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The isovector response in '>B was investigated via the '>C('°Be, '°B +y) 1>B* reaction at 1004 MeV. By
utilizing the y-decay properties of the 1.74 MeV 0% and 0.718 MeV 1+ states in !B, the separate extraction of
the non-spin-transfer (AS = 0) and spin-transfer (AS = 1) isovector responses up to an excitation energy of 50
MeV in '’B in a single measurement is demonstrated. The experimental setup employed the S800 spectrometer
to detect and analyze the '°B ejectiles and the Gamma-Ray Energy Tracking In-beam Nuclear Array (GRETINA)
for obtaining the Doppler-reconstructed spectrum for y rays emitted in flight by '°B. A '2C foil was placed at
the pivot point of the spectrograph. The '>B reaction product was not detected. Contributions from transitions
associated with the transfer of different units of angular momentum in the non-spin- and spin-transfer responses
were analyzed using a multipole decomposition analysis. The extracted non-spin-dipole (AS =0, AL =1)
and spin-dipole (AS =1, AL = 1) responses were found to be consistent with available data from other
charge-exchange probes, validating the non-spin- and spin-transfer filters used. While statistical uncertainties
and experimental resolutions were relatively large due to the modest intensity of the '°Be secondary beam, the
results show that, with the much higher intensities that will be available at new rare-isotope beam facilities, the
(1°Be, 9B 4y) reaction and its AT, = —1 partner, the (\°C, '°B +y) reaction, are powerful tools for elucidating
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the isovector non-spin- and spin-transfer responses in nuclei.

DOTI: 10.1103/48q9-fngt

I. INTRODUCTION

The study of spin-isospin excitations provides valuable
insight into the isovector properties of nuclei and the macro-
scopic properties of nuclear matter [1,2], with significant
implications for astrophysics and neutrino physics [3,4]. Ex-
perimentally, charge-exchange (CE) reactions at intermediate
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energies (E 2 100A MeV) have been extensively used to
investigate the isovector response in nuclei including giant
resonances [2,5,6]. At these beam energies, multistep con-
tributions to the reaction mechanism are minimal, allowing
the CE reaction to be treated as a direct, one-step process.
Unlike B-decay measurements, CE reactions are not limited
by the Q value and thus can be used to test theoretical
models up to high excitation energies. A wide variety of
CE probes, ranging from nucleonic probes (p, n)/(n, p) to
light-ion probes such as (d, ’He) and (¢, He) / (PHe, t), have
been employed to excite isovector transitions in both the 8~
(AT, = —1) and B* (AT, = +1) directions [5-8]. Heavier
composite probes (A > 3) with stable and unstable beams
have also been successfully utilized as they provide new
ways to isolate specific giant resonances. These include the
(°Li, ®He) [9] reaction, the ("Li, "Be +y) reaction [10-15],
the ('2C, 2N) and ('2C, ’B) reactions [16-19], and the
(3C, N) reaction [20,21]. The advent of rare-isotope beam
facilities enabled the use of the (p,n) and (d, He) CE
probes to study rare isotopes in inverse kinematics [22-26].

©2025 American Physical Society


https://orcid.org/0000-0002-1018-5307
https://orcid.org/0009-0005-4637-9313
https://orcid.org/0000-0001-6076-5898
https://orcid.org/0000-0002-5663-9693
https://orcid.org/0000-0003-2151-1451
https://orcid.org/0000-0002-6111-1906
https://orcid.org/0000-0001-8825-0976
https://orcid.org/0000-0001-8751-4204
https://orcid.org/0000-0002-7271-1712
https://orcid.org/0000-0002-1166-6890
https://orcid.org/0009-0000-1366-7347
https://orcid.org/0000-0003-0699-5443
https://orcid.org/0000-0001-7666-8822
https://orcid.org/0000-0001-7394-3112
https://orcid.org/0000-0003-2311-9891
https://ror.org/03r4g9w46
https://ror.org/05hs6h993
https://ror.org/05hs6h993
https://ror.org/02jbv0t02
https://ror.org/03gc1p724
https://ror.org/00d3pnh21
https://ror.org/00mkhxb43
https://ror.org/012p63287
https://ror.org/02xawj266
https://ror.org/05tqx4s13
https://crossmark.crossref.org/dialog/?doi=10.1103/48q9-fngt&domain=pdf&date_stamp=2025-08-04
https://doi.org/10.1103/48q9-fngt

SK M. ALI et al.

