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A new experimental method to search for the double Gamow-Teller giant resonance us-
ing the double charge exchange ('*C, 1?Be(07)) reaction is proposed and applied, for the
first time, to a **Ca target at 250 MeV/nucleon using a '>C primary beam at the RIKEN
RI Beam Factory. The events with double isospin- and spin-flip in “Ca were selected
by measuring decay y-rays from 'Be(05). A forward-peaking component in the mea-
sured double-differential cross sections was observed with an integrated 0° cross section of
1.33 4 0.12 wb/sr in the excitation energy region below 34 MeV in “8Ti. Reaction analyses
based on distorted-wave Born approximation calculations and the multipole decomposi-
tion based thereon indicate that ~40% of the forward-peaking component originates from
the double Gamow-Teller transitions. The transition strength of the double Gamow-Teller
transition is evaluated from the extracted forward-peaking cross section.
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1. Introduction

Nuclear giant resonances (GRs) are highly collective excitations in nuclei in which an appre-
ciable fraction of nucleons move coherently. GRs are interpreted as nuclear oscillations in co-
ordinate, spin, and isospin spaces and are often regarded as excitations of phonons with corre-
sponding quantum numbers. The emergence of GRs is a general property of nuclei and GRs
can even be built on excited states as well as on the ground state [1]. Among such GRs, those
built on top of other GRs are regarded as multiphonon states. Through the experimental studies
at the Los Alamos Meson Physics Facility (LAMPF) using the double charge exchange (DCX)
(w*, w7) and (7, 1) reactions, non-spin-related two-phonon states, such as the double iso-
baric analogue state (DIAS), the double isovector dipole resonance, and the dipole resonance
built on the isobaric analogue state, were observed [2]. The energies of the two-phonon states
observed in these studies were found to be approximately equal to the sum of the energies of
two constituting phonons, while their widths are close to the quadratic sum of the individual
widths. This supports the harmonic picture in which the individual phonons behave indepen-
dently.

The double Gamow-Teller giant resonance (DGTGR), which is the Gamow-Teller GR built
on another Gamow-Teller GR, is one of the two-phonon states. The DGTGR remain unob-
served experimentally though its possible existence was first proposed by Auerbach, Zamick,
and Zheng in 1989 [3]. Theoretically, it is a natural extension of two-phonon giant resonances
such as double isobaric analogue resonances and double giant dipole resonances. DGTGR is
characterized by the double Gamow-Teller (DGT) operator of (o7 )?, which consists of the
GT* operator of o7, where o and 7. are the spin and the isospin raising (z..) or lowering (7_)
operator, respectively. From the “phonon” viewpoint, it is worth investigating whether the har-
monicity also holds for the spin-related mode of DGTGR. The GT operator excites a larger
number of microscopic states than non-spin operators, which affects the formation of the col-
lective mode.

Not only DGTGR, but DGT transitions in general are not yet fully understood both ex-
perimentally and theoretically. Currently well-established experimental data on DGT are lim-
ited to two-neutrino double 8 decays (2vB ) in 11 nuclides [4]. Due to the limitation by the
Q-value, only transitions to the ground state or low-lying states in granddaughter nuclei are ac-
cessible in 2v 8. The experimentally observed transition strengths of 2v3 8 are a tiny fraction
(1073-107%) [4] of the total DGT strength expected from the sum rule [5,6] and the rest of the
strength is expected to be located at higher excitation energies, mainly in GR regions [3,6,7].
The close connection between DGTGR and neutrinoless double 8 decay (OvS8) has also at-
tracted attention recently [7-9]. The shell-model calculations by Shimizu et al. [7] predict that
the centroid energy and the width of the DGTGR are correlated with the nuclear matrix el-
ement (NME) of OvS8, which opens a possibility to constrain the NME using the observed
strength distribution of DGTGR.

Conditions required to observe DGTGRSs clearly have not been simultancously fulfilled in
previous studies. The first condition is that the probe should induce spin-flip transitions. The
pion DCX is not favorable to DGT despite the fruitful results in the non-spin-related mode
because the spin of pions is zero. The second is that the probe should induce a GT ™ -type tran-
sition in the N > Z target to avoid hindrance by Pauli blocking. The third is that the incident
energy should be > 100 MeV/nucleon so that the direct reaction is dominant [10] and the re-
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action theories are reliable. This energy also enhances the ratio of spin-flip to non-spin-flip
interaction strength V. /V; in the effective nucleon—nucleon interaction [10,11].

Previously the 2*Mg('®0, '¥Ne)?*Ne reaction in which the transition in the target is of GT+
type was measured at 100 and 76 MeV/nucleon at NSCL-MSU and GANIL, respectively [12].
The extracted differential cross section was a few nb/sr at these energies. The NUMEN project
at INFN-LNS [13] adopts the same probe at 15 MeV/nucleon, in which the contribution from
other competing processes such as multinucleon transfer is crucial in this energy domain. Their
project includes the determination of such contributions and demonstrated their scheme with
the transition between “’Cag and “°Ar, s . The only case where all three requirements are ful-
filled, except for a slightly lower incident energy than 100 MeV/nucleon, is that of the ('!'B,
Li) measurements at 70 MeV/nucleon at RCNP, but no clear conclusion on the existence of
DGTGR was obtained due to the small yield [14].

