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Background: Stellar electron-capture reactions on medium-heavy nuclei are important for many astrophysical
phenomena, including core-collapse and thermonuclear supernovæ and neutron stars. Estimates of electron-
capture rates rely on accurate estimates of Gamow-Teller strength distributions, which can be extracted from
charge-exchange reactions at intermediate beam energies. Measured Gamow-Teller transition strength distribu-
tions for stable pf -shell nuclei are reasonably well reproduced by theoretical calculations in the shell model, except
for lower mass nuclei where admixtures from the sd shell can become important.

Purpose: This paper presents a β+ charge-exchange experiment on 45Sc, one of the lightest pf -shell nuclei. The
focus was on Gamow-Teller transitions to final states at low excitation energies, which are particularly important
for accurate estimations of electron-capture rates at relatively low stellar densities. The experimental results are
compared with various theoretical models.

Method: The double-differential cross section for the 45Sc(t, 3He + γ) reaction was measured using the NSCL
Coupled-Cyclotron Facility at 115 MeV/u. Gamow-Teller contributions to the excitation-energy spectra were
extracted by means of a multipole-decomposition analysis. γ rays emitted due to the deexcitation of 45Ca were
measured using GRETINA to allow for the extraction of Gamow-Teller strengths from very weak transitions at
low excitation energies.

Results: Gamow-Teller transition strengths to 45Ca were extracted up to an excitation energy of 20 MeV, and
that to the first excited state in 45Ca at 174 keV was extracted from the γ-ray measurement, which, even though
weak, is important for the astrophysical applications and dominates under certain stellar conditions. Shell-model
calculations performed in the pf shell-model space with the GXPF1A, KB3G, and FPD6 interactions did not
reproduce the experimental Gamow-Teller strength distribution, and a calculation using the quasiparticle random
phase approximation that is often used in astrophysical simulations also could not reproduce the experimental
strength distribution.

Conclusions: Theoretical models aimed at describing Gamow-Teller transition strengths from nuclei in the
lower pf shell for the purpose of estimating electron-capture rates for astrophysical simulations require further
development. The likely cause for the relatively poor performance of the shell-model theory is the influence of
intruder configurations from the sd shell. The combination of charge-exchange experiments at intermediate beam
energy and high-resolution γ-ray detection provides a powerful technique to identify weak transitions to low-lying
final states that are nearly impossible to identify without the coincidences. Identification of these weak low-lying
transitions is important for providing accurate electron-capture rates for astrophysical simulations.
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I. INTRODUCTION21

Electron-capture (EC) reactions on medium-heavy nu-22

clei play a significant role in many astrophysical phe-23

nomena [1] such as core-collapse (type II) supernovæ24

(SNe) [1–5], thermonuclear (type Ia) SNe [6, 7], and heat-25

ing [8] and cooling [9] processes in crusts of accreting neu-26

tron stars. The estimation of EC reaction rates requires27

knowledge of Gamow-Teller (GT) strength [B(GT)] dis-28

tributions in the β+ direction. Typically a large number29

of nuclei, including some that are unstable, play a role.30

Moreover, in stellar environments, the temperature can31

be sufficiently high to populate excited states in nuclei,32

on which EC can occur as well. Since it is impossible to33

measure all relevant GT transitions, experiments must34

focus on comprehensively benchmarking theoretical ap-35

proaches and on nuclei that are particularly important36

for specific astrophysical processes.37

Experimental GT strengths can be obtained from β-38

decay measurements, but such measurements are limited39

to an often small Q-value window, if they are feasible40

at all. Charge-exchange (CE) reactions at intermediate41

beam energies (& 100 MeV/u) can provide full B(GT)42

distributions based on the well-established proportion-43

ality between the CE cross section at zero momentum44

transfer and B(GT) [10–12]. In Refs. [13] and [14], a45

systematic study of the EC rates was performed for 1346

stable pf -shell nuclei with 45 6 A 6 64 based on CE data47

from (n, p), (d, 2He) and (t, 3He) experiments for which48

the locations of daughter states at low excitation energies49

have been well established. It was found that experimen-50

tal GT strength distributions and derived EC rates are51

generally reproduced quite well in shell-model (SM) cal-52

culations using the GXPF1A [15–17] and the KB3G [18]53

interactions. A study of GT strengths from 56Ni [19, 20]54

indicated that the SM calculations with the GXPF1A55

interaction perform slightly better than the SM calcula-56

tions with the KB3G interaction. Calculations based on57

the quasiparticle random phase approximation (QRPA)58

formalism of Ref. [21] performed worse than either SM59

calculations. These QRPA calculations, as well as the60

SM calculations using the KB3G interaction, are regu-61

larly used in astrophysical simulations that require EC62

rates.63

For specific nuclei, significant discrepancies between64

experiments and SM calculations were observed [13], es-65

pecially for GT excitations to low-lying final states. Such66
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transitions are the most important for the accurate es-67

