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The rate of the T = 1, 2+ to T = 1, 0+ transition in 10B (T = 1, Tz = 0) is compared to the
analogue transitions in 10Be (T = 1, Tz = -1) and 10C (T = 1, Tz = +1) to provide constraints on
ab-initio calculations using realistic nuclear forces. The relevant state in 10B, at Ex = 5.164 MeV, is
particle unbound. Therefore, a determination of the B(E2) electromagnetic transition rate requires
a precise and accurate determination of the width of the state, as well as the α-particle and gamma-
ray branching ratios. Previous measurements of the α-particle branching ratio are just barely in
agreement. We report on a new study of the α-particle branch by studying the 10B(p,p′)10B*
reaction in inverse kinematics with the HELIOS spectrometer. The α-particle branching ratio that
we observe, 0.144 ± 0.027, is in good agreement with the evaluated value and improves the associated
uncertainty. The resulting experimental B(E2) value is 7.0 ± 2.2 e2fm4 and is more consistent with
a flat trend across the A = 10 triplet than previously reported. This is inconsistent with GFMC
predictions using realistic three-nucleon Hamiltonians, which over-predict the B(E2) value in 10C
and 10B.

The extension of ab-initio calculations to systems in-12

volving more than just a few nucleons is a challenging at-13

tempt to understand nuclear structure from a “first prin-14

ciples” standpoint. The scope of the effort is highlighted15

by the number of techniques that are being implemented16

[1–6]. The calculations have been used to successfully17

reproduce various aspects of nuclei, such as binding en-18

ergies, RMS radii, and electro-magnetic transition rates.19

Recent studies [7–9] have provided data on B(E2, 2+1 →20

0+1 ) electro-magnetic transition rates in 10C and 10Be to21

test predictions of charge-symmetry breaking from Varia-22

tional Monte Carlo (VMC) and Green’s Function Monte23

Carlo (GFMC) calculations. The experimental results24

for the B(E2) in both 10Be and 10C were found to be25

quite similar and the corresponding value for 10Be was in26

reasonable agreement with the GFMC calculation. The27

calculations, however, consistently predict a significant28

increase in the B(E2) for 10C compared to 10Be that is29

inconsistent with the experimental results. To determine30

whether the discrepancy between the GFMC prediction31

seen in 10C persists in 10B, a precise measurement of the32

analogous gamma-ray transition rate in 10B is required.33

The corresponding transition in 10B is between the T34

= 1, 2+ (5.164 MeV) and 0+ (1.704 MeV) states. The35

total width of the 2+ state, ωγ = 387 ± 27 meV, is known36

to 7% [10]. The gamma decay of the 2+ level is domi-37

nated by M1 transitions to 1+ states at 0.718 and 2.15438

MeV, as shown in Figure 1. Also, the 2+ state is above39

the α-decay threshold, but since the α-decay is isospin40

forbidden and has a hindered rate, α-decay and γ-decay41

will compete. Therefore, to determine the relevant B(E2)42

in 10B, both α-decay and γ-decay branching ratios must43

be known. To reach a total uncertainty in the rate of44

10%, the current evaluations of the α- and the relevant45

gamma- branching ratio are insufficient[11]. McCutchan46

et al. [9] improved the determination of the pure E2 par-47

tial γ-decay branch, previously evaluated with an upper48

limit of <0.5%, reporting a branching ratio of 0.16(4)%.49

The current evaluation of the α-branch is based on two50

results that only marginally agree; their weighted average51

carries an uncertainty of 25%.52

Table I summarizes the previous measurements of the53

α-particle branching ratio for the 5.164 MeV state in 10B.54

The 5.164 MeV state was firmly established as the T55

= 1 isobaric analogue to the first excited states of 10Be56

and 10C in a study of 6Li(α, γ)10B by Olness, Sprenkel57

and Segel [12]. Since then, three measurements of Γα/Γ58

for this state have been made. Riley et al.[13], us-59

ing the 9Be(d,n)10B reaction, observed no alpha decay60

for the 2+, T = 1 state. Alburger et al.[15] used the61

11B(3He,α)10B reaction, and observed α−α and α−γ co-62

incidences, with a result of 0.13 ± 0.04 for Γα/Γ. Finally,63

Segel et al.[14] obtained a less precise value of 0.27 ± 0.1564

from a pure gamma-ray experiment with the α-branch in-65

ferred from the total integrated gamma-ray yield. Here,66

we present a new determination of the α-particle branch67

of the 5.164 MeV state from a study of the 10B(p,p′)10B*68

reaction in inverse kinematics using the HELIOS (HE-69

LIcal Orbit Spectrometer) device at Argonne National70

Laboratory [16, 17].71

In inverse kinematics, the reaction products are emit-72

ted at forward angles and their trajectories constrained73

by the solenoidal field of HELIOS. Population of the74

5.164 MeV state is identified by the detection of the in-75
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TABLE I. Results of previous measurements of the α-particle
branching ratio of the 5.164 MeV state in 10B.

