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Gamow-Teller transitions to 45Ca via the 45Sc(t ,3He + γ ) reaction at 115 MeV/u and its application
to stellar electron-capture rates
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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
distributions 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. INTRODUCTION

Electron-capture (EC) reactions on medium-heavy nuclei
play a significant role in many astrophysical phenomena [1]
such as core-collapse (type II) supernovæ (SNe) [1–5], ther-
monuclear (type Ia) SNe [6,7], and heating [8] and cooling [9]
processes in crusts of accreting neutron stars. The estimation of
EC reaction rates requires knowledge of Gamow-Teller (GT)
strength [B(GT)] distributions in the β+ direction. Typically a
large number of nuclei, including some that are unstable, play a
role. Moreover, in stellar environments, the temperature can be
sufficiently high to populate excited states in nuclei, on which
EC can occur as well. Since it is impossible to measure all rel-
evant GT transitions, experiments must focus on comprehen-
sively benchmarking theoretical approaches and on nuclei that
are particularly important for specific astrophysical processes.

Experimental GT strengths can be obtained from β-decay
measurements, but such measurements are limited to an often
small Q-value window, if they are feasible at all. Charge-
exchange (CE) reactions at intermediate beam energies (�
100 MeV/u) can provide full B(GT) distributions based on the
well-established proportionality between the CE cross section
at zero momentum transfer and B(GT) [10–12]. In Refs. [13]
and [14], a systematic study of the EC rates was performed
for 13 stable pf-shell nuclei with 45 � A � 64 based on CE
data from (n,p), (d,2He), and (t,3He) experiments for which
the locations of daughter states at low excitation energies
have been well established. It was found that experimental
GT strength distributions and derived EC rates are generally
reproduced quite well in shell-model (SM) calculations using
the GXPF1A [15–17] and the KB3G [18] interactions. A study
of GT strengths from 56Ni [19,20] indicated that the SM
calculations with the GXPF1A interaction perform slightly
better than the SM calculations with the KB3G interaction.
Calculations based on the quasiparticle random phase approx-
imation (QRPA) formalism of Ref. [21] performed worse than
either SM calculations. These QRPA calculations, as well as
the SM calculations using the KB3G interaction, are regularly
used in astrophysical simulations that require EC rates.

For specific nuclei, significant discrepancies between ex-
periments and SM calculations were observed [13], especially
for GT excitations to low-lying final states. Such transitions
are the most important for the accurate estimation of EC
rates in astrophysical phenomena, especially at lower stellar
densities and temperatures. In a recent study of the (t,3He)
reaction on the nucleus 46Ti [22] significant deficiencies in
SM calculations based on the GXPF1A, KB3G, and FPD6 [23]
effective interactions for the pf shell were observed. It is likely
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due to admixtures from protons and neutrons in the sd-shell
configurations which are not included in the SM calculations,
which assume a closed 40Ca core. It was concluded that further
improvements to the theoretical calculations of GT strengths
for nuclei in the lower pf shell are needed.

In the present study, we investigated nearby 45Sc, which
is one of the lightest pf-shell nuclei, by measuring the B(GT)
distribution via the 45Sc(t,3He) reaction. Under the assumption
of a closed 40Ca core, 45Sc is one of the simplest pf-shell
nuclei with nonvanishing first-order β+ GT strength since
it has only one proton in the pf shell. Hence, it is an
attractive case to further investigate possible admixtures from
sd-shell configurations. We have applied the same technique
as used for the investigation of 46Ti [22], namely a CE
reaction measurement in combination with high-resolution
γ -ray detection from the excited residue. This enables one to
perform detailed spectroscopy since one can gate on a specific
excitation energy in the (t,3He) spectrum and investigate
the γ decays without ambiguities related to feeding from
higher-lying states. Note that it is clear that one cannot
pinpoint a single, or even a few, nuclei that are critical for the
relevant astrophysical scenarios. The approach followed here
is to provide detailed data that will guide the development
of theoretical models in a deliberate manner. Specifically, the
focus is on providing such guidance for nuclei just above the
sd shell-model space.

The GT strength distribution from 45Sc to 45Ca had been
previously extracted in an (n,p) measurement at 198 MeV at
TRIUMF [24]. The relatively poor energy resolution of that
measurement (∼1 MeV in FWHM) made it difficult to make a
detailed comparison between the data and theory. In the present
work, the 45Sc(t,3He) reaction at an incident triton energy of
115 MeV/u was used to extract the GT strength distribution
with better resolution, which, together with the high-resolution
coincidence measurement of the deexcitation γ -ray from the
residue, allowed for a more precise comparison between data
and theory and made it possible to include the case of 45Sc
in the evaluation of theoretical EC rates for pf-shell nuclei as
presented in Refs. [13,14].

