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Tracking the evolution of nuclear properties away from stability serves as a valuable test for nuclear
models. In the present work, the (p,n) charge-exchange reaction was used to test the extraction of
B~ Gamow-Teller transition strengths, B(GT), from proton-rich unstable isotopes, and the resulting
B(GT) values were compared to shell-model and ab-initio calculations. The "'C(p,n)''N reaction
was measured in inverse kinematics at 95 MeV /u at the National Superconducting Cyclotron Lab-

oratory (NSCL). The B(GT) values to the 1 state at 0.73 MeV and the 2 state at 2.86 MeV
in ''N were determined to be 0.18(1)**(3)*¥* and 0.18(1)***(4)"¥*, respectively. These results are
consistent with shell-model calculations using the wbp interaction after introducing a phenomenolog-
ical quenching factor and with ab-initio Variational Monte Carlo calculations using the NV2-+3 Ia*
NN and 3N interactions without any scaling. Additionally, this result is consistent with the B(GT)
values extracted from mirror ''B(n,p) and 'B(t,°He) reactions. This experiment demonstrates the

feasibility of using the (p,n) probe in inverse kinematics to extract B(GT) from proton-rich nuclei,

although improved background suppression will be important in future experiments.

I. INTRODUCTION

The properties of nuclei evolve as one moves from the
valley of stability to the driplines. Furthermore, nuclei
that are located near, at, and beyond the driplines can
exhibit new phenomena, such as halos [1-3] and novel
decay modes [4, 5]. Due to their novel properties, ex-
otic nuclei provide fertile testing grounds for theoretical
models. A famous example is the case of 'Be, whose
ground state exhibits a halo structure and demonstrates
parity inversion [6, 7]. Its isospin-symmetric partner 1N
also exhibits parity inversion for its ground state, but un-
like 1'Be is unbound. An interesting question is whether
there is a significant difference between the properties of
the wave functions of the low-lying states of these two nu-
clei driven by the large neutron (11Be) and proton (}!N)
excesses to the extent that they impact the Gamow-Teller
(GT) transition strength, or B(GT), distributions.

The purpose of this work is to measure the B(GT)
values for C[g.s.] +!'N* transitions and compare the
results to previously measured B(GT) values from mir-
ror 1'Blg.s.]—!!Be* transitions. The wave functions of
both 1B[g.s.] and 1C[g.s.] are well-known to be p-shell
configurations, so a measure of B(GT) would provide
information about the p-shell content of ''Be and ''N
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wave functions. The experimental results are interpreted
and compared with shell-model and ab-initio Variational
Monte Carlo (VMC) calculations.

B(GT) is directly measured via S-decay. However, (-
decay is limited by the decay @-value, and high-lying
excited states (and nuclei that do not 8-decay, as in this
work) cannot be studied. Charge-exchange (CE) reac-
tions connect the same initial and final states as in (-
decay, but are not limited by a decay Q-value, therefore
providing access to states otherwise inaccessible to (-
decay. B(GT) values can be extracted from the CE cross
section via a well-established proportionality relationship
with the CE differential cross sections at small momen-
tum transfer (¢ ~ 0) [8]. For example, Meharchand et
al. [9] extracted B(GT) from the 2B("Li, "Be)2Be[0] ,]
reaction and used the results to determine the p—shéll
components of the 0{2 states. The experimental extrac-
tion of the strength does not depend on model assump-
tions, so this method provides a valuable benchmark to
test nuclear models.