timation of EC rates in astrophysical phenomena, espe-68

cially at lower stellar densities and temperatures. In a re-69

cent study of the (t, 3He) reaction on the nucleus 46Ti [22]70

significant deficiencies in SM calculations based on the71

GXPF1A, KB3G, and FPD6 [23] effective interactions72

for the pf shell were observed. It is likely due to admix-73

tures from protons and neutrons in the sd -shell config-74

urations which are not included in the SM calculations,75

which assume a closed 40Ca core. It was concluded that76

further improvements to the theoretical calculations of77

GT strengths for nuclei in the lower pf shell are needed.78

In the present study, we investigated nearby 45Sc,79

which is one of the lightest pf -shell nuclei, by measur-80

ing the B(GT) distribution via the 45Sc(t, 3He) reaction.81

Under the assumption of a closed 40Ca core, 45Sc is one82

of the simplest pf -shell nuclei with non-vanishing first-83

order β+ GT strength since it has only one proton in84

the pf shell. Hence, it is an attractive case to further85

investigate possible admixtures from sd -shell configura-86

tions. We have applied the same technique as used for87

the investigation of 46Ti [22], namely a CE reaction mea-88

surement in combination with high-resolution γ-ray de-89

tection from the excited residue. This enables to perform90

detailed spectroscopy since one can gate on a specific ex-91

citation energy in the (t, 3He) spectrum and investigate92

the γ-decays without ambiguities related to feeding from93

higher-lying states. Note that it is clear that one cannot94

pinpoint a single, or even a few, nuclei that are critical for95

the relevant astrophysical scenarios. The approach fol-96

lowed here is to provide detailed data that will guide the97

development of theoretical models in a deliberate man-98

ner. Specifically, the focus is on providing such guidance99

for nuclei just above the sd shell-model space.100

The GT strength distribution from 45Sc to 45Ca had101

been previously extracted in an (n, p) measurement at102

198 MeV at TRIUMF [24]. The relatively poor energy103

resolution of that measurement (∼1 MeV in FWHM)104

made it difficult to make a detailed comparison between105

the data and theory. In the present work, the 45Sc(t, 3He)106

reaction at an incident triton energy of 115 MeV/u was107

used to extract the GT strength distribution with bet-108

ter resolution, which, together with the high-resolution109

coincidence measurement of the deexcitation γ-ray from110

the residue, allowed for a more precise comparison be-111

tween data and theory and made it possible to include112

the case of 45Sc in the evaluation of theoretical EC rates113

for pf -shell nuclei as presented in Refs. [13, 14].114

II. EXPERIMENT115

The measurement was carried out at the Coupled Cy-116

clotron Facility at the National Superconducting Cy-117

clotron Laboratory. A 150-MeV/u beam of 16O with118

an intensity of 150 pnA impinged on a 3525-mg/cm2-119

thick beryllium target, and tritons at 115 MeV/u were120

selected from various fragmentation products in the121
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A1900 fragment separator [25] with a 195-mg/cm2-thick122