PHYSICAL REVIEW C 112, 024602 (2025)

In contrast, unstable heavy-ion CE probes have also been
utilized in forward kinematics, such as the (>N, 3C) [27],
("N, 20) 28], (*°C, "B +y) [29-31], and (‘°Be, '°B +y)
[32] reactions. The reason for the use of different probes is
that they have different experimental properties, advantages,
and varying selectivity for the type of excited isovector transi-
tions [6]. For example, the (d, *He), (°Li, ®He), ('2C, ’N),
(2C, ”B), and (2N, '2C) probes are selective for excitations
associated with spin-transfer (AS = 1). The B¢, B¥N) and
(3N, 3C) probes allow for both spin-transfer and non-spin-
transfer (AS = 0) excitations, the latter of which is favored
due to the large Fermi matrix elements (Mg/Mgr =~ 5) [20].

Only a few CE probes can be used to isolate AS =0
and AS =1 responses in a single measurement. A probe
with such an ability eliminates systematic uncertainties in
the comparison of the two responses when two different
probes and experiments must be utilized. The ("Li, "Be +)
reaction allows for the separation of the spin- and non-spin-
transfer isovector transitions from the same measurement. In
this reaction, by detecting the "Be ion in coincidence with
the 429 keV y-ray emitted following the "Li(3/27, g.s.) —
7Be(1/2‘, 0.429 MeV) transition, a clean AS =1 filter
is obtained [10-14]. The transition to the ’'Be ground
state, 'Li(3/27, g.s.) — 'Be(3/2", g.s.) involves both AS =
1 and AS = O transitions. The AS = 0 response can be ex-
tracted by subtracting the AS = 1 contribution obtained from
the above-mentioned transition to the 1/2~ state. However,
performing this subtraction requires a detailed understanding
of the relative strengths of the t, ot, and tensor-t com-
ponents of the nucleon-nucleon interaction that mediate the
CE reaction, as well as the wave functions of the relevant
states in 'Li and "Be. The necessary theoretical estimation
introduces a systematic uncertainty in the extracted AS = 0
response.

To extract the AS = 0 and AS = 1 responses within a sin-
gle measurement, the ('°Be, '°B +y) reaction is a promising
alternative. This reaction probe was first developed to isolate
the AS = 0 isovector giant monopole resonance (IVGMR) in
2881 [32]. This probe has a 8~ counterpart, the (¢, +y)
reaction, which has also been studied [29-31]. While those
experiments primarily aimed at isolating the AS = 0 response
by selecting the reaction channel leading to the J* = 0T,
T =1 state at 1.74 MeV in '°B via y-ray coincidence, a
AS =1 filter was also obtained by identifying the reaction
channel leading to the J* = 1%, T = 0 state at 0.718 MeV
in 19B. In both cases, to extract uncontaminated AS = 0 and
AS = 1 responses, feeding from the higher-lying states in '°B
must be subtracted. These subtractions solely rely on the well-
studied decay branching ratios and are independent from the
reaction mechanism. Consequently, these probes are attractive
options for the simultaneous extraction of the AS =0 and
AS = 1 responses within a single measurement.

In the present work, the >C('°Be, '°B +y) reaction at
100A MeV was employed to simultaneously extract the
AS =0 and AS =1 isovector excitations to '’B with the
goal to assess the viability of the approach. The '’B is pro-
duced in the CE reactions that take place in the '*C foil at
the target location. The experimental data were taken in the
same experimental campaign to study the AS = 0 excitations

from 28Si [32]. The isovector transitions in the '2C — 2B
system have been well studied using various CE reactions on
12¢ such as the (n, p) [33,34], (d, *He) [35,36], ('Li, "Be)
[10,12,13,37], (*2C, 2N), and (**C, *N) [17-19] reactions.
Thus, 2B serves as an excellent case to test the effectiveness
of the (1°Be, '°B) CE reaction in separating the AS = 0 and
AS =1 components. This is important for planning future
experiments, which will benefit from increased 10Be beam
intensities compared to the experiment presented here.

