
This is the accepted manuscript made available via CHORUS. The article has been
published as:

Excitation function for the math
xmlns="http://www.w3.org/1998/Math/MathML">mrow>m
multiscripts>mi>Li/mi>mprescripts>/mprescripts>none>/
none>mn>6/mn>/mmultiscripts>mo>+/mo>mi>α/mi>/m

row>/math> reaction between 0.5 and 1.4 MeV
A. Gula, R. J. deBoer, R. Kelmar, J. Görres, K. V. Manukyan, E. Stech, W. Tan, and M.

Wiescher
Phys. Rev. C 106, 065801 — Published  9 December 2022

DOI: 10.1103/PhysRevC.106.065801

https://dx.doi.org/10.1103/PhysRevC.106.065801


Excitation Function for the 6Li+α Reaction Between 0.5 and 1.4 MeV1

A. Gula, R.J. deBoer, R. Kelmar, J. Görres, K.V. Manukyan, E. Stech, W. Tan, and M. Wiescher2

Department of Physics and the Joint Institute for Nuclear Astrophysics, Notre Dame, Indiana 46556, USA3

(Dated: November 28, 2022)4

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
6Li(α, γ)10B(α,d)12C may offer an alternative path to the traditional triple-α process, taking ad-
vantage of α cluster configurations in the 10B and 14N compound nuclei. In the present study,
an investigation of the low-energy 6Li(α, γ)10B cross section is performed using a combination of
different γ ray detectors. The discrepancies in the literature of the width of the broad resonance
(Ec.m. = 1200 keV, 1+

3 ) are resolved. A consistent and much more precise width, Γα = 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.

I. INTRODUCTION5

Nucleosynthesis during the Big Bang occurs between6

the third and tenth minute [1]. The rapidly declining7

temperature and density conditions in the expanding en-8

vironment prohibit the formation of a substantial amount9

of nuclei in and above the carbon range due to the mass10

5 and 8 gaps. The resulting primordial baryonic abun-11

dances therefore consist primarily of 1H and 4He, with12

mass fractions XH ≈ 0.5 and XHe ≈ 0.5. Heavier isotopes13

beyond the mass A = 5 gap, such a 6Li and 7Li - often14

produced in the form of 7Be (t1/2 ≈ 53 days) - are pre-15

dicted to have been formed with the very small mass frac-16

tions of log10(6Li/H) = -13.89±0.20 and log10(7Li/H) ≈ -17

9.32±0.06, respectively [1].18

The first stars emerged about 400 million years after19

the Big Bang via gravitational contraction of higher den-20

sity inhomogeneities in the baryon distribution of its de-21

bris [2]. This material was characterized by a pure pri-22

mordial abundance and provided the seed material at the23

onset of stellar nucleosynthesis. These stars are thought24

to have been very massive, typically between 15 and25

150 M�. In later stellar generations, such massive stars26

are stabilized by the CNO cycles [3] during the hydrogen27

burning phase. However, due to the scant abundances28

of CNO elements in the initial primordial fuel material,29

energy generation in first stars is based primarily on the30

pp-chains, expanding to include the hot pp-chains [4] in31

the gradually contracting cores. Simulations indicate [5]32

that the these types of stars continue to contract un-33

til sufficient temperatures and densities are reached for34

the triple-α process to generate enough 12C to initiate35

the CNO cycle, thus re-establishing hydrostatic equilib-36

rium. While this reaction comes to full fruition above37

0.3 GK, alternative α induced reaction sequences may op-38

erate at considerably lower temperatures, between ≈0.0539

and 0.3 GK, and may accelerate the production of CNO40

isotopes.41

Indeed, the initial 6Li abundance in primordial ma-42

terial, which was primarily formed by the 4He(d, γ)6Li43

reaction, opens another possible reaction branch towards44

the CNO range. The 6Li(α, γ)10B(α, d)12C reaction se-45

quence, which feeds deuterium back as fuel material, es-46

tablishes a weak cyclic reaction sequence by which heav-47

ier elements are produced [6]. The efficiency of this pro-48

cess depends on the strength of the associated reaction49

rates as well as those of the competing 6Li(p, α)3He [7, 8]50

and 10B(p, α)7Be [9] reactions.51

The reaction rate of 6Li(α, γ)10B as well as52

the three subsequent reaction branches, 10B(α, d)12C,53

10B(α, p)13C, and 10B(α, n)13N, are expected to be char-54

acterized by pronounced α-cluster resonances near their55

thresholds [10]. This might cause a substantial increase56

in the reaction rate [6] of 6Li(α, γ)10B compared to pre-57

vious assessments [11], which have not taken into ac-58

count possible broad resonances or direct capture contri-59

butions. This increase, in combination with an increase60

of helium rich bubbles in the highly convective early star61

environment [12], may generate a substantial reaction62

flow via this proposed branch, which may in turn lead63

to a faster production of CNO material in the first star64

environment.65

In this work, we will discuss recent measurements of66

the 6Li(α, γ)10B reaction while measurements of the sub-67

sequent 10B+α reaction channels will be presented sep-68

arately in other publications. Sec. II first discusses the69

different underlying components of the 6Li(α, γ)10B re-70

action rate. Sec. III describes the experimental set-up71

for the measurements, followed in Secs. IV and VI by the72

analysis of the data and its interpretation in the frame-73

work of multi-channel R-matrix theory, respectively. A74

reaction rate is then calculated in Sec. VII based on the75

R-matrix calculations and narrow resonance strengths.76

Some conclusions, in terms of the impact on the reaction77

path, will be drawn in Sec. VIII.78
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II. REACTION COMPONENTS IN 6LI(α, γ)10B79

