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Particle decays from 12B and 12N mirror nuclei
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Spin-isospin excitations in12B and 12N have been studied using the12C(d,2He!12B and 12C(3He,t) 12N
charge-exchange reactions atu 5 0° and atEd5200 MeV andE(3He!5450 MeV, respectively. Neutron decay
from 12B to 11B and proton decay from12N to 11C have been measured with detector arrays consisting of
liquid-scintillation counters and silicon detectors, respectively. Microscopic structures of the spin-dipole reso-
nances in12B and 12N are discussed on the basis of the experimental observations of particle decays and their
angular correlations.@S0556-2813~98!02606-5#

PACS number~s!: 24.30.Cz, 25.55.Kr, 27.20.1n, 29.30.Aj
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I. INTRODUCTION

Giant resonances in nuclei are coherent vibrations
nucleons moving in a restoring nuclear potential. They
characterized by quantum numbers, spin and parityJp. They
are observed as broad peaks in the excitation-energy re
from several MeV to tens of MeV. Particular examples a
the spin-isospin resonances, such as the Gamow-Teller r
nances~GTR’s! @1,2#, which are strongly excited via th
charge-exchange reactions at intermediate energies.
GTR’s are mediated by thesW •tW operator.

Spin-dipole resonances~SDR’s! mediated by the
sW •tW rY1 operator have been observed in (p,n) reactions@3–
6#, as well as in (3He,t) reactions@7#. The angular distribu-
tions obtained in the charge-exchange reactions leadin
SDR’s have characteristicDL51 shapes. Dipole excitation
observed in charge-exchange reactions at bombarding e
gies of <60 MeV/nucleon have been associated with
giant dipole resonance~GDR! mediated with the operato
tW rY1. Taboret al. gave@8# an overview of spectra obtaine
with the (3He,t) reactions at 130 and 170 MeV on variou
nuclei ranging from12C to 90Zr. They found that in all case
the broad bumps standing on the nuclear continuum are
cated at nearly the same excitation energies and have sim
widths as those of the GDR excited in the photonuclear
action @9#. Although the observed bumps have been ass
ated with the GDR at low bombarding energies in char
exchange reactions where spin transfer can be involved
transferred orbital angular momentum ofDL51 can, in prin-
ciple, couple to a spin transferDS51, resulting in a trans-
ferred total angular momentumDJp502, 12, and 22. Ejiri,
Ikeda, and Fujita@10,11# predicted the existence of thes
giant resonances withDL51, DS51, DT51 by analyzing
the data ofE1 transitions from the analog states andM2
transitions in medium-heavy nuclei@10#.

Isovector 01→02 transitions are of special interest sin
570556-2813/98/57~6!/3153~14!/$15.00
f
e

ion
e
so-

he

to

er-
e

o-
ilar
-
i-
-
he

the process includes the same quantum numbers 02 as thep
mesons which, therefore, play a very important role in th
transitions. Because of this reason, the 02→01 b decays
and the 01→02 transitions in charge-exchange reactio
were repeatedly studied theoretically@12,13#. If the transi-
tions to 02 states can be separated from transitions to
other states in the SDR, one can test the effect of the p
field in nuclei using charge-exchange reactions. Unfor
nately, until now, no successful extraction of the 02 compo-
nent from the complex mixture of the 02, 12, and 22 states
in the SDR has been reported since these states ove
strongly with each other and are populated with the sa
transferred orbital angular momentumDL51.

Typical candidates of these 02, 12, and 22 states are
expected in theA512 mirror nuclei of 12B and 12N. Figure
1 shows the spin-isospin excitation modes in theA512 nu-
clei and their decay schemes@14#. The proton separation
energy~Sp) of 12B and the neutron separation energy (Sn) of
12N are 14.1 and 15.7 MeV, respectively. On the other ha
the neutron separation energy (Sn) of 12B and the proton
separation energy (Sp) of 12N are 3.4 and 0.6 MeV, respec
tively. Thus, only the mirror particle decay modes from t
spin-dipole resonances in12B and 12N are allowed, i.e., neu-
tron decay of12B and proton decay of12N.

The charge-exchange reactions on12C at intermediate en-
ergies lead to several prominent peaks in the spectra. T
are the 11 ground state, the 22 spin-dipole state at;4
MeV, and 12 dipole and spin-dipole resonances around
MeV. A 02 state expected at;9 MeV has never been
clearly identified experimentally.

There are two recent (p,n) results@15,16#, in which the 7
MeV peak in 12N is well described with the 12 assumption,
consisting with the theoretical prediction. However, there
a contradicting conclusion concerning the presence of the2

state at;7 MeV in 12B from the tensor-analyzing-powe
measurement of the (d, 2He! reaction at 270 MeV@17,18#.
3153 © 1998 The American Physical Society
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3154 57T. INOMATA et al.
Okamuraet al. @17,18# suggested that the tensor-analyzi
power of the 12C(d, 2He! 12B reaction for the 7 MeV reso
nance is better described with the 22 assumption despite th
12 theoretical prediction. Thus, the conclusion about
spin-parity assignment for the 7 MeV resonance of the S
is still controversial. A more exclusive independent measu
ment, which differs from the simple measurements of cr
sections and analyzing powers, will be very useful in reso
ing this problem.