In this work, we employ the (12C, ?Be(07)) reaction at 250 MeV/nucleon. This reaction sat-
isfies all three of the requirements listed above by virtue of the features of an isomeric state of
12Be (excitation energy Ee, = 2.251 MeV). First, the transition '*Cy s —!2 Be(07) is regarded
as a double spin-flip transition since the non-spin-flip strength with 12Be(Oj) as the final state
is exhausted by the transition with its double isobaric analogue partner, namely the 7" = 2
12C(07) state at 29.630 MeV [15,16]. The transition from the initial state of '>C(g.s., 07) to the
final state of '*Be(07) proceeds mainly through the intermediate of '?B(g.s., 17). Since the total
spin parity of the probe undergoes the transition of 07 — 1t — 07, the target of total spin 0"
also follows the transition of 07 — 17 — 01 with spin-flip in each step if the transfer of the
orbital angular momentum is 0. Whereas the DGT operator acting on an initial 0 nucleus is
capable of exciting 0" and 27 of final states, the transition to 0" states is emphasized by using
this probe.

Another feature of '?Be(0)) is a larger p-shell component in the wave function than the
ground state [17-20], which is manifested in the GT transition strength B(GT) with the value of
0.214 + 0.051 in the transition from '?B(g.s., 1) to *Be(07 ), and 0.184 + 0.007 in the transition
to '*Be(g.s., 0). This originates from the well-known lowering of the Ls orbit in the neutron-
rich light nuclei [21,22]. Consequently, we can expect relatively strong double GT™ transitions
in the ?Cy5 — “B(17) — 2Be(05) process that, in turn, can be used to induce double GT~
transition in the target.

From the experimental perspective, this reaction has a prominent advantage of the capabil-
ity of the clear reaction channel identification by measuring y-rays deriving from 12Be(Oj).
The 05 state in 12Be decays into the ground state by emitting an e*e™ pair with a lifetime of
330 ns [23,24]. The back-to-back y-rays from the annihilation of et are emitted accompanied
by the decay of 12Be(O;r). In addition, the long lifetime allows one to detect the delayed y -rays
far downstream from the target with smaller y-ray background.

We present the result of the first measurement of the double charge exchange (?C, 1*Be(07))
cross section for a ¥Ca target at the RI Beam Factory (RIBF) at RIKEN [25], BigRIPS [26].
We selected “*Ca for a number of reasons. *Ca has a doubly closed shell with Z = 20 and
N = 28, which enables detailed nuclear structure studies. The ab initio calculation with coupled-
cluster theory is also progressively developed as represented by the result of a first-principles
explanation of the quenching factor [27]. In addition, the single GTGR has been well investi-
gated experimentally [28,29]; thus a comparison between the single and double GR is possible.
This enables us to discuss the harmonicity quantitatively by using the observables of the single
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Fig. 1. Schematic view of the beamline from the superconducting ring cyclotron (SRC), BigRIPS, and
detectors and materials.

Table 1. Design specifications of BigRIPS as a spectrometer [34].

Flight length (FO-F5) 54916 m
Vertical magnification —1.63
Horizontal magnification —1.82
Momentum dispersion 62.0 mm/%
Momentum range +2%
Momentum resolution 3400
Acceptance angle: 420 mrad
horizontal

Acceptance angle: vertical 440 mrad
Solid angle 3.2 msr

GTGR as a reference. In the context of providing information on the NME, #Ca is an im-
portant candidate for the experimental search of neutrinoless double 8 decay because it has
the largest Q-value among the double g decaying nuclei [30]. The CANDLES project [31,32]
employs “*Ca as a probe to take advantage of this feature.

2. Double charge exchange measurement at RIBF

The search for DGTGR using the (1>C,'?Be(07)) reaction requires a '>C beam at 200-300
MeV/nucleon, a high-resolution magnetic spectrometer, and a system to distinguish the reac-
tion product of '?Be from other lighter 4/Z = 3 backgrounds. These requirements are fulfilled
at the RIBF, where the '>C beam at an intensity of <1 puA is accelerated up to 250 MeV. Fig-
ure 1 shows an overview of the beamline. An upstream part of the fragment separator BigRIPS,
from the target position (FO0) to the fifth focal plane (F9), is used as a magnetic spectrometer
[33,34] while the downstream part, from F5 to the eighth focal plane (F8), is used to remove ¢,
%He, ?Li background particles using degraders. The specification of BigRIPS as a spectrometer
is shown in Table 1. Additionally, we can identify *Be(03) by using the high-efficiency y-ray
detector array DALI2 [35].

In the present experiment, the energy spread of the primary '>C beam is larger than the energy
resolution of 2 MeV required for investigation of GRs. Therefore a dispersion matching optics
was adopted. The other crucial point in the present experiment is the angular resolution. In the
extraction of the Gamow-Teller (AL = 0) strengths, the momentum-transfer (¢) dependence
of the experimental cross section is used [10]. For reliable extraction of AL = 0 strengths, cross
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Table 2. Specification of MWDC:s.