Because of the low level density in 10B and the low80

Q-value of 4.461 MeV, the 6Li(α, γ)10B reaction is char-81

acterized by only a few low energy resonances. The level82

structure in the 10B compound nucleus is shown in Fig. 1.83

It displays a state at Ex = 4.773 MeV (Jπ = 3+), corre-84

sponding to a narrow, low energy, ` = 2, resonance near85

Eα = 520 keV. An earlier study observed a lower energy86

for this resonance, Eα = 500(25) keV [13], which has been87

used in the reaction rate calculations of Cyburt et al. [14].88

The strength has been measured with an uncertainty of89

≈10%, but upper and lower values differ significantly [15–90

17], indicating that systematic uncertainties hamper the91

results of earlier studies. Both of these factors lead to a92

great deal of uncertainty in the reaction rate. This res-93

onance is the dominant component of the 6Li(α, γ)10B94

reaction rate at the temperature range in an early pri-95

mordial stellar environment (0.05 < T < 0.3 GK).96

Three low-spin excited states between Ex = 5.109 and97

5.170 MeV, in the compound nucleus 10B, form a reso-98

nance group at Eα = 1.078, 1.168, and ≈1.2 MeV. The99

two narrow resonances (Γ ≤ 1 keV) at Eα = 1.078 (2−,100

` = 1) and 1.168 MeV (2+, ` = 2) have been measured101

several times, although there are still fairly large uncer-102

tainties associated with their resonance strengths [17–21].103

The third resonance in the group at Eα ≈ 1.2 MeV104

corresponds to a Jπ = 1+ excited state in 10B at a105

proposed excitation energy of 5.182 MeV. This level106

is rather broad; previous works have suggested total107

widths of Γ = 200(30) [22], 105 [23], 110(10) [24] and108

100(10) keV [25]. However, in Dearnaley et al. [23] it was109

explained that the 200 keV width reported by Sprenkel110

et al. [22] used an inaccurate formalism for the width111

calculation. They showed, using a simultaneous fit to112

their α-scattering on 6Li data and Sprenkel et al. [22]’s113

6Li(α, γ)10B data, that the width should be considerably114

smaller, ≈105 keV. Similar widths were also observed by115

Armitage and Meads [24] and Auwärter and Meyer [25]116

using spectra from 10B(d, d)10B and 9Be(p, γ)10B mea-117

surements, respectively. Unfortunately, even the most118

recent rate compilation that includes the 6Li(α, γ)10B re-119

action of Caughlan and Fowler [26] (CF88) has used the120

erroneously large width of Sprenkel et al. [22]. The tail of121

this broad resonance characterizes the cross section be-122

low 500 keV. The uncertainty in the tail contribution of123

this resonance, therefore, translates into a considerable124

uncertainty in the reaction rate at temperatures below125

0.1 GK.126

Even the revised width of ≈100 keV for the127

1.2 MeV resonance translates into a reduced width of128

≈1.8 MeV [23], twice the Wigner limit of ≈0.9 MeV,129

implying a unique nuclear structure. The spin and par-130

ity assignment of this level identifies the 6Li+α entrance131

channel as ` = 0 s-wave. It has been suggested that this132

level’s very large reduced width can be interpreted as133

a pure α-cluster state, but for two identical α-particles134

[23, 27].135

Finally, the direct capture (DC) component of the136

6Li(α, γ)10B reaction is not known. The direct cap-137

ture is expected to be dominated by E2 transitions138

to the 3+ ground state, the 1+ first excited state at139

Ex = 0.718 MeV, and the 0+ second excited state at140

Ex = 1.740 MeV in 10B. Direct capture calculations, us-141

ing the single particle potential model code JEZEBEL [28],142

have been performed to compare the strength of the di-143

rect capture contributions with the strength of the low144

energy tails of the 0+ s-wave resonance at Eα ≈ 1.2 MeV.145

The simulation assumed a pronounced α-cluster struc-146

ture for the bound states in 10B [29, 30]. For example,147

[29] gives a spectroscopic factor of 0.6 for the 1+1 state.148

The cross sections of these DC components are well be-149

low that of the tail of the ≈1.2 MeV resonance at most150

energies. However, below Ec.m. ≈ 0.17 MeV, the calcula-151

tions indicate that the ground-state DC component could152

become larger than the tale of the broad resonance, as153

discussed later in Sec. VII.154

The experimental goal of this work is to accurately de-155

termine the width of the Eα ≈ 1.2 MeV cluster state, and156

provide a high statistics measurement of the strengths157

of the narrow resonances at Eα = 0.520, 1.078 and158

1.168 MeV. The high precision measurement of the res-159

onances located in the low energy excitation function is160

necessary in order to better understand the limits and161

contributions of the broad resonance and the DC to the162

low temperature reaction rate.163

III. EXPERIMENTAL METHODS164

The 5U Pelletron accelerator at the University of Notre165

Dame [31] was used to measure the 6Li(α, γ)10B reaction166

between Eα = 460-1400 keV. Beam intensities ranged be-167

tween 1 µA and 15 µA because higher intensities resulted168

in rapid deterioration of the lithium targets. The most169

important feature of the Pelletron is its good energy reso-170

lution, ability to change energies rapidly and in arbitrary171

steps, and its stability over a wide range of energies. The172

beam energy of this machine was calibrated using the173

well-known resonances in the 27Al(p, γ)28Si reaction [32].174

The target was mounted at 45◦ with respect to the175

beam direction and together with the target chamber176

formed the Faraday cup for measuring the beam current.177

A cold trap was used in order to prevent carbon buildup178

on the target surface. The trap consisted of a long LN2179

cooled copper pipe, which extended to within ≈ 3 cm of180

the target. The pipe was electrically isolated and biased181

at -300 V to suppress secondary electrons.182

Evaporated lithium fluoride (LiF) targets have been183

shown to be unstable under high intensity α-particle184

beam bombardment [20, 33, 34]. Therefore, before yields185

were acquired from the 6Li(α, γ)10B reaction, a LiF tar-186

get study was performed. In these tests, it was found187

that the implementation of beam wobbling and water188

cooling prevented appreciable target deterioration under189

a certain threshold of integrated charge. A beam wobbler190
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FIG. 1: Level scheme of the 10B compound nucleus with γ 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 α-particle separation (Sα) energy is indicated by the red dashed line.

enabled the focused beam spot on target to be uniformly191

dispersed over an area of about 4 cm2.192

From these tests, it was found that a 6LiF target ex-193

perienced a 15-25% degradation after an accumulation194

of 75 mC of integrated charge on target and that the195

target profile began to show significant signs of diffusion196

and surface enrichment of 6Li nuclei. This could indi-197

cate that the 6LiF had dissociated and the lithium had198

drifted away from the target backing while the fluorine199

may have drifted towards the target backing. Addition-200

ally, it was discovered that the threshold for these target201

stoichiometry effects to become significant was ≈60 mC.202

After ≈60 mC depositions, the high energy tail of the203

target integrated resonance scans demonstrated diffusion204

effects as well as a ≈15-20% drop in maximum yield on205

the plateau. In even smaller depositions, ≈50 mC, the206

deterioration that occurred was ≈5-10% and some faint207

surface enrichment was observed. Because of this, all of208

the targets in the current study were typically kept below209

≈50-55 mC of charge deposited. Some gains in stability210

were seen with thicker targets, however it is also likely211

that the effect of drifting target nuclei in a thicker target212

is more easily obscured compared to a thin one.213

Using 6LiF enriched to ≥95%, targets of thicknesses214
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FIG. 2: 6LiF target scan of the 340.5 keV resonance in
the 19F(p, αγ)16O 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 µg/cm2 and ≈50 µg/cm2 were evaporated215

onto 0.5 mm tantalum backings. Targets were mounted216

45◦ relative to the beam, making their effective thick-217

nesses ≈14 µg/cm2 and ≈71 µg/cm2, respectively. This218

tantalum target backing served as the beam stop. He-219

lium beam was impinged on a blank tantalum backing220

for ≈ 200 mC to determine what target backing contam-221

ination and background reactions might occur. In the222

present study, it was found that the 19F(α, pγ)22Ne reac-223

tion was a substantial background above Eα = 1.4 MeV.224

The γ ray produced at Eγ = 1.274 MeV did not greatly225

effect the Eγ = 718 keV region of interest, however the226

rate of detection for the emitted 1.274-MeV γ ray was227

high, ≥ 5000 cts/s. In addition to this fluorine induced228

background, a high intensity gamma line of 136 keV229

from 181Ta(α, αγ)181Ta inelastic scattering could be seen230

throughout the experiment.231

Scans of the well known Ep = 340.5 keV resonance232

in the 19F(p, αγ)16O reaction were used for target stoi-233

chiometry tests as well as for calibration of the detector234

and accelerator [35–37]. An example of the deteriora-235

tion of these 6LiF targets under 60 mC of bombardment236

is shown in Fig. 2. It is clearly seen that some 6LiF is237

lost from the target, which amounts to ≈ 15% of the238

integrated yield. However, appreciable energy shifts (239

≥ 1 keV) in target profile are not observed, though evi-240

dence for 19F drift toward the target backing is observed.241

Scans of the Eα = 520 keV resonance in the 6Li(α, γ)10B242

reaction are also shown for comparison in Fig. 3.243

A. Excitation Function Experiment244

A CeBr3 detector was placed at an angle of θlab = 55◦245

at a distance of 2.5 cm from the target position to max-246
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FIG. 3: 6LiF target scan of the 520 keV resonance in
the 6Li(α, γ)10B before (black points) and after

bombardment (red points).
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FIG. 4: Excitation function of the Eγ = 718 and
3430 keV-γ rays from the 6Li(α, γ)10B reaction. The

contribution from the underlying broad (Γα >100 keV)
resonance can be observed separately through the yield

of ≈3430 keV-γ rays and is shown by the red points.
The solid red line indicates an R-matrix fit of this

broad resonance (see Sec. VI).

imize efficiency and to minimize the contribution of the247

P2(θ) Legendre polynomial in the angular distribution248

of the emitted γ rays. Due to the very close geometry249

of this detector, coincidence summing corrections need250

to be applied and are discussed in Sec. IV. The 2×2251

in. CeBr3 detector was a type 51B51/2M-CEBR(LB)-252

E2-X-NEG from Berkeley Nucleonics [38], and is referred253

to as “CeBr” through the remainder of the text. The254

measured excitation function is shown in Fig. 4. A dia-255

gram showing the experimental setup using this detector256

is given in Fig. 5.257

In the excitation function, the Eα = 520, 1078, 1168,258

and 1170 keV resonances are observed. Because of spin259
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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 6LiF 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-260