II. EXPERIMENT

The measurement was carried out at the Coupled Cy-
clotron Facility at the National Superconducting Cyclotron
Laboratory. A 150-MeV/u beam of 16O with an intensity
of 150 pnA impinged on a 3525-mg/cm2-thick beryllium
target, and tritons at 115 MeV/u were selected from various
fragmentation products in the A1900 fragment separator [25]
with a 195-mg/cm2-thick wedge-shaped aluminum degrader
at the intermediate image [26]. About 5 × 106 tritons (3H)
per second with a purity in excess of 99% were transported
by using the dispersion-matching technique [27,28] to a 45Sc
reaction target with a thickness of 9.1 mg/cm2 and with
dimensions of 2′′ × 3′′.

The 3He ejectiles from the target were magnetically
momentum-analyzed by the S800 spectrometer [29], and
detected at the focal plane by two cathode-readout drift
chambers (CRDCs) [30]. A 5-mm-thick plastic scintillation
counter was also placed at the focal plane of the S800 and
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enabled particle identification of the 3He ejectiles through a
combination of energy-loss and time-of-flight information.

For each event, the scattering angle and momentum of
the 3He particle at the target were reconstructed from the
position and angle measured at the focal plane of the
S800. The excitation energy in 45Ca was obtained from a
missing-mass calculation. Absolute double-differential cross
sections, d2σ/d�dE, were determined relative to those of
the 12C(t,3He)12B(1+,g.s.) reaction, taken with a polyethylene
(CH2) target with a thickness of 10 mg/cm2, for which
absolute cross sections were measured accurately in a previous
experiment [12]. The double-differential cross sections were
determined for the excitation-energy range of 0 � Ex �
20 MeV and the scattering-angle range of 0◦ � θc.m. � 6◦.
The energy and angular resolutions were estimated from the
same 12C(t,3He) spectra; they were 0.3 MeV and 1.0◦, FWHM,
respectively. The background due to hydrogen contamination
in the 45Sc target was evaluated and subtracted by using the
corresponding peak in the 1H(t,3He) spectra also taken with
the same CH2 target.

The high-purity germanium detector array GRETINA [31],
located at the target position of the S800, was used for
detecting deexcitation γ rays from the 45Ca residue. The
use of GRETINA allowed precise determination of γ -ray
energies. The large detector volume provided a high photopeak
detection efficiency, and its high peak-to-total ratio enabled
the measurement of low-yield transitions, including weak GT
transitions at low excitation energies.

III. RESULTS AND ANALYSIS

Double-differential cross sections for the 45Sc(t,3He) reac-
tion are shown in the left panel of Fig. 1. Note that wider energy
bin sizes were used at higher excitation energies to reduce
the statistical uncertainties. The systematic uncertainty in the
absolute normalization of the cross section was estimated to
be 6%, which was dominated by the uncertainty in the triton
beam intensity. The intensity was monitored by calibrating
the current readout for the unreacted 16O beam in a Faraday
bar placed in the first dipole magnet of the A1900 fragment
separator against the aforementioned absolute cross section
for the 12C(t,3He)12B(1+,g.s.) reaction. The systematic un-
certainties introduced by the subtraction of the background
reactions on hydrogen instead of 45Sc were small compared to
those introduced by the beam intensities.

A. Multipole-decomposition analysis

A multipole-decomposition analysis (MDA) [32,33] was
performed to extract the �L = 0 (GT) components from the
measured differential cross sections. The method used here
was similar to the one described in Ref. [33]. The angular
distribution in each bin of the excitation energy, Ex(45Ca), was
fitted with a linear combination of angular distributions calcu-
lated in the distorted-wave Born approximation (DWBA) with
�L = 0, 1, 2, and 3. The calculations were performed with
the microscopic, double-folding DWBA code FOLD/DWHI [34].
The single-particle wave functions for t and 3He were taken
from variational Monte Carlo calculations [35], and those for
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FIG. 1. (Color online) (Left) Double-differential cross section
spectra for the 45Sc(t,3He) reaction at various scattering angles. The
error bars denote the statistical uncertainty only. The histograms
also show the results from the multipole-decomposition analysis
(MDA). (Right) Representative angular distributions at Ex = 6.5 and
15.3 MeV including the results from the MDA.