B(GT) has already been extracted for 11B[g.s.]—+!1Be*
transitions from !'B(n,p)-type reactions, including
HB(n,p) [10], 1'B(d,?He) [11], and ' B(¢,°He) [12]. How-
ever, no data are available for 11C[g.s.] +!'N* GT transi-
tions as ' C itself is unstable. The energies and widths of
the low-lying states in ''N have previously been studied
in multi-nucleon transfer experiments [13-18] and res-
onant elastic scattering experiments [19-22]. The pre-
viously cited works generally agree from spectroscopic-



factor analyses and mirror-symmetry arguments that the
first %7 state in ''N is a single-particle state with a

10C®m(p1/2) structure. Ref. [20] suggests that the first

37 state has a strong coupling to a '°C[2] ] core. Ref. [18]

suggests that this state decays by proton emission to
both the ground state and 2] first excited state of 1°C,
supporting the hypothesis that the state has a core-
excitation component. The p-shell contents of !N states
can be probed more directly by measuring the B(GT)
values from the ground state of ''C, which has a p-shell
configuration. The measured B(GT) values can then be
compared to B(GT) values of isospin-symmetric transi-
tions between 1Be and 'B.

Several CE probes have been developed for the extrac-
tion of GT transition strengths. The (p,n) CE reaction at
intermediate beam energies (2 100 MeV/u) is the sim-
plest of these probes and has been used extensively to
study stable nuclei [8, 23], and in the past 2-3 decades,
experimental techniques using the (p,n) reaction in in-
verse kinematics have been developed to use with rare-
isotope beams, see e.g. Refs. [24-33]. Techniques to re-
construct the reaction from the low-energy recoil neutron
using the missing-mass method have been developed in
the last decade, see e.g. Refs. [34-40]. These experi-
ments, however, have been focused on neutron-rich un-
stable nuclei.

The (p,n) reaction on a proton-rich nucleus decreases
the isospin projection T, by one unit, producing a proton-
rich nucleus farther from stability than the target nu-
cleus. This makes proton-rich nuclei, especially relatively
light systems, more difficult to study because GT tran-
sition strength is partially Pauli blocked in the 5~ /(p,n)
direction. This blocking reduces the yield for charge-
exchange reactions relative to other reaction channels
that contribute to the background. In addition, for nu-
clei produced at or beyond the dripline, multiple decay
channels are open, which results in final states that can
also be populated through other reactions and further
contribute to the background.

At the same time, (p,n) experiments on proton-rich
systems provide access to unbound nuclei beyond the
proton dripline, offering unique opportunities to study
nuclear structure. Ultimately, the goal is to study °°Sn,
the heaviest known N = Z doubly magic bound nu-
cleus. The B(GT) of its fT-decay to 1%In is the largest
known B(GT™) [41], suggesting a robust shell closure at
N = Z = 50. A '%98n(p,n) experiment could extract
B(GT) in the 3~ direction to the unbound '°°Sh, which
would be a valuable test of isospin symmetry. However,
measuring (p,n) on such a heavy, proton-rich nucleus is
not yet feasible because of the relatively low beam in-
tensities that can presently be obtained. Nevertheless, it
is important to develop the techniques to perform such
an experiment, while obtaining unique information about
lighter proton-rich nuclei at or beyond the dripline.

800

700
600
500
400
300
200

Energy Loss[arb. units]

B R R AR RN AN R

100

s b b b b b b Ly
880 885 890 895 000 905 910 915 920
Time-of-Flight [arb. units]

FIG. 1. (color online) Particle identification spectrum for the
1C beam. The '°C events are indicated by the black solid
outline.

II. EXPERIMENT

The experiment took place at the Coupled Cyclotron
Facility (CCF) at the National Superconducting Cy-
clotron Laboratory (NSCL). A primary beam of 160 with
a rate of about 125 pnA was created by the Supercon-
ducting Source for Ions (SuSI) [42] and accelerated to
150 MeV /u by the K500 and K1200 cyclotrons [43]. The
primary beam impinged on a 1175-mg/cm?-thick Be pro-
duction target, creating a secondary beam via projectile
fragmentation. The secondary beam was purified by the
A1900 fragment separator [44] with a 1600-mg/cm?-thick
Al wedge and 0.5% momentum acceptance. The result-
ing cocktail beam contained C at 95 MeV /u (78%) and
12N at 108 MeV/u (14%), plus a small amount of 1°B
(7%) and 130 (<1%). The beam particles were identi-
fied on an event-by-event basis by using the time-of-flight
to the S800 spectrograph object [45]. The effective beam
rate was measured by a diamond detector [46] at the S800
spectrograph object to be on average 3.7 MHz with an
uncertainty of 8%.