pound states of 10B will decay through the 718 keV first261

excited state. Because of this, yield for the 718-keV262

γ ray, shown as black squares in Fig. 4, gives an excellent263

measure of the states populated in the 6Li(α, γ)10B reac-264

tion. Since the intermediate transitions shown in Fig. 1265

are weak compared to the 718-keV transition, these γ-266

ray yields are usually difficult to observe. This is es-267

pecially true in the regions between resonances. How-268

ever, the Eγ = 3400 keV yields from the broad reso-269

nance at Eα ≈ 1.2 MeV and branching ratios for these270

bound states were redetermined in the second experiment271

(Sec. III B) discussed later, which used a higher resolu-272

tion high purity germanium detector (HPGe).273

Energy and efficiency calibrations for the CeBr detec-274

tor were performed using calibrated radioactive sources.275

The low-energy region was calibrated using a 137Cs276

source [39] as well as a 133Ba source [40]. The quoted277

radioactivity for these sources at purchase was 0.1014 ±278

5% µCi [41] and 1.0 ± 5% µCi, respectively. For the in-279

termediate energy regions, between the 137Cs and the γ-280

rays from the 19F(p, αγ)16O [35] reaction, 60Co and 56Co281

sources were used. The 60Co source was quoted to have282

an activity of 11.59 ± 1.9% µCi, whereas the 56Co source283

was uncalibrated. The 56Co source was normalized using284

the 1238.288(3)-keV γ ray in 56Co that lies between the285

1173.228(3) and 1332.492(4)-keV γ rays of 60Co [42, 43].286

The data points of this efficiency curve were fit with a287

fourth order polynomial that described the log(efficiency)288

versus log(energy) trend of the calibration sources [44].289

A systematic uncertainty of 5% was estimated from the290

uncertainties quoted on the radioactive sources.291

The choice to use the CeBr detector over a HPGe de-292

tector for the excitation function is due to the higher ef-293

ficiency of the CeBr detector. Fig. 6 shows a comparison294

between the efficiency calibrations for two HPGe detec-295

tors labeled “ORTEC” and “Georgina” (20% and 100%,296

respectively) and the CeBr detector. The HPGe detec-297

tors’ efficiencies fall very rapidly with increasing γ-ray298

energy, while that of the CeBr does so, but much more299
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slowly. This slow tailing is particularly important in the300

present study since a measurement of the ground state301

direct capture was attempted. In addition, the ratio of302

CeBr to the 20% HPGe efficiencies is nearly a factor of303

fifteen at the 718-keV γ ray line of interest. However, at304

low-energies the thin beryllium window of the 20% HPGe305

detector accounts for the rapid rise in the efficiency curve306

labeled “ORTEC” in Fig. 6. A relative efficiency mea-307

surement of this CeBr detector indicates that it is 50%308

relative to NaI(Tl), however, because the CeBr detector309

could be placed in much closer geometries, the overall310

efficiency was higher.311

Room background added an additional unfortunate312

complication to acquiring yields for the 718-keV γ ray313

from the 6Li(α, γ)10B reaction. Due to the radioac-314

tive decay of uranium and thorium, bismuth-212 and315

bismuth-214 are produced. When these nuclei de-316

cay, they produce γ rays at Eγ = 727.2 keV and317

Eγ = 719.9 keV, respectively. For an HPGe detector,318

the γ ray at Eγ = 727.2 keV poses little concern, but the319

γ ray at Eγ = 719.9 keV is troublesome. In particular320

for data in the off-resonant regions, the unresolved ≈718-321

keV γ ray of interest and the 719.9 keV background line322

could be easily mistaken. However, because of both the323

low efficiency of the HPGe detectors and the difficulty in324

observing off-resonant yields, the CeBr detector [38] was325

used for the 6Li(α, γ)10B study but the background was326

studied rigorously beforehand so that it could be sub-327

tracted.328

In the studies of the background, it was found that a329

lead castle was able to reduce the background in the re-330

gion of interest by nearly an order of magnitude.In these331

background studies, about three days of background was332

measured to provide good statistical significance. Back-333

ground spectra are shown in Figs. 7, 8, and 9. In addi-334

tion, care was taken to remove and replace lead bricks335

that had an unusually high concentration of uranium or336

thorium.337

B. Angular Distributions and Broad Resonance338

Experiment339

For the angular distributions presented in Sec. IV, two340

100% HPGe detectors labeled as “Georgina” in Fig. 6341

were used. The high resolution of these detectors was342

necessary for this portion of the experiment in order to343

resolve several transitions in the 6Li(α, γ)10B reaction344

that occur at or around the Eγ = 1.46 MeV 40K back-345

ground line. In addition, two of the high energy reso-346

nances at Eα = 1.078 and 1.168 MeV are quoted as hav-347

ing [17] very large B(E2) and B(M2) values for these348

transitions to the Ex = 1.740 MeV state in 10B, indicat-349

ing that the branching ratios for these transitions may350

be too large. This may be caused by contaminant yields351

for these transitions from the underlying broad resonance352

at Eα ≈ 1.2 MeV not being properly subtracted out as353

discussed further in Sec. V.354

The HPGe detectors were both n-type, coaxial, EGC355

100-260-R models from Canberra [46] and are the356

Georgina detectors mentioned previously. The efficiency357

calibration was accomplished using 137Cs, 133Ba, 56Co,358

60Co, 152Eu sources, and the 27Al(p, γ)28Si reaction.359

Similar to the CeBr efficiency calibration, the data points360

of the efficiency curve were fit with a fourth order polyno-361

mial that described the log(efficiency) versus log(energy)362

trend of the calibration sources [44]. This fit also accepts363

a systematic uncertainty of 5% due to the uncertainties364

quoted on the radioactive sources.365

The first HPGe detector was placed 10 cm from the tar-366

get position on a movable platform with the pivot point367

directly below the target position. This allowed for an-368

gular distributions on top of the narrow resonances near369

Eα ≈ 1 MeV. The second detector was placed 10 cm370

from the target position and fixed at a backward angle371

of 135◦. This second detector allowed for the monitor-372

ing of target deterioration during the angular distribu-373

tion measurements via the rates observed during each374

run. Finally, because of the higher resolution provided,375

an 3400-keV γ ray yield for the broad resonance transi-376

tion could be extracted. This broad resonance yield is377

shown in Fig. 4 as the red points.378

No lead castle was implemented in this setup since the379

719.9 keV background line from bismuth-214 was not a380

concern with the high resolution of the detector. Addi-381

tionally, the rate never exceeded 1000 cts/s due to the382

larger distances from the target.383

IV. DATA ANALYSIS384

Since the 718-keV γ ray transition from the first ex-385

cited state is the dominant decay in the 6Li(α, γ)10B re-386

action, it was used to determine the branching ratio cor-387

rected resonance strengths. Additionally, because of the388

better efficiency afforded by the detectors used in the389

present study, the branching ratios for all states below390

Ex = 5.2 MeV were remeasured in the present study and391

smaller uncertainties than in the previous literature were392

found in many cases. These γ-ray energies and branching393

ratios are presented in Table I.394

The branching ratio analysis for the bound states was395

performed primarily with the 100% HPGe detector setup396

because of the energy resolution needed to resolve sev-397

eral ≈ 1.4-MeV γ rays emitted as part of the γ-ray decay398

cascade. The summed plateau yields measured at 55◦399

on each resonance between Eα = 1 - 1.2 MeV provided400

a clear spectrum, which could be used to extract these401

branching ratios. From these analyses, it was found that402

most or all of the R/DC→ 0+1 photopeak counts came403

from the underlying broad Eα ≈ 1.2 MeV resonance.404

This indicated that the branching ratios in the litera-405

ture [17] need to be adjusted down as given in Table I.406

These suggested adjustments would help to place these407

transition strengths more firmly within the B(E2) and408

B(M2) limits.409
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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 energy peak efficiencies at

various energies as describe in the text. The error band shown is a 5% band on this fit.

The angular distributions, shown in Fig. 10 were taken410

with the HPGe detector setup discussed in Sec. III B.411

Measurements at each angle had the same amount of412

charge deposited except at 0◦ and 135◦, which were run413

slightly longer. The relative angular distribution data414

from Basak [47] for the Eα = 1.078 and 1.168 MeV res-415

onances were normalized to the 55◦ data point of the416

present measurements. This was done because the ma-417

jority of measurements found in Basak [47] were taken418

at 52◦. Overall, good agreement is observed between the419

measured angular distributions in the present study and420

those measured by Basak [47].421

Spectra produced on top of each narrow resonance us-422

ing the CeBr detector are shown in Figs. 11, 12, and 13,423

with each γ ray present in the spectrum identified and424

contamination sources attributed. Branching ratios for425

emissions from each level are given in Table I, where426

literature values are taken from the NNDC [17]. The427

branching ratios that were calculated from the HPGe de-428

tector and the CeBr detector are in excellent agreement.429

The values given in Table I and Fig. 1 are the weighted430

mean of these two measurement techniques.431

The three narrow resonances in the excitation func-432

tion of the 6Li(α, γ)10B reaction between Eα = 0.46-433

1.4 MeV were measured with a level of high statistics434

varying between over 5000 to over 25000 counts for the435

718-keV γ ray on the plateau. Each narrow resonance436

was analyzed using the thick target yield technique, see437

Fig. 4.57 of [48]. This analysis was appropriate since the438

broadest of these narrow resonances was the one studied439

at Eα = 1078 keV, which has a total width of ≈ 1 keV,440

while the beam energy loss through the targets ranged441

from 110 to 130 keV at Eα = 1.078 MeV.442

On each narrow resonance plateau, energy steps of443

5 keV were taken until ≈15 keV before the front edge.444

Smaller steps, ≈1-2 keV, were then taken over the front445

edge. However, during resonance scans, to check for tar-446

get deterioration, energy steps as large as 25 keV were447

taken in order to prevent excessive charge accumulation.448

Due to the very close geometry of the detector to the449

target, coincidence summing corrections were performed450

following the two procedures laid out in McCallum and451

Coote [49] and Yoon et al. [50]. This was done to compare452

the intensities of sum peaks observed to the predicted453
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TABLE I: Branching ratios of states below Ex = 5.2 MeV in 10B.