45Sc and 45Ca were generated by using a Woods-Saxon poten-
tial. The effective NN interaction at 140 MeV of Ref. [36] was
used. The optical-model-potential (OMP) parameters were
taken from the 3He + 58Ni reaction at 443 MeV in Ref. [37].
Following Ref. [38], the depths of the OMPs for the triton in
the incoming channel were scaled from those for the 3He in the
outgoing channel by a factor of 0.85. The results of the MDA
are also shown in the left panel of Fig. 1. It can be seen that the
extracted �L = 0 contributions are consistent with zero up to
an excitation energy of about 3 MeV. As shown by two exam-
ples in the right panels of Fig. 1, the experimental angular dis-
tributions are well reproduced in the MDA. The statistical error
of the MDA was estimated by means of a Monte Carlo simu-
lation, as described in Ref. [39], where the experimental data
points were randomly varied in accordance with their statistical
uncertainty, and the deviation of the resulting �L = 0 cross
section was determined. A systematic error was estimated by
using other trials of the MDA with different OMP as described
in Ref. [40]. The extracted �L = 0 components varied by less
than 5%. The uncertainties in the extraction of the �L = 0
contribution above Ex = 10 MeV is very large, partly because
its contribution to the total cross section becomes relatively
small while the statistical uncertainties are significant. In
addition, in this higher energy region, the forward-peakedness
of the angular distribution of the �L = 0 cross section
becomes somewhat less distinct. This was also the case in the
previous 46Ti(t,3He) study [22]. Also note that contribution
from the excitation of the isovector spin-monopole resonance
(IVSMR) [39,41,42] is expected for Ex � 15 MeV.
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B. Extraction of GT strengths

The B(GT) was calculated from the extracted �L = 0
cross sections at 0◦ [σ�L=0(0◦)] by using the proportionality
relation [10–12] between σ�L=0(0◦) and B(GT),

σ�L=0(0◦) = σ̂GTF (q,ω)B(GT), (1)

where σ̂GT is the GT unit cross section and F (q,ω) is a
kinematical correction factor representing the dependence
of σ�L=0(0◦) on the momentum (q) and the energy (ω)
transfers. The σ̂GT for the (t,3He) and (3He,t) reactions at this
energy have been calibrated in a systematic study [12], and
is σ̂GT = 109A−0.65 mb sr−1 with A being the mass number
of the target nucleus. The value σ̂GT|A=45 = 9.18 mb sr−1 was
used for the present analysis, and this value has an uncertainty
of about 10% [12]. F (q,ω) was calculated using the DWBA.

The extracted B(GT) distribution is shown in Fig. 2. In
Fig. 2(a), a comparison of the B(GT) distributions of the
present work and of the previous (n,p) work [24] is shown.
They agree within about a factor of two with each other except
for the excitation-energy range below 3 MeV, where the B(GT)
values are consistent with zero in the present work. This
discrepancy is likely due to the contribution from reactions on
hydrogen absorbed onto the 45Sc target in the case of the (n,p)
experiment. As the authors of Ref. [24] noted, contributions
from reaction on hydrogen would interfere with the spectrum
at low excitation energies, but could not be subtracted. They
therefore concluded that their results in the excitation-energy
region below 3 MeV provided only an upper limit. We note that
the B(GT) for the transition from the 45Sc (Jπ = 7/2−) ground
state to the 45Ca (Jπ = 7/2−) ground state is known from the
corresponding β decay, with the log ft value of 6.0 [43] which
corresponds to a B(GT) value of 3.8 × 10−3. The cross section
associated with such a B(GT) is too small to be observable as
a distinct peak in our data.

C. Analysis of coincidence γ rays

The analysis of the γ rays provided more detailed infor-
mation on the low-lying states. We analyzed the data in a
similar way as in the preceding paper (Ref. [22]). Figure 3(a)
is a two-dimensional plot of the γ -ray energy (Eγ ) measured
with GRETINA and the excitation energy Ex(45Ca) extracted
from the (t,3He) data. A sharp boundary along the Eγ = Ex

line is seen, which indicates that the spectrum is nearly
background-free. A clear drop of the γ -ray yield at the neutron
separation energy (Sn = 7414.79 keV) is also observed. In
the present case, the ground state of 45Ca (Jπ = 7/2−) is
reached by a GT transition from 45Sc (Jπ = 7/2−). After
the 45Ca ground state, the next known state is located at
174.25 keV, which has Jπ = 5/2− and is thus reachable by a
GT transition [44]. It should also be noted that the next state
above 174 keV reachable by a GT transition, based on the
assigned Jπ , does not appear until 1973(6) keV (Jπ = 5/2−
or 7/2−) [44].