Reference Reaction Branching Ratio
Riley et al. [13] (d,n) < 0.20
Segel et al. [14] (p,p′) 0.27 ± 0.15
Alburger et al. [15] (3He,α) 0.13 ± 0.04
Evaluated [11] 0.16 ± 0.04

elastically scattered protons. Different decay paths are76

identified by detecting either 10B recoils for gamma-ray77

emission or 6Li, α-particles, or both in the case of α-78

decay. The α-decay branch is extracted by comparing79

the number of 10B decay products detected in coinci-80

dence with the inelastically scattered protons to the total81

number of protons detected:82

Γγ
Γ

=
Yγηγ
Yp

, (1)

and83

Γα
Γ

= 1− Γγ
Γ
, (2)

where Yγ is the proton-10B coincidence yield, Yp is the84

proton-singles yield, and ηγ is the 10B recoil-detection85

efficiency.86

The particle branch is also obtained through the direct87

comparison of the 10B coincidence yield to the α-decay88

coincidence yield:89

Γα
Γ

=
Yαηα

Yαηα + Yγηγ
, (3)

where Yα is the proton-6Li/4He gated coincidence yield,90

and ηα and ηγ are the corresponding recoil-detection ef-91

ficiencies.92

A 10 MeV/nucleon 10B beam, with an intensity of 0.193

pnA, was delivered to HELIOS by the ATLAS facility94

at Argonne National Laboratory. This beam bombarded95

targets consisting of 120 µg/cm2 polypropylene (C3H6)96

foils, as well as a natural carbon target to evaluate the97

backgrounds from the carbon in the C3H6 foils. In in-98

verse kinematics, the protons from the (p,p′) reaction are99

emitted at forward angles in the laboratory frame. The100

protons then follow helical orbits through the solenoid to101

an array of position sensitive silicon detectors, covering a102

range of 45 - 70◦ in the center-of-mass frame for the 5.164103

MeV state. States that are unbound with respect to α104

emission (Qα = −4.46 MeV) can decay and the resulting105

decay products will also be emitted at forward angles. To106

detect the decay products of interest, a telescope config-107

uration of annular silicon detectors placed 22.5 cm down-108

stream of the target covered small polar angles between109
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FIG. 1. Decay paths of the 5.164 MeV state. The pure E2
γ-ray transition to the T = 1, Jπ = 0+ state is shown in black,
whereas M1 and E2 transitions to T = 0 states are shown in
gray. The transitions and energy levels are from Refs. [9, 11].
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FIG. 2. Measured proton energy and distance from the target
position for the 10B(p,p′) reaction at 10 MeV/nucleon. The
different lines correspond to different excited states in 10B,
labeled by their energy in MeV.

2.3 and 8 degrees. The experimental setup is similar to110

that described in Refs. [18, 19].111

The correlation between proton kinetic energy and po-112

sition along the solenoid axis determine the excitation113

energy of the recoiling 10B. Figure 2 shows an example114

of this correlation from proton-singles events. Each diag-115

onal line corresponds to a different state in 10B. The state116

of interest, at 5.164 MeV, appears as part of a triplet with117

states at 5.11 MeV (T = 0, Jπ = 2−) and 5.182 MeV (T118

= 0, Jπ = 1+). All of these levels lie above the α-decay119

threshold, however, while α-decay is isospin suppressed120

for the 5.164 MeV state, the 5.110 and 5.182 MeV states121

decay nearly 100% of the time by α emission. The con-122
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FIG. 3. ∆E − E particle-identification spectrum obtained
from the forward-angle silicon detector telescopes.