Ex (MeV) Eα (MeV) Eγ (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 214Bi and, the parent nucleus, 214Pb with several
weaker lines from uranium decay chain nuclei. The

214Bi γ ray at 719.9 keV has been largely suppressed
due to the lead shielding. For reference, the 609-keV
γ ray is two orders of magnitude more intense and the
768-keV γ ray is one order of magnitude more intense

than the 719.9-keV γ ray [45].
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FIG. 8: Background spectra acquired with θlab = 55◦

CeBr detector at higher γ-ray energies. The 214Bi
γ rays continue to be observed throughout the spectrum

with the addition of the strong 40K γ ray.

sum peaks using the total efficiency acquired from the use454

of calibration sources. Because of the beam rastering, the455

source produced during bombardment would have been456

broader than the calibration sources used, thus the to-457

tal efficiency could have varied. However, both methods458

were discovered to agree well with each other and the459
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FIG. 9: Background spectra acquired with θlab = 55◦

CeBr detector at the highest γ-ray energies. The 214Bi
γ rays and the strong 208Tl γ 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 Eγ = 718 keV yield were performed.460

The corrections resulted in an increased yield. For the461

Eα = 1168 keV resonance the correction was ≈ 15%,462

whereas for the Eα ≈ 520 keV resonance was only ≈ 4%.463

This correction is very similar to that reported by Gyürky464

et al. [11], who estimated a correction of ≈ 10% for the465

Eα = 1168 keV resonance.466

As mentioned in Sec. III, an energy calibration of467

the accelerator was performed using the well-known468

27Al(p, γ)28Si reaction. This energy calibration pro-469

duced <1 keV deviation from the narrow resonances470

in the 27Al(p, γ)28Si reaction and the energy resolution471

at the front edge of the Ep = 992 keV resonance was472

<100 eV. Sec. V discusses how several of the narrow473

resonances studied here were found to sometimes be at474

significantly different energies than those quoted in the475

literature [18, 19, 47].476

During the present experiment, several sources of sys-477

temic uncertainties were identified and are presented in478

Table. II. The most dominant systematic uncertainties479

are from the stopping power calculation [53] and the480

efficiency calibration of the detectors. Included in the481

efficiency uncertainty is the geometric variances of the482

detector position and angle as well as the calibration un-483

certainties. Additional uncertainties in charge collection484

are suspected, either from the incomplete collection of485

secondary electrons from the target or due to beam in-486

stabilities. Finally, the stoichiometry of the target LiF487

material was stable during initial thick target scans, how-488

ever small uncertainties are associated with this determi-489

nation of the active density.490

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. DISCUSSION491

A. The 4.773 MeV Level492

The Jπ = 3+2 narrow resonance located at493

Elab = 521.1(8) keV in the literature [17] is cur-494

rently found to be at Elab = 519.6(5) keV. While these495

values are consistent at about the 1.5σ level, this differ-496

ence in energy is quite significant as the low temperature497

reaction rate depends exponentially on the resonance498

energy, as shown later in the discussion of the reaction499

rates in Sec. VII. This is the lowest energy resonance500

known to exist in the 6Li(α, γ)10B reaction. Very few501

measurements have been made of it, though they do find502

moderate agreement in the resonance strength. Early503

charged particle and transfer reaction measurements504

had observed the corresponding state in 10B [54], but505

the first 6Li(α, γ)10B measurement was performed in506

1953 by Wilkinson and Jones [13], where an energy507

of Eα = 500(25) keV was reported. The strength of508

this resonance remained unknown until Warhanek [51]509

measured it to be ωγ ≈ 5×10−2 eV in 1957. Shortly510

thereafter, Alburger et al. [16] (1966), found a very511

similar value of ωγ = 0.046(8) eV.512

In later studies performed by Nelson et al. [15] in 1985,513

a much smaller resonance strength was observed. In par-514

ticular, the thick target yields presented in Nelson et al.515

[15] indicated ωγ = 0.041(4) eV from a relative measure-516

ment of the 520 keV resonance with respect to that at517

Eα = 1168 keV. Though the Alburger et al. [16] and518

Nelson et al. [15] resonance strengths agree, the yield519

curves presented in Fig. 1 of Nelson et al. [15] seem520

to indicate resonance energies closer to Eα ≈ 520 and521

≈1168 keV, but their calculations used 500 and 1175 keV,522

respectively. This energy difference changes the rela-523

tive resonance strength calculation, causing the strength524

to go from ωγ = 0.041(4) eV to ωγ = 0.0425(43) eV525

when the present resonance energies are used. The526

718 keV state feeding coefficients (f) – where f is given527

by the sum of all branching ratio products correspond-528

ing to the cascades terminating in the observed transi-529

tion – found in the present study are f(4.773) = 0.996530

and f(5.163) = 0.828. Using these f instead of those531

found in [15], then ωγNelson = 0.0440(44) eV, which is532
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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.

much closer to the value obtained by Alburger et al.533

[16] and the present study: ωγ = 0.046(8) eV and534

ωγ = 0.0472(37) eV, respectively.535

The resonance strength presented in the TUNL com-536

pilation [17] is reported as the weighted mean of the537

Nelson et al. [15] and Alburger et al. [16] data with538

ωγ = 0.0420(36) eV. However, the weighted average of539

the Nelson et al. [15] and Alburger et al. [16] ωγ is actu-540

ally 0.0445(39) eV. Additionally, the value presented in541

NNDC appears to be just that of Nelson et al. [15]. As542

discussed above, these should be re-evaluated considering543

the corrected strength. In addition, the present study is544

in excellent agreement with the other resonance strengths545

discussed in the following subsections, which suggests a546

good degree of reliability in the ωγ = 0.0472(37) eV found547

in the present study. A table compiling these suggested548

ωγ revisions is given in Table III.549

B. The 5.109 MeV Level550

The Jπ = 2−1 state at Ex = 5.11(2) MeV, correspond-551

ing to a resonance energy of Elab = 1.08(1) MeV, has552

been measured thoroughly by Napolitano and Freedman553

[18], Ajzenberg-Selove [55]. In the present study, good554

agreement is found with this value, where the resonance555

was observed at Elab = 1.0782(20) MeV, corresponding556

to Ex = 5.1085(12) MeV. This state has been measured557

previously [18, 19, 47, 52, 56], with differing experimen-558

tal techniques. The most important difference in these559

previous studies is that of the resonance strength deter-560

mination. One of the first of these measurements, in561

1957 [52], found the strength of this resonance to be562

ωγ = 0.105(26) eV, where the uncertainty is roughly es-563

timated as ≈25%.564

The next experiment by Forsyth et al. [19], performed565

in 1966, found a smaller strength of ωγ = 0.092(17) eV.566

In addition, that study was able to measure the γ-decay567

branching ratios fairly accurately. These branching ratios568

and strength remain consistent with modern accepted569

values in literature today [57].570



11

TABLE III: Revised Resonance Strengths. Literature values are taken from [17].

Ex(MeV) Eα(MeV) Elit.(MeV) Eα−lit.(MeV) ωγ(α,γ) ωγ(α,γ)(lit.) ωγ(α,γ)(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 Eα = 1.168 MeV resonance. The 1.168 MeV

resonance scan contains the most complicated spectrum
observed in the present 6Li(α, γ)10B experiment.

Several high energy γ rays from the 5162 keV state are
visible. The GS transition is seen with a fairly strong

intensity, however the 3008 and 4444 keV γ rays
dominate the higher energy spectrum. These feed the

lower energy states in 10B, which mostly feed the
718-keV γ ray that is seen strongly in the spectrum.