The 174-keV state has a branching of 100% for γ decay
to the ground state. Figure 3(b) is the γ -ray energy spectrum
gated on Ex = 174 ± 380 keV in the 45Sc(t,3He) excitation
energy spectrum, where the width of the gate corresponds to
3σ of the excitation energy resolution. Since other states that
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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) distribution 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 are 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.

are potentially excited and contained in this gate do not decay
through the 174-keV state, the observation of events with the
174-keV γ ray in Fig. 3(b) directly relates to the excitation of
the 174-keV state. The number of counts with Eγ = 174 keV
in Fig. 3(b) can be converted to the GT strength of this state
after taking into account the detection efficiency of GRETINA.
The obtained B(GT) of this state was 0.008(5), where the
uncertainty is a combination of the statistical and systematic
contributions. A systematic error of 0.003 due to interference
effects between �L = 0, �S = 1, and �L = 2, �S = 1
amplitudes mediated through the tensor interaction [10] was
estimated based on previous studies [45,46]. Such interference
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FIG. 3. (Color online) (a) Eγ vs Ex(45Ca). The Eγ = Ex line is
shown, and the proton (Sp) and neutron (Sn) separation 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 [47] are
indicated, with the matched peaks shown by arrows.

effects can be relatively large for very weak GT transitions.
Reliable strength of such a weak transition could not have been
extracted without the coincident high-resolution measurement
of γ rays.

Figure 3(c) shows the Eγ spectrum gated on Ex >
8 MeV, namely above the neutron separation energy (Sn) at
7414.79 keV. γ -ray energies for known deexcitations [47] from
44Ca and 44K are indicated in the figure as well. One cannot
completely exclude very minor contributions from the decay
of excited states in 44K (i.e., after proton decay of 45Ca), since
some of the energies overlap with deexcitations of states in
44Ca. However, it is clear that the overwhelming majority of
transitions observed are from the decay of excited states in
44Ca (i.e., after neutron decay of 45Ca). This indicates that the
(1ν)(1π )−1 particle-hole states created in the (t,3He) reaction
predominantly decay by neutron emission.

IV. COMPARISON WITH THEORY

The results are compared with theoretical calculations in
Fig. 2. The SM calculations were carried out in the full pf
shell-model space with the GXPF1A, KB3G, and FPD6 [23]
Hamiltonians using the code NUSHELLX@MSU [48]. The
parameters for the GXPF1A interaction have been fitted to
reproduce the experimental excitation energies and masses for
many pf-shell nuclei. The KB3G interaction is an updated
version of the KBF interaction [49], which was used to
generate the weak reaction rate library of Refs. [50,51] and
whose parameters were primarily deduced from experimental
data in the lower pf shell. The FPD6 interaction was derived
by taking into account experimental information available for
nuclei also in the lower part of the pf shell: 41–49Ca, 42–44Sc, and
44Ti. These SM calculations have been scaled by a quenching
factor of (0.74)2 [52] to account for the shell configurations
outside the model space, and have been smeared with the
experimental energy resolution of 0.3 MeV (FWHM) in Fig. 2.

All SM calculations associate the bulk of the GT strength
with a transition to a state at about 5–6 MeV. Most of the GT
strength extracted from the data resides between 3 and 8 MeV,
but is much more fragmented than predicted by theory [see
Fig. 2(c)]. The summed strength up to an excitation energy
of 10 MeV calculated with the FPD6 interaction matches the
summed experimental strength extracted from the data quite
well, whereas the calculations that employ the KB3G and
GXPF1A interactions produce more strength. The summed
B(GT) value up to Ex = 10 MeV for the FPD6 interactions
is

∑
B(GT)FPD6 = 0.38 (with a further 2.2% of that value

located at higher energies) compared to the experimental value
of

∑
B(GT) = 0.38 ± 0.06(stat.) ± 0.03(syst.). The summed

B(GT) values up to 10 MeV for the GXPF1A and KB3G
interactions are

∑
B(GT)GXPF1A = 0.59 and

∑
B(GT)KB3G =

0.47, respectively, with a further 2.4% and 0.90% of these
values located at higher energies.