II. EXPERIMENT

The >C('Be, '°B +y) experiment was performed at the
Coupled Cyclotron Facility of the National Superconducting
Cyclotron Laboratory (NSCL). The 'Be beam was pro-
duced by impinging a 150 pnA, 1204 MeV 80 beam on a
1316 mg/cm? thick Be target at the entrance of the A1900
fragment separator [38]. After purification in the A1900, a
secondary '°Be beam of 100A MeV was impinged upon a
56.33 mg/cm? thick "C target (98.88% '>C) placed at the
pivot point of the S800 spectrograph [39]. The °Be beam,
with a momentum spread of |Ap/p| < 0.25%, was trans-
ported to the S800 target station in the dispersion-matched
ion-optical mode [40], enabling the reconstruction of the
excitation-energy spectra with better resolution than the en-
ergy spread in the beam. An incoming beam rate of ~7 MHz
and purity of 98% were achieved for the 'Be beam at the
target location of the S800 spectrograph.

The reaction products, including 108 from the (IOBe, 10B)
reaction, were magnetically analyzed for momentum and de-
tected in the S800 focal-plane detector system consisting of
two cathode readout drift chambers (CRDCs) installed 1 m
apart, an ionization chamber, and a 5 mm thick plastic scin-
tillator [41]. The CRDCs measured the positions and angles
of the reaction products. The two-dimensional positions from
each CRDC were calibrated by placing thick tungsten masks
with holes and slits at known positions in front of it, which
was then irradiated with the '°Be beam. The ionization cham-
ber downstream of the second CRDC measured the energy
loss of the reaction products. The rearmost plastic scintillator
provided the trigger for the data-acquisition system as well
as the timing information. The time of flight (TOF) of the
reaction products was deduced from the scintillator timing
relative to the radio frequency (RF) signal of the cyclotrons.
To separate the '°B ions from the other reaction products,
the energy loss in the ionization chamber (AE) was plotted
against the TOF of the ejectiles, and gated on the residues
of interest. The energy, outgoing angles in the dispersive and
nondispersive directions, and the position in the nondispersive
direction at the target location were deduced from the posi-
tions and angles in the focal plane in a ray-tracing procedure
using an inverse map calculated with the ion-optical code cosy
infinity [42]. The differential cross sections were calculated
across the excitation-energy range of 0 < E, < 50 MeV and
the scattering-angle range of 0° < 6., < 3° in a missing-
mass calculation. The experimental excitation-energy and
angular resolutions (FWHM) were 2.0 MeV and 0.5°, respec-
tively. The excitation-energy resolution was obtained by using
the 12C(0*, g.s.) — 2B(1%, g.s.) peak (detailed below). The
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FIG. 1. The '°B level scheme relevant for the (\°Be, '°B +y)
reaction probe to isolate the AS = 0 and AS = 1 transitions.

718 keV

resolution is due to the intrinsic momentum resolution of the
measurement and the difference in energy loss between '“Be
and '°B in the '?C target foil. The resolution of the scattering
angle was obtained through a measurement of the unreacted
beam in the focal plane of the S800 spectrometer.

To isolate the AS =0 and AS = 1 isovector excitations,
it is essential to detect the y-rays emitted in-flight from
the de-excitation of the '°B ions with a high signal-to-noise
ratio. Therefore, the Gamma-Ray Energy Tracking In-beam
Nuclear Array (GRETINA) [43,44] was used in the present
experiment. Seven quad modules of GRETINA were placed
at 90° relative to the beam axis around the location of the
carbon target. The y -ray detection efficiency, determined from
measurements with standard calibration sources, ranged from
0.114 for E, = 200 keV to 0.034 for E,, = 2000 keV.

As the 'B ejectiles were traveling at ~40% of the speed
of light during the y decay, Doppler reconstruction was neces-
sary to determine the energy of the y rays in the rest frame of
10B. The Doppler-corrected energy resolution was affected by
the uncertainty in the determination of emission angles of the
y rays, which was aggravated by a large beam-spot size (about
42.5 cm in the dispersive direction for |Ap/p| < 0.25%) re-
sulting from the dispersion-matching beam transport. Placing
the GRETINA detectors at 90° with respect to the beam axis
helped mitigate such effects.

III. DATA ANALYSIS

A. Non-spin- and spin-transfer excitations

Events in which '°B was detected in the S800 focal plane,
coincident with specific y rays emitted during the in-flight
deexcitation of 9B, enabled the identification of the isovec-
tor non-spin-transfer (AS =0, AT = 1) and spin-transfer
(AS =1, AT = 1) excitations. The relevant levels and their
properties needed for the subsequent analysis are shown in
Fig. 1. The number of transitions to the first-excited state at
0.718 MeV, the second-excited state at 1.74 MeV, and the
third-excited state at 2.15 MeV are denoted as N, N,, and
N3, respectively. The numbers of observed y rays of interest

are labeled as D;y, where i and f refer to either the ground
state (g) or an excited state (1, 2, or 3). The relevant branching
percentages ([;s) are shown in the figure, and the y detection
efficiencies for each of the decays are referred to as €.