Beyond the γ rays from the reaction of interest,
prominent background lines from 19F, 181Ta, and 7Li

inelastic scattering are present. In addition, the
511-keV γ ray and the room background 40K line at

1.46 MeV are prominent.

A subsequent Napolitano and Freedman [18] study571

measured the Γα of this resonance to be 0.98(7) keV,572

which is still used in literature today. However, a cal-573

culation of the resonance strength was not performed.574

Additionally, the broad resonance at Eα ≈ 1.2 MeV cor-575

responds to the ≈5.182 MeV Jπ = 1+ state in 10B, was576

unobserved in this study. The 1966 study of Forsyth577

et al. [19] observed the contamination of this broad state578

to correspond to ≤15 % of the 1.078 MeV γ-ray intensity.579

However, in the present study, it was found to be≈25% at580

the plateau. However, the branching ratios measured in581

the present study are still in fair agreement with Forsyth582

et al. [19].583

One of the most recent studies by Basak [47] in584

1989 found very different results for the 5.108 MeV585

state. The first disagreement is a drastic decrease586
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FIG. 12: Sample spectrum from the CeBr detector on
the Eα = 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 Eα ≈ 1.2 MeV broad
resonance contaminating the 718-keV γ 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 was587

found to be ωγ = 0.046(4) eV. The second strong dis-588

agreement was in the branching ratios, where Basak589

[47] found β5.109→1.740 = 0.109(35), compared to590

β5.109→1.740 = 0.05(5) found in Forsyth et al. [19]. This591

large change in β5.109→1.740 was addressed in the 10B592

TUNL data compilation in 2004 [17], where the branch-593

ing ratios of Basak [47] were rejected due to the B(M2)594

value being much larger than the Recommended Upper595

Limit (RUL) of the Weisskopf estimates for γ-ray transi-596

tions. The 1989 study of Basak [47] was one of the few597

to perform angular distribution measurements. However,598

many of these have few angles of measurement and have599

large uncertainties.600

Finally, in the discussion of Spear et al. [20], many601

of the resonance strengths are given in the center of602

mass frame of reference but appear to have failed to603

correctly apply the center-of-mass conversion factor ≈604

6
10 . This factor also appears to have been omitted605

in Forsyth et al. [19] and Meyer-Schutzmeister and606

Hanna [52]. When the center of mass conversion fac-607
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FIG. 13: Sample spectrum from the CeBr detector on
the Eα = 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 γ-ray detectors.

tor is applied to these measurements, they are still608

quite high with respect to the present study’s finding of609

ωγ = 0.0456(36) eV. Though the average found in Table610

10.22 of [17], ωγ = 0.055(10) eV, is in agreement within611

error bars with the present study, a great deal of uncer-612

tainty on the high values of this average exists; namely,613

the lack, or underestimation of, the broad resonance con-614

tributions to the yields.615

As stated earlier, the Forsyth et al. [19] study es-616

timated this contribution to be ≤15%, and Meyer-617

Schutzmeister and Hanna [52] and Napolitano and Freed-618

man [18] do not discuss this contribution. In the present619

study, the broad resonance contributions were found620

to be about 25% of the total γ-ray yields around this621

resonance. If the Forsyth et al. [19] study is cor-622

rected to include this higher broad resonance contribu-623

tion, then their original ωγ = 0.092(17) eV resonance624

strength would be reduced to 0.081(15) eV. Then, with625

the center of mass factor reapplied [20], a resonance626

strength of ωγForsyth - c.m. = 0.049(9) eV is found. This627

value is much closer to the present studies finding of628

ωγ = 0.0456(36) eV and is also in agreement with [47],629

despite the problems mentioned with that study.630

Finally, the angular distributions of 5.163 → 2.154,631

5.109 → 0.0, and 5.109 → 0.718 transitions were re-632

measured and found to be in good agreement with those633

found in Basak [47]. Because of these considerations, it634

appears that the resonance strength for the 5.108 MeV635

state is near the 0.046(4) eV value found by Basak [47].636

C. The 5.163 MeV Level637

Very little deviation in the branching ratios, γ-ray638

energies, or resonance strengths are observed between639

the present study and the TUNL and NNDC compila-640

tions. However, there is a moderate difference in the641

resonance energies found in the present study compared642

to that reported in these compilations. Both compila-643

tions adopt EJπ=2+2
= 5163.9(6) keV, whereas the present644

study finds this resonance appears to be located at Ex =645

5162.6(12) keV corresponding to Eα = 1.1683(20) MeV.646

The largest energy deviation found in the present study647

comes from this Jπ = 2+2 state. In literature, this reso-648

nance was cited to be observed near Eα = 1.175 MeV649

in many prior studies [18, 19, 47], but the compilation650

value indicates an adopted value of Eα ≈ 1.170 MeV.651

However in the present study, this resonance is observed652

at Eα = 1.1683(20) MeV. It is unclear if the current com-653

pilation [17] has retained the high energy values from the654

prior studies [18, 19, 47] that cite Eα = 1.175 MeV, how-655

ever it is clear that the present study deviates from the656

literature value of Eα ≈ 1.170 MeV by ≈2 keV. This657

2 keV energy shift does not have a substantial impact on658

the reaction rates discussed in Sec. VII, due to the high659

energy of this resonance. However, for stellar tempera-660

tures near 1 GK, this shift may have a small boosting661

effect.662

D. The 5.170 MeV Level663

In several previous studies, the underlying broad res-664

onance located at Ex = 5.1699(25) MeV was often ig-665

nored [18, 52, 56] or underestimated [19]. There has been666

some confusion about the total width of this level, but,667

as described in Sec. I, previous studies clearly indicate a668

value of Γc.m. ≈100 keV669

In 1961, measurements of the 6Li(α, γ)10B reaction670

were performed by Sprenkel et al. [22]. Two large NaI671

detectors were placed at 90◦ with respect to the beam672

and 3/4 in. away from the target. These detectors were673

used to perform coincidence measurements with the 718-674

1022-keV cascade γ rays in order to extract a yield for675

the Eα ≈ 1.2 MeV resonance. From this work, a re-676

ported Γc.m. = 200(30) keV was measured and a reported677

Γγ = 0.06(3) eV was given. However, only experimen-678

tal yields for this resonance were presented (see Fig. 2679

of [22]).680

If, according to Sprenkel et al. [22], the Γc.m. of 200 keV681

was true, then this would correspond to a very large di-682

mensionless reduced width of θ2 = γ2/γ2W = 7.26, well683

above even twice the Wigner limit (2 × γ2W = 1.8 MeV,684

see Sec. II). Because of this apparent discrepancy, a mea-685

surement of 6Li(α, α)6Li was performed in 1962 by Dear-686

naley et al. [23]. In this α-scattering measurement, a very687

well resolved broad resonance was observed at four lab-688

oratory angles at ≈1.2 MeV with a calculated center of689

mass Γc.m. ≈ 105 keV. Dearnaley et al. [23] performed a690
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observed is due to the thickness of the target. A target
of ∆E ≈ 30 keV was used for this portion of the study.

multichannel R-matrix fit and found that their data and691

those of Sprenkel et al. [22] were in fact consistent. They692

then showed that the formalism used by Sprenkel et al.693

[22] to calculate the width was inconsistent with that of694

Lane and Thomas [58].695

In 1964, Armitage and Meads [24] used the696

10B(d, d′)10B reaction to populate this state, and found a697

similar width of Γc.m. = 110(10) keV by fitting deuteron698

spectra. Similarly Auwärter and Meyer [25] in 1975,699

performed a 9Be(p, γ)10B measurement found a similar700

width by fitting broadened γ-ray emission spectra from701

the Ex = 7.56 MeV state to the Ex = 5.17 MeV broad702

state, see Fig. 7 of Auwärter and Meyer [25]. From the703

fit of this γ-ray emission data, a Γc.m. = 100(10) keV was704

found.705

Additionally, the present study was able to track the706

movement of the ≈ 3400 keV γ-ray emission, shown in707

Fig. 14. From this study, it was observed that the branch-708

ings from the Eα = 1.078 and 1.168 MeV resonances709

through βR/DC→1740 were entirely from the broad res-710

onance, within statistical uncertainty. This finding in-711

dicates that many of the very large B(E2) and B(M2)712

values previously reported should be revised.713

VI. R-MATRIX ANALYSIS714

Using the R-matrix [58] data analysis framework,715

AZURE2 [59, 60], theoretical fits were performed in order716

to more confidently determine the width of the broad717

≈1.2 MeV resonance. The alternative R-matrix param-718

eterization of Brune [61] was used so that observable719

widths could be used directly as R-matrix fit parame-720

ters. The narrow resonances in the 6Li(α, γ)10B reaction721

were not included in the R-matrix analysis. The mea-722

surements of Sprenkel et al. [22] and Dearnaley et al. [23]723

TABLE IV: R-Matrix Experimental Effects Parameters
for the AZURE2 code.