While the B(GT) value from the β-decay measurement for
the transition to the ground state of 45Ca is 3.8 × 10−3 [43],
the theoretical values are 0.28 × 10−3, 0.35 × 10−3, and
5.5 × 10−3 for the GXPF1A, KB3G, and FPD6 interactions,
respectively. Note that the FPD6 interaction gives a value
closest to the experiment. The calculated excitation energies
of the first 5/2− state, which is located at 174 keV, are
364, 195, and 446 keV for the GXPF1A, KB3G, and FPD6
interactions, respectively, and their B(GT) values are 0.076 ×
10−3, 0.013 × 10−3, and 0.015 × 10−3, which are more than
two orders of magnitude smaller than the experimental value
of 8(5) × 10−3.

The large discrepancy between the GT strength distribution
extracted from the data and those calculated in the SM using
interactions designed for the pf model space was also observed
for 46Ti [22]. As described in that reference, the likely cause
is the influence of intruder states that involve nucleons excited
from the sd shell into the pf shell. A similar discussion on the
intruder sd-shell configurations is also found in a recent paper
on the β− charge-exchange measurement on a nearby nucleus
44Ca [53]. There is evidence for such intruder states (see e.g.
Ref. [16,54]). It is interesting to note that the SM calculations
that employ the FPD6 interaction perform somewhat better
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in terms of describing the total GT strength than the SM
calculation involving the KB3G and GXPF1A interactions,
even though the latter two do rather well in describing GT
strengths throughout most of the pf shell. The likely cause is
that the FPD6 Hamiltonian was derived by focusing on the
experimental data only on the nuclei in the lower part of the
pf shell. Consequently, some of the effects of the intruder
configurations from the sd shell significantly affected the
properties of this Hamiltonian.

According to the SM, the strong transition near 6 MeV in
the calculations is from a 5/2− state with the configuration
dominated by one neutron in the f5/2 orbital. However, due
to the proximity to 40Ca core and the excitation of sd-shell
nucleons, the level density of 5/2− states is much larger than
that obtained in the pf shell alone. In the pf shell there are
about six 5/2− states up to 6 MeV in excitation (the 5/2−
basis dimension is 253). In the s1/2-d3/2-f7/2-p3/2 model space
with the Hamiltonian used in Ref. [55] there are about one
hundred 5/2− states up to 6 MeV (the 5/2− dimension is
4 215 731). The dimension for a model space that includes
s1/2, d3/2, and pf is too large to consider. Qualitatively, we can
interpret the results of the present experiment as a measure of
the spreading of the simple pf-shell configuration over the more
complex configurations allowed by the excitation of sd-shell
nucleons with an observed spreading width of about 2 MeV.
To improve GT strength calculations we need to expand the
pf shell-model space to include the 0d3/2 and 1s1/2 orbitals.
The high level density above 5 MeV will require the use of a
Lanczos strength function method [56] to obtain the spreading
width. The present data, in turn, can be used to benchmark
cross-shell effective interactions when they become available.

Also shown in Fig. 2 is the GT distribution based on
a QRPA formalism of Ref. [21] using ground-state defor-
mation parameters and masses from the finite-range droplet
model of Ref. [57]. This particular model is frequently used
for estimating weak-reaction rates in various astrophysical
scenarios, primarily because it has the advantage over SM
calculations that it can be used across nearly the entire nuclear
chart. The theoretical distribution has been smeared with the
experimental resolution, but not modified in any other way.
Note that in the figure, the theoretical strength distribution has
been scaled down by a factor of 3 for visualization purposes.
The QRPA calculations also predict a strong GT transition to a
state at an excitation energy near 6 MeV, but in addition predict
that the strength for the transition to the ground state of 45Ca
is more than 30 times larger than the value deduced from the
β-decay data.

V. ELECTRON-CAPTURE RATES

Finally, the EC rates (λEC) based on the experimental and
theoretical GT strength distributions were compared. The EC
rates were calculated as

λEC(T ,ρ) = ln 2
∑

j

fj (T ,ρ)

f tj
, (2)

where fj is a calculable phase-space factor and f tj is the
comparative half-life. The index j runs over all the states
in the daughter nucleus which can be populated through GT
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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.

transitions in the EC reaction. Only transitions from the ground
state of the parent nucleus are considered. The calculations
were performed as described in Ref. [13] and follow the
formalism of Refs. [58–61], implemented in a code previously
used in Refs. [8,13].

