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For the first time, the (d, 2He) reaction was successfully used in inverse kinematics to extract the
Gamow-Teller transition strength in the β+ direction from an unstable nucleus. The new technique
was made possible by the use of an active target time projection chamber and a magnetic spec-
trometer, and opens a path to addressing a range of scientific challenges, including in astrophysics
and neutrino physics. In this work, the nucleus studied was 14O, and the Gamow-Teller transition
strength to 14N was extracted up to an excitation energy of 22 MeV. The data were compared
to shell-model and state-of-the-art coupled-cluster calculations. Shell-model calculations reproduce
the measured Gamow-Teller strength distribution up to about 15 MeV reasonably well, after the
application of a phenomenological quenching factor. In a significant step forward to better under-
stand this quenching, the coupled-cluster calculation reproduces the full strength distribution well
without such quenching, owing to the large model space, the inclusion of strong correlations, and
the coupling of the weak interaction to two nucleons through two-body currents.

Nuclear charge-exchange (CE) reactions provide im-
portant tools for studying the spin-isospin response of
nuclei and provide important information about nuclear
structure, bulk properties of nuclei, and processes me-
diated by the weak nuclear force [1–8]. Of particu-
larly high impact has been the ability to indirectly and
model-independently extract Gamow-Teller (GT) tran-
sitions strength from CE experiments at intermediate
beam energies (E & 100 MeV/nucleon). GT transitions
are associated with the transfer of spin (∆S = 1), isospin
(∆T = 1), and no angular momentum (∆L = 0), and
mediate allowed β decay and electron-captures (ECs).
The latter play important roles in astrophysical phenom-
ena [5, 8], such as core-collapse supernovae [9–11], ther-
monuclear supernovae [12, 13], and the crusts of neutron
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stars that accrete material from binary-system compan-
ions [14, 15].

The extraction of the GT transition strengths (B(GT))
from CE reactions, which are mediated by the strong
nuclear force, is possible because of the well-established
proportionality between the extracted differential cross
section at small momentum transfer (q ≈ 0) and B(GT)
[16], valid for B(GT)& 0.01 [17]. The proportionality fac-
tor, referred to as the unit cross section (σ̂GT), is conve-
niently calibrated using transitions for which the B(GT)
is known directly from β/EC decay. Unlike β/EC decay,
the extraction of B(GT) from CE experiments is not lim-
ited to a finite Q-value window, which is important for
the astrophysical applications, where, due to high stellar
temperatures and/or densities, EC transitions to highly
excited states can occur. For constraining the astrophys-
ical EC rates, charge-exchange reactions in the (n,p) di-
rection are key.

In the astrophysical scenarios mentioned above, ECs
on many unstable isotopes play crucial roles. Compared
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to (p,n) CE reactions, for which experiments in inverse
kinematics (i.e., with the unstable nucleus of interest be-
ing produced as the beam) were successfully performed
to study GT transitions in the β− direction up to high
excitation energy (Ex) and across the chart of isotopes
[18–27], the development of CE experiments in the (n,p)
direction in inverse kinematics with beams of unstable
isotopes has been more challenging. The (7Li, 7Be + γ)
reaction was successfully developed to study (n,p)-type
CE reactions in inverse kinematics [28, 29], but it can
only be used for light (A . 35) nuclei and low Ex. In
this Letter, we present the successful development of an
alternative method, namely the (d, 2He) reaction in in-
verse kinematics, which can be used to extract B(GT)
up to high Ex and without intrinsic limitations on the
mass of the isotope.

In the first experiment presented here, Gamow-Teller
transitions from unstable 14O to 14N were studied to ex-
tract the GT strength distribution for Ex . 22 MeV.
The measurement complements previous studies in the
A = 14 multiplet [30–37]. The A = 14 nuclei have posed
significant challenges to theoretical calculations and re-
quire the inclusion of three-body forces and an accurate
treatment of two-body currents, for example to explain
the anomalously long half-lives (corresponding to very
small GT transition strengths) for the analog β decays
from 14O and 14C to ground state (g.s.) of 14N [38–
41]. In recent effective field theory (EFT) calculations
[42], it is possible to explain, based on first principles,
the reduction of GT strength observed in experimental
data compared to other theoretical calculations, includ-
ing the shell model (SM). This reduction, referred to as
the “quenching” of the GT strength [43–45] has impor-
tant implications for the astrophysical applications, such
as the ones mentioned above, as well as fundamental
phenomena such as neutrinoless double-β decay [46, 47].
By including strong correlations present in the nucleus
and the coupling of the weak interaction to two nucle-
ons through two-body currents (2BCs) in addition to the
one-body Gamow-Teller operator, it is possible to de-
scribe the quenching in the EFT calculations [42, 48]. It
is important to further test such calculations by compar-
ing GT transition strength up to high Ex, including for
nuclei far from stability. Charge-exchange reactions in
inverse kinematics, and the (d, 2He) reaction in particu-
lar, are excellent tools for this purpose.