wedge-shaped aluminum degrader at the intermediate123

image [26]. About 5 × 106 tritons (3H) per second with124

a purity in excess of 99% were transported by using the125

dispersion-matching technique [27, 28] to a 45Sc reaction126

target with a thickness of 9.1 mg/cm2 and with a dimen-127

sion of 2”×3”.128

The 3He ejectiles from the target were magnetically129

momentum-analyzed by the S800 spectrometer [29], and130

detected at the focal plane by two cathode-readout drift131

chambers (CRDCs) [30]. A 5 mm-thick plastic scintil-132

lation counter was also placed at the focal plane of the133

S800 and enabled particle identification of the 3He ejec-134

tiles through a combination of energy-loss and time-of-135

flight information.136

For each event, the scattering angle and momentum137

of the 3He particle at the target were reconstructed138

from the position and angle measured at the focal plane139

of the S800. The excitation energy in 45Ca was ob-140

tained from a missing-mass calculation. Absolute double-141

differential cross sections, d2σ/dΩdE, were determined142

relative to those of the 12C(t, 3He)12B(1+, g.s.) reaction,143

taken with a polyethylene (CH2) target with a thick-144

ness of 10 mg/cm2, for which absolute cross sections were145

measured accurately in a previous experiment [12]. The146

double-differential cross sections were determined for the147

excitation-energy range of 0 6 Ex . 20 MeV and the148

scattering-angle range of 0◦ 6 θ . 6◦. The energy149

and angular resolutions were estimated from the same150

12C(t, 3He) spectra; they were 0.3 MeV and 1.0◦, FWHM,151

respectively. The background due to hydrogen contam-152

ination in the 45Sc target was evaluated and subtracted153

by using the corresponding peak in the 1H(t, 3He) spectra154

also taken with the same CH2 target.155

The high-purity germanium detector array156

GRETINA [31], located at the target position of157

the S800, was used for detecting deexcitation γ rays158

from the 45Ca residue. The use of GRETINA allowed159

precise determination of γ-ray energies. The large160

detector volume provided a high photopeak detection161

efficiency, and its high peak-to-total ratio enabled the162

measurement of low-yield transitions, including weak163

GT transitions at low excitation energies.164

III. RESULTS AND ANALYSIS165

Double-differential cross sections for the 45Sc(t, 3He)166

reaction are shown in the left panel of Fig. 1. Note that167

wider energy bin sizes were used at higher excitation en-168

ergies to reduce the statistical uncertainties. The system-169

atic uncertainty in the absolute normalization of the cross170

section was estimated to be 6%, which was dominated by171

the uncertainty in the triton beam intensity. The inten-172

sity was monitored by calibrating the current readout173

for the unreacted 16O beam in a Faraday bar placed in174

the first dipole magnet of the A1900 fragment separator175

against the aforementioned absolute cross section for the176
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FIG. 1. (color online). (Left) Double-differential cross section
spectra for the 45Sc(t, 3He) reaction at various scattering an-
gles. The error bars denote the statistical uncertainty only.
The histograms also show the results from the multipole-
decomposition analysis (MDA). (Right) Representative an-
gular distributions at Ex = 6.5 and 15.3 MeV including the
results from the MDA.

12C(t, 3He)12B(1+, g.s.) reaction. The systematic uncer-177

tainties introduced by the subtraction of the background178

reactions on hydrogen instead of 45Sc were small com-179

pared to those introduced by the beam intensities.180

A. Multipole-Decomposition Analysis181

A multipole-decomposition analysis (MDA) [32, 33]182

was performed to extract the ∆L = 0 (GT) com-183

ponents from the measured differential cross sections.184

The method used here was similar to the one described185

in Ref. [33]. The angular distribution in each bin of186

the excitation energy, Ex(45Ca), was fitted with a lin-187

ear combination of angular distributions calculated in188

the distorted-wave Born approximation (DWBA) with189

∆L = 0, 1, 2, and 3. The calculations were per-190

formed with the microscopic, double-folding DWBA code191

fold/dwhi [34]. The single-particle wave functions for t192

and 3He were taken from variational Monte Carlo calcu-193

lations [35], and those for 45Sc and 45Ca were generated194

by using a Woods-Saxon potential. The effective NN in-195

teraction at 140 MeV of Ref. [36] was used. The optical-196

model-potential (OMP) parameters were taken from the197

3He + 58Ni reaction at 443 MeV in Ref. [37]. Following198

Ref. [38], the depths of the OMPs for the triton in the199

incoming channel were scaled from those for the 3He in200
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the outgoing channel by a factor of 0.85. The results of201