Sense wire Au-W 20 ume¢

Potential wire Cu-W 75 ume

Cell size width = 10 mm, thickness = 10 mm
Gas isobutane 10 kPa

Wire configuration X = parallel to the vertical direction

U = inclined by 30° with regard to the
vertical axis*

V = inclined by —30° with regard to the
vertical axis*

Plane ordering along beam XX'X"UU'U"VV'V” from downstream to
upstream™*

High voltage 1350 V (upstream), 1255 V (downstream)

MWDCI-MWDC2 633 mm

distance

*Angles are measured in a clockwise direction viewed from upstream.
**The wire positions of the X’ and X" planes are shifted by 1/3 and 2/3 cells, respectively.

sections at very forward angles are needed. In the present case, the required angular resolution
1s 0.3°, as discussed in Section 4.

A 250 MeV/nucleon >C beam was accelerated by the superconducting ring cyclotron (SRC).
The typical intensity was 600 pnA, which is limited by the regulation on the total number of
particles at the third focal plane (F3) (< 107 pps). The beam intensity was monitored throughout
the experiment by counting the number of scattered particles from the primary target (F0) using
the coincidence in three plastic scintillation counters. The beam impinged on a foil target of
48 Ca (95.23% isotopic enrichment) with a thickness of 10.3 mg/cm? placed at F0. The *Ca foil
was sandwiched by 4 um thick graphene sheets to dissipate the heat due to the high-intensity
beam and to prevent oxidation and nitridization of “*Ca during the installation process. In
order to evaluate the contribution from the graphene sheet, we also carried out measurements
with a natural carbon target of 7.6 mg/cm? thickness made of stacked graphene sheets.

The emitted *Be from the target was momentum-analyzed by the magnetic system between
F0 and F5. At the momentum dispersive focal plane of F5, the trajectories of the scattered '>Be
were measured by two sets of multiwire drift chambers (MWDCI1, MWDC?2). The MWDCs
were operated at a low pressure of 10 kPa to minimize multiple scattering by their operation in
a vacuum [36]. The specification of the MWDC:s is shown in Table 2. In order to reduce impact
of microstructures on the tracking efficiencies, the MWDCs consisted of 9 successive layers of
X-X'-X", U-U"-U", and V-V'-V”_ in each of which the wires were staggered by 1/3 cell. The
position resolution of each plane was 0.3 mm and the resolutions of the position determined
by tracking were 0.1 mm for the horizontal and 0.2 mm for the vertical directions, respectively.
In addition to the timing information from each MWDC wires the time-over-threshold infor-
mation [37] was recorded for Z discrimination of the incident particles. Other charged-particle
detectors include plastic scintillators at F5 (a thickness of 5 mm), the seventh focal plane (F7)
(5 mm), F8 (1 mm), and parallel plate avalanche counters (PPACs) [38] at F7 and F8.

We applied the dispersion matching optics so that the momentum spread of the beam should
not contribute to the energy measurement at F5. The beam was made momentum-dispersed at
FO by tuning the quadrupole magnets in the injection beamline from T11 to F0, based on the
design of the beam transport shown in Fig. 9 and Table 3 in Ref. [33]. The matching condition
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Fig. 2. Beam momentum spread measured as the position at F5 in measurements without the FO target.
The blue and red lines show the spectra before and after the tuning of dispersion matching, respectively.
The shoulders in the spectra at 5 mm left from the peak are due to the energy loss in MWDC wires at
F3. The full widths corresponding to the beam spread were estimated from the half widths on the high-
momentum side (right side in the figure) and they were 5 mm (without dispersion matching) and 1.7 mm
(with dispersion matching), respectively.

of the dispersion at FO, (x|8)ro = 34 mm/%, was realized by using the newly developed diag-
nostics method [39]: The beam trajectory at FO, where no tracking detector can be installed,
was reconstructed from the track information at F3, F7 (achromatic foci) and F5 (dispersive
focus). The information on x and a was obtained from the transfer matrix of FO-F3 while §
was obtained from that of F5-F7. The horizontal profiles of the primary '>C beam at F5 be-
fore and after the dispersion matching tuning are shown in Fig. 2. The beam spread at F5 was
evaluated as 5 mm (FWHM) (see Fig. 2), which corresponds to a momentum spread of 0.078%
and an energy spread of 4.1 MeV. After the tuning, the position spread at F5 was decreased to
1.7 mm (FWHM), which corresponds to a momentum spread of 0.026% and an energy spread
of 1.4 MeV. In order to suppress the angular spread of the beam, a vertically parallel optics
was adopted between SRC and T11, which is an interim point between SRC and FO (see Fig. 1).
After the beam tuning for T11-FO0, the angular spread on the target was 0.15° in the horizontal
and 0.16° in the vertical directions, respectively. The beam spot size was 5 mm (horizontal) x
5 mm (vertical) (FWHM) at the FO target.

After passing through MWDCs at F5, 12Be was transported to a °Be stopper of 507 x 50" x
18.8' mm? placed at F8. The y-rays from the isomeric *Be(03) state were detected using the
DALI2 array surrounding the stopper. A copper plate of 10 mm thickness was placed just
downstream of the F5 MWDCs in order to remove other 4/Z = 3 light ions such as ¢, °He,
and °Li by their energy-loss difference and magnetic separation. At the F5 focal plane, light
A/Z = 3 particles arrive at a high rate of > 10°® Hz, together with '”Be. After passing through
the degrader at F5, Z < 3 particles other than a fraction of °Li are swept away to the outside
of the acceptance by the dipole magnets (D5 and D6) located between F5 and F7. Another
copper plate of 13 mm thickness and an aluminum plate of 14.485 mm thickness were placed
at F7 to stop >Be in the *Be stopper. The flight length from F0 to F8 is 89.500 m and the time
of flight is 526 ns for 250 MeV/nucleon !*Be, following deceleration in the energy degraders.
The time of flight corresponds to a survival ratio of 27% of the scattered 12Be(Oj).
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Fig. 3. Correlation of charge distribution at F7 plastic and FS MWDC2. Overlaid lines define the selected
region.