The secondary beam impinged on the Ursinus Liquid
Hydrogen Target that was also used in earlier (p,n) exper-
iments [34, 35]. The target was placed 65 cm upstream
from the pivot point of the S800. The target diameter
was 35 mm, and the liquid hydrogen was contained by a
125-pum-thick Kapton foil on either side. The hydrogen
areal thickness was 50.9(2) mg/cm?.

The reaction product of interest, ''N, is unbound and
immediately decays to '°C+p or 2a+3p. Therefore mea-
surements were taken using two magnetic-rigidity set-
tings in the S800, one for °C and another for a par-
ticles. The S800 focal-plane detectors consisted of two
cathode-readout drift chambers (CRDCs)-one exactly
at the spectrograph focal plane and the other 1.061 m
downstream—that measured the position and angle of
heavy residual nucleus, then an ionization chamber that
measured the energy loss, and then a plastic scintilla-
tor that measured the time. The heavy residual nucleus



was identified on an event-by-event basis by its energy
loss in the ionization chamber and its time-of-flight from
the S800 object detector to the S800 focal-plane scintilla-
tor. The particle identification plot for the 1C magnetic-
rigidity setting is shown in Figure 1. The tails at high
energy loss in the ionization chamber are from pileup and
are counted as good events.

The recoil neutrons from the (p,n) reaction were de-
tected by the Low Energy Neutron Detector Array
(LENDA) [47, 48]. LENDA is an array of 24 BC-408 plas-
tic scintillators designed to measure the neutron time-
of-flight for (p,n) reactions in inverse kinematics with
rare-isotope beams. The detectors were placed 1 m from
the center of the target. Each detector is 30 cm tall
(A¢p = £8.5°), 4.5 cm wide (Af = £2.6°), and 2.5 cm
deep. The LENDA array covered laboratory angles from
21° to 81°. The neutron energy was calculated from the
neutron time-of-flight, where the S800 focal-plane scintil-
lator provided the reference time. The timing resolution
was determined from the width of the gamma flash to be
~0.9 ns (FWHM).

IIT. ANALYSIS

The reaction kinematics were reconstructed using the
missing mass method, i.e., the neutron laboratory angle
and kinetic energy (shown in Figure 2) were used to cal-
culate the center-of-mass scattering angle and ''N excita-
tion energy (shown in Figure 3). There are many events
in the negative-excitation-energy region, indicating a sig-
nificant background component. The background sub-
traction is explained in this section. Additionally, the
vertical artifacts in the data are a result of LENDA bars
overlapping or gaps between them. The neutron detec-
tion efficiency corrections, including the geometric cover-
age of the LENDA bars, are also described in this section.

As a consequence of the finite angular resolution of
the LENDA bars and the kinematic relationship between
the laboratory angle and excitation energy, the excita-
tion energy resolution ranged from 0.9 MeV (FWHM) at
forward center-of-mass scattering angles up to 2.0 MeV
(FWHM) at the largest scattering angles. Events with
hits recorded in more than one LENDA bar were dis-
carded. Events with LENDA light output below 65 keVee
or above the maximum L., given in Ref. [48] as a func-
tion of neutron kinetic energy, were also discarded. The
uncertainty in this maximum from the light-output cali-
bration was propagated to the systematic uncertainty in
the final result.

A. Background Subtraction

There were three contributions to the background in
this experiment: reactions in the Kapton foil, random
coincidences, and non-CE reactions. Background from
carbon in the Kapton foils in the target was measured
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FIG. 2. (color online) Neutron laboratory energy vs. labo-
ratory angle measured by LENDA, before background sub-
traction. The LENDA bars located at the most backward
angles beyond the kinematic lines were used to create the
background model. Due to space limitations in the lab, there
are gaps in the LENDA acceptance at 29.2°, 33.5°, 73.8°, and
78.0°.
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FIG. 3. (color online) Center-of-mass scattering angle vs. *'N
excitation energy reconstructed via a missing mass calcula-
tion, before background subtraction.

by sending the beam through the empty target cell, and
it was negligible. The hydrogen in the foil was included
in the effective target-thickness calculation.