the MDA are also shown in the left panel of Fig. 1. It202

can be seen that the extracted ∆L = 0 contributions are203

consistent with zero up to an excitation energy of about204

3 MeV. As shown by two examples in the right panels of205

Fig. 1, the experimental angular distributions are well re-206

produced in the MDA. The statistical error of the MDA207

was estimated by means of a Monte Carlo simulation,208

as described in Ref. [39], where the experimental data209

points were randomly varied in accordance with their210

statistical uncertainty, and the deviation of the result-211

ing ∆L = 0 cross section was determined. A systematic212

error was estimated by using other trials of the MDA213

with different OMP as described in Ref. [40]. The ex-214

tracted ∆L = 0 components varied by less than 5%. The215

uncertainties in the extraction of the ∆L = 0 contribu-216

tion above Ex = 10 MeV is very large, partly because its217

contribution to the total cross section becomes relatively218

small while the statistical uncertainties are significant.219

In addition, in this higher energy region, the forward-220

peakedness of the angular distribution of the ∆L = 0221

cross section becomes somewhat less distinct. This was222

also the case in the previous 46Ti(t, 3He) study [22]. Also223

note that contribution from the excitation of the isovector224

spin-monopole resonance (IVSMR) [39, 41] is expected225

for Ex & 15 MeV.226

B. Extraction of GT Strengths227

The B(GT) was calculated from the extracted ∆L = 0228

cross sections at 0◦ [σ∆L=0(0◦)] by using the proportion-229

ality relation [10–12] between σ∆L=0(0◦) and B(GT),230

σ∆L=0(0◦) = σ̂GTF (q, ω)B(GT), (1)

where σ̂GT is the GT unit cross section and F (q, ω) is231

a kinematical correction factor representing the depen-232

dence of σ∆L=0(0◦) on the momentum (q) and the en-233

ergy (ω) transfers. The σ̂GT for the (t, 3He) and (3He, t)234

reactions at this energy have been calibrated in a system-235

atic study [12], and is σ̂GT = 109A−0.65mb sr−1 with A236

being the mass number of the target nucleus. The value237

σ̂GT|A=45 = 9.18 mb sr−1 was used for the present analy-238

sis, and this value has an uncertainty of about 10% [12].239

F (q, ω) was calculated using the DWBA.240

The extracted B(GT) distribution is shown in Fig. 2.241

In Fig. 2(a), a comparison of the B(GT) distributions242

of the present work and of the previous (n, p) work [24]243

is shown. They agree within about a factor of two with244

each other except for the excitation-energy range below245

3 MeV, where the B(GT) values are consistent with zero246

in the present work. This discrepancy is likely due to247

the contribution from reactions on hydrogen absorbed248

onto the 45Sc target in the case of the (n, p) experi-249

ment. As the authors of Ref. [24] noted, contributions250

from reaction on hydrogen would interfere with the spec-251

trum at low excitation energies, but could not be sub-252

tracted. They therefore concluded that their results in253
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FIG. 2. (color online). (a) B(GT) distribution extracted in
the MDA of the 45Sc(t, 3He) data. The error bars denote
the statistical and systematic uncertainties. The B(GT) dis-
tribution extracted from the (n, p) data at 198 MeV [24] is
also shown for comparison. (b) B(GT) distribution from the
(t, 3He) data is compared with the SM calculations with the
GXPF1A, KB3G, and FPD6 interactions and with the QRPA
calculation smeared with the experimental resolution. The
results from the QRPA calculation is divided by a factor of
3. (c) Cumulative sum of the B(GT) distribution from the
(t, 3He) data and those from the theoretical calculations.

the excitation-energy region below 3 MeV provided only254

an upper limit. We note that the B(GT) for the tran-255

sition from the 45Sc (Jπ = 7/2−) ground state to the256

45Ca (Jπ = 7/2−) ground state is known from the corre-257

sponding β decay, with the log ft value of 6.0 [42] which258

corresponds to a B(GT) value of 3.8 × 10−3. The cross259

section associated with such a B(GT) is too small to be260

observable as a distinct peak in our data.261
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C. Analysis of Coincidence γ Rays262