The (d, 2He) reaction in forward kinematics, i.e. with
a deuteron beam, has been used to study many stable
nuclei [49–52]. The (d, 2He) reaction refers to a (d, 2p)
reaction for which the two outgoing protons couple to a
1S0 (T = 1) state. This state is unbound by ≈ 0.5 MeV.
Contributions from higher partial waves become signif-
icant at higher internal energy εpp & 4 MeV [53]. The
wave function of the deuteron is dominated by the 3S1

(T = 0) configuration. Therefore, the (d, 2He) reaction at
low 2He internal energy (εpp . 2 MeV) is selective to ex-
citations involving the transfer of spin (∆S = 1) [49, 53].
In inverse kinematics, and for (d, 2He) reactions at q ≈ 0,

the energy of the two protons emitted is very small, mak-
ing the use of a foil (e.g, CD2) or liquid deuterium unfea-
sible. Therefore, a gaseous active-target time-projection
chamber (AT-TPC) [54] was used in the present work,
in which the deuterium gas served as both the target
and the tracking medium for the protons. The beam-like
fragment (i.e., 14N, or one of its decay products) was de-
tected in the S800 spectrograph [55] to serve as a trigger
for CE events.

A 10- to 50-pnA, 150-MeV/nucleon beam of 16O
was accelerated by the Coupled Cyclotron Facility at
the National Superconducting Cyclotron Laboratory
(NSCL), and struck a 1316 mg/cm2-thick Be production
target. A 150 mg/cm2-thick Al degrader was used in the
A1900 fragment separator [56] to produce a 70%-pure
14O beam at 105 MeV/nucleon and with intensities
between 0.2 to 0.7 Mpps. The time-of-flight (TOF)
between two scintillators placed at the exit of the A1900
and the entrance of the S800 Spectrograph [55] beam
line (the S800 object point) was used to separate 14O
from 13N (23%) and 12C (7%) contaminants on an
event-by-event basis. The AT-TPC [54], used for the
first time with a fast rare-isotope beam, was filled with
pure deuterium gas at a pressure of 530 Torr (±0.5%),
corresponding to a thickness of 11.7 mg/cm2. The gas
of the active volume was isolated from the beam-line
and S800 vacuum by 12 µm-thick polyamide windows.
In the AT-TPC, a 500-V/cm uniform electric field,
directed along the beam axis, drifts electrons produced
by ionizing charged particles upstream towards a mi-
cromegas pad plane with 10240 independent readout
channels, which provides the transverse track images.
The third position coordinate, along the beam direction,
is determined from the drift time of the electrons. The
drift velocity was ≈ 0.9 cm/µs. The pad plane has a
central aperture of 3-cm diameter to allow the beam
to enter the AT-TPC. Hence, tracks from the beam
particles and outgoing beam-like fragments are not
observed in the AT-TPC. The fragment identification
was performed event-by-event using the TOF between
scintillators at the S800 object point and at the focal
plane of S800, and the energy loss of the fragments in an
ionization chamber at the focal plane of S800. The ob-
ject scintillator was also used to monitor the beam rate
for the cross-section determination and the focal plane
scintillator was used to trigger a ≈110 µs long readout
window for signals from the AT-TPC. Momenta of the
fragments at the target were reconstructed from the
positions and angles measured with two cathode-readout
drift chambers [57] at the S800 focal plane. These
reconstructed quantities were used for S800 acceptance
corrections and determining absolute cross-sections.