The data were recorded for the events that triggered the scintillator counter at F7. The coin-
cidence window of DALI2 was set to 2 us in order to detect the delayed y-rays deriving from
the decay of the ?Be(05).

Data for the single charge exchange (SCX) ¥Ca('>C, 1°B) reaction were also taken with the
same setup except for the magnetic-field setting of BigRIPS. The data were used to confirm the
overall performance of the experimental setup as well as to assess the reliability of the reaction
analyses.

3. Data reduction and results

3.1.  Selection of ("*C,'?Be(0F)) events

The '*Be(05 ) events were selected by identifying '?Be using the charged particle detectors placed
from F5 to F8, and detecting decaying y-rays at F8 with DALI2.

The scattered '?Be were selected by the energy deposited in MWDC2 at F5 and the plastic
scintillator at F7 for the events in which the F8 PPAC is triggered. Figure 3 shows the correlation
of the energy deposits in the F5S MWDC and the F7 plastic scintillator with the software cut
adopted in the analysis. The main contaminants are °Li with a ratio of 0.2%.

The isomeric states of 12Be(O;) were selected by the timing and the energy of the y-rays
measured with DALI2. '?Be(05) decays into the ground state directly by emitting an e*e™ pair
with a branching ratio of 87.3% [40] while the rest decay via the 2" (E.x = 2.107 MeV) state by
emitting 0.144 MeV and 2.107 MeV y-rays. Detection of at least one of the y-rays from >Be
in DALI2 is required within the following timing and energy gates. The timing gate starts 20 ns
after the prompt y-rays and the width is 940 ns. The end point of the timing gate was determined
so that the S/N ratio is optimized. The left panel of Fig. 4 shows the energy distribution of the y-
rays within the timing gate. The main component is attributed to 511 keV photons. The energy
gate is set to £, < 580 keV.

The right panel of Fig. 4 shows the timing distribution of the y-rays for the selected events.
The decay curve was fitted with the function of an exponential and a constant background.
The decay constant is found to be 302 + 7 ns, which is consistent with the literature value of
331 + 12 ns [23]. The constant background reflects the accidental coincidence between '?Be
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Fig. 4. The spectra of y-rays measured by DALI2. The energy distribution (left), the timing distribution
(right).

and room-background y-rays. The accidental coincidence ratio was evaluated by gating y-ray
timing in 100-400 ns before the prompt y-rays. The corresponding energy spectrum is shown
in red in the left panel of Fig. 4. The contamination is estimated to be 10% of the total events
and it is eventually eliminated in the evaluation of the DGT components of the cross section.

The detection efficiency was estimated using simulation with GEANT4 [35]. The efficiency of
the 511 keV photon, in which at least one photon in the photon pair produces a signal, is 73%
including the detector solid angle. That of the 2.107 MeV y-ray with signals inside the energy
gate is 27%. Thus the 07 state is tagged with an efficiency of 67%. The simulated efficiency
is in agreement with calibration data from a '3’Cs source within 15% relatively: 19.8% in the
simulation and 23.4% in the calibration data, respectively. We assume that the relative deviation
of 15% may also exist in the detection efficiencies for the 511 keV or 2.107 MeV y-rays and
evaluate the tagging efficiency as 67 4 10%.

3.2.  EXxcitation energy and scattering angles
The excitation energy in the residual nucleus “*Ti was obtained from the beam energy and
the energy of the scattered '>Be. The central value of the beam energy was determined as
248.2 MeV/nucleon from the field strength of the D1 magnet given by the NMR probe. The mo-
menta of the central ray of the FO-F5 spectrometer in the charge exchange measurement were
also evaluated from the NMR readout of D1. The scattering angles were obtained from the tra-
jectories at F5 using the ion-optical transfer matrix obtained from another measurement. The
main matrix elements are (x|8) = 64.86 mm/%, (x|aa) = —0.0023 mm/mrad?, (a|a) = —0.480,
and (b|b) = —0.765. The resolution of the scattering angle 6y, is estimated as 0.15° in the hor-
izontal and 0.17° in the vertical directions considering the angular spread of the beam (0.15°
(horizontal) and 0.16° (vertical)), the tracking resolution of the MWDC:s (0.03° and 0.05°), and
the multiple scattering in the target (0.008°). The systematic error in 6y, comes mainly from the
uncertainty of the transfer matrix and it is estimated to be 7%.

The spectrum of the SCX 2C('2C, 1’B)!*N reaction, shown in Fig. 5, together with that of the
BCa(2C, 1?B)*¥Sc reaction (to be shown later in Section 4.1) were used to validate the analysis.
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Fig. 5. Excitation energy spectrum measured in the SCX reaction of '?C(!2C, ?B)!’>N with a graphene
target.

Table 3. Contributions to the excitation energy resolution (FWHM).