The analysis of the γ rays provided more detailed in-263

formation on the low-lying states. We analyzed the data264

in a similar way as in the preceding paper (Ref. [22]).265

Figure 3(a) is a two-dimensional plot of the γ-ray energy266

(Eγ) measured with GRETINA and the excitation en-267

ergy Ex(45Ca) extracted from the (t, 3He) data. A sharp268

boundary along the Eγ = Ex line is seen, which indicates269

that the spectrum is nearly background-free. A clear270

drop of the γ-ray yield at the neutron separation energy271

(Sn = 7414.79 keV) is also observed. In the present case,272

the ground state of 45Ca (Jπ = 7/2−) is reached by a273

GT transition from 45Sc (Jπ = 7/2−). After the 45Ca274

ground state, the next known state is located at 174.25275

keV, which has Jπ = 5/2− and is thus reachable by a276

GT transition [43]. It should also be noted that the next277

state above 174 keV reachable by a GT transition, based278

on the assigned Jπ, does not appear until 1973(6) keV279

(Jπ = 5/2− or 7/2−) [43].280

The 174-keV state has a branching of 100% for γ de-281

cay to the ground state. Figure 3(b) is the γ-ray energy282

spectrum gated on Ex = 174±380 keV in the 45Sc(t, 3He)283

excitation energy spectrum, where the width of the gate284

corresponds to 3σ of the excitation energy resolution.285

Since other states that are potentially excited and con-286

tained in this gate do not decay through the 174-keV287

state, the observation of events with the 174-keV γ ray288

in Fig. 3(b) directly relates to the excitation of the 174-289

keV state. The number of counts with Eγ = 174 keV in290

Fig. 3(b) can be converted to the GT strength of this291

state after taking into account the detection efficiency292

of GRETINA. The obtained B(GT) of this state was293

0.008(5), where the uncertainty is a combination of the294

statistical and systematic contributions. A systematic er-295

ror of 0.003 due to interference effects between ∆L = 0,296

∆S = 1, and ∆L = 2, ∆S = 1 amplitudes mediated297

through the tensor interaction [10] was estimated based298

on previous studies [44, 45]. Such interference effects can299

be relatively large for very weak GT transitions. Reliable300

strength of such a weak transition could not have been ex-301

tracted without the coincident high-resolution measure-302

ment of γ rays.303

Figure 3(c) shows the Eγ spectrum gated on Ex >304

8 MeV, namely above the neutron separation energy305

(Sn) at 7414.79 keV. γ-ray energies for known deexcita-306

tions [46] from 44Ca and 44K are indicated in the figure307

as well. One cannot completely exclude very minor con-308

tributions from the decay of excited states in 44K (i.e.,309

after proton decay of 45Ca), since some of the energies310

overlap with deexcitations of states in 44Ca. However,311

it is clear that the overwhelming majority of transitions312

observed are from the decay of excited states in 44Ca313

(i.e., after neutron decay of 45Ca). This indicates that314

the (1ν)(1π)−1 particle-hole states created in the (t, 3He)315

reaction predominantly decay by neutron emission.316
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FIG. 3. (color online). (a) Eγ versus Ex(45Ca). The Eγ = Ex

line is shown, and the proton (Sp) and neutron (Sn) separa-
tion energies are also indicated. (b) A projection of (a) onto
the Eγ axis, gated on Ex(45Ca) around 174 keV as indicated
by the box in (a). The inset shows a schematic decay diagram
of the 174-keV state. (c) Eγ spectrum gated on Ex > 8 MeV.
The selected region is indicated by the dashed rectangle in
(a). The known γ-ray energies [46], are indicated, and with
the matched peaks shown by arrows.

IV. COMPARISON WITH THEORY317

The results are compared with theoretical calcula-318

tions in Fig. 2. The SM calculations [47] were car-319

ried out in the full pf shell-model space with the320

GXPF1A, KB3G, and FPD6 [23] Hamiltonians using the321

code NuShellX@MSU [47]. The parameters for the322

GXPF1A interaction have been fitted to reproduce the323

experimental excitation energies and masses for many pf -324

shell nuclei. The KB3G interaction is an updated version325

of the KBF interaction [48], which was used to gener-326

ate the weak reaction rate library of Refs. [49, 50] and327

whose parameters were primarily deduced from experi-328

mental data in the lower pf shell. The FPD6 interaction329

was derived by taking into account experimental informa-330

tion available for nuclei also in the lower part of the pf331
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shell: 41–49Ca, 42–44Sc and 44Ti. These SM calculations332