The excitation energy of 14N produced after the
14O(d, 2He) reaction is reconstructed in three steps.
First, the electron cloud produced by ionizing charged
particles in the AT-TPC is analyzed with pattern recog-
nition and fitting routines to identify the (d, 2He) events
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FIG. 1. Differential cross sections for the 14O(d, 2He) reaction
a) for the entire scattering angle range (θc.m. < 8◦) and b)
for θc.m. < 3◦. In a) the colors represent the contributions
from the different decay channels corresponding to respective
fragments detected in the S800 spectrometer, and the vertical
dashed lines indicates the 14N particle-decay thresholds (Sp
= 7.55 MeV, Sn = 10.55 MeV, Sd = 10.26 MeV, Sα = 11.61
MeV and Spn = 12.50 MeV).

and extract the 2He momentum [58, 59]. The selection
of (d, 2He) events is ensured by the coincidence between
an identified 14O ion in the beam, a relevant residual
fragment in the S800, and two fitted tracks with a min-
imal distance smaller than 2σ of the minimal-distance
distribution (. 1 cm) in the beam region. The point of
minimal distance defines the reaction vertex. The en-
ergy (deduced from the range) and angular resolutions
of a single track are about 15 keV and 1.5◦, respectively.
The momentum vectors of the two protons are used to
reconstruct the 2He momentum vector and, through an
invariant-mass calculation, its internal energy. Finally,
the excitation energy of 14N is obtained from a missing-
mass calculation.

Simulations for estimating the efficiency and accep-
tance of the experiment were performed with the attpc-
root package [60–62], using a (d, 2He) event genera-
tor based on calculated cross-sections using the code
Adiabatic Coupled-Channels Born Approximation ac-
cba [50, 63], specifically developed for (d, 2He) reac-
tions. The code reproduces well the differential cross
sections for (d, 2He) reactions performed in forward kine-
matics [64, 65]. For the entrance and exit channels,
optical-model parameters obtained from the Koning-
Delaroche phenomenological potential [66] for protons
and deuterons (extended parameterization in the code
talys [67, 68]) were used. The Love-Franey effective
nucleon-nucleon interaction at 140 MeV [69] was used.

The spectroscopic amplitudes of the transitions were ob-
tained from SM calculations in the p-shell model space
and the CKII [70] interaction using the nushellx [71]
code. In the attpcroot simulation the analog signal
of each pad of the sensor plane is analyzed in the same
manner as the experimental data and the reconstruction
of the simulated events is performed with the same al-
gorithms as for the experimental data. Therefore, the
simulation also provides realistic estimations of the effi-
ciency and acceptance of the AT-TPC.

Figure 1(a) shows the extracted differential cross sec-
tions as a function of the Ex(14)N at scattering angles be-
low 8◦ gated on 14N, or its decay products (13C, 13N, 12C
and 10B) identified with the S800 for Ex above the 14N
particle-decay thresholds, as indicated. The experimen-
tal spectra are almost background free due to the strin-
gent conditions for the event selection. Note that these
spectra are integrated over the εpp range accepted by the
AT-TPC. At small scattering angles and small reaction
Q value, the two protons have the lowest energies, requir-
ing εpp to be within 1.5 and 2.5 MeV for both protons
to escape the central insensitive region and not leave the
chamber. At larger scattering angles and Q values, only
events with εpp < 1 MeV have path lengths that end in-
side the AT-TPC and can be reconstructed. Figure 1(b)
shows the total differential cross sections for scattering
angles below 3◦. Near Q = 0 (Ex = 3.7 MeV), Ex is
almost completely determined by the angle of the recon-
structed 2He particle, and the resolution is limited to
∼ 2.1 MeV full-width at half-maximum value (FWHM).
At smaller and larger Q values, the energy of the 2He
particle is also important, and a resolution of ∼ 1.2 MeV
can be achieved.