The Fermi transition strength from the '°Be ground state to
its isobaric analog state (IAS) at 1.74 MeV in '°B is B(F) = 2.
The non-spin-transfer filter is achieved by selecting events in
which the 1022 keV yray is emitted from the 1.74 MeV 0%
state to the 0.718 MeV 17 state with a branching percentage
I,; = 100%. To obtain a clean filter, feeding from higher-lying
states must be subtracted. The level scheme of °B in Fig. 1
indicates that the 2.15 MeV 17 state deexcites by emitting a
414 keV y ray into the 1.74 MeV 07 state with a probability
I = 51.6%, contaminating the AS = 0 filter. In addition,
feeding from the 3.59 MeV 2% state is also possible, but
the population of this 2% state through the CE reaction was
very weak and thus could not be observed in the experiment.
Therefore, this feeding was ignored in the further analysis.
Consequently, the number of transitions N, to the 1.74 MeV
state was determined from

Da _ Dx

€21 €32

N, = ey

Based on the measured log ft value [45] for the analog 8~
decay of '°C to the '°B 17 excited state at 0.718 MeV and
on the isospin symmetry, the Gamow-Teller (GT) transition
strength from '“Be to the same 0.718 MeV state in '°B is
B(GT) = 3.51. This transition, which only decays through a
718 keV y ray (I, = 100%), was used to enable the spin-
transfer filter. Here, feeding from the O state at 1.74 MeV
with a probability of 100% (I;) and that from the 17 state
at 2.15 MeV with a 27.3% probability (/3;) needed to be
subtracted. Considering that 5, is larger than I3;, and the
detection efficiency and hence the signal-to-background ratio
for the 414 keV y ray is higher than that for the 1436 keV
y ray, the spectrum to be subtracted was generated by gating
on the 414 keV y-rays, with the difference in branching ratios
compensated for. We note that the excitation of the 2.15 MeV
state is also associated with the transfer of spin. However,
since the associated GT strength is very small (only an upper
limit of 0.007 has been established [46]), unlike the strong
transition to the 17 state at 0.718 MeV, the CE reaction to
this 2.15 MeV state is likely to be complicated [47] due to in-
terference between AL = 0 and AL = 2 amplitudes mediated
by the tensor-t component of the nucleon-nucleon interaction.
Given these complexities, transitions to the 2.15 MeV were
not included in the spin-transfer filter to ensure its robustness
in the present study. Consequently, the number of transitions
N to the 0.718 MeV state, which serves as the spin-transfer
filter, was determined from

N=——-——-— =— " - == . @
€lg €2] €3] €lg €2]

The Doppler-reconstructed y-ray-energy spectrum is
shown in Fig. 2. Peaks are observed at 414, =718, 1022,
and 1436 keV, associated with the transitions identified in
Fig. 1. The detection efficiencies for the Doppler-corrected
y rays were determined by averaging the efficiency for the
y ray for each event, using its laboratory-frame energy and
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FIG. 2. Doppler-reconstructed y-ray spectrum from the
2c(1%Be, B 4y)>B reaction at 1004 MeV. The signal and
sideband regions for the 414, 718, and 1022 keV y peaks are shown
in red and blue, respectively.

the calibrated efficiency curve. The average efficiency for
the Doppler-corrected 414 keV y rays was determined to be
€3, = 8.3% and that for the 1022 keV y rays €31 = 5.1%.