Segments Integration Points Active Density

Dearnaley et al. [23] 50 1.51×1018

Sprenkel et al. [22] 50 2.51×1018

Present Study 50 1.00×1018

used targets of a thickness large enough that target ef-724

fects needed to be included in the calculations as given725

in Table IV. Additional details can be found in Ref. [62].726

In Sprenkel et al. [22], a 50 keV thick target was re-727

ported, whereas Dearnaley et al. [23] used targets varying728

between 10-20 µg/cm2. From SRIM stopping power cal-729

culations [53], the Sprenkel et al. [22] target would have730

been nearly 25 µg/cm2 with n ≈ 2.51×1018 and the Dear-731

naley et al. [23] target would have had n ≈ 1.51×1018 as-732

suming an average of 15 µg/cm2 for the target thickness.733

Implementing these target integration effects, a small re-734

duction of about ≈5 keV in Γα was observed.735

A simultaneous R-matrix fit of the data surrounding736

the ≈1.2 MeV resonance was performed. The fit included737

the 6Li(α, α)6Li elastic scattering data of Dearnaley et al.738

[23], and the 6Li(α, γ)10B data of Sprenkel et al. [22] as739

well as the current data. For the 6Li(α, α)6Li data of740

Dearnaley et al. [23], detailed uncertainties are not given.741

The only uncertainty information in the text states that742

“The accuracy of the experimental points is estimated743

at 3%, except at the lowest energies and near the min-744

ima of the anomalies where the increased magnitude of745

the background correction raises the error to about 5%.”746

Therefore, to be conservative, the maximum uncertainty747

of 5% has been used. Using the Markov-Chain Monte-748

Carlo code BRICK [63], the statistical and common mode749

uncertainties of the fit parameters for the broad reso-750

nance were estimated to be Γγ = 0.0589(46) eV (7.8%)751

and Γα = 124.7(25) keV (2.0%). Given the small statisti-752

cal uncertainty for Γα, driven by the numerous scattering753

data, model uncertainties were also significant. In partic-754

ular, those from the channel radius and background level755

contributions were investigated. Channel radii between756

4.7 and 6.0 fm were investigated and found to produce757

variations of ≈4%. The fit was quite insensitive to back-758

ground level contributions, producing variations of only759

≈2%. In addition, no uncertainty in the energy calibra-760

tion is given for the data of Dearnaley et al. [23], so a761

±20 keV uncertainty was assumed, which was found to762

produce a width variation of ≈4%. Different target thick-763

ness were also used by Dearnaley et al. [23], varying be-764

tween 10 and 20 µg/cm2. The present fit used an average765

value of 15 µg/cm2, thus the ±5µg/cm2 target thickness766

uncertainty leads to an uncertainty of ≈1%. Given these767

additional contributions, the total uncertainty increases768

to 6.3%, giving Γα = 125(8) keV. The R-matrix fits for769

these data are shown in Figs. 4, 16, and 15.770

Using the channel radius of 4.9 fm used by Dearnaley771
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et al. [23], we find a reduced width of θ2 = 1.82(11) MeV,772

in good agreement with the value of 1.8 MeV quoted in773

that work. While it should be noted that the Wigner774

limit is not a strict upper limit but only a limit on the775

average reduced width [64], Dearnaley et al. [23] have776

made the argument that this state corresponds to a clus-777

ter state of two α-particles and a deuteron. Thus the778

Wigner limit should be twice the usual value, owing to779

the two identical α-particles. As twice the Wigner limit780

would be 2×γ2W = 2×0.929 MeV = 1.85 MeV, this state781

would be a nearly pure cluster state of this type.782

The R-matrix particle pair inputs are given in Table V,783

segments are given in Table VI, experimental effects are784

given in Table IV and fit parameters are given in Ta-785

ble VII. The normalization factor for the Dearnaley et al.786

[23] and Sprenkel et al. [22] were allowed to vary, since787

both sets were not given as absolute cross-sections in lit-788

erature. In addition, error bars for these data were gener-789

ated based on discussions found in these literature. The790

error bars for the Sprenkel et al. [22] data were assumed791

to be at minimum 10% and the Dearnaley et al. [23] data792

were assumed to be at minimum 5%.793

VII. REACTION RATES794

Sec. I described the potential role of the 6Li(α, γ)10B795

reaction in first star nucleosynthesis. In the following,796

the contributions of the different reaction components797

to the reaction rate are described in more detail. Two798

calculations are the focus of this section, one with only799

the known resonance contributions, one that includes800

both non-resonant tails of subthreshold and higher en-801

ergy states as well as direct capture contributions. Rep-802

resentative rate values for each component are quoted at803

T = 0.1 GK to help illustrate the effect of each to the804

total rate.805

Previously, the rate of the 6Li(α, γ)10B reaction com-806

monly used in nucleosynthesis simulations is that of Ther-807

monuclear Nuclear Reaction Rates V [26]. These tabu-808

lations are based on the estimate of an underlying direct809

capture component with individual known resonances be-810

ing added separately. Specifically, two resonance contri-811

butions are considered [65]. The first is a single narrow812

resonance located at ≈500 keV with a resonance strength813

ωγ = 0.0462 eV, as based on the measurements by Spear814

et al. [20]. This would correspond to the 3+ state at815

4.773 MeV in the compound nucleus 10B. The second816

term refers to the sum of the tail distributions of higher817

energy resonances with a cut-off term at ≈1044 keV [65].818

In the present analysis, three narrow and one broad819

resonance have been mapped. The DC component may820

exist, but has not been observed experimentally and spec-821

troscopic factors remain unknown [17]. An upper limit822

for the DC contribution and its possible contribution to823

the overall reaction rate are considered below.824

A. Resonance contributions825

The narrow resonance contributions to the reaction826

rate were calculated individually using the narrow res-827

onance approximation [66] and their individual contri-828

butions to the total rate are shown in Fig. 17. The829

Eα = 519.6(5) keV resonance is one of the main con-830

tributors to the rate, with a resonance strength of831

ωγ = 0.0472(37) eV; it’s contribution dominates the re-832

action rate in the temperature range of 0.1 < T < 1 GK.833

At 0.1 GK, its rate contribution is 1.13(6)×10−11 cm3
834

mol−1 s−1, where it competes with the low energy tail of835

the broad higher energy resonance at ≈1.2 MeV.836

The two other observed narrow resonances are located837

at higher energies Eα = 1078.2(20) and 1168.3(20) keV.838

These resonance are fairly strong, with resonance839

strengths of ωγ = 0.0456(36) eV and ωγ = 0.389(30) eV,840

respectively. However, at 0.1 GK, due to their higher841

energy, they only have reaction rate contributions of842

1.17(7)×10−28 and 2.27(12)×10−30 cm3 mol−1 s−1, re-843

spectively. At higher temperatures, above ≈2 GK, the844

Eα = 1078.2(20) keV resonance dominates the rate. The845

Eα = 1168.3(20) keV makes its largest contribution to846

the rate over a similar temperature range, but is always847

a weaker component.848

The contribution from the broad resonance at849

Eα ≈ 1.2 MeV, which is found in this work to be at850

Eα = 1180 keV, dominates the reaction rate in the low851

temperature range T < 0.1 GK. The value at 0.1 GK is852

7.01×10−11 cm3 mol−1 s−1.The resonance also makes a853

substantial contribution to the rate above ≈2 GK, be-854

coming almost equal to that from the Eα = 1168 keV855

resonance at 10 GK.856
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TABLE V: R-Matrix Particle Pair Parameters used for the AZURE2 code.