48Ca(12c
IZC(IZC, 12B)12N 12Be(0;r))48Ti
Beam energy 1.4 MeV
FS tracking 0.4 MeV
resolution
In-target 0.2 MeV 0.4 MeV
energy-loss
difference
Total resolution 1.5 MeV 1.5 MeV

12B events were well separated from other particles by selecting the time of flight by gating on
the time difference between the F7 plastic scintillator and the RF signal. The ground state and
the known peak at 4.1 MeV (27) in 2N were observed with an energy resolution of 1.5 MeV
(FHWM). The energy resolution is understood with a quadratic sum of the energy spread of
the beam (1.4 MeV), the energy-loss difference of '2C and !’B in the target (0.2 MeV), and
the energy resolution propagated from the tracking resolution at F5 (0.6 MeV) (summarized in
Table 3). From the peak positions in >N and 17 state in ¥Sc (Ex = 2.5 MeV), the systematic
uncertainty in the excitation energy offset is evaluated as 0.5 MeV near the central ray Eox =
22.5 MeV for the double charge exchange reaction, with an additional scaling uncertainty of
2% in Ee. The energy resolution for the double charge exchange measurement is estimated to
be 1.5 MeV (FWHM) with a contribution from the in-target energy-loss difference of 0.4 MeV.

Figure 6 shows the differential cross sections in the center of mass frame against the excitation
energy in *3Ti for the ®*Ca(!2C, 1?Be(07)) reaction with nine angle steps of fcm = 0°-0.3°,0.3°—
0.5°, and in 0.2° intervals for larger angles up to 8cm = 1.9°. Here the angular binning is selected
so that each AL component is enhanced at a different bin: the AL =0, 1, and 2 components
of the cross sections have angular peaks at 0°, ~ 0.5°, and ~ 0.7°, respectively, as discussed
in Section 4.2. The distribution of the accidental coincidence events with room-background
y-rays is evaluated from the '?Be singles spectra without the coincidence with DALI2. The
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Fig. 6. Double-differential cross sections of the **Ca(!>C, 1?Be(0; ))* Ti reaction for each angle from 0.0°
to 1.9°.

contribution of such events is subtracted in Fig. 6. Other corrections are made by the tracking
efficiency of MWDC:s (78%), the transmission from FO0 to F8 and the reaction loss at the energy
degraders (20%), the surviving ratio of ?Be(07) (27%), the efficiency of PPAC at F8 (98%), the
live time of the data acquisition (DAQ) system (88%), and the overall DALI2 efficiency (70%).
The error bars shown in Fig. 6 are only the statistical errors. Systematical errors arise from the
number of incident particles (relative uncertainty of 20%), the target thickness (15%), DAQ
efficiency (< 1%), the efficiency of DALI2 (15%), the efficiency of the PID and the tracking
(2%), the survival ratio of 12Be(O;)(4%), the transmission (20%), and the reconstruction of the
scattering angles (7%). The quadratic sum of these contributions leads to a total systematic
uncertainty of 36% in the absolute value of the cross section.

The contribution from graphene sheets attached to the “*Ca foil was evaluated from the mea-
surement with the natural carbon target. The contribution is negligible at E., < 34 MeV be-
cause the Q-value of the 2C(12C, ?Be(01))'?O, ;. reaction is —59.3 MeV corresponding to an
excitation energy of 36.5 MeV in ¥*Ti, and it amounts to 6 & 2% of the spectra at Eo, = 34—
50 MeV. The integrated cross section over 0-34 MeV is 1.33 4 0.12 ub/sr at an angular range
of Ocm = 0°-0.3°.

At around 20 MeV, we observed an enhancement in the forward angle. The angular distri-
butions at several excitation energies are shown in Fig. 7. The forward-peaking distribution
suggests the existence of the AL = 0 transition. This AL = 0 component is the candidate for
the DGTGR.
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Fig. 7. Angular distributions for E., =14-18, 18-22, 22-26, and 26-30 MeV. The histograms with blue
lines show the data, and the hatched histograms show evaluated backgrounds that are included in the
data. The fitting results of the MD analysis are also shown by the points.

4. Discussion

For a quantitative argument on the existence of DGTGR, the cross section spectra are com-
pared to coupled-channel calculations. Possible DGT transition strengths were extracted by
employing a technique of multipole decomposition (MD), attributing the forward-peaking
component of the spectrum to DGT transitions.

4.1. Calculation of the angular distribution of the DGT transition

We calculated the angular distributions of the cross section for the DGT transition and a unit
cross section dpgr that corresponds to one unit of the DGT strength (B(DGT) = 1). The
calculation was performed with the coupled-channel distorted-wave Born approximation us-
ing ECIS97 [41] (J. Raynal, unpublished works). Here a two-step transition is considered as
BCagna(0T) = #¥Sc(17) — ¥Ti(07) in the target and *Cynq(0F) = ?Bgna(17) — *Be(07) in
the projectile. Three states, i.e. the initial state of 4 Cagng (0+)—|—12and (07), the intermediate state
of ¥Sc(17)+!2Bgnq(17), and the final state of ¥Ti(07)+'*Be(07), are taken into consideration
as individual channels.
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Fig. 8. Calculated angular distributions for ALpcx =0, 1, and 2. Calculation at —Q =24 MeV (left) and
54 MeV (right). The thick (thin) curves represent the distribution before (after) the angular smearing.