The 17 state at 0.718 MeV has a half-life of 0.707 ns,
corresponding to a distance traveled of about 9 cm after the
target at a velocity of 40% of the speed of light. Due to
the incorrectly assumed y-ray emission points for the events
that decay at a distance from the target, the peak observed
in the y-ray spectrum of Fig. 2 was broadened, and events
associated with this decay were observed down to an energy
of 520 keV, corresponding to a distance traveled of about
36 cm after the target. The average detection efficiency for this
transition was determined from the data by considering the
y-y coincidences recorded. Since the 1.74 MeV state always
decays by emitting a 1022 keV y ray and goes to the 0.718
MeV state, which subsequently decays by emitting a 718 keV
y ray, both of these y rays were always emitted from the 1.74
MeV state. Therefore, the efficiency for the 718 keV y ray can
be calculated by comparing the numbers of the 718 keV y rays
observed with and without gating on the 1022 keV peak. The
background events under the 1022 keV peak that result in the
detection of a 718 keV y ray must be subtracted by using a
sideband analysis, as discussed in Sec. III B. In addition, the
background events under the 718 keV y ray in the spectrum
gated on the 1022 keV y ray must be subtracted, introducing a
significant uncertainty due to the estimation of the background
under this broad peak in the y-y coincidence spectrum with
limited statistics. Using this method, an efficiency for the
detection of the 718 keV y ray of interest was determined to
be 0.029 +£ 0.004.

Alternatively, one can also take the ratio of the numbers of
the 1022 keV y rays observed with and without gating on the
718 keV peak. This second method has a lower uncertainty,
as the narrower 1022 keV peak facilitates the background es-
timation, even in the y-y coincidence spectrum. Background
events must be subtracted in a similar fashion to the first
method, requiring an estimate of the background shape under
the 718 keV peak, but this can be done in the y-singles

2500; i .
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FIG. 3. Excitation-energy spectrum of '’B gated on the signal
(solid black line) and different sideband regions (dashed and dotted
lines in red, blue, green, and magenta) of the 1022 keV y-ray peak.
The sideband spectra are scaled as described in the text.

spectrum with high statistics, resulting in a smaller
uncertainty than the analysis in the y-y coincidence spectrum
needed for the first method. Using the second method, the
efficiency was determined for the detection of the 718 keV
y line of 0.031 % 0.002, which was used in the remainder of
the analysis.

B. Sideband analysis

The high-resolution Doppler reconstruction afforded by
using GRETINA allowed for the detection of y rays with good
photopeak signal-to-noise ratio, thereby reducing uncertain-
ties in the background subtraction. Background contributions
in the data were estimated through sideband studies in the
y spectrum. The method involves selecting the signal and
sideband regions in the y-ray spectrum as illustrated by the
red and blue shaded regions in Fig. 2. The observed signal
counts (Nsigna1) under the y peaks are obtained as

Nsignal = Nsignal region — stideband region» (3)

where  Nggnalregion 18 the number of counts in the
signal region under the peak of the y rays of in-
terest and Nieband region 1S the number of counts in
the sideband region. The sideband scaling factor (k)
is the ratio of the number of counts in the background in
the signal region to the number of counts in the sideband
region. The sideband region was chosen to minimize the
statistical uncertainties in k while ensuring that the shape of
the spectra associated with the sideband was independent of
the sideband width. Figure 3 presents a comparison of the
excitation-energy spectra in !B when gating on the 1022 keV
peak in the y-ray energy spectrum and three choices for the
sideband, each with a width of 50 keV. The excitation-energy
spectrum gated on the signal region (E, = 990-1054keV)
of the 1022 keV y peak is depicted with a solid black line.
The spectra corresponding to the different sideband regions
are indicated with dashed and dotted lines in red, blue,
green, and magenta. The scaling factors (k) for the sideband
ranges E, = 1080-1130, 1130-1180, and 1180-1230 keV
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FIG. 4. Excitation-energy  spectrum of '>B for the
2c(1Be, 9B 4y) reaction gated on the AS =1 (dashed black
line) and AS = 0 (solid red line) filters. Inset shows the Gaussian
fit of the Gamow-Teller (GT) peak with FWHM =2 MeV, which
determines the excitation-energy resolution.

are 1.45, 1.58, and 1.73, respectively. The entire sideband
range E, = 1080-1230keV, with a scaling factor of 0.53,
is shown with dashed magenta lines. As the background
shapes are the same for all choices of the sideband range
within statistical uncertainties, the largest range was used in
the further analysis. Similar procedures were performed for
the 414 and 718 keV peaks, resulting in the choices for the
sideband regions as shown in Fig. 2.

Finally, the counts in the signal and sideband regions of
the 414 and 1022 keV y peaks were extracted using a fit
with Gaussian peaks second-order polynomial backgrounds.
For the 718 keV peak, the fit included three Gaussians for the
signal and a second-order polynomial for the background. The
signal-to-background ratios for the 414, 718, and 1022 keV y
rays were deduced to be 0.20, 0.40, and 1.11, respectively.