The angular correlation for decay particles from sta
excited in a charge-exchange reaction is believed to b
powerful means to provide precious information on t
nuclear structure of the intermediate and final states and
the Jp values of the intermediate state. In order to perfo
the present measurements, we use two independent ch
exchange reactions,12C(d, 2He! and 12C(3He,t), leading to
the final mirror nuclei12B and 12N, respectively.

The (d, 2He! reaction is the most powerful probe amon
various possible reactions to excite the spin-isospin mode
theDTz511 channel, where the2He particle is observed a
a pair of protons coupled to the unbound1S0 (T51) state
@19#. This reaction picks up only theDS51 components,
and thus no spin-flip measurement is required to sort out
DS50 and 1 components. With the advantage of its uniq
selectivity (DS51, DT51, andDTz511), the (d, 2He! re-
action becomes a good tool for studying Gamow-Teller a
spin-flip dipole transitions@17,18,20–22# although the ex-
periment and its data analyses are rather difficult. It is no
worthy to mention that another interesting probe is the (7Li,
7Be! reaction, which makes it possible to discriminate b
tween theDS50 andDS51 spectra by measuring the tra
sitions to the ground state and the first-excited state in7Be
under similar kinematical conditions@23–25#. The transi-
tions to the first-excited state are identified by measuring
7Be ejectiles in coincidence with decayg rays from the first-
excited state in7Be.

We succeeded in measuring the2He particles in coinci-
dence with decay neutrons. This is, indeed, a trip

FIG. 1. Level schemes of12B and 12N. The particle threshold
energies are indicated for proton and neutron decays.
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coincidence experiment. The two protons constituting
2He particle must be measured in coincidence under the
tense proton background originating from the deute
breakup reaction at forward angles. Furthermore, detec
of neutral neutrons in coincidence with2He particles makes
the experiment more difficult. The threshold energy for ne
tron decay in12B is 3.4 MeV ~see Fig. 1! @14#, while the
proton decay threshold is 14.1 MeV. Thus, it is possible
measure decay neutrons from the levels atEx53.4;14.1
MeV in 12B.

The first (3He,t1p) coincidence measurements have be
performed at energies of;30 MeV/u on 12C and 16O at
KVI, Groningen @26,27#. However, the (3He,t) reaction at
;30 MeV/nucleon was not suitable to strongly excite t
spin-isospin resonances, because of a large contribution f
the (3He,d)(d,t) and (3He,a)(a,t) sequential processes
which complicate the excitation mechanism and give n
negligible effects on the correlation patterns due to differ
substate populations. On the contrary, the (3He,t) reaction at
450 MeV, or at higher bombarding energies, preferentia
excites spin-isospin-flip modes@28#. This allows us to study
the microscopic structure of charge-exchange spin-isos
modes @29–31#. In addition, a series of measurements
proton decays have been achieved at RCNP by means o
(3He,t) reaction at 450 MeV@32–34#. In these previous
works, proton angular correlations were, however, not
precisely measured, because of an insufficient angular co
lation data of decay protons. The present experiments h
been performed to obtain more precise angular correlat
by using a silicon detector-array system. Therefore, in t
paper, the angular correlations of proton decay induced
the 12C(3He,t) reaction will be also reported and discusse

II. EXPERIMENT

The 12C(d, 2He1n) and (3He,t1p) reactions were mea
sured using a deuteron beam at 200 MeV and a3He beam at
450 MeV from theK5400 MeV ring cyclotron at the Re
search Center for Nuclear Physics~RCNP!, Osaka Univer-
sity. 3He and deuteron beams extracted from the ECR~Elec-
tron Cyclotron Resonance! ion source were accelerated b
the K5120 MeV AVF ~Azimuthally Varying Field! cyclo-
tron, and were further boosted to higher energies by theK5
400 MeV ring cyclotron. The extracted beam was achrom
cally transported from the ring cyclotron to the scatteri
chamber without any energy-defining slits in order to avoi
beam halo.

The beam-spot size was 1 mm31 mm in the vertical and
horizontal directions. We used natural carbon targets for
experiment. The thicknesses of the targets were 30 mg/2

and 2.0 mg/cm2, respectively for the (d, 2He1n) and (3He,
t1p) experiments. The maximum beam currents on the
get were 0.05 nA in the (d, 2He1n) experiment and 3 nA in
the (3He,t1p) experiment. These rather weak beam curre
were required to keep a good signal-to-noise ratio for
coincidence measurements of decay particles.

The time interval of the beam bunch was determined
the radio frequency of the AVF cyclotron. The deuteron a
3He beam frequencies of the AVF cyclotron were, resp
tively, 10.116 and 11.977 MHz, corresponding to the de
teron and3He beam-repetition cycles of 98.85 ns and 83.
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57 3155PARTICLE DECAYS FROM12B AND 12N MIRROR NUCLEI
ns, respectively. In the neutron-decay measurement via
(d, 2He! reaction, a beam buncher in the beam-transport s
tem between the AVF and ring cyclotrons was used to av
overlapping of neutron events and the pulsing ratio was c
sen to be three, making a beam period of 296.6 ns.

