731 3.22 x 1073
1.25x1072 6.76 x 10728 3.81 x 1072 1.77 x 1077
1.58x1072 232 x 1075 1.31 x 1075 6.01 x 1072
1.98x1072 5.12x 1073 2.92x 1073 1.32x 1072
2.50x 1072 7.52 x 1072 4.34 x 10721 1.92 x 1072
3.14x1072 7.59 x 1071 442 x 1071 1.91 x 10718
3.96x1072 5.41 x 1077 3.19 x 107" 1.34 x 10716
4.98x1072 2.80 x 10~ 1.67 x 10713 6.85 x 1071
6.27x1072 1.08 x 10713 6.54 x 10714 2.59 x 10713
7.90x 1072 3.16 x 10712 1.95x 10712 7.42 x 10712
9.94x 1072 8.15x 107! 5.39 x 1071 1.76 x 10710
1.25x107! 1.34 x 1078 1.17 x 1078 1.67 x 1078
1.58x107! 3.30 x 107 2.97 x 107° 3.74 x 107°
1.98x107! 2.62 x 107* 238 x 107* 2.93 x 1074
2.50x 107! 7.92 x 1073 7.20 x 1073 8.78 x 1073
3.14x107! 1.11 x 107! 1.01 x 107! 1.22 x 107!
3.96x 107! 8.36 x 107! 7.64 x 107! 9.17 x 10~!
4.98x107! 3.89 x 10° 3.56 x 10° 4.25 x 10°
6.27x107! 1.24 x 10! 1.13 x 10! 1.35 x 10!
7.90x107! 2.95 x 10! 2.71 x 10! 3.21 x 10!
9.94x 107! 5.77 x 10! 5.30 x 10! 6.28 x 10!
1.25%x10° 9.99 x 10! 9.18 x 10! 1.09 x 10?
1.58x10° 1.59 x 10? 1.46 x 10? 1.73 x 10?
1.98x10° 2.35 x 10? 2.16 x 10? 2.56 x 10?
2.50%10° 3.21 x 10? 2.95 x 10? 3.47 x 10?
3.14x10° 4.02 x 10? 3.70 x 10? 4.35 x 10?
3.96x10° 4.69 x 102 431 x 10? 5.07 x 10?
4.98x10° 5.15 x 10? 4.73 x 102 5.56 x 10?
6.27x10° 5.37 x 10? 4.94 x 10? 5.83 x 10?
7.90x10° 5.36 x 10? 4.93 x 102 5.90 x 10?
9.94x10° 5.14 x 10? 4.72 x 102 5.83 x 10?

of this unique nuclear structure is a prime candidate for
theoretical investigations using ab initio theory. Further, an
investigation was made of the possible interference of the
tail of this broad resonance with the subthreshold state in
108 at E, = 2.154 MeV, showing that a significant effect on
the low energy cross section is possible, if the subthreshold
state has a a-cluster structure. This also motivates both future
ab initio calculations and «-transfer measurements to better
characterize the a-cluster structure of this bound state in '°B.

Using these results, new upper and lower limits for the
reaction rate have been calculated. At temperatures below 0.1
GK, the present study finds a lower limit that is larger than
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FIG. 23. Ratio of the upper and lower limits of the Li(a, y) 1B
reaction rate to its recommended median value.

the recommended value of Caughlan and Fowler [26]. This
is due to their use of a lower energy for the E, = 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 con-
tributions. 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-« structure of °Li, which has
been suggested to lead to an effective reduction in electron
screening in a high density plasma environment as suggested

by Spitaleri et al. [74]. This effect is reflected by the screening
potential in low energy laboratory experiments being system-
atically higher than the values predicted for spherical nuclei
[75]. To verify this effect in a laboratory environment for
the %Li(, y) '°B reaction would require following the cross
section measurements 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 abundance of
®Li that is expected to be reached as a consequence of the
associated production and depletion reactions in the early star
environment [76]. The latter depends also on the depletion
rate of the compound nucleus '°B via subsequent proton
[77] and o induced reaction mechanisms [78]. These reac-
tions are being addressed independently. The nucleosynthesis
conditions are not only characterized by a complex dynamic
reaction network driven by these reactions, but also depend
sensitively on dynamic mixing and the emergence of helium
rich hydrogen poor bubbles [12]. This discussion is beyond
the scope of this paper and will be addressed in a forthcoming
study.
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