The excitation-energy spectra in !>B, reconstructed in a
missing-mass calculation from the outgoing momenta of the
10B ejectiles detected in coincidence with the deexcitation y
rays, are shown in Fig. 4. The black (red) histogram represents
the excitation-energy spectrum with the AS =1 (AS =0)
filter, after correcting for the feeding from the higher-lying
states and subtracting the background. In the missing-mass
calculation, the excitation of the 0.718 MeV (AS = 1) or 1.74
MeV (AS = 0) state was accounted for in the rest mass of the
103 gjectile.

A strong peak at E, = 0 MeV is observed in the AS =
1 spectrum, corresponding to the transition >C(0F, g.s.) —
2B(1%, g.s.), which can only proceed with AS = 1. This
peak has a width (FWHM) of 2 MeV, which determines the
experimental resolution of the reconstructed excitation-energy
as shown in Fig. 4 inset. When the AS = 0 filter is applied,
this peak vanishes, showing the effectiveness in isolating the
non-spin-transfer response.

C. Multipole decomposition analysis

The double-differential cross sections for the
2c(1%Be, '°B 4y) reaction were determined from the counts
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FIG. 5. Double-differential cross sections for the '2C('°Be,
10B*[1.74 MeV]) 2B reaction as a function of '>B excitation energy,
indicated with the red circles. The spectrum is plotted for various
scattering angles 6., = 0°-3°. The error bars on the data represent
the statistical uncertainties. The colored histograms correspond to the
different multipole contributions from the MDA.

obtained in the background-subtracted excitation-energy
spectra. The cross sections were corrected for the acceptance
of the S800 spectrometer, the efficiencies of the CRDCs,
the efficiency of GRETINA for the coincident y rays, and
the live time of the data acquisition system. The measured
double-differential cross sections as a function of '°B
excitation energy (E,) for the AS = 0 and AS = 1 reactions
at different scattering angles in the center-of-mass frame
(6cm.) are shown with the red circles in Figs. 5 and 6,
respectively. The cross sections were binned into 2 MeV
intervals in excitation energy, and the scattering angles were
separated into 0.5° bins up to 3°. The systematic errors in
the absolute normalization include uncertainties due to the
background subtraction, the target thickness, and the '°Be
beam intensity, with the latter being the dominant source at
~4%.
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FIG. 6. As in Fig. 5, but for the '>C(°Be, '°B*[0.718 MeV]) '*B
reaction.

The double-differential cross sections shown in Figs. 5 and
6 include excitations associated with various orbital angular
momentum transfers (AL =0, 1,2, ...). To disentangle the
contributions from transitions with the different multipolari-
ties, a multipole decomposition analysis (MDA) [5,48] was
carried out. In the MDA, the measured differential cross sec-
tions for each bin in E, were fitted using the least-squares
method with a linear combination of angular distributions
for different units of AL calculated in distorted-wave Born
approximation (DWBA), i.e.,

o Oemr Ex) = Y aaLo8y Oem. Ex), )
AL

where aa; are the fitting parameters associated with each
multipole contribution AL; (AL =0, 1,2,...), all of which
have non-negative values.

The DWBA calculations were performed using the mis-
croscopic, double-folding code FOLD/DWHI [49,50]. The
effective nucleon-nucleon interaction of Love and Franey
[51] at 100 MeV was double-folded over the transition

densities of the projectile-ejectile ('’Be-'"B) and target-
residue ('>C-'?B) systems to construct the form factors.
One-body transition densities (OBTDs) were calculated for
the °Be - 1°B and '2C - 1?B systems with the shell-model code
NUSHELLX @MSU [52]. The optical model potential parame-
ters (OPPs) for the entrance and exit channels were calculated
using the methods described in Ref. [53]. These calculations
of OPPs utilize the double-folding model, assuming '>C and
128 densities calculated from spherical Hartree-Fock (HF)
calculations using the SkX parametrization of the Skyrme
interaction [54]. For '°Be and °B, Gaussian density distribu-
tions were used, with root-mean-square (rms) radii of 2.30 fm
[55]. A Gaussian nucleon-nucleon (NN) effective interaction,
characterized by a range of 0.5 fm, was used [56]. The inter-
action strengths were derived from the tabulation provided in
Ref. [57].