Background from random coincidences was modeled
from events at unphysically long times-of-flight. The
light-output threshold of 65 keVee removed all neutrons
with kinetic energy less than 0.37 MeV, equivalent to
times-of-flight greater than 119 ns for a 1 m flight path.
Therefore all events with time-of-flight >119 ns were ran-
dom coincidences. The random-coincidence background
model was created from a time-of-flight window starting
at 130 ns with a width equal to the RF time, about 42 ns.
The events in this window were copied to earlier times to
create the random-coincidence background model.

The source of the remaining background was primarily
neutron knockout from ''C. The knocked-out neutrons
either scattered (indirectly) into LENDA or generated ~-
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FIG. 4. Beam-induced background model from LENDA bars
at angles >66°. Both the statistical error shown and the
systematic error introduced from scaling this model for each
LENDA bar were propagated to the final result.

rays that hit LENDA but arrived at a time inconsistent
with the direct flight path from the target to the detec-
tors. This background was modeled using LENDA bars
at angles >66°, the largest angle allowed by the CE reac-
tion kinematics. The resulting background model shape
is shown in Figure 4. The model has a smooth depen-
dence on neutron energy, so the background model shape
was copied to each LENDA bar and scaled such that the
total counts below E, = 0 MeV would be equal to zero.
The statistical uncertainties in the background model
were propagated to the statistical error in the final result,
and the uncertainties in the counts below E, = 0 MeV
for each LENDA bar were propagated to the systematic
error in the final result.

Projections of the raw data and the two background
models onto the excitation-energy axis are shown in Fig-
ure 5. The background is largest at the most forward
angles. However, the two peaks of interest at about
1 MeV and 3 MeV that are associated with GT tran-
sitions (discussed below) are also most prominent at for-
ward angles, especially in the 4° —6° angular bin, and the
models clearly remove the background underneath these
two peaks. This is further illustrated by the background-
subtracted data shown in the lab frame and center-of-
mass frame in Figures 6 and 7, respectively. The remain-
ing background in the negative-excitation-energy region
averages to zero, and the data sharply increase above the
E, = 0 MeV kinematic line, indicating that they are rep-
resentative of the charge-exchange reaction of interest.

B. Neutron-Detection Efficiency Corrections

The measured background-subtracted counts were cor-
rected for the neutron detection efficiency from LENDA’s
geometric and intrinsic neutron-detection efficiencies plus
the S800 momentum and angular acceptances using the

T T T

— Raw Data
(a) 2°-4° — Random | (b) 4°-6° 2
1000} —Bkgd | P
5¥ IH% Wﬁ
£ 7R
. ¥
Owwﬂfw bt e-wm;w t
(c) 6°-8° (d) 8-10°
1000t H%
A S
500 M-‘““&iﬁ : Y3
ST NN ] e
L i U Y Lo SRR
() 10°-12° (f) 12°-14°
1000
& W‘pﬁ%
m..-i.ﬂ -# . o 5
,aﬁ"l““‘ o e A R
0 L .:EM nﬁ“‘ ;h' W&

-1510-50 510152025 -1510-5 0 5 101520 25

Excitation Energy [MeV]

FIG. 5. Excitation-energy spectra of the raw data (black),
random coincidences (red), and other background (blue). The
dips in the blue background model at e.g. 5 MeV in the 4° —6°
angular bin and 15-20 MeV in the 8° —10° angular bin are the
result of the gaps in LENDA coverage at 29.2° and 33.5° in the
lab frame. Light blue bands (smaller than the data points on
this plot) indicate systematic error in the background model.