The transition form factors for each step were obtained using FOLD (J. Cook and J. Carr,
unpublished work) by double-folding the effective interaction at 270 MeV by Franey—Love [42]
with transition densities for the projectile and the target. The transition densities for the pro-
jectile system were calculated using the shell-model code NuShellX [43]. The Utsuno—Chiba
Hamiltonian for the p—sd shell [44] was used with the modification of an increasing p—sd shell
gap by 1 MeV [20]. The obtained transition densities correspond to Gamow-Teller transition
strengths B(GT) of 1.0 for '?C — !*B and 0.27 for B — '?Be(0) with a quenching factor
of 0.6. They reproduce the values deduced from the log f7 values of the 8 decay [45] and the
charge exchange reaction [20]. For the target, transitions of specific one-particle-one-hole (p,h)
configurations were calculated individually. The (p,h) configurations taken here are ( /7,2, f7_/;)
and (f5)2, fﬁ;) for the transitions of both ¥Ca— *Sc and ¥*Sc — “*Ti. The single particle
radial wave functions for the projectile and the target were calculated in the Woods—Saxon po-
tential [46] with the parameters of radius ro = 1.25 fm, diffuseness ¢ = 0.65 fm, and spin—orbit
potential strength Vo, = 7.0 MeV, respectively, in which the potential depths of the volume term
were tuned to reproduce the binding energies for neutrons and protons. The binding energies
were taken as the neutron or proton separation energies.

The optical potentials for the entrance, the intermediate, and the exit channels were ob-
tained through the double-folding model [47] constructed with the CEG07 G-matrix interac-
tion [48,49]. The Q-value going to the intermediate state, which is defined as the energy differ-
ence compared to the initial state, was set to half of that of the final state.

The red solid lines in Fig. 8 show the angular distribution for the DGT transition obtained
by setting the transfer of the orbital angular momentum AL to 0 in both the transition from
the initial to the intermediate, and from the intermediate to the final channel. We refer to this
combination of transfer of AL as “ALpcx = 07 in the following. There are four combina-
tions of the (p,h) configurations in the target: [(p,h)sscy_ s ]R[(P.h)sssc 4] = (f7)2, f{é) ®
(f7/2, fﬁ%)s (f5/2, fﬁ;) ® (f7/25 fﬁ;), (f7/2, f7_/é) ® (f5/2, fﬁ;), and (f5)2, fﬁ;) ®
(fs/2. fﬁé). The difference in the shapes of the angular distributions is negligible and the
absolute values of the cross sections differ essentially by the spin factor. These four pat-
terns are averaged in the calculations. The left (right) panel in Fig. 8 shows the calculation
at —Q = 24 (54) MeV, which corresponds to an excitation energy in **Ti of 0.9 (30.9) MeV.
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Fig. 9. Angular distribution for the SCX reaction of ¥*Ca('?C, ?B)*¥Sc around E., = 2.5 MeV. Red and
black curves are calculated angular distributions using ECIS for AL = 0 and AL = 2, respectively. The
magenta curve is the sum of AL = 0 and AL = 2. The inset shows the observed counts at },, = 0°-0.3°
against the excitation energy in “8Sc.

The difference in the diffraction pattern of the angular distribution is negligible for the DGT
transition.

The calculation was validated by comparing the calculated angular distribution for the SCX
reaction of ¥Ca(12C, ?B)*Sc(1*, 2.5 MeV) with the experimental data. The experimental an-
gular distribution is shown by the points in Fig. 9 by integrating the measured cross section over
1.6 < Eex < 3.6 MeV (see the inset of Fig. 9). The experimental angular distribution was com-
pared with a superposition of the calculated cross sections of the AL =0 and AL = 2 tran-
sitions. In the calculations, the (p,h) configurations of (f7,2, f7_/;) were taken for the target
transitions and the calculated angular distributions were smeared by the experimental angu-
lar resolution. The data are described mainly by the AL = 0 distribution with an additional
AL = 2 component up to 6., ~ 1°. The normalization for the AL = 0 component corresponds
to a B(GT) value of 1.4, which is close to the transition strength of 1.09 + 0.01, observed in an
independent (*He, f) measurement [50].

4.2.  MD analysis
The experimentally obtained angular distributions at each excitation energy bin o %P (6., Fex)
were fitted by the maximum likelihood method with the sum of the calculated angular distri-

butions Gﬂgcx weighted with fitting coefficients aay ., as

O’eXp(ecm’ Eex) = Z {aALDCX : Uzajf)cx (Gcma Eex)} + UBG(Gcma Eex)- (1)
ALpcx=0, 1, 2

Here we take the background into account explicitly and opg(6em, Eex) 1S the cross section of
the accidental coincidence events with room-background y-rays. ALpcx = 0 corresponds to
the DGT transition, while the two others, ALpcx = 1 and 2, are obtained by calculating
BCagng(01) — ¥Sc(27) with AL = 1 and *¥Se(27) — ®Ti(17) with AL =0 for ALpcx = 1,
and ®Cagyg(0F) — BSc(17) with AL = 2 and ¥Sc(17) — ¥Ti(2") with AL = 0 for ALpcx =
2. Figure 8 shows the calculated angular distribution for ALpcx = 1 (blue dotted lines) and
ALpcx = 2 (black dashed lines) at —Q = 24 MeV (left) and —Q = 54 MeV (right). The
ALpcx = 1 and ALpcx = 2 components have peaks at ~ 0.4° and ~ 0.7°, respectively. The
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Fig. 10. The decomposed cross section spectra of the **Ca(!2C, 12Be(01))* Ti reaction at forward angles.

required angular resolution in this experiment of 0.3° described in Section 2 was determined
in order to distinguish these different components. For the ALpcx = 1 and ALpcx = 2 com-
ponents, the diffraction patterns became slightly less sharp as the Q-value increased. These
calculated angular distributions were smeared by the experimental resolution and rebinned to
the angular binning of the experiment. The smeared distributions are also shown in Fig. 8.