have been scaled by a quenching factor of (0.74)2 [51]333

to account for the shell configurations outside the model334

space, and have been smeared with the experimental en-335

ergy resolution of 0.3 MeV (FWHM) in Fig. 2.336

All SM calculations associate the bulk of the GT337

strength with a transition to a state at about 5–6 MeV.338

Most of the GT strength extracted from the data re-339

sides between 3 MeV and 8 MeV, but is much more340

fragmented than predicted by theory (see Fig. 2(c)).341

The summed strength up to an excitation energy of342

10 MeV calculated with the FPD6 interaction matches343

the summed experimental strength extracted from the344

data quite well, whereas the calculations that employ the345

KB3G and GXPF1A interactions produce more strength.346

The summed B(GT) value up to Ex = 10 MeV for the347

FPD6 interactions is
∑
B(GT)FPD6 = 0.38 (with a fur-348

ther 2.2% of that value located at higher energies) com-349

pared to the experimental value of
∑
B(GT) = 0.38 ±350

0.06(stat.)± 0.03(syst.). The summed B(GT) values up351

to 10 MeV for the GXPF1A and KB3G interactions are352 ∑
B(GT)GXPF1A = 0.59 and

∑
B(GT)KB3G = 0.47, re-353

spectively, with a further 2.4% and 0.90% of these values354

located at higher energies.355

While the B(GT) value from the β-decay measure-356

ment for the transition to the ground state of 45Ca is357

3.8 × 10−3 [42], the theoretical values are 0.28 × 10−3,358

0.35×10−3, and 5.5×10−3 for the GXPF1A, KB3G, and359

FPD6 interactions, respectively. Note that the FPD6 in-360

teraction gives a value closest to the experiment. The cal-361

culated excitation energies of the first 5/2− state, which362

is located at 174 keV, are 364, 195, and 446 keV for the363

GXPF1A, KB3G, and FPD6 interactions, respectively,364

and their B(GT) values are 0.076 × 10−3, 0.013 × 10−3,365

and 0.015×10−3, which are more than two orders of mag-366

nitude smaller than the experimental value of 8(5)×10−3.367

The large discrepancy between the GT strength dis-368

tribution extracted from the data and those calculated369

in the SM using interactions designed for the pf model370

space was also observed for 46Ti [22]. As described in371

that reference, the likely cause is the influence of intruder372

states that involve nucleons excited from the sd shell373

into the pf shell. A similar discussion on the intruder374

sd -shell configurations is also found in a recent paper375

on the β− charge-exchange measurement on a nearby376

nucleus 44Ca [52]. There is evidence for such intruder377

states (see e.g. Ref. [16, 53]). It is interesting to note378

that the SM calculations that employ the FPD6 interac-379

tion perform somewhat better in terms of describing the380

total GT strength than the SM calculation involving the381

KB3G and GXPF1A interactions, even though the latter382

two do rather well in describing GT strengths throughout383

most of the pf shell. The likely cause is that the FPD6384

Hamiltonian was derived by focusing on the experimen-385

tal data only on the nuclei in the lower part of the pf386

shell. Consequently, some of the effects of the intruder387

configurations from the sd shell significantly affected the388

properties of this Hamiltonian.389

According to the SM, the strong transition near 6 MeV390

in the calculations is from a 5/2− state with the config-391

uration dominated by one neutron in the f5/2 orbital.392

However, due to the proximity to 40Ca core and the ex-393

citation of sd -shell nucleons, the level density of 5/2−394

states is much larger than that obtained in the pf shell395

alone. In the pf shell there are about 6 5/2− states up to396

6 MeV in excitation (the 5/2− basis dimension is 253). In397

the s1/2-d3/2-f7/2-p3/2 model space with the Hamiltonian398

used in [54] there are about 100 5/2− states up to 6 MeV399

(the 5/2− dimension is 4,215,731). The dimension for a400

model space that includes s1/2, d3/2 and pf is too large401

to consider. Qualitatively, we can interpret the results402

of the present experiment as measure of the spreading of403

the simple pf -shell configuration over the more complex404

configurations allowed by the excitation of sd-shell nucle-405

ons with an observed spreading width of about 2 MeV.406

To improve GT strength calculations we need to expand407

the pf shell-model space to include the 0d3/2 and 1s1/2408

orbitals. The high level density above 5 MeV will require409

the use of a Lanczos strength function method [55] to ob-410

tain the spreading width. The present data, in turn, can411

be used to benchmark cross-shell effective interactions412

when they become available.413

Also shown in Fig. 2 is the GT distribution based on414