Geant4 Simulation Toolkit [49]. The neutron physics
used in Geant4 has been benchmarked with LENDA
neutron-detection efficiency measurements, see Refer-
ences [39, 47].

The liquid hydrogen target was simulated as a cylin-
der made of liquid hydrogen with the density given in
Section II, and a Kapton foil was placed at either end
of the cylinder. A ''C beam with realistic position, an-
gle, and energy spreads was simulated passing through
the target. The LENDA bars were modeled as rectan-
gular prisms made of hydrogen and carbon with a ratio
of H:C=1.104 and a density of 1.023 g/cm?, according
to the BC-408 scintillator specifications [50]. The tar-
get was placed at the origin, and the LENDA bars were
placed around it according to their measured positions.

When the 'C impinged on the target in the sim-
ulation, the simulation randomly selected a z-position
within the target as the location of the charge-exchange
reaction. Upon passing the selected z-position, the 1C
was destroyed and the ''N and neutron were created ac-
cording to relativistic two-body kinematics. The !N was
created in a state with £, = 0 — 30 MeV at intervals of
0.1 MeV. The efficiencies were determined for each of the
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FIG. 6. (color online) Neutron laboratory energy vs. labora-
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FIG. 7. (color online) Center-of-mass scattering angle vs. ''N
excitation energy reconstructed via a missing mass calcula-
tion, after background subtraction. Note the forward-peaking
nature of the angular distribution at low excitation energies.

angular and excitation-energy bins used in the analysis
of the experimental data.

The systematic error includes the error from the light-
output calibration, from the measured LENDA bar po-
sitions, and from the assumptions made about the de-
cay scheme of ''N. The background-subtracted counts
were divided by the efficiency to get the total number of
counts. This total count was further corrected for the
beam identification and reaction product identification
cuts (>99%), the efficiency of the S800 focal plane de-
tectors (97%), and the data acquisition system live time
(96%). Finally, the event rate was corrected for the re-
moval of events (17%) in which multiple LENDA bars
recorded hits, in part due to scattering of neutrons from
one LENDA bar into another.
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FIG. 8. (color online) Cross sections for (a) 4° — 6° and (b)
12°—14°. The error bars indicate the statistical error, and the
gray bands indicate the systematic error. The red lines shown
in (a) the 4° — 6° spectrum are the fits used to extract the
B(GT) for the first two odd-parity states. The third peak
(dashed) was included to determine the background under
the second peak to ensure the cross section was not over-
estimated.

C. Double Differential Cross Sections

The absolute differential cross sections were calculated
from the corrected counts found in the previous section,
the beam rate, and the target thickness. The resulting
cross sections are shown in Figure 8(a) for 4° — 6° and
Figure 8(b) for 12° — 14°. The systematic errors include
the uncertainty in the corrected counts discussed above,
plus the uncertainties in the beam rate and target thick-
ness (see Section II).

Two prominent peaks at about 1 MeV and about
3 MeV can be observed in Figure 8(a). The height of
these peaks decreases at larger angles. The forward-
peaking nature of these peaks indicates that they are as-
sociated with AL = 0 and correspond to GT transitions.
Because these two states are populated by GT transi-

tions from the 'C ground state (J™ = %_), they can be
identified as the 1~ state at 0.73 MeV and 2 state at

2.86 MeV in 'N (see Table I). At higher excitation en-
ergies, the cross section is due to a combination of states
associated with different angular momentum transfers.

IV. MULTIPOLE DECOMPOSITION ANALYSIS

The zero angular momentum (AL = 0) component of
the cross section must be determined before B(GT) can
be extracted. This was done with a multipole decompo-
sition analysisd (MDA) [51, 52], where the experimental

cross section Z& is fit to theoretical cross sections with

AL=0,1,2,...
AL;,

;% = Zi:ai <Zg> (1)

DWBA



where a; are the fit parameters, and ( g—g)gé& 54 are the-
oretical cross sections. The theoretical cross sections
were calculated in the Distorted Wave Born Approxima-
tion (DWBA) with the code DW81 [53]. The optical
potential used was the global potential by Schwandt et
al. [54] with modifications by Madland [55]. The effec-
tive nucleon-nucleon interaction used was that of Franey
and Love [56]. The one-body transition densities were
calculated using the code Oxbash [57] with the wbp in-
teraction [58] in the spsdpf shell-model space.