We fitted the experimental angular distribution for every 4 MeV bin of the excitation energy
in *8Ti. The cross section data at five angles in the most forward angular region, i.e. 0oy < 1.1°,
were used in the three-parameter fitting. Figure 7 gives four examples of decomposed angular
distributions. The overall trend of the angular dependence of the cross sections up to 1.8° is
described well by the results of MD analysis shown with magenta circles. At these energy bins
30-60% of the cross sections at the most forward angle are attributed to the AL = 0 component.
The uncertainty in the likelihood fitting was evaluated in a standard way by drawing an envelope
of —In Ly, + constant in the parameter space with constant = 1.765 corresponding to one
standard deviation in the three-parameter fitting [S1].

The excitation energy distributions of the decomposed spectra are shown in Fig. 10. The
dots show the observed cross sections while the results of the MD analysis are shown as stack-
ing histograms of the background (cyan), ALpcx = 0 (red), ALpcx = 1 (blue), and ALpcx =
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2 (black). There are noticeable strengths for ALpcx = 0 around E¢ = 20 and 36 MeV. We
note that the contamination of the '*C('2C, '?Be(03))!?O events in the peak at 36 MeV
(34 < Ex <42 MeV) is relatively small, as its contribution in the cross sections before the de-
composition is 6 £ 2% when averaged at forward angles (6cyv < 1.1°). The cross section for the
ALpcx = 0 component at the most forward angle of 0°-0.3° amounts to 0.5070-3} zb/sr when
integrated over E.x =0-34 MeV. The error represents only the statistical error. Thus, the MD
analysis has attributed ~ 38f§6% of the 6 < 0.3° cross section observed in Eo < 34 MeV of
1.33+0.12 ub/sr to the A Lpcx = 0 transitions.

The systematic uncertainty in the MD analysis was studied by changing the energy and an-
gular bins, using four angular points (cm < 0.9°) instead of five, or using the Franey—Love
interaction at 210 MeV. These do change neither the fitting quality nor the integrated cross
section significantly.

In the extraction of ALpcx = 0 components, other transitions with similar angular distri-
butions to the DGT are not excluded. A transition that could be taken into consideration is
an excitation of GT on top of an isovector spin monopole (IVSM) resonance. IVSM is a 2hw
excitation known in the SCX channel with the same spin parity as the GT excitation. They are
indistinguishable from each other by the angular distribution. Another possibility is double
spin dipole (AL = 1] ® [AL = 1]) excitation, which is also expected to have a forward-peaking
component.

Assuming the simple superposition of their individual processes, we can estimate the energies
where those double resonances lie. The centroid energy of the single GT resonance is ~12 MeV
from the ground state of “*Ca with a width of 5 MeV [28,29]; thus we expect that the DGTGR
lies around 12 x 2 ~ 24 MeV, which corresponds to E., = 28 MeV in “*Ti, with a width of
5 x +/2 ~ 7 MeV. As the energy of IVSM is estimated to be 27 MeV [52] from the ground state
of ¥Ca, the position of the IVSM ® GT resonance is expected to be around 39 MeV. A double
spin dipole would appear around 30 MeV according to the empirical formula in Ref. [53]. Thus
we consider that the enhancement of the A Lpcx = 0 component around 20 MeV can primarily
be attributed to the DGT, although further studies are needed for the quantitative separation. In
the following section, we will show the derivation of the DGT transition strength by assuming
that all the extracted components of ALpcx = 0 are attributed to the DGT transition.

4.3. Derivation of DGT transition strength

B(DGT) is derived by assuming that all the extracted components of ALpcx = 0 are attributed
to the DGT transition. A proportionality relation analogous to that known for GT transi-
tions [54] between the cross section and the strength is assumed to hold, i.c.

d
%(0% = opcrf (¢, w)B(DGT), )

where pgr 1s the normalization factor of the so-called “unit cross section” of the DGT tran-

sition. F (g, w) describes the dependences on momentum ¢ and energy w transfers. F (g, w) is

defined to be unity at (¢, w) = (0, 0). In heavy-ion reactions, B(DGT) may be factorized as
do

d_Q(OO) = 6patF (4, w)Btarget(DGT)Bprojectile(DGT)» (3)

where Biarget and Bprojeciile are the DGT strengths in the target and the projectile, respec-
tively. Bprojectite(DGT) was taken as the product of B(GT) in 2Cgy(07) — ?Bgna(17) [45] and
2Bgna(17) — 2Be(07) [20], leading to Bprojectile(DGT) = 0.21 £ 0.05.
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Fig. 11. Excitation energy dependence of the DGT cross section for DCX.
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Fig. 12. The double Gamow-Teller transition strength B(DGT) obtained by MD analysis of the
BCa('2C, *Be(07)) reaction. The prediction by the shell-model calculation is shown by the magenta
curve, which is scaled by 0.2.