Light Particle Light Mass Heavy Particle Heavy Mass Ex (MeV) Separation Energy (MeV) Channel Radius (fm)

α 4.0026 6Li 6.01512 0 4.4611 5.5

γ0 0 10B 10.0129 0 0 0

γ1 0 10B 10.0129 0.71838 0 0

γ2 0 10B 10.0129 1.74005 0 0

γ3 0 10B 10.0129 2.15427 0 0

γ4 0 10B 10.0129 3.58713 0 0

p 1.00783 9Be 9.01218 0 6.5867 5.5
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FIG. 16: R-Matrix fit of the 6Li(α, α)6Li 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.
6Li(α, α) @ 40◦ - 76◦ Dearnaley et al. [23]

6Li(α, γ) Sprenkel et al. [22]

Compared to the present study, the reaction rate used857

by Caughlan and Fowler [26] is slightly smaller below858

0.1 GK, by about 15%. This difference is entirely at-859

tributable to the difference in the tail contribution from860

the broad 1.2 MeV resonance. In Caughlan and Fowler861

[26], as with all the previous rate calculations for the862

6Li(α, γ)10B reaction in that series, the larger width of863

200 keV given by Sprenkel et al. [22] was used, and864

the smaller width of ≈100 keV found in the later works865

of Dearnaley et al. [23], Armitage and Meads [24] and866

Auwärter and Meyer [25] was not considered. It was867

therefore expected that this larger width should have pro-868
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TABLE VII: R-Matrix Fit Parameters.

Ex (MeV) Jπ Partial Width ` s Γ (eV)

6.8730 1−

Γα 1 1 67000

Γγ1 1 1 0.24

Γγ2 1 0 0.64

Γγ3 1 1 0.16

Γp 0 1 53000

5.1699 1+

Γα 0 1 124700

Γγ2 1 0 0.058906

5.9220 2+

Γα 2 1 5820

Γγ0 2 3 0.130

Γγ1 1 1 0.02

6.0240 4+

Γα 4 1 52.0

Γγ0 1 3 0.11
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FIG. 17: Reaction rate contributions comparison for the
6Li(α,γ)10B reaction where only resonances with known

strengths are included.

duced a larger reaction rate than the present calculation,869

but the opposite is true. Unfortunately, details on the870

calculation of the reaction rate given by Caughlan and871

Fowler [26] (and their previous works) is incomplete. Re-872

constructing the S-factor from the equation for the rate873

given by Caughlan and Fowler [26] does indeed produce a874

somewhat larger value, consistent with the reaction rate.875

The ratio of the rate as a function of temperature is il-876

lustrated in Fig. 18.877
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FIG. 18: Reaction rate ratio comparison to that
of Caughlan and Fowler [26], taken from the Reaclib

data base [14]. The position of the Eα = 520 keV
resonance has a significant impact on the reaction rate.

Prior calculations put it at Eα = 500 keV.

B. Inclusion of DC and subthreshold states878

Because the DC components to the different bound879

states of 10B may play a role at low temperatures, upper880

limits for these DC components were modeled using the881

external capture formalism [67–69] (EC) of the R-matrix882

code AZURE2 and the direct capture (DC) potential model883

formalism of Rolfs [70] of the code JEZEBEL [28]. The884

DC S-factors were calculated for the transitions to the885

ground state (GS) up to the fourth excited state in 10B886

as shown in Fig. 19. It was found that the GS transition887

is the dominant component and the energy dependence888

of the different models were similar. A hard-sphere (HS)889

EC calculation is used in AZURE2, whereas JEZEBEL uses890

a Wood-Saxon potential to calculate the DC contribu-891

tion. The upper limit for the direct component, which892

would correspond to a pure alpha cluster configuration of893

6Li becomes comparable with the broad resonance con-894

tribution at Ec.m. ≈ 0.17 MeV, which corresponds to895

Eα ≈ 0.28 MeV, and a temperature of ≈0.18 GK.896

In addition to the DC contributions to the reaction897

rate, possible interference between the broad 1.2 MeV898

resonance (Jπ = 1+) and a subthreshold state could en-899

hance the low energy S-factor. Considering the sub-900

threshold 1+ levels, only the subthreshold state present901

at Ex =2154 keV (Ec.m. = -2307 keV) has a strong tran-902

sition to the Ex = 1740 keV bound state similar to the903

1.2 MeV unbound state [17]. It should be noted that DC904

to the second excited state is not possible from selection905

rules, as it is a 0+ state. The subthreshold state contri-906

bution was calculated in AZURE2 using the different in-907

terference possibilities between the broad resonance and908

the subthreshold resonance. The Γγ for the state was909

taken from the TUNL database [17] and the branching910

ratios from the present study were used. The ANC for911
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the subthreshold state was set at the Wigner limit of the912

corresponding reduced width amplitude, 72 fm−1/2. Us-913

ing these upper limit values, it was found that significant914

interference with the tailing of the broad ≈1.2 MeV reso-915

nance at low energy is possible, as shown in Fig. 15. This916

interference occurs below the presently explored energy917

range, making this a significant source of uncertainty at918

temperatures below 0.1 GK. An extension of the mea-919

surements towards lower energies would require improved920

cosmic ray shielding as given at underground accelerators921

[71, 72].922

By including the subthreshold state and DC compo-923

nents, a maximal reaction rate can be calculated. The924

DC components that have the highest impact are the925

transitions to the ground state and the first excited state.926

The subthreshold effects of the third excited state in 10B927

could also be significant through its interference with the928

broad resonance at Eα ≈ 1.2 MeV. The impact of these929

additional components can be seen in the upper limit930

reaction rate calculation presented in Fig. 20. The indi-931

vidual contributions to the upper limit reaction rate are932

given in Fig. 21. An upper limit of 1.2×10−10 cm3 mol−1933

s−1 was found at T = 0.1 GK for comparison.934

C. Recommended Rates935

From the above calculations, the central, upper, and936

lower bounds of the reaction rate have been calculated937

as follows:938

• Central value — The central value has been cal-939

culated using the central values of the resonance940

strengths and energies given in Table III. The con-941
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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. 18, but the upper limit DC and subthreshold
Ex = 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 Eα ≈ 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-942

cluded by numerical integration of the R-matrix943

fit described in Sec. VI, without any subthreshold944

state interference. No direct capture contribution945

is included.946

• Upper limit — The upper limit has been calculated947

using the lower values of the resonance energies and948

the upper values of the resonance strengths given in949

Table III. The increased low energy S-factor inter-950

ference solution from the R-matrix calculation (see951

Fig. 15), that includes the 1.2 MeV resonance and952

the subthreshold state, has been used as described953
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FIG. 22: The 6Li(α, γ)10B reaction rate based on the
measurements of this work. The rate of Caughlan and

Fowler [26] (CF88) is also shown for comparison.

in Sec. VII B. Upper limits for the direct capture954

contributions are also included.955

• Lower limit — The lower limit has been calcu-956

lated using the upper values for the energies and957

lower values for the resonance strengths given in958

Table III. The decreased low energy S-factor inter-959

ference solution from the R-matrix calculation (see960

Fig. 15), that includes the 1.2 MeV resonance and961

the subthreshold state, has been used as described962

in Sec. VII B. No direct capture contribution is in-963

cluded.964

While the reaction rate uncertainties above 0.1 GK965

can be treated as 1σ uncertainties of a Gaussian dis-966

tributed underlying probability density function (PDF)967

for the reaction rate, the uncertainties at lower tempera-968

tures should be treated as classical upper and lower lim-969

its. This is because the uncertainties below 0.1 GK come970

from the uncertainty in the interference of the tail contri-971

bution of the 1.2 MeV, broad resonance, which has been972

calculated by assuming full clusterization (the maximum973

value) for the reduced widths of the bound states used974

to calculate the subthreshold and DC contributions. The975

reaction rate is given in Table VIII, while a rate tabulated976

on a finer temperature grid is available in the Supplemen-977

tal Material [73]. The reaction rate is shown in Fig. 22,978

compared with that of Caughlan and Fowler [26], and the979

relative rate uncertainty is shown in Fig. 23.980

VIII. CONCLUSION981

New measurements of the low energy excitation func-982

tion for the 6Li(α,γ)10B reaction at θLab = 55◦ are pre-983

sented with angular distributions for the Eα = 1078 and984

1168 keV resonances. The new data have been used985
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FIG. 23: Ratio of the upper and lower limits of the
6Li(α, γ)10B reaction rate to its recommended median

value.