Figure 4 shows the calculated EC rates at two particular
density-temperature combinations: Following Refs. [13,14],
these two combinations are ρYe = 107 g/cm3, 2.5 <
T/109 K < 4.5 (Case I) as shown in Fig. 4(a), and ρYe =
109 g/cm3, 8.5 < T/109 K < 10.5 (Case II) as shown in
Fig. 4(b). Case I corresponds to the conditions during silicon
core burning [3], while Case II corresponds to the conditions
just prior to the core contraction [4,62], and also to those for
the high-density burning regions where EC occurs during the
thermonuclear runaway in type Ia SNe [6,7].

The EC rate based on the available experimental infor-
mation was calculated by combining the B(GT) value for
the transition to the ground state from β-decay data with
the B(GT) for the transition to the 174-keV state (extracted
from the γ -ray analysis in the present data), and the B(GT)
distribution to the higher-lying final states from the (t,3He)
data. In Fig. 4, the EC rates based on the theoretical GT
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TABLE I. Deviations between EC rates calculated based on GT strength distributions extracted from charge-exchange experiments 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 from 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

strength distributions are also shown. The EC rate is very
sensitive to the B(GT) distribution at low excitation energies,
in particular at lower stellar densities, since the electron
Fermi energy at the density of ρYe = 107(109) g/cm3 is
εF (T = 0) = 1.2 (5.2) MeV while QEC = −0.7677 MeV. As
shown in Fig. 4, under the lower-density (ρYe = 107 g/cm3)
condition, the EC into the 174-keV state contributes roughly
60% of the total rate at T = 3.0 × 109 K, while most of the
remaining 40% is from the EC into the ground state. The
experimental EC rate is larger than those based on the SM
calculations due to the difference in the B(GT) distributions
at low excitation energies. Among the three SM calculations
the one with the FPD6 interaction is the closest to the
experimental rate because the FPD6 gives the B(GT) value for
the transition to the ground state closest to the experimental
data. The experimental EC rate is smaller than that based on
the QRPA calculations reflecting the large B(GT) value for the
transition to the ground state for the QRPA calculations. These
discrepancies might be important in particular in a low density
and temperature environment such as presupernova evolution
of massive stars [3].

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

�EC = 1

N

N∑

i=1

λth
i − λ

exp
i

λ
exp
i

, (3a)

|�EC| = 1

N

N∑

i=1

|λth
i − λ

exp
i |

λ
exp
i

, (3b)

where λexp (λth) is the EC rate based on the experimental
data (theory). In Ref. [14], the average was taken for eight
nuclei (48Ti, 51V, 56Fe, 58,60,62,64Ni, and 64Zn) for which high-
resolution data were available, and the summations in Eq. (3)
run over these nuclei, namely N = 8. In Table I, the average
deviations for these eight nuclei for Case I (ρYe = 107 g/cm3,
T = 3 × 109 K) and those for Case II (ρYe = 109 g/cm3,
T = 10 × 109 K) are presented together with the deviations

for the present 45Sc case and the recent 46Ti case [22]. The
deviations for the two new cases are larger than those for the
previous eight cases. Consequently, after combining the two
new cases with the previous eight cases, the average deviations
between the EC rates deduced from the data and from the
theory increases as well.

VI. SUMMARY

We measured the double-differential cross section for
the 45Sc(t,3He) reaction at 115 MeV/u and extracted the
B(GT) distribution. For the extraction of B(GT) for very
weak transitions at low excitation energies, coincidences with
γ rays produced in the deexcitation of the residual 45Ca
were studied. The extracted B(GT) distribution did not agree
with those calculated in the SM by using the GXPF1A,
KB3G, and FPD6 interactions, nor with the results from
a QRPA calculation. Consequently, the EC rates calculated
based on the theoretical strength distributions also compared
unfavorably with the EC rates calculated based on strengths
extracted from available experimental data. We conclude that
further theoretical improvements are important for providing
reliable theoretical predictions of B(GT) and derived EC rates
for nuclei in the lower pf-shell nuclei. This is particularly
important for astrophysical simulations at relatively low stellar
densities, for which transitions to low-lying final states are
particularly important.