A. 12C„d,2He…12B Reaction

The outgoing2He particles were measured by the coin
dence detection procedure at zero degrees using the la
acceptance spectrometer~LAS! and its focal-plane counte
system@35#. Figure 2 shows the experimental setup for t
(d, 2He1n) measurement. The beam passing through the
get was guided to an external beam dump through a b
extraction port of LAS. Two protons were bent in the LA
magnet and were measured in coincidence~denoted asPH
andPL in Fig. 2, for example!. Two protons with higher and
lower energies were measured by the trigger scintillati
counter system consisting of six horizontal and 12 verti
plastic-scintillation counters. Light outputs from ea
horizontal-type scintillation counter were detected by t
photomultipliers at both ends, while those from ea
vertical-type scintillation counter were detected by one p
tomultiplier.

Signals from the photomultiplier were divided by a d
vider circuit. The divided signals were sent to a consta
fraction discriminator~CFD! and to a charge-to-digital con

FIG. 2. Setup of the neutron scintillation-counter array for t
measurement of neutron decay in coincidence with the (d,2He!
reaction at zero degrees~top view!. A side view of one set of the
neutron detector array consisting of five liquid-scintillation count
is shown in the lower-right part of the figure. The2He particles are
identified as the two-proton unbound state. Two protons are m
sured in coincidence using the focal-plane counter system con
ing of the trigger scintillator array and the multiwire drift counte
The trajectory information on two protons, e.g., indicated asPH and
PL in the figure, are used to make the two-proton energy correla
for identification of a2He particle. The incident deuteron beam
guided to the Faraday cup shielded with concrete blocks.
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verter ~QDC!. The QDC data were used for eve
discrimination ofg rays and protons. The translated logic
signals by the CFD outputs from a horizontal scintillatio
counter were averaged in time using mean-timer modules
order to identify two protons as a2He event with a1S0
(T51! configuration, trigger signals were generated from
coincidence events consisting of four signals from two ho
zontal plastic-scintillation counters and two vertical one
The arrival positions of the two protons at the focal pla
were determined with an accuracy of 0.3 mm using the m
tiwire drift chambers.

For the coincidence measurement of neutron decays
lowing the (d, 2He! reaction, we recently constructed a ne
tron multidetector array system, which is similar to th
neutron-detector-array EDEN@36#. The neutron-detector ar
ray consisted of 48 identical BC-501A liquid-organi
scintillator cells with a diameter of 20 cm and a thickness
5 cm. The liquid-organic scintillator BC-501A was deox
genated and encapsulated in the air-tight aluminum cells
good pulse-shape discrimination. The inside of the cell w
coated with MgO. The cell of the liquid scintillator had a
optical window connected to a 5’’ photomultiplier. Sinc
neutron energies were measured by the time-of-flight~TOF!
method with a short flight path of;1.5 m, the fast respons
property of the scintillator BC-501A was greatly helpful fo
the (d, 2He1n) experiment.

A set of five neutron detectors was mounted in the sa
steel frame with an aluminum spacer to incline each dete
toward the target as shown at the lower-right part in Fig.
Ten units were installed on the steel stands. The center
sition of each unit was aligned at the same horizontal leve
the beam line. Concrete shields were placed near the b
line and were used to decrease the level of neutron andg-ray
background. In order to measure the angular-correla
function of emitted neutrons, the detectors were positione
backward angles from 100° to 160° in the laboratory syste
because the neutron background from the deuteron-brea
reaction is small at backward angles. The detectors w
classified into ten groups on the basis of angular positi
The neutron flight distance between the target and the ce
of each neutron detector was 1.5060.02 m. This detector
geometry was chosen by considering the required ene
resolution of neutrons and the geometrical restriction in s
ting the neutron detectors. The total solid angle was ab
5% of 4p.

The energy deposit of electrons is known to be prop
tional to the light-output of BC-501A in the range more th
several tens keV electron-equivalent energy. The thresh
voltage of the CFD was, thus, calibrated by measuring
g-ray response of neutron detectors. The maximum ene
of Compton-scattered electrons was determined by their e
in the fast-gated QDC spectrum.

The TOF of a neutron is given byTn5(c22c1)t1tg ,
wherec1 is the channel of theg-flash peak position, which
has been obtained during the run using an aluminum ta
of a thickness of 2 mm,c2 is the channel of the TDC ob
tained for the neutron events, andtg is the flight time of the
g-ray from the target to the detector. The accuracy of
time scale fort is determined by using the time calibrator

The neutron decay energy from the 4.5 MeV state in12B
to the 3

2
2 ground state of11B is 1.0 MeV ~see Fig. 1!. In
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3156 57T. INOMATA et al.
order to measure low-energy neutrons from the 4.5 M
state, the threshold value of all the scintillation counters w
set to;40 keVee. Since the applied voltage to each pho
multiplier was electronically limited to 3000 V, the CFD
threshold voltages were set to be as low as possible.
neutron detection efficiency was estimated to be;30% with
the threshold energy of 40 keVee@37#. The energy resolution
for the final-state spectrum was 600 keV.