to provide both improved data on the narrow resonance986

strengths and to better characterize the broad resonance,987

DC, and direct components that influence the low energy988

S-factor. New strengths for the three narrow resonance989

at Eα = 519.6(5), 1078.2(20) and 1168.3(20) keV are de-990

rived from the present measurements.991

The two identical α-particle cluster structure of the992

state at 5.17 MeV has been confirmed by perform-993

ing a multichannel R-matrix analysis that includes994

6Li(α, γ2)10B data from the present work, that of995

Sprenkel et al. [22] and the 6Li(α, α)6Li scattering data996

of Dearnaley et al. [23]. The interpretation of this unique997

nuclear structure is a prime candidate for theoretical in-998

vestigations using ab-initio theory. Further, an investi-999

gation was made of the possible inteference of the tail1000

of this broad resonance with the subthreshold state in1001

10B at Ex = 2.154 MeV, showing that a significant effect1002

on the low energy cross section is possible, if the sub-1003

threshold state has a α-cluster structure. This also mo-1004

tivates both future ab-initio calculations and α-transfer1005

measurements to better characterize the α-cluster struc-1006

ture of this bound state in 10B.1007

Using these results, new upper and lower limits for the1008

reaction rate have been calculated. At temperatures be-1009

low 0.1 GK, the present study finds a lower limit that1010

is larger than the recommended value of Caughlan and1011

Fowler [26]. This is due to their use of a lower energy for1012

the Eα = 519.6(5) keV resonance of Eα = 500(25) keV.1013

The high likelihood of subthreshold cluster states results1014

in a larger upper limit than that estimated previously.1015

This is the result of the inclusion of broad resonance1016

interference, DC, and subthreshold state contributions.1017

This results in a minimum increase in the reaction rate1018

of ≈15% and a maximum increase of ≈85% compared to1019

that of CF88 [26]. An additional increase of the reaction1020

rate can be suggested based on the d-α structure of 6Li,1021

which has been suggested to lead to an effective reduc-1022
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tion in electron screening in a high density plasma envi-1023

ronment as suggested by Spitaleri et al. [74]. This effect1024

is reflected by the screening potential in low energy labo-1025

ratory experiments being systematically higher than the1026

values predicted for spherical nuclei [75]. To verify this1027

effect in a laboratory environment for the 6Li(α, γ)10B1028

reaction would require following the cross section mea-1029

surements towards lower energies. The impact on the1030

stellar reaction rate would depend on the highly dynamic1031

density conditions in the first star environment and can1032

only be evaluated in that context.1033

The impact of the here suggested enhanced reaction1034

rate in early star nucleosynthesis also depends sensitively1035

on the seed abundance for 4He and the equilibrium abun-1036

dance of 6Li that is expected to be reached as a conse-1037

quence of the associated production and depletion re-1038

actions in the early star environment [76]. The latter1039

depends also on the depletion rate of the compound nu-1040

cleus 10B via subsequent proton [77] and alpha induced1041

reaction mechanisms [78]. These reactions are being ad-1042

dressed independently. The nucleosynthesis conditions1043

are not only characterized by a complex dynamic reac-1044

tion network driven by these reactions, but also depend1045

sensitively on dynamic mixing and the emergence of he-1046

lium rich hydrogen poor bubbles [12]. This discussion is1047

beyond the scope of this paper and will be addressed in1048

a forthcoming study.1049
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[3] E. G. Adelberger, A. Garćıa, R. G. H. Robertson, K. A.1063

Snover, A. B. Balantekin, K. Heeger, M. J. Ramsey-1064

Musolf, D. Bemmerer, A. Junghans, C. A. Bertu-1065

lani, J.-W. Chen, H. Costantini, P. Prati, M. Couder,1066

E. Uberseder, M. Wiescher, R. Cyburt, B. Davids, S. J.1067

Freedman, M. Gai, D. Gazit, L. Gialanella, G. Imbri-1068

ani, U. Greife, M. Hass, W. C. Haxton, T. Itahashi,1069

K. Kubodera, K. Langanke, D. Leitner, M. Leitner,1070

P. Vetter, L. Winslow, L. E. Marcucci, T. Motobayashi,1071

A. Mukhamedzhanov, R. E. Tribble, K. M. Nollett, F. M.1072

Nunes, T.-S. Park, P. D. Parker, R. Schiavilla, E. C.1073

Simpson, C. Spitaleri, F. Strieder, H.-P. Trautvetter,1074

K. Suemmerer, and S. Typel, Solar fusion cross sections.1075

II. The pp chain and CNO cycles, Rev. Mod. Phys. 83,1076

195 (2011).1077

[4] M. Wiescher, J. Görres, S. Graff, L. Buchmann, and1078

F. K. Thielemann, The Hot Proton-Proton Chains in1079

Low-Metallicity Objects, ApJ 343, 352 (1989).1080

[5] A. Heger and S. E. Woosley, Nucleosynthesis and evolu-1081

tion of massive metal-free stars, The Astrophysical Jour-1082

nal 724, 341 (2010).1083

[6] M. Wiescher, R. deBoer, J. Görres, A. Gula, and Q. Liu,1084

Neutron sources in early stars, Acta Phys. Pol. B 51, 6311085

(2020).1086

[7] A. J. Elwyn, R. E. Holland, C. N. Davids, L. Meyer-1087
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TABLE VIII: Rate for the 6Li(α, γ)10B reaction. A rate
table on a finer temperature grid is available in the

Supplemental Material [73].

T (GK) Median Minimum Maximum

1.00 ×10−3 1.19 ×10−73 6.51 ×10−74 3.22 ×10−73

1.25 ×10−3 7.89 ×10−68 4.31 ×10−68 2.13 ×10−67

1.58 ×10−3 2.67 ×10−62 1.46 ×10−62 7.18 ×10−62

1.98 ×10−3 3.48 ×10−57 1.91 ×10−57 9.37 ×10−57

2.50 ×10−3 1.89 ×10−52 1.03 ×10−52 5.06 ×10−52

3.14 ×10−3 4.51 ×10−48 2.48 ×10−48 1.21 ×10−47

3.96 ×10−3 5.08 ×10−44 2.80 ×10−44 1.35 ×10−43

4.98 ×10−3 2.84 ×10−40 1.57 ×10−40 7.55 ×10−40

6.27 ×10−3 8.29 ×10−37 4.60 ×10−37 2.20 ×10−36

7.90 ×10−3 1.33 ×10−33 7.42 ×10−34 3.51 ×10−33

9.94 ×10−3 1.23 ×10−30 6.87 ×10−31 3.22 ×10−30

1.25 ×10−2 6.76 ×10−28 3.81 ×10−28 1.77 ×10−27

1.58 ×10−2 2.32 ×10−25 1.31 ×10−25 6.01 ×10−25

1.98 ×10−2 5.12 ×10−23 2.92 ×10−23 1.32 ×10−22

2.50 ×10−2 7.52 ×10−21 4.34 ×10−21 1.92 ×10−20

3.14 ×10−2 7.59 ×10−19 4.42 ×10−19 1.91 ×10−18

3.96 ×10−2 5.41 ×10−17 3.19 ×10−17 1.34 ×10−16

4.98 ×10−2 2.80 ×10−15 1.67 ×10−15 6.85 ×10−15

6.27 ×10−2 1.08 ×10−13 6.54 ×10−14 2.59 ×10−13

7.90 ×10−2 3.16 ×10−12 1.95 ×10−12 7.42 ×10−12

9.94 ×10−2 8.15 ×10−11 5.39 ×10−11 1.76 ×10−10

1.25 ×10−1 1.34 ×10−8 1.17 ×10−8 1.67 ×10−8

1.58 ×10−1 3.30 ×10−6 2.97 ×10−6 3.74 ×10−6

1.98 ×10−1 2.62 ×10−4 2.38 ×10−4 2.93 ×10−4

2.50 ×10−1 7.92 ×10−3 7.20 ×10−3 8.78 ×10−3

3.14 ×10−1 1.11 ×10−1 1.01 ×10−1 1.22 ×10−1

3.96 ×10−1 8.36 ×10−1 7.64 ×10−1 9.17 ×10−1

4.98 ×10−1 3.89 ×100 3.56 ×100 4.25 ×100

6.27 ×10−1 1.24 ×101 1.13 ×101 1.35 ×101

7.90 ×10−1 2.95 ×101 2.71 ×101 3.21 ×101

9.94 ×10−1 5.77 ×101 5.30 ×101 6.28 ×101

1.25 ×100 9.99 ×101 9.18 ×101 1.09 ×102

1.58 ×100 1.59 ×102 1.46 ×102 1.73 ×102

1.98 ×100 2.35 ×102 2.16 ×102 2.56 ×102

2.50 ×100 3.21 ×102 2.95 ×102 3.47 ×102

3.14 ×100 4.02 ×102 3.70 ×102 4.35 ×102

3.96 ×100 4.69 ×102 4.31 ×102 5.07 ×102

4.98 ×100 5.15 ×102 4.73 ×102 5.56 ×102

6.27 ×100 5.37 ×102 4.94 ×102 5.83 ×102

7.90 ×100 5.36 ×102 4.93 ×102 5.90 ×102

9.94 ×100 5.14 ×102 4.72 ×102 5.83 ×102
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