The measurement in coincidence with γ rays with high
resolution has proven to be very useful for extracting transition
strengths for very weakly excited states at low excitation
energies, since these transitions, even though weak, are
important for the astrophysical applications and are even
dominant under certain stellar conditions. In the future,
this technique can also be applied in studies of unstable
isotopes, for which charge-exchange experiments must be
performed in inverse kinematics. The GRETINA array will
be particularly useful for such studies, since its γ -ray tracking
capability provides the necessary position resolution for per-
forming accurate Doppler reconstruction of γ rays produced
in-flight.
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[35] S. C. Pieper and R. B. Wiringa, Quantum Monte Carlo
calculations of light nuclei, Annu. Rev. Nucl. Part. Sci. 51, 53
(2001).

[36] M. A. Franey and W. G. Love, Nucleon-nucleon t-matrix
interaction for scattering at intermediate energies, Phys. Rev.
C 31, 488 (1985).

[37] J. Kamiya et al., Cross section and induced polarization in 3He
elastic scattering at 443 MeV, Phys. Rev. C 67, 064612 (2003).

[38] S. Y. Van Der Werf, S. Brandenburg, P. Grasduk, W. A.
Sterrenburg, M. N. Harakeh, M. B. Greenfield, B. A. Brown, and
M. Fujiwara, The effective 3He-nucleon force in a microscopic
DWBA approach to the (3He, t) charge-exchange reaction, Nucl.
Phys. A 496, 305 (1989).

[39] K. Miki et al., Identification of the β+ isovector spin monopole
resonance via the 208Pb and 90Zr(t, 3He) reactions at 300MeV/u,
Phys. Rev. Lett. 108, 262503 (2012).

[40] T. Furumoto, Y. Sakuragi, and Y. Yamamoto, Repulsive nature
of optical potentials for high-energy heavy-ion scattering, Phys.
Rev. C 82, 044612 (2010).

[41] I. Hamamoto and H. Sagawa, Charge-exchange spin monopole
modes, Phys. Rev. C 62, 024319 (2000).

[42] C. J. Guess et al., The 150Nd(3He,t) and 150Sm(t,3He) reactions
with applications to ββ decay of 150Nd, Phys. Rev. C 83, 064318
(2011).

[43] M. S. Freedman, F. T. Porter, and F. Wagner, Jr., Low-intensity
first-forbidden beta-decay branch in 45Ca, Phys. Rev. 140, B563
(1965).

[44] T. Burrows, Nuclear data sheets for A = 45, Nucl. Data Sheets
109, 171 (2008).

[45] R. G. T. Zegers et al., The (t, 3He) and (3He, t) reactions as probes
of Gamow-Teller strength, Phys. Rev. C 74, 024309 (2006).

[46] G. W. Hitt et al., Gamow-Teller transitions to 64Cu measured
with the 64Zn(t, 3He) reaction, Phys. Rev. C 80, 014313 (2009).

[47] J. Chen, B. Singh, and J. A. Cameron, Nuclear data sheets for
A = 44, Nucl. Data Sheets 112, 2357 (2011).

[48] B. A. Brown, W. D. M. Rae, E. McDonald, and M.
Horoi, NUSHELLX@MSU, https://people.nscl.msu.edu/∼brown/
resources/resources.html

[49] E. Caurier, K. Langanke, G. Martı́nez-Pinedo, and F. Nowacki,
Shell-model calculations of stellar weak interaction rates. I.
Gamow-Teller distributions and spectra of nuclei in the mass
range A = 45–65, Nucl. Phys. A 653, 439 (1999).

[50] K. Langanke and G. Martı́nez-Pinedo, Shell-model calculations
of stellar weak interaction rates: II. Weak rates for nuclei in the
mass range A = 45–65 in supernovae environments, Nucl. Phys.
A 673, 481 (2000).

[51] K. Langanke and G. Martı́nez-Pinedo, Rate tables for the weak
processes of pf-shell nuclei in stellar environments, At. Data
Nucl. Data Tables 79, 1 (2001).

[52] G. Martı́nez-Pinedo, A. Poves, E. Caurier, and A. P. Zuker,
Effective gA in the pf shell, Phys. Rev. C 53, 2602(R) (1996).

[53] Y. Fujita et al., High-resolution study of Tz = +2→+1 Gamow-
Teller transitions in the 44Ca(3He, t)44Sc reaction, Phys. Rev. C
88, 014308 (2013).

[54] G. Stoitcheva, W. Satuła, W. Nazarewicz, D. J. Dean, M.
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