B. 12C„

3He,t… 12N reaction

The scattered tritons were analyzed by the spectrom
‘‘GRAND RAIDEN’’ @38#. The experimental procedure an
data-taking system were similar to those described pr
ously@34#. The 3He1 particles, which were generated by th
atomic charge-exchange process3He11→3He1 in the tar-
get foil @39#, were detected at the high momentum side of
focal-plane detector system and were used to check the b
resolution.

In the scattering chamber, forty Si~Li ! solid-state detec-
tors ~SSD! were installed for measuring decay protons
backward angles. Each SSD was 5 mm in thickness and
mm2 in effective area. Because of the thick SSD, we obse
proton decays from the states in12N with excitation energies
up to Ex;30 MeV. The total solid angle covered by th
SSD’s was 3% of 4p. The SSD’s were located at backwa
angles with respect to the incident3He beam to avoid detec
tion of the background protons due to the quasiela
charge-exchange knockon process and the3He→p1d
breakup reactions at forward angles.

The SSD’s were assembled on 2 mm thick plates c
nected to a cooling pipe through which coolant liquid w
temperature of a220 °C was circulated. The thermal nois
of each SSD was greatly reduced by cooling, and the ene
resolution was improved. Using the241Am a source, the
energy resolution of each detector was checked to be
than 50 keV in the off-line test. The final-state energy re
lution in the actual experiment was, however, in the range
350–450 keV. This was due to~1! the increase of noise
levels due to the irradiation of SSD’s by electrons andg
rays, ~2! the energy loss of decay protons in the target, a
~3! the beam energy resolution. The difference of the ene
losses of3He and tritons in the 2 mg/cm2 carbon target was
relatively small.

III. DATA REDUCTION AND RESULTS

A. Data analysis of the 12C„d,2He…12B reaction

The maximum effective solid angle was estimated to
2.4 msr for the (d, 2He! measurement with the LAS for th
maximum accepted relative energy«max55 MeV @40#. The
energy calibration of the (d, 2He! spectra was made by usin
various sharp peaks for the states in10Be, 11Be, and 12B.
Figure 3 displays the10,11B(d, 2He! 10,11Be spectra taken a
Ed5200 MeV. We observe several sharp peaks at 3.37, 5
and 9.3 MeV in10Be and at 0.3, 2.7, and 3.9 MeV in11Be.
These correspond to the Gamow-Teller transitions to st
in 10Be and 11Be. The resolution achieved for these tw
reactions was 400 keV, essentially determined by the be
and spectrometer resolutions. In addition, we observ
broad bump corresponding to the transition to the spin-dip
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resonance~SDR! in 11Be. Using various discrete peaks in th
(d, 2He! reactions on10,11B and 12C, we could reliably con-
firm a good linear relation of the excitation energy versus
focal-plane position.

The underlying background in the10,11B(d, 2He! 10,11Be
spectra~see Fig. 3! was mainly due to events induced b
neutrons associated with the deuteron-breakup reaction.
ter cutting out the part of the two-dimensional spectrum d
to the random coincidences of neutrons with the very stro
~d, 2He! transition to the 11 ground state of12B, the prompt-
to-random ratio of the time peaks improved to 2.9 from 1
To obtain the true-coincidence final-state spectra and2He
coincidence spectra, random spectra were subtracted
the prompt ones.

B. Data analysis of the12C„

3He,t… 12N reaction

Energy calibration was performed using thenatC(3He,t)
reaction. Since the ratio of the isotopic abundance for12C
and 13C is 98.89%:1.11%, we observe several peaks co
sponding to the discrete states excited by the12C(3He,t) 12N
and 13C(3He,t) 13N reactions. The12C(3He,t) 12N reaction
has a large negative-Q value of217.355 MeV. On the other
hand, the13C(3He,t) 13N reaction has a comparatively sma
Q value of22.239 MeV. It was, therefore, possible to ca
brate the (3He,t) energy spectrum using the well-known di
crete states in13N and 12N. The variation in the beam energ
during the experiment was corrected for by using the3He1

peak, produced by the atomic charge-exchange reaction@39#
of the incident3He11, as a calibration monitor.

FIG. 3. Excitation-energy spectra atu50° for ~a! the 10B(d,
2He!10Be and for ~b! the 11B(d,2He!11Be reactions measured a
Ed5200 MeV. The thicknesses of the10B and 11B targets were
15.8 and 15.0 mg/cm2, respectively. Accidental coincidence even
have been subtracted. Sharp peaks denoted by their excitatio
ergies andJp values are due to the Gamow-Teller transitions.
broad bump corresponding to the spin-flip dipole resonance in11Be
is observed in the11B(d,2He!11Be reaction.
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In the present experiments, the ratio of the true-to-rand
coincidences was 6:1, which was estimated from
coincidence-timing spectrum. The random events were s
tracted from the prompt events in all the coincidence spec

C. Singles spectra

Figure 4 compares the three spectra obtained from
(3He,t), (g,n) @9#, and (d, 2He! reactions on 12C. The
singles spectrum for the12C(3He,t) 12N reaction atE(3He!
5450 MeV at zero degrees is shown in Fig. 4~a!. The energy
resolution of the (3He,t) measurement for the 11 ground
state of 12N was 320 keV. Fujiwaraet al. reported@28# that
the ratio of the excitation strengths between the ground s
of 12N and the state atEx53.51 MeV of 13N closely agrees
with the results of charge-exchange (3He,t) reactions at
higher energies@41#. Thus, the reaction mechanism of th
(3He,t) reaction atE(3He!5450 MeV is considered to be
similar to that of the (p,n) reaction at high incident energie
where the eikonal approximation is applicable.