Figure 2 shows the differential cross sections for differ-
ent Ex regions. The error bars in the data include statis-
tical and systematic uncertainties. The latter are domi-
nated by uncertainties in the acceptance corrections and
beam-intensity determination, but are relatively small
compared to the statistical uncertainties, except for the
state at 3.95 MeV, for which both types of uncertainty are
comparable. In order to extract the ∆L = 0 (GT) contri-
butions from the Ex spectra, a multipole decomposition
analysis (MDA) [72, 73] was performed. Two analyses
were performed: one in which the MDA was done for Ex

bins of 3-MeV wide and one in which the Ex regions were
adjusted to localize regions with significant and insignifi-
cant GT contributions, also making use of 14C(p,n) data
[34–36]. We present the results from the latter method,
as it best localizes the GT strength. For each region, the
experimental differential cross sections were fitted with
a linear combination of calculated angular distributions
associated with angular momentum transfers ∆L = 0,
1, and 2. The lower the angular momentum transfers
are, the more forward-peaked the differential cross sec-
tions are. Transitions with ∆L > 2 are suppressed near
q = 0 and are not included in the fit, but minor contri-
butions might be absorbed in the extracted components
with ∆L = 1 and 2. Prior to the fit, the calculated
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FIG. 2. Differential cross sections at different Ex with MDA
results, using angular distributions from the attpcroot sim-
ulation. a) to e) are gated on Ex ranges with peaks, see Fig. 1.
f) and g) are gated on regions without strong GT transition.

differential cross sections for each ∆L from accba were
inserted in the attpcroot simulation to account for the
εpp acceptance of the AT-TPC as a function of scattering
angle and Q-value, as discussed above. The MDA results
are shown in Fig. 2 as colored histograms.

The dominant peak in the spectra of Fig. 1 is the tran-
sition to the 1+ state at 3.95 MeV, which has a known
B(GT) of 2.73 from β decay [37]. As expected for a
strong GT transition, it is dominated by ∆L = 0, as
shown in Fig. 2(b). The 0+ isobaric analog of the 14O
g.s. state at 2.31 MeV is not notably excited, as expected
for the ∆S = 1 (d, 2He) reaction and unlike the case for
the isospin-symmetric 14C(p,n) reaction [34–36].

To compare the unit cross section [16] from the present
experiment with that obtained from previous (d, 2He)
experiments in forward kinematics [64], the ∆L = 0
fraction of the cross section obtained after MDA was
extrapolated to εpp < 1 MeV and q = 0 on the ba-
sis of the accba calculations. A unit cross section of
σ̂GT = 2.74 ± 0.29 mb/sr was obtained, in good agree-
ment with the value of 2.58 ± 0.14 mb/sr found for the
12C(d,2He) reaction in forward kinematics [64] at a beam
energy of 85 MeV/nucleon, giving confidence in the de-
termination of the absolute cross sections in the present
experiment performed in inverse kinematics.

Additional GT strength was identified in the Ex re-
gions between 10 - 12.75 MeV (Fig. 2(c)), 12.75-15.5 MeV
(Fig. 2(d)), and 19.5-22.5 MeV (Fig. 2(e)). The asso-

ciated B(GT)s were extracted by using the σ̂GT obtain
from the state at 3.95 MeV, as shown in Fig. 3. The other
regions had B(GT)s consistent with 0. As examples, the
MDA for the regions between 7-10 MeV and 16-19 MeV
are shown in Figs. 2(f-g), indicating the dominance of
transitions with ∆L > 0. The GT strengths observed
in the regions between 10 MeV - 12.75 MeV and 12.75-
15.5 MeV most likely correspond to 1+ states observed
at 11.5 MeV and 13.75 MeV in the isospin-symmetric
14C(p,n) reaction [34–36], populating the same states
in 14N. The summed strengths for these two states are
very similar in the (d, 2He) and analog (p,n) experiments.
The GT strength observed between 19.5 and 22.5 MeV
was not observed in the 14C(p,n) experiments. Unlike
the latter experiments, in which contributions from the
12C(p,n) reaction (Q = −18.1 MeV) due to 12C contam-
inants in the target made extraction of GT strength for
the 14C(p,n) reaction (Q = −0.626 MeV) difficult, the
present result has no background and the higher-lying
strength was unambiguously identified.

The transition to the 14N ground state is special. The
known B(GT) of 2 × 10−4 from 14O β decay [37, 74] is
well below the value for which the proportionality be-
tween B(GT) and the CE cross section holds [16, 17].
The 14O(d, 2He)14N(g.s.) measured cross section associ-
ated with ∆L = 0 at 0◦ is more than 100 times larger
than expected based on the B(GT), which is compara-
ble with the results from the 14N(3He,t)14O(g.s.) [32]
and the analog 14C(p,n)14N(g.s.) [16] reactions. To ac-
curately describe the properties of this very weak tran-
sition, a consistent inclusion of 2- and 3-body (NN+3N)
forces, and 2BCs is necessary [41]. In the remainder of
the analysis, theB(GT) extracted from β decay was used,
including in Fig. 3.