The angular distribution associated with monopole (AL =
0) excitations peaks at 6. ,, = 0°, whereas the angular distri-
bution associated with dipole (AL = 1) transitions peaks at
about 6., = 1° and that for quadrupole (AL = 2) transitions
is almost flat over the angular range up to about 6., < 3°.
The MDA was thus performed with angular distributions
AL =0, 1, and 2, as the inclusion of higher multipoles did not
affect the fit. As a result, the AL = 2 component effectively
incorporates possible contributions from higher multipolar-
ities. The calculated angular distributions were smeared
with experimental angular resolutions before performing the
MDA.

The results from the MDA of the non-spin- and spin-
flip excitations in the '’B at various scattering angles are
illustrated in Figs. 5 and 6, respectively. The stacked his-
tograms in red, green, and blue represent the monopole (AL =
0), dipole (AL = 1), and higher multipole (AL > 2) con-
tributions, respectively. Figures 7 and 8 display the fitted
angular distributions used in the MDA across different exci-
tation energy ranges for the AS =0 and AS = 1 channels,
respectively.

IV. RESULTS AND DISCUSSIONS

The well-known strong GT transition (AS =1, AL =0)
from the ground state of '?C to the ground state of '’B
with B(GT) = 0.99 [58] was clearly observed, peaking at
the forward angles as shown in Figs. 6 and 8(a). The ex-
tracted monopole cross section for this transition in the first
angular bin (7.4 £ 1.3 mb/sr) in the latter figure is a factor
of 1.95+0.34 larger than expected based on the DWBA
calculations with the shell-model inputs, after correcting for
the fact that the measured GT strength for the transition
from the '°Be ground state to the 11 excited state in '°B at
0.718 MeV is 21% smaller than obtained in the shell-model
calculations. The GT strength for the transition to the '’B
ground state is identical to the shell-model calculations, and
no correction is required. This comparison is helpful for esti-
mating event rates and planning future experiments using this
probe.

The MDA results in Figs. 5 and 6 also show strong
dipole (AL = 1) excitations in both the AS =0 and AS =
1 channels, peaking at 6., = 1.25°, which are identified
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FIG.7. The angular
108+[1.74MeV]) ?B reaction for the

as the isovector giant dipole resonance (IVGDR, AS =0
and AL = 1) and the isovector giant spin dipole resonance
(IVSGDR, AS =0 and AL =1). The double-differential
cross sections of these resonances from the present work are
shown in Figs. 9(a) and 9(b), respectively. The IVGDR is
strongly concentrated around E, ~ 7.5 MeV. For comparison,
the photonuclear cross section from the '>C(y, n) ''C reaction
[34,59], which excites the dipole resonance, is also shown in
Fig. 9(c). The IVGDR around E, = 7.5 MeV was also ob-
served in the 1>C(n, p) "*B [33,34] and 1>C(3C, ®*N) 2B [19]
CE experiments, sensitive to both AS = 0 and 1 excitations.
The differential cross sections of the present IVGDR data and
the (y,n) cross section data show a similar shape peaking
around 7.5 MeV.

Figure 9(d) shows the double differential cross section of
the 12C(d, *He) 2B reaction at E; = 270 MeV, 6., = 6°—8°
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FIG. 8. As in Fig. 7, but for the 2C(°Be, 1°B*[0.718 MeV]) 1*B
reaction for the AS = 1 channel.

[35]. The (d, *He) probe is only selective to the AS =1
channel. The two peaks at E, = 4.5 and 7.5 MeV correspond
to spin-dipole states, and the peak at E, = 0 MeV is the GT
transition. The spin-dipole states at 4.5 and 7.5 MeV were also
observed in the '>C(*2C, >N) reaction at E = 135 MeV/u
[17,18] and the '>C("Li, "Be) reaction [10,12,13], which are
selective to spin-transfer excitations. In the present IVSGDR
distribution, a broad peak centered at E;, = 5 MeV is observed
in Fig. 9(b). Due to the limited experimental energy resolu-
tion, the two peaks at 4.5 and 7.5 MeV could not be separated
in the data. The cross section observed for dipole transitions
near E, = 0 MeV is likely due to the excitation of the 2~ and
1~ states at E, = 1.67 and 2.62 MeV in '’B.