The strongest peak atEx50 MeV is the dominantDL50
transition to the 11 ground state of12N. A small peak atEx
5 0.96 MeV corresponds to the 21 first-excited state. There
are two broad peaks located atEx'4.1 and 7 MeV in the
12C(3He,t) 12N spectrum. The first broad peak atEx'4.1
MeV, and the second broad peak atEx'7 MeV correspond
to the spin-dipole transitions. The spin and parity of t
broad peak at 4.1 MeV has been assigned to be 22. The full
width at half maximum~FWHM! is 1.4 MeV. Although12N
and 12B are mirror nuclei, the energy and width for analo
resonances in the spectra of12N and 12B differ significantly
from each other.

The second large broad peak at 7 MeV has a width of
MeV. The ~12) peak structures around 7 MeV are differe
in 12N and 12B. In the 12C(3He,t) 12N spectrum, the broad
peak at;7 MeV seems to consist of several sharp peaks
least, there are two peaks at 6.4 MeV and 7.1 MeV. Since

FIG. 4. The excitation-energy spectra of12N and 12B from the
charge-exchange reactions~a! 12C(3He,t), and~b! 12C(d,2He!, re-
spectively, in comparison with~c! the 12C(g,n) spectrum taken
from Ref. @9# and shifted by 15.1 MeV.
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magnitude of the spin-flip termVst of the effective interac-
tion is much larger than the non-spin-flip termVt in the
incident energy region of 100;150 MeV/nucleon@42,43#,
the non-spin-flip excitation is considered to be still sma
However, appreciable contributions from the non-spin-fl
strengths can be expected in the12C(3He,t) 12N spectrum if
the transition amplitude to a final state were large. Sterr
burg et al. @26# reported that a sharp state with a low spin
observed atEx57.63 MeV in the12C(3He,t) 12N reaction at
E(3He!5 81 and 75 MeV, and that this state strongly deca
by proton emission into the52

2 state in 11C. The 7.63 MeV
state reported in Ref.@26# is, however, not strongly seen i
the present singles (3He,t) measurement. On the other han
we observed a sharp peak at 7.1 MeV, which might cor
spond to the 7.4060.05 MeV ~12) state reported in Ref
@14#.

There is a broad peak atEx'10 MeV, which is also ob-
served in the (p,n) reaction@15#. There is a small bump a
Ex'13 MeV, but this bump on top of the continuum regio
due to the quasifree process is not observed in other cha
exchange reactions.

Figure 4~c! shows a spectrum for the12C(d, 2He! 12B re-
action atu'0°. The backgrounds, which were due to t
p1n breakup yields and due to the random coinciden
events from two protons triggering in neighboring bea
bursts, were subtracted in making the final singles spect
in Fig. 4~c!. The spectrum for the12C(d, 2He! 12B reaction at
200 MeV is remarkably similar to that atEd5260 MeV@20#.
This indicates that the (d, 2He! reaction mechanism atEd5
200 MeV is simple as that atEd5260 MeV and that the
observed states are excited with pure spin-flip (DS51! tran-
sitions.

The narrow peak of the ground state of12B corresponds
to the 11 Gamow-Teller state which is governed by the tra
sition with a simple 1p3/2→1p1/2 matrix element. The en-
ergy resolution of the (d, 2He! measurement was 380 keV fo
the peak of the 11 ground state of12B. Three small peaks in
the region ofEx50.9–3 MeV correspond to the 21, 22, and
12 states atEx50.95, 1.67, and 2.62 MeV, respectively@14#.
There are two broad peaks located atEx54.5 and 7.7 MeV
in the spectrum@see Fig. 4~c!#.

The broad peak at 4.5 MeV is well known to be the sp
flip dipole resonance withJp522. The full width at half
maximum~FWHM! of this broad peak was 0.8 MeV includ
ing the beam resolution. If the observed width (Gobs), the
intrinsic width (G int), and the experimental width (G res) are
assumed to have a relation asGobs

2 5 G int
2 1G res

2 , we getG int

50.69 MeV for the 22 state in12B andG int 5 1.36 MeV for
the 22 state in 12N. The widthG int.51.36 MeV for the 22

state in12N is much wider than the value of 0.8360.02 MeV
given in Ref.@14#. On the other hand, the width of 0.69 Me
for the 22 resonance at 4.5 MeV in12B is much narrower.
Thus, one should conclude that the broad peak at 4.1 M
observed in the12C(3He,t) 12N reaction at 450 MeV consist
of several unresolved peaks. Presumably, a non-spin
state exists on the lower excitation-energy shoulder of
4.1 MeV broad peak in the12C(3He,t) 12N spectrum. This
shoulder peak may correspond to the 3.53 MeV~12 or 21)
state reported in Ref.@14#. Since the excitation of a 21 state
is expected to be relatively weak in the high-energy (3He,t)
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reaction, the spin and parity assignment of the 3.53 M
state is favored to be 12.