To test our understanding of the measured GT
strength distribution, we compare with the SM calcu-
lations discussed above after applying a phenomenolog-
ical quenching factor of 0.67 [75] and a coupled-cluster
(CC) calculation in which the same NN+3N interaction
and 2BCs of Ref. [42] are used. We include effects of
2BCs by multiplying the one-body GT strength by a fac-
tor from the Ikeda sum-rule in Ref. [42] (similar to the
method in Ref. [76]), which amounts to a reduction in
GT strength by a factor of 0.82. Please note that, since
the B(GT) extracted from the CE data is calibrated to
β-decay as discussed above, the effects of 2BCs are, ef-
fectively, also included in the extracted strengths. The
CC calculation was performed using a natural orbital [77]
Hartree-Fock basis built from 15 major spherical oscilla-
tor shells with a frequency of ~ω = 16 MeV. We em-
ployed the chiral potential 1.8/2.0 (EM) [78] with 3N
forces normal-ordered to the two-body level [79]. With
this basis, the non-Hermitian CC effective Hamiltonian
was computed by solving the 14O ground state, which was
used in turn to compute the corresponding left ground
state [80, 81]. The Gamow-Teller response function was
then computed using the equation-of-motion method for
excited states [82] and the Lanczos continued fraction
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FIG. 3. Comparison between the B(GT) distribution ob-
tained from the present 14O(d, 2He) experiment, the analog
14C(p,n) reaction at Ep = 160 MeV [34], and theory by using
SM and CC calculations (for details, see text). The horizon-
tal error bars in the experimental data points from this work
correspond to the regions in which the GT strength was ob-
served and extracted from the MDA analysis.

method [83]. Both the ground and excited states were
truncated at the singles, doubles, and approximate triples
level (CCSDT-1) [84].

The comparisons between the experimental data and
theory are shown in Fig. 3. Overall, the theoretical cal-
culations match the experimental data quite well. Aside
from the transition to the ground state, the CC calcula-
tions put the strength at slightly higher Ex than the SM
calculations, with the latter doing better for the strong
transition to the 3.97-MeV state, and the CC calculation
being more accurate for the strength between 10 and 15
MeV. In the present experiment, GT strength is found
at ∼ 21 MeV. In contrast to the SM calculation, the
CC calculations reproduce this strength, owing to the
large-model space used. The summed experimental GT
strength up to 22 MeV is ΣB(GT) = 3.69± 0.75, consis-
tent with the CC calculations (ΣB(GT) = 3.71) and the
SM calculations after quenching (ΣB(GT) = 4.02).

In summary, we have demonstrated that the (d, 2He)
reaction at ∼ 100 MeV/nucleon in inverse kinematics by
using an active target time projection chamber placed in
front of a magnetic spectrometer is an excellent method
for model-independently extracting Gamow-Teller tran-
sitions strengths in the β+ direction from unstable nu-
clei. We applied this method for the first time to extract
the GT strength distribution from 14O and used it to
test state-of-the-art CC calculations that take into con-
sideration 3NF and 2BCs. In comparison with the SM,

the CC calculations do not require a phenomenological
quenching factor to reproduce the experimental strength
distribution. By using the same experimental method
similar detailed tests of theoretical models can be per-
formed far from the valley of stability. This is not only
of interest for testing ab-initio nuclear theories, but also
to test a wider range of theoretical models, such as shell-
models and density-functional theories, which are nec-
essary for efficiently estimating GT transitions strength
in the β+/EC direction for a large number of nuclei.
Such efforts will, for example, be important for estimat-
ing electron-capture rates in astrophysical scenarios. In
combination with the previous development of the (p,n)
reaction in inverse kinematics [24], experimental meth-
ods to use charge-exchange reactions to probe GT tran-
sition strengths from unstable nuclei beyond the Q-value
window accessible through direct measurements of β/EC
decay are now available in both β+ and β− directions.
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[64] S. Rakers, C. Bäumer, D. Frekers, R. Schmidt, A. M.

van den Berg, V. M. Hannen, M. N. Harakeh, M. A.
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