tributions from each state can thus be cleanly identified123

by selecting the appropriate recoils in the annular silicon124

detectors. The ∆E − E particle identification spectrum125

used to select 10B, 6Li, or 4He appears in Fig. 3. Fig-126

ure 4 shows the excitation energy spectrum from a single127

detector at a distance of 65 cm downstream from the128

target.129

To determine the α-particle branching ratio for the130

5.164 MeV state from Eq. 2, we require the proton-131

singles yield, proton-10B coincidence yield and the132

proton-10B recoil detection efficiency. The isolation of133

the yield for the 5.164 MeV state in the proton-singles134

spectrum is complicated by the nearby T = 0 states. The135

5.110 MeV state is narrow (Γ = 0.5 eV) and the contribu-136

tion can be determined by fitting the observed spectrum.137

The 5.18 MeV state is broad (Γ ≈ 100 keV) and con-138

tributions from it must be subtracted. A Monte Carlo139

simulation of the reaction and experimental setup indi-140

cates that the 10B recoil-detection efficiency for the 5.164141

MeV state, ηγ , at center of mass angles between 50 and142

70 degrees, should be equal to that of the particle bound143

3.587 MeV state. The recoil detection efficiency for the144

5.164 MeV state can then be obtained from the ratio of145

the coincidence yield to singles yields of the 3.587 MeV146

state, assuming that γ-recoil angular-correlation effects147

are negligible. This assumption can be checked by mea-148

suring the corresponding ratio at different center-of-mass149

angles for different bound states.150

Analysis of the 3.587 MeV state yields a ratio of151

0.70±0.02 for the coincidence yield to singles yield. We152

obtain consistent ratios of 0.71±0.06 and 0.72±0.02 for153

the states at 1.740 and 2.154 MeV, respectively. Figure 5154

shows angular distributions for the 3.587, 2.154, and 1.74155

MeV states, for both the singles yields and for the coin-156

cidence yields. The experimental data are normalized to157

those of Ref. [14] for the 3.587 MeV state for comparison.158

The consistency indicates that we have a reliable under-159

standing of the recoil-detection efficiency and it is deter-160

mined by the geometry of the annular silicon detectors161
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FIG. 5. Angular distributions of the a) 3.587 MeV (red
squares), b) 2.154 MeV (green circles), and c) 1.74 MeV (pur-
ple triangles) states for proton singles (filled) and proton-10B
coincidences (open). For the 1.740 MeV state, the acceptance
of HELIOS allowed for protons to be detected only in a limited
range of z, as shown in Fig. 2. (a)-(c) The stars and dashed
lines represent the angular-distribution data from Ref. [14].
The present data are normalized to those of Ref. [14] for the
3.587 MeV state. (d) Y(p-10B)/Y(p-singles) for each state.

and the two-body kinematics. The 10B recoil detection162

efficiency of the 5.164 MeV state is adopted from the ob-163

served coincidence yield to singles yield of the 3.587 MeV164

state. The boron-gated spectrum showing the 5.164 MeV165

state is shown in Fig. 6(c). The γ-decay yield of the 5.164166

MeV state is determined by the efficiency corrected 10B167

coincidence yield, with a statistical uncertainty of 1.4%168

in the 10B gated yield and 2% in the efficiency correction.169

As previously mentioned, isolation of the 5.164 MeV170
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state in the proton-singles spectrum is complicated by a171