The experimental cross sections were first smeared
such that the resolution at high angles matched the res-
olution at low angles to minimize distortion effects that
could bias the MDA. Then an MDA was done for each
0.5 MeV excitation-energy bin. In this analysis, only
AL =0 and AL = 1 components were used because the
AL =1 and AL = 2 shapes are similar in the measured
angle range and using all three components did not re-
duce the uncertainties in the extracted GT strength. The
transition to the first ;_ state in ''N was used to cal-
culate the AL = 0 angular distribution, and the tran-

sition to the first %7 state was used to calculate as the
AL = 1 angular distribution. Other transitions yielded
similar angular distributions, and changing which tran-
sitions were used did not significantly affect the final ex-
tracted GT cross section. Small differences in the ex-
tracted GT cross section due to the selection of AL =1
or AL = 2 angular distribution in the fit were included
in the systematic uncertainties.

The angular distributions are shown in Figure 9(a),
and MDA results are shown in Figure 9(b) for 0 —4 MeV
and Figure 9(c) for 4 — 12 MeV. Gamow-Teller (AL = 0)
dominates below 4 MeV, and components with higher AL
become significant at higher excitation energies. Note
that the MDA took into consideration the statistical and
systematic uncertainties (discussed in Section IIIB) in
the extracted differential cross sections, which are indi-
cated separately in Figures 9(b) and (c). Taking into
account the combined error bars, all but two data points
are within one standard deviation of the fitted differential
cross section, and the remaining two points are within 1.5
standard deviations, which is satisfactory. An additional
component to the uncertainty is introduced by converting
the extracted cross sections to Gamow-Teller strengths,
as discussed in the next section.

The total AL = 0 cross section was also extracted for
the peaks at 0.73 MeV and 2.86 MeV. These peaks were
fit with Voigt functions (convolution of a Lorentzian and
a Gaussian distribution) to estimate the total differen-
tial cross section for each state. The MDA results dis-
cussed above were used to determine the AL = 0 fraction
of each cross section. The fit is shown in Figure 8(a)
for .. = 4° — 6°. The peak energies and intrinsic
(Lorentzian) widths were fixed to ENSDF adopted val-
ues, given in Table I [59]. The smearing of each peak
due to the experimental resolution (Gaussian width) was
fixed to the resolution determined by the Geant4 simula-
tion. To account for higher-lying states that may overlap
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FIG. 9. (color online) (a) Angular distributions used for the
Multipole Decomposition Analysis (MDA). The y-axis scale
is arbitrary, and the curves are normalized to compare their
shapes. (b) MDA for excitation energies 0 — 4 MeV and (c)
4—12 MeV. GT transitions (AL = 0) dominate at excitation
energies below 4 MeV, and AL > 0 contributions grow as
excitation energy increases above 4 MeV. Note that the error
bars on each data point indicates the statistical uncertainties,
and the grey bands indicate the systematic uncertainties.

TABLE I. ENSDF adopted energies and widths used to fit
the measured cross section [59].
J* E, [MeV] T [keV]
0.730(70) 600(100)
2.860(70) 340(40)

-
2
3-
2

with the %_ peak, a third peak was included in the fit,

shown as the dashed red line in Figure 8(a). This could,
for example, be the %_ state at 4.42 MeV.