a QRPA formalism of Ref. [21] using ground-state de-415

formation parameters and masses from the finite-range416

droplet model of Ref. [56]. This particular model is fre-417

quently used for estimating weak-reaction rates in various418

astrophysical scenarios, primarily because it has the ad-419

vantage over SM calculations that it can be used across420

nearly the entire nuclear chart. The theoretical distribu-421

tion has been smeared with the experimental resolution,422

but not modified in any other way. Note that in the fig-423

ure, the theoretical strength distribution has been scaled424

down by a factor of 3 for visualization purposes. The425

QRPA calculations also predict a strong GT transition426

to a state at an excitation energy near 6 MeV, but in ad-427

dition predict that the strength for the transition to the428

ground state of 45Ca is more than 30 times larger than429

the value deduced from the β-decay data.430

V. ELECTRON-CAPTURE RATES431

Finally, the EC rates (λEC) based on the experimen-432

tal and theoretical GT strength distributions were com-433

pared. The EC rates were calculated as434

λEC(T, ρ) = ln 2
∑

j

fj(T, ρ)

ftj
, (2)

where fj is a calculable phase-space factor and ftj is the435

comparative half life. The index j runs over all the states436

in the daughter nucleus which can be populated through437

GT transitions in the EC reaction. Only transitions from438

the ground state of the parent nucleus are considered.439

The calculations were performed as described in Ref. [13]440
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FIG. 4. (color online). (a) EC rates on 45Ca at ρYe =
107 g/cm3 as a function of stellar temperatures. The shaded
band denotes the EC rate based on the experimental GT
strengths (including uncertainties), whereas the dotted and
solid lines only represents the EC into the ground and 174-
keV states, respectively. The total rates based on the SM
(GXPF1A, KB3G, and FPD6) and QRPA calculations are
also shown. (b) Same as the one on the top, but at ρYe =
109 g/cm3.

and follow the formalism of Refs. [57–60], implemented441

in a code previously used in Refs. [8, 13].442

Figure 4 shows the calculated EC rates at two443

particular density-temperature combinations: Follow-444

ing Refs. [13, 14], these two combinations are ρYe =445

107 g/cm3, 2.5 < T/109 K < 4.5 (case I) as shown in446

Fig. 4(a), and ρYe = 109 g/cm3, 8.5 < T/109 K < 10.5447

(case II) as shown in Fig. 4(b). Case I corresponds to448

the conditions during silicon core burning [3], while Case449

II corresponds to the conditions just prior to the core450

contraction [4, 61], and also to those for the high-density451

burning regions where EC occurs during the thermonu-452

clear runaway in type Ia SNe [6, 7].453

The EC rate based on the available experimental infor-454

mation was calculated by combining the B(GT) value for455

the transition to the ground state from β-decay data with456

the B(GT) for the transition to the 174-keV state (ex-457

tracted from the γ-ray analysis in the present data), and458

the B(GT) distribution to the higher-lying final states459

from the (t, 3He) data. In Fig. 4, the EC rates based on460

the theoretical GT strength distributions are also shown.461

The EC rate is very sensitive to the B(GT) distribution462

at low excitation energies, in particular at lower stellar463

densities, since the electron Fermi energy at the density464

of ρYe = 107(109) g/cm3 is εF (T = 0) = 1.2 (5.2) MeV465

while QEC = −0.7677 MeV. As shown in Fig. 4, un-466

der the lower-density (ρYe = 107 g/cm3) condition, the467

EC into the 174-keV state contributes roughly 60% of468

the total rate at T = 3.0 × 109 K, while most of the re-469

maining 40% is from the EC into the ground state. The470

experimental EC rate is larger than those based on the471

SM calculations due to the difference in the B(GT) dis-472

tributions at low excitation energies. Among the three473

SM calculations the one with the FPD6 interaction is the474

closest to the experimental rate because the FPD6 gives475

the B(GT) value for the transition to the ground state476

closest to the experimental data. The experimental EC477

rate is smaller than that based on the QRPA calculations478

reflecting the large B(GT) value for the transition to the479

ground state for the QRPA calculations. These discrep-480

ancies might be important in particular in low density481

and temperature environment such as presupernova evo-482

lution of massive stars [3].483

To quantify the differences between the EC rates based
on the experimental data and on the theoretical calcula-
tions, an average (absolute) deviation ∆EC (|∆EC|) was
calculated in Refs. [13, 14]. These were defined as