broad T = 0 state at 5.182 MeV. In Ref. [15], the 5.182172

MeV state was not observed, however, an additional 4%173

uncertainty was adopted to account for any possible con-174

tribution from this state. In addition, no evidence for175

this state was observed by Riley et al., who reiterate a176

conclusion previously stated by Gorodetzky et al. [21]177

that the 5.182 MeV state may belong to a doubly ex-178

cited configuration that is suppressed in single nucleon179

transfer reactions.180

To determine if this α-decaying broad state is popu-181

lated in (p,p′), we begin by analyzing the α-decay coinci-182

dence events shown in Fig. 6(b). The narrow 5.110 MeV183

and 5.164 MeV states are reproduced in the fit using184

Gaussian distributions with the shape of both states ob-185

tained from the fit of the isolated 10B gated 5.164 MeV186

state, with a resolution of 70 keV FWHM. The broader187

5.182 MeV state is characterized by the convolution of188

a Gaussian distribution, with a width of 70 keV FWHM189

to reproduce the detector resolution, and a Lorentzian190

distribution, with a width allowed to vary between 75191

keV and 200 keV. Including the 5.182 MeV state, the fit192

yields a reduced χ2 of 1.1 for energies between 5.0 and193

5.3 MeV. If the 5.182 MeV state is omitted, the fit is sig-194

nificantly poorer, with a reduced χ2 of 4.1. Figure 6(a)195

shows the result of fitting the proton singles spectrum us-196

ing parameters obtained from the gamma- and α- decay197

coincidence spectra. The width of the 5.182 MeV state198

from the fit, 130 ± 30 keV, is consistent with previously199

reported values [11, 22]. The yield of the 5.182 MeV200

state accounts for 10% of the total yield of the triplet201

in the singles-spectrum and 20% of the total yield in the202

α-gated spectrum suggesting that the 5.182 MeV state203

cannot be neglected in this reaction.204

The second method to calculate the α-particle branch-205

ing ratio, given by Eq. 3, carries additional uncertainty206

from the need to estimate the p + 6Li/4He coincidence207

efficiency. However, we expect that by summing the co-208

incidence yields for the detection of either 6Li or 4He,209

the detection efficiency will be larger and less sensitive210

to angular-correlation effects when compared to the de-211

tection of a specific decay particle or the simultaneous de-212

tection of both decay particles. This is confirmed by the213

Monte Carlo simulation which shows that the efficiency214

is independent of the choice of angular distribution of the215

decaying particles at the 2% level.216

More information about the efficiency for detecting217

p+4He/6Li events is obtained from the neighboring α-218

unbound excitations. The ratios of the summed 6Li/4He219

coincidence yields to the singles yields for the 4.77,220

5.11 and 5.9 MeV states are 0.84±0.02, 0.89±0.02, and221

0.95±0.03, respectively. The ratio for each resonance is222

independent of the C.M. angle of the emitted proton in-223

dicating that the coincidence-detection efficiency is not224

strongly affected by angular-correlation effects, which225

will be different for states of different spin. The linear226

dependence of efficiency on the excitation energy is ex-227

pected as the decay particles from higher-lying α reso-228
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FIG. 6. Fit results for excited states above the α decay
threshold for a) proton singles, b) proton-6Li/4He coincidence
events, and c) proton-10B coincidences.

nances are emitted in a wider cone around the recoil di-229

rection, making it more likely that one of the decay frag-230

ments is detected. Based on the Monte Carlo simulation,231

we assume a 2% uncertainty due to angular-correlation232

effects and take the proton-6Li/4He detection efficiency233

of the 5.164 MeV state to be the same as the 5.110 MeV234

state.235

We obtain consistent results for the α-decay branch-236

ing ratio of 0.153 ± 0.029 and 0.135 ± 0.027, from Eqs.237

2 and 3, respectively. Our final value of 0.144 ± 0.027238

is an average of the two methods. This result is in ex-239

cellent agreement with the result of Alburger et al.[15]240

and is consistent with the previously evaluated value.241

This result also settles any ambiguity in the branching242

ratio when compared to Segel et al.[14] which was only243

marginally in agreement with Alburger et al.. Taking244

the weighted average of the Alburger et al. result and245

our result of 0.144 ± 0.027, we suggest a new value for246

the α-particle branching ratio of 0.140 ± 0.022. This247

new value is smaller than the previously adopted value248

by 10% and the uncertainty has been reduced from 25%249

to 15%.250

Adopting the literature value for the reduced width of251

the state and the new value for the α-particle branching252

ratio from this work, we obtain partial-decay widths of253

Γ5.164
γ = 1.66± 0.32eV,

and

Γ5.164
α = 0.27± 0.03eV.

Finally, adopting the value for the partial gamma de-254

cay branch of the T = 1, Jπ = 2+ → 0+ transition from255
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Ref. [9], we determine a B(E2) value of 7.0 ± 2.2 e2fm4.256

The corresponding values from Refs. [7, 8] for 10Be and257

10C are 9.2 ± 0.3 e2fm4 and 8.8 ± 0.3 e2fm4, respectively.258

In those studies, the VMC and GFMC calculations of the259

B(E2) rate were consistent for 10Be but did not reproduce260

the constant trend observed when compared to 10C. For261

10B, the ab-initio GFMC calculations that include 3N262

forces, predict a B(E2) rate of 11.4 ± 0.6 e2fm4. Thus263

the current experimental B(E2) value remains low when264

compared to theoretical estimates. A comparison of the265

experimental B(E2) values for the A = 10 triplet is shown266

in Figure 8. Note that our experimental B(E2) value is267

10% larger than previously reported by Ref. [9] due to268

our smaller α-particle branch as compared to the pre-269

viously evaluated branch. As a result, the B(E2) value270

that we report is more consistent with a flat trend across271

the A = 10 triplet. However, the mean value is still lower272

than the average of the corresponding transitions in 10Be273

and 10C indicating that a significant contribution arising274

from charge symmetry breaking could be present.275

With this result, the leading uncertainty in the B(E2)276

value is now the uncertainty of the branching ratio of the277

pure E2 partial γ-decay branch. A future experiment278

to make a more precise measurement of this quantity is279

planned using Gammasphere at Argonne National Labo-280

ratory. Finally, additional measurements of the α-decay281

branching ratio utilizing different reactions would also282

help to isolate the properties of the 5.182 MeV state that283

remains a significant source of uncertainty in our mea-284

surement.285
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