The second broad peak at 7.7 MeV in12B has a width of
4.0 MeV. In contrast to the12C(3He,t) 12N spectrum in Fig.
4~a!, the sharp peaks at around 7 MeV are not observe
the 12C(d, 2He! 12B reaction although several broad an
sharp 12 states at 6.0 MeV, 7.06 MeV, 7.760.1 MeV, 7.836
60.02 MeV, and 7.93760.02 MeV are expected in12B @14#.
Obviously, the peak structure atEx 5 6.4 and 7.1 MeV in
the 12C(3He,t) 12N reaction does not appear in the12C(d,
2He! 12B spectrum@shown in Fig. 4~c!#. Therefore, the dif-
ferences between the two mirror spectra of12N and 12B ex-
cited by the (3He,t) and (d, 2He! reactions, respectively, ca
be attributed to the fact that whereas (d, 2He! reaction only
excites spin-flip states, the (3He,t) reaction excites collective
non-spin-flip states as well although weakly.

The 12C(g,n) spectrum presented in Fig. 4~b! @9# is com-
pared with the (3He,t) and (d, 2He! spectra. The12C(g,n)
reaction dominantly measures the non-spin-flip 12, T51
states in12C. As far as the isobaric spin is a good quantu
number, the giantE1 resonance observed in the12C(g,n)
reaction should have analog 12 excitations in both the (3He,
t) and (d,2He! reactions. Because of this, the excitation e
ergy of the12C(g,n) spectrum@9# is shifted by 15.1 MeV to
compare theT51 analog states in the isospin-triplet nucle
We observe the broad bump of theE1 resonance, which
corresponds to the resonance situated at;7 MeV in 12B and
12N, although theE1 GDR should not be excited in12B in
the (d, 2He! reaction. The resonance in12N observed in the
(3He,t) reactions is expected to carry a large 12 strength
including both the spin-flip and non-spin-flip components.
the angular distribution analysis of the12C(p,n) reaction
@15#, the spin and parity assignment for the 7 MeV peak
consistent with the assumption that there exists a stron
excited 12 state atEx;7 MeV, where theoretical calcula
tions predict the presence of both spin-flip and non-spin-
12 states@44–46#. The broad bump at 7 MeV was also o
served in the non-spin-flip spectrum from the12C(7Li, 7Be!
reaction@25#.

There is a peak atEx;10.0 MeV in the 12C(3He,t) 12N
spectrum. This is the analog of a broad peak obser
at Eg 525.5 MeV in the 12C(g,n) spectrum @9#. The
12C(d, 2He! 12B reaction should not excite the analog of t
broad peak observed in the12C(g,n) reaction because it se
lectively excites spin-flip states only. A very small bump
observed at;10.0 MeV in the12C(d, 2He! 12B reaction.

D. Coincidence spectra

1. Neutron decay from12B

A two-dimensional scatter plot is shown in Fig. 5~a! for
neutron decays from the excited states in12B. Triple-
coincidence events for two protons atu50° identified as the
1S0, 2He state and a decay neutron are represented by
in the two-dimensional plane of the neutron decay ene
versus the excitation energy in12B. The decay loci to the
final states in11C are recognized in Fig. 5~a! although ran-
dom coincidence events are not negligible. The ratio of
true-to-random coincidence events gated on the ground
of 11B was quite good~see Fig. 5!, despite the difficult
V

in

-

s
ly

p

d

ots
y

e
ate

neutron-coincidence experiment. This did not depend m
on the neutron detector or its angle in the angular ra
measured, i.e., 100° –160°.

The total counts of decay neutrons from the 4.5 Me
bump in 12B to the ground state of11B was smaller than the
decay neutron events from the 7.7 MeV bump. Since
neutron separation energy (Sn53.7 MeV! is close to the
SDR at 4.5 MeV, the available neutron energy is small. B
cause of this, the penetrabilities of neutrons from12B are
small and were calculated to be 0.2 forl52 decay to the
ground state of11B at the excitation energy of 4.5 MeV in
12B. The wave function of the 22, SDR at 4.5 MeV is ex-
pected to have a main (pp3/2

21nd5/2) configuration. Thus, the
direct neutron decay occurs largely withl52, and is rather
hindered. In addition, the electronic threshold artificia
contributes to lowering the number of detected events fr
the 4.5 MeV bump to the ground state of11B. Therefore, the
observed neutron decay from the SDR atEx(

12B!54.5 MeV
is small.