V. B(GT) EXTRACTION

The CE cross section extrapolated to zero momentum
transfer, %(q = 0)|AL=0, is proportional to B(GT) via
a proportionality constant 6T called the unit cross sec-

tion [8]:

do
—=(g=0)
dQ AL=0

= 6gTB(GT). (2)

To apply Eq. 2, the AL = 0 cross section found in the
previous section must be extrapolated to zero momentum
transfer (¢ = 0), where both the scattering angle and Q-
value are zero. The AL = 0 cross section at 0° can be
reliably extrapolated to @ = 0 by using a scaling factor
obtained from the DWBA calculations [8]. In this case,
the scaling factor ranged from 1.3 for E, = 0 MeV up
to 2.0 for E, = 12 MeV. The resulting B(GT) values
are 0.18(1)%*(3)*¥* and 0.18(1)*'**(4)*¥* for the 1 and

%7 states, respectively. The cumulative B(GT) up to

10 MeV is 0.61(3)stat(12)s¥s.

The unit cross section was taken from the 1'B(n,p)*!Be
(E, = 96 MeV) analysis by Ringbom et al. to be
gt = 8.4 mb/sr [10]. The uncertainty in this value was
estimated to be 1.0 mb/sr based on unit cross sections



from p-decay and CE reactions of neighboring nuclei:
12,13C(n,p) at 95 MeV [60] and 1°B(n,p) at 96 MeV [10].

An additional uncertainty in the proportionality re-
lationship, Eq. 2, is coherent interference of the AL =
2,AS = 1 component with the AL = 0,AS = 1 com-
ponent (both are associated with AJ™ = 17). The
AL = 2,AS = 1 component is mediated mainly by the
tensor-7 component of the effective interaction, and, fol-
lowing Ref. [61], its effect on the cross section was es-
timated by switching off the tensor parts of the Franey
and Love effective interaction in the DW81 program. The
cross section changed by no more than 5%, which is small
relative to the other systematic errors in this experiment.

Only the '°C+p final state data have been consid-
ered so far, but "N can also decay to 2a+43p above
E, ~ 2.7 MeV. (!N decays by 2p emission to °B,
which decays by proton emission to ®Be, which decays to
2a.) The direct (p,n) reaction populates proton-particle
neutron-hole states in ''N, and the decay by proton emis-
sion is expected to be the preferred decay channel. Never-
theless, a-particles were measured in the S800 focal plane
to study this alternative decay channel. No significant
signal above background was observed in this channel be-
low 4 MeV. At higher excitation energies, only an upper
limit of 65% of the '°C+p channel could be determined.
However, separating the signal from the background was
difficult. Given that the angular distributions of the data
appeared similar to the background observed in the chan-
nel with a '°C+p final state, the actual yield from the
2a+3p channel is probably much lower than this upper
limit. Extracting the AL = 0 yield from the 2a+3p data
was not possible given the background, and this channel
was excluded in the further analysis of the spectra.

VI. DISCUSSION

The present experimental results are compared to the-
oretical calculations in Figure 10, and the B(GT) values
are presented in Table I, along with experimental results
from 'B(n,p)-type experiments. The shell-model calcu-
lations were done in Oxbash as previously described. A
scaling factor of 0.69 (Eq. 7.1 from Ref. [62]) was ap-
plied to the shell-model B(GT) values to account for
the well-known quenching of the GT strength relative
to shell-model calculations. The experimental B(GT)
results agree with the shell-model calculations for both
the individual states and for the cumulative distribution.
However, as discussed above, we cannot exclude some ad-
ditional GT strength to be present in the 'N—2a+3p
channel.

Variational Monte Carlo (VMC) calculations for both
the proton- and neutron-rich cases were performed using
the NV2+3-Ia* NN and 3N interactions [63—67], follow-
ing the procedure described in Ref. [68]. No additional
scaling or quenching factors were applied. A VMC cal-
culation was not done for the ground state, so excitation
energies could not be calculated. The relative energy be-
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FIG. 10. (color online) (a) Comparison of the data (black,
with gray bands indicating systematic error) to the shell-
model calculations (blue, green, purple) and the VMC cal-
culations (red stars). The VMC calculations did not yield
excitation energies, so the energy of the %_ state is fixed to
the ENSDF value, and the energy of the 3~ state is the 3~ en-
ergy plus the VMC relative energy. (b) Measured cumulative
B(GT) distribution (black, with gray bands indicating sys-
tematic error) compared to the shell-model calculation (red).

tween the 1~ and 2 states was 3.0+0.3 MeV. The VMC
B(GT) values are consistent with both the present ex-
perimental results and the shell model calculations. The
VMC results are also very similar for both the 'C—!'N
and the mirror 1'B—1!'Be cases, suggesting that isospin
symmetry holds.