Interestingly, the MDA of the non-spin-transfer (AS =
0) data also reveals fragmented contributions from AL =0
transitions, especially visible at 6., = 0.25°, as shown in
Fig. 5(a). No Fermi transitions from the '>C ground state are
expected, as its IAS is absent from !>B. The only expected
excitation that is associated with AL = 0 is the IVGMR, and
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FIG. 9. (a) IVGDR and (b) IVSGDR cross sections extracted in
the MDA at 6., = 1.25°. (c¢) Photonuclear cross sections from the
2C(y, n) 1 C reaction [59] selective to AS = 0 transition. (d) Cross
sections for the '2C(d, *He) 2B reaction at E; = 270 MeV (Oem =
6°-8°) [35] selective to AS = 1 transition. See text for details.

its strength is likely highly fragmented in such a light system.
The data suggest that an experiment with higher statistics
might be worthwhile to study the IVGMR in '?B in more
detail. Aside from the transition to the ground state, significant
monopole contributions are absent in the spin-transfer data in
Fig. 6. We note that, due to the lower signal-to-background
ratio for the AS = 1 filter compared to the AS = 0 filter, the
statistical uncertainties in the AS = 1 spectra are larger than
those in the AS = 0 spectra, resulting in larger uncertainties
in the MDA. In combination with the reduction of the solid
angle and yield near 0°, the sensitivity for (AL = 0) strength
in the AS = 1 analysis is lower than in the AS = 0 analysis.
As concluded in Ref. [32], increased beam intensities will be
necessary to reduce the statistical uncertainties and increase
the accuracy in the MDA.

V. SUMMARY AND OUTLOOK

In summary, the '>’C(1°Be, '°B +y) ?B reaction was stud-
ied at 100A MeV in the angular range 0° < 6., < 3° at
NSCL. It was demonstrated that by using this reaction it is
possible to separately extract the isovector non-spin-transfer
(AS = 0) and spin-transfer (AS = 1) responses in a single
measurement by gating on y rays associated with the excita-
tion and decay of the 0" 1.74 MeV and 11 0.718 MeV states
in '°B, respectively. The extraction of the spin-transfer and
non-spin-transfer responses only relies on known branching
ratios for y decay from excited states in !B, and assumptions
on the details of the reaction mechanism are not necessary.

The ability for high-resolution Doppler reconstruction of the
decay-in-flight y spectrum by using the GRETINA array is
important for enhancing the signal-to-noise ratio when iso-
lating the relevant y lines. The relatively long half-life of
the 0.718 MeV level used for creating the spin-transfer filter
reduces the associated signal-to-background ratio compared
to that for the 1.74 MeV level used for creating the non-spin-
transfer filter. However, the high GT strength of 3.51 for the
transition to the 0.718 MeV level, allows for a meaningful
extraction of the spin-transfer response.

The double-differential cross sections were measured for
an excitation energy range of up to 50 MeV in '’B in both
the spin- and non-spin-transfer channels. A multipole decom-
position analysis (MDA) was performed for the full excitation
energy range to extract the contributions from transitions from
12C to 1?B associated with different units of angular momen-
tum transfer. The differential cross section for the transition
to the 1>B 17 ground state was compared with DWBA cal-
culations using shell-model inputs, and it was found that the
theoretical cross section was a factor of 1.95 £ 0.34 times
lower than the experimental value. The MDA results revealed
significant dipole contributions in both AS =0 and AS =1
channels, peaking at 6. ,,, = 1.25°. The extracted distributions
are consistent with previous CE experiments studying the
isovector excitations in the '2C-'’B system, affirming the
utility of the (°Be, !B +y) probe in isolating spin-isospin
excitations from the same experiment.

Although the model-independent extraction of spin-
transfer and non-spin transfer responses in a single CE
experiment is unique, the statistical uncertainties and exper-
imental resolutions achieved in this experiment were larger
than those obtained by using other CE probes. This is because
a relatively low-intensity secondary '°Be beam was available,
which necessitated the use of a thick reaction target to reduce
statistical uncertainties at the cost of worsening the energy
resolution. The '’Be beam intensities at next-generation rare-
isotope beam facilities will exceed those used in the present
work by up to a few orders of magnitude. This will also
make it possible to study heavier nuclei and to reduce the
target thicknesses to achieve better energy resolutions. Fi-
nally, the methods developed here can also be applied to
the ('°C, '°B +y) reaction, making it possible to extract the
non-spin- and spin-transfer responses model-independently in
both the AT, = +1 and AT, = —1 directions.
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