The loci for neutron decay of the SDR atEx54.5 and 7.7
MeV to the ground state and the low-lying proton-hole sta
in 11B were observed@shown in Fig. 5~a!#. Figure 5~b! shows
a spectrum of neutron decays projected onto the excitat
energy axis of11B. The peak of neutron decay into the3

2
2

ground state of11B is prominent. This is due to the stron
neutron decay from the 7.7 MeV bump, which is seen in
two-dimensional scatter plot of Fig. 5~a!. Neutron decay to
the 1

2
2, 5

2
2, and 3

2
2 states in11B is also observed althoug

the resolution for neutron detection is not sufficient to se
rate the final states. The angular correlation for neutron
cay from theEx(

12B!57.7 MeV bump region to the ground
state of 11B was determined. Figure 6 displays the results

FIG. 5. ~a! The two-dimensional coincidence spectrum of t
12C(d,2He1n) reaction, and~b! a projected spectrum of neutro
decays from the intermediate excited states in12B to the final states
in 11B.
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2. Proton decay from12N

Two-dimensional scatter plots of proton energies m
sured versus the excitation energies in12N were generated
by subtracting random events from prompt events in a si
lar procedure to that described in Ref.@34#. The separation
energy (Sp) for proton decay is 0.6 MeV in12N. On the
other hand, the neutron separation energy (Sn) is 15.7 MeV
~see Fig. 1!. Thus, proton decay is the main decay chan
for the excitation energy regionEx50.6–15.7 MeV. Figure
7~a! shows a prompt two-dimensional spectrum, which
obtained by gating on the solid angle centered at zero
grees. Loci associated with decay from the SDR and high
lying excitations to the ground state and the low-lyi
neutron-hole states in11C can be clearly seen. The final-sta
spectrum obtained by projecting the two-dimensional sca
plot is shown in Fig. 7~b!. The final states in11C are evident
for the 3

2
2 g.s., 1

2
2, 5

2
2, 3

2
2, and 1

2
1 states, which have bee

observed in the (3He,t1p) work by Sterrenburget al. @26#.
In addition, we clearly identify the proton decay to the1

2
2,

8.1 MeV state in11C.
It is worth noting that proton decays from the highly e

cited continuum states in12N to the ground state in11C are
observed without any sudden decrease even when
neutron-decay channel opens. This fact suggests that s
the present (3He,t) reaction at 450 MeV excites the stat

FIG. 6. Angular correlation of decay neutrons from the SD
region at 7.7 MeV in12B to the ground state of11B. The angular-
correlation patterns calculated for neutron decay from the 22 and
12 states to the ground state of11B are compared with the exper
mental data. It is assumed that the 22 and 12 states have (p3/2

21d5/2)
and (p3/2

21d3/2) configurations, and are excited with the subst
populations ofumu50,1. ~a! The solid, dash-dotted, dashed, a
dotted lines are the results of calculations with theANGCOR code for
a 12 excitation with the assumptions indicated in the figure.~b! The
same as in~a!, but for a 22 excitation. The angular correlation
from the 22 states with (p3/2

21d3/2) configurations are isotropic.
-

i-

l

s
e-
r-

er

he
ce

with one-proton-particle one-neutron-hole (1p–1h) configu-
rations, neutron decay is strongly suppressed even when
neutron-decay channel opens.

Since the penetration thickness of protons in the car
target depends on the emission angles of protons, the en
loss of decay protons in the carbon target with a thicknes
2 mg/cm2 varies from 0 to 250 keV for protons with a deca
energy of 1 MeV. Therefore, a good energy resolution
obtained for the SSD located at backward angles. The en
resolution of the final-state spectrum varied in the ran
350–450 keV, depending on the emission angles. The
tained resolution was sufficient to resolve the decay event
the ground state and the first excited state at 2 MeV in c
trast to the case of the neutron-decay measurements. H
ever, it was not sufficient to resolve well the decay into tw
states at 4.3 and 4.8 MeV in11C.

In order to get the angular correlations of proton dec
the bump structures and the continuum region of
12C(3He,t) 12N spectrum were divided into different bins a
indicated in Fig. 8. These are similar to regions that ha
been used earlier by Sterrenburget al. @26# in the 12C(3He,t)
reaction at 81 MeV, because they defined observed pe
corresponding to resonance structures. The angular cor
tions obtained in the present experiment are shown in F
9–13 and their numerical values are listed in Tables I–II

We took special care in obtaining the experimental data
the angular correlations, since the presented results were
sitive to the electronic threshold in detecting low-energy p
tons. In the present analyses, the proton events w
Edecay(p),1.2 MeV were excluded in the event accumul

FIG. 7. ~a! Two-dimensional scatter plot of proton-triton coin
cidence events induced by the12C(3He,t) reaction atu;0°. The
loci indicate proton decay to final states in11C. Proton events with
energies lower than;1.2 MeV are cut off by an electronic thresh
old. ~b! The final-state spectrum of11C obtained by projecting loci
in the scatter plot onto the excitation energy axis of11C.
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3160 57T. INOMATA et al.
tion. Therefore, the data for proton decay from region A
Ex(

11C! 5 2.0 MeV are not reliable, and are not shown
the present paper.

The correlation patterns observed for protons decayin
the ground state of11C are found to be smooth and we
fitted by the Legendre polynomials:

W~u!5A0@11a2P2~cosu!1a4P4~cosu!#. ~1!

In general, the branching ratios from each excitation
ergy region for decay into various channels can depend

FIG. 8. A singles spectrum atu50° for the 12C(3He,t) 12N re-
action atE(3He!5450 MeV. The regions denoted as A–I indica
the gating bins for which angular-correlation patterns for pro
decay into the final states in11C have been determined.