6pgt Was evaluated by performing the reaction calculations described in Section 4.1 at 0 = 0
and 6 = 0 for four different (p,h) configurations in the target, which are (7,2, f{/é) or (f5)2,
f{é) for each step. opgr slightly depends on the configuration and the averaged épgr value is
0.37 £ 0.02 ub/sr.

The g and w dependence of F(q, w) was evaluated with the calculated cross section as

do(q, w)/d2 @)
do(g=0,0=0)/dQ
Figure 11 shows the ratio of the cross section at 0° to the one at Q = 0 for each (p,h) con-
figuration. Here E¢, = 0 corresponds to —Q = 23.1 MeV. F(q, ) in Eq. (3) was obtained by
averaging over different configurations of the target system.

The experimental Bi,eei(DGT) is derived from Eq. (3) with the ALpcx = 0 cross section ex-
tracted by the MD analysis. Figure 12 shows the B(DGT) distribution. The errors denoted

F(q, ) =
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here are those from the determination of the ALpcx = 0 cross section at each energy. The
sum of the measured B(DGT) below 34 MeV is 28f%2. As the structure of the B(DGT) spec-
trum is ambiguous, we obtained the typical spectroscopic quantities of the centroid energy and
the width by simply taking an averaged excitation energy E. = ), E;B;(DGT)/ ), B{(DGT)
and the standard deviation I' = ) _.(E; — E.)B;(DGT)/ >, B/(DGT) over 0 < E < 34 MeV:
E.=23+3MeVandTI' =6+ 1 MeV.

The expected centroid energy of the DGTGR in the harmonic picture is Eox = 28 MeV with
a width of 7 MeV, as described in Section 4.2. The measured centroid energy of the B(DGT)
distribution below 34 MeV, though the uncertainty is large, is slightly smaller than that of the
simple picture.

The shell-model calculation using the GXPFI1B interaction [7] for the J™ = 0" final state
is presented by the magenta curve in Fig. 12. The integrated transition strength for J}T =07
is 127.4 in the calculation [7] while the approximated sum rule gives 2(N — Z)(N —Z + 1) =
144 [5,6]. The average energy of 07 DGTGR is predicted as 24 MeV, which is also smaller than
28 MeV. The integrated B(DGT) below 34 MeV obtained in this work is 22fé7% of the total
value of this calculation. This factor of ~ 0.2 is comparable to the typical quenching factor
of ~ 0.6 known for single GTGRs. In single GTGRs, quenching is understood as excitations
to p—h configurations beyond the model space or excitations of nonnucleonic degrees of free-
dom [10,55]. If the same quenching occurs in each of the two steps, the quenching factor in
DGTGR might be 0.6 x 0.6 = 0.36. Thus the present value does not contradict this provisional
counting. Still, further studies are required for qualitative discussion on the possible quenching
since the current value suffers from uncertainties in both measurement and analysis.

The structure above 34 MeV, especially the distinct strength with a width of ~ 5 MeV in the
region of 34 < E¢ < 38 MeV, is not accounted for by the shell-model calculation. The con-
tribution from the >C('2C, 12Be(O;L))uO reaction accounts for approximately 6 + 2% of the
observed strength. Possible interpretations of this structure are that the DGT strength distri-
bution is pushed to higher energy, or that it should be attributed to transitions other than DGT.
The expectation of the energy of IVSM ® GT, 39 MeV, is close to the observed enhancement.
The double spin dipole excitation could also be taken into consideration with the expectation on
30 MeV. Nevertheless the above-mentioned resonances have rather broad energy distributions
in SCX spectra [52,53,56]. Considering the observed width, the peak might not be attributed to
these excitations without some novel mechanism. Further studies are needed to establish and
interpret the enhancement at 36 MeV.

It is possible in principle to relate the observed strength distribution to the NME of OvSg us-
ing nuclear structure theory [7]. However, the statistics of the present results do not allow us to
constrain the NME beyond the current uncertainty of the theory. Future high-statistics experi-
ments using the method established in the present work would provide a data-based constraint
on the NME of Ovgg.

5. Conclusion

We have established an experimental technique to access the double Gamow-Teller strengths
in highly excited states using the heavy-ion double charge exchange ('>C, '?Be(0)) reaction
and applied it to **Ca using a high-intensity 250 MeV/nucleon '>C primary beam available at
RIBF. The dispersion matching and the identification of 12Be(Ozr ) in the final state through
y-ray detection were found to work as expected.
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A forward-peaking component in the ('?C, ?Be(05)) cross section was observed below
34 MeV excitation with a cross section of 1.33 4 0.12 (stat. uncertainty) pub/sr. We have applied
a multipole decomposition analysis to the measured cross sections of the *Ca — “*Ti(0") tran-
sition and found that ~ 38f§6% of the & < 0.3° cross section observed in Eex < 34 MeV is likely
to be attributed to the DGT transition, which corresponds to the DGT strength of 28f$2.

The enhancement in the spectrum around 36 MeV is not accounted for in our current frame-
work. It might indicate that our current understanding of the reaction mechanism is insuffi-
cient. Further studies from both the experimental and theoretical sides are needed for better
assessment of DGTGR.
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