∆EC =
1

N

N∑

i=1

λthi − λexpi

λexpi

(3a)

|∆EC| =
1

N

N∑

i=1

|λthi − λexpi |
λexpi

, (3b)

where λexp (λth) is the EC rate based on the experimen-484

tal data (theory). In Ref. [14], the average was taken for485

eight nuclei (48Ti, 51V, 56Fe, 58,60,62,64Ni, and 64Zn) for486

which high-resolution data were available, and the sum-487

mations in Eq. (3) run over these nuclei, namely N = 8.488

In Table I, the average deviations for these eight nuclei489

for Case I (ρYe = 107 g/cm3, T = 3 × 109 K) and those490

for Case II (ρYe = 109 g/cm3, T = 10 × 109 K) are pre-491

sented together with the deviations for the present 45Sc492

case and the recent 46Ti case [22]. The deviations for493

the two new cases are larger than for the previous eight494

cases. Consequently, after combining the two new cases495

with the previous eight cases, the average deviations be-496

tween the EC rates deduced from the data and from the497

theory increases as well.498

VI. SUMMARY499

We measured the double-differential cross section for500

the 45Sc(t, 3He) reaction at 115 MeV/u and extracted the501

B(GT) distribution. For the extraction of B(GT) for502

very weak transitions at low excitation energies, coinci-503

dences with γ rays produced in the deexcitation of the504
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TABLE I. Deviations between EC rates calculated based on GT strength distributions extracted from charge-exchange exper-
iments and those based on theoretical GT strength distributions, relative to the experimental values, for two stellar density-
temperature combinations. The left-hand side of the table refers to deviations for Case I (ρYe = 107 g/cm3, T = 3 × 109 K)
and the right-hand side of the table refers to those for Case II (ρYe = 109 g/cm3, T = 10× 109 K). The average deviations, as
defined in Eq. (3) of the EC rates on the ground states of eight nuclei (48Ti, 51V, 56Fe, 58,60,62,64Ni, and 64Zn) in the pf shell
are shown in (a) as presented in Ref. [14]. The deviations for the 46Ti case [22] and the present 45Sc case are shown in (b).
The average deviations, with the 46Ti and 45Sc cases included, are shown in (c).

I: ρYe = 107 g/cm3, T = 3× 109 K II: ρYe = 109 g/cm3, T = 10× 109 K
GXPF1A KB3G QRPA GXPF1A KB3G QRPA

(a)
∆EC −0.25 −0.40 26. −0.05 0.01 0.54

|∆EC| 0.31 0.51 27. 0.07 0.27 0.66

(b)
46Ti −0.61 −0.77 31. 0.17 0.11 4.8
45Sc −0.99 −0.98 34. −0.78 −0.75 19.

(c)
∆EC −0.36 −0.50 27. −0.06 0.11 2.8

|∆EC| 0.41 0.58 28. 0.09 −0.75 2.9

residual 45Ca were studied. The extracted B(GT) dis-505

tribution did not agree with those calculated in the SM506

by using the GXPF1A, KB3G, and FPD6 interactions,507

nor with the results from a QRPA calculation. Conse-508

quently, the EC rates calculated based on the theoretical509

strength distributions also compared disfavorably with510

the EC rates calculated based on strengths extracted511

from available experimental data. We conclude that fur-512

ther theoretical improvements are important for provid-513

ing reliable theoretical predictions of B(GT) and derived514

EC rates for nuclei in the lower pf -shell nuclei. This is515

particularly important for astrophysical simulations at516

relatively low stellar densities, for which transitions to517

low-lying final states are particularly important.518

The measurement in coincidence with γ rays with high519

resolution has proven to be very useful for extracting520

transition strengths for very weakly excited states at low521

excitation energies, since these transitions, even though522

weak, are important for the astrophysical applications523

and are even dominant under certain stellar conditions.524

In the future, this technique can also be applied in stud-525

ies of unstable isotopes, for which charge-exchange ex-526

periments must be performed in inverse kinematics. The527

GRETINA array will be particularly useful for such stud-528

ies, since its γ-ray tracking capability provides the neces-529

sary position resolution for performing accurate Doppler530

reconstruction of γ rays produces in-flight.531
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