Note that the uncertainties on the VMC calculations
shown in Table II are statistical as we have used only
one model for this study. Based on the previous study
of GT matrix elements with all available NV2+3 model
classes [65], the variation due to the choice of interac-
tion is typically 2% to 4%. Assuming a conservative
5% model uncertainty on the matrix elements would re-
sult in a 10% model uncertainty on the B(GT) values
from VMC. Performing a Green’s Function Monte Carlo
(GFMC) propagation should provide a more accurate
value of the B(GT). GFMC calculations typically quench
the GT matrix element by 2% to 3% from the VMC value,
which would lead to results that are still in good agree-
ment with the data. This transition should be analyzed
with GFMC in the future to confirm our expectation, and
work is already underway to obtain GT matrix elements



from GFMC for A > 11 with the NV2+43.

In addition to theoretical calculations, the results can
also be compared to experimental B(GT) values obtained
from mirror 'B(n,p)-type reactions. The 'B(n,p) reac-
tion was measured at F, = 96 MeV at the Svedberg
Laboratory in Uppsala, Sweden [10]. Although the ex-
citation energy resolution was too poor (3.5-4.5 MeV
(FWHM)) to extract strengths for individual states, the
B(GT) summed to 10 MeV was 0.75(8). The 'B(d,?He)
reaction was measured at F; = 270 MeV at the RIKEN
Accelerator Research Facility [11] and the 'B(¢,°He) re-
action was measured at 127 MeV/A at the NSCL [12].
Both extracted B(GT) for the 3+ and 2" states, but the
(d,’He) results are significantly larger than the (¢t,>He)
results and were consistent with the shell-model calcu-
lations without the expected quenching. The present
1 C(p,n) results are consistent with the (n,p) results and
the (t,>He) results. Again, as shown in Table II, the VMC
calculations predict very similar GT transition strengths
for the transitions to the 1~
HBe.

and %_ states in ''N and

VII. CONCLUSION

To summarize, B(GT) for the transitions from 1 Cl[g.s.]
to '!N[1 ] and ™ N[3 ], plus the cumulative B(GT) up
to 10 MeV in !N, were extracted via the 'C(p,n) re-
action in inverse kinematics at 95 MeV/u. Both shell-
model and ab-initio Variational Monte Carlo calcula-
tions reproduce the data well. Additionally, the results
are consistent with previous (n,p) and (¢,>He) B(GT)
measurements to the mirror states in ''Be. The re-
sults indicate that the GT transitions are consistent with
what is expected for p-shell nuclei. The agreement be-
tween shell-model and Variational Monte Carlo calcula-
tions is also consistent with this picture. Similar to the
12B(7Li,"Be)?Be study of Ref. [9] that measured the p-
shell component of the first two 01 states in ?Be, this
p-shell approach is a useful complement to previous stud-
ies that probed the sd-shell components of these states,
further elucidating the mixing of different configurations.

This work has demonstrated the feasibility of extract-
ing B(GT) from the (p,n) charge-exchange reaction in
inverse kinematics with proton-rich rare-isotope beams.
However, the experiment also indicated that future ef-
forts, especially for proton-rich nuclei, can benefit from
better ways to reduce and estimate background. The
background subtraction introduces significant systematic
and statistical uncertainties and makes the extraction of
GT strength from reactions that produce complex final
exit channels (such as the 2a+3p channel in this work)
very challenging. The background from ~-rays could
be greatly reduced by employing neutron detectors with
pulse-shape discrimination capabilities, and a project to
develop an array of such detectors is underway at FRIB.
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