FIG. 9. The angular-correlation patterns of decay protons fr
the excited states in12N ~regions A–D! to the 3

2
2 ground state of

11C. The solid line shows the results of the fits with a constant p
Legendre functionP2(cosu). The dashed line is the fit including in
addition aP4(cosu) term @see Eq. 1#.
to

-
n

penetrabilities of the Coulomb and centrifugal barriers
well as the nuclear wave functions. In12N, the Coulomb and
centrifugal barriers for proton decay are small, implying
branching ratio of unity for proton decay. However, becau
of the high threshold effects of the SSD’s, the measu
branching ratio for proton decay seems effectively to
smaller than unity.

n

s

FIG. 10. Same as Fig. 9, but for regions E–I.

FIG. 11. Same as Fig. 9, but for decay from regions B–I to
2.0 MeV 1

2
2 state in11C.
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IV. DISCUSSION

A. Structure of 12B

In the recent reports of the12C(dW , 2He! and 12C(12C,12N!
experiments in RIKEN@18,48#, it was concluded that the
large bump atEx(

12B!57.5 MeV should be attributed to th
dominant 22 excitation. If this conclusion were right, w
have to address a new problem to solve the contradic
(p,n) results at intermediate energies@15,16,49,50# and the
theoretical calculations predicting a strong 12 state centered

FIG. 12. Same as Fig. 9, but for decays from regions E–I to
two states at 4.3 and 4.8 MeV in11C.

FIG. 13. Same as Fig. 9, but for decay from regions G–I to
higher excited states in11C.
ry

at 7 MeV @44–46#. For example, a recent theoretical calc
lation by Andersonet al. @15# shows that there are three e
cited 12 states atEx57.1, 7.8, and 8.5 MeV with the
(1p3/2

211d5/2) and/or (1p3/2
211d3/2) configurations, and tha

some 22 strength is predicted at 6.1 and 6.8 MeV with th
(1p3/2

211d3/2) configuration.
The present experiment indicates that the angu

correlation pattern for neutron decay from the 7.7 MeV lar
bump to the ground state of11B is best fitted with the as-
sumption that the wave function of the 7.7 MeV state main
consists of a 12 state with the (1p3/2

211d5/2) configuration. In
the analyses of the angular correlation of neutron decay f
the 7.7 MeV resonance, we put a simple assumption that
magnetic substates of the 7.7 MeV resonance are aligne
only m50,61. This assumption is reasonable since we m
sure the ejected particles2He at zero degrees. Then, we ca
culated the angular correlations from the 12 and 22 states
with the (1p3/2

211d5/2) and (1p3/2
211d3/2) configurations.

Figure 6 shows the comparison between the experime
data and calculations performed with the codeANGCOR @47#.
As seen in Fig. 6~a!, the experimental data are well fitte
with the assumption that the 7.7 MeV resonance hasJp512

with the (1p3/2
211d5/2) configuration and excited with the sub

state populationm561.
The angular correlations of the decay protons from the2

state with the twoDL51 configurations, (1p3/2
212s1/2) and

(1p3/2
211d3/2) is flat. In the calculated correlation pattern fo

e

e

TABLE I. Coefficients of the Legendre polynomials fitted to th
angular correlations of decay protons from the12N excited states in
the excitation-energy regionsA–I to the ground state. The coeffi
cients are derived from the fits of the first one or both terms of
Legendre polynomials in Eq.~1! ~upper and lower parts in eac
column!.

Proton decay to the ground state of11C
Region A0(mb/sr2) a2 a4

A 188.361.8 0.3260.02
189.662.3 0.3060.03 0.0260.03

A1 145.761.9 0.2760.03
149.462.8 0.2260.04 0.0660.04

A2 41.560.5 0.5760.04
41.860.9 0.5660.02 0.0560.04

B 163.161.0 0.5060.02
161.161.6 0.5260.03 20.0060.03

C 63.560.5 0.1560.02
63.660.7 0.1560.02 0.0060.03

D 68.860.5 0.2360.01
67.560.7 0.2760.02 20.0060.03

E 74.760.8 0.2160.02
73.161.0 0.2560.03 20.1060.04

F 49.860.6 0.2960.03
46.860.9 0.4360.05 20.1060.05

G 41.560.5 0.3260.02
40.460.5 0.4160.31 20.1060.04

H 73.560.9 0.0360.02
72.961.1 0.0660.03 20.0060.04

I 40.560.5 20.4360.03
41.560.6 20.4760.03 0.1960.05
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neutron decay of the 22 state with the (1p3/2
211d5/2) configu-

ration, maximum values appear at 135° and 180°. The
served angular correlation for the 7.7 MeV bump has clea
no maxima at these angles. Since the angular-correlation
tern monotonically changes with increasing neutron emiss

TABLE II. Same as Table I, but for decay from the excitatio
energy regions B–I to the 2.0 MeV12

2 state and to the 4.3 and 4.
MeV states in11C.

Proton decay to the 2.0 MeV state in11C
Region A0(mb/sr2) a2 a4

B 52.661.8 20.2060.08
55.563.3 20.2460.09 0.1560.13

C 30.761.2 0.1560.06
30.761.6 0.1560.11 20.0060.10

D 34.360.6 0.5060.04
34.560.7 0.0460.04 0.0760.07

E 37.361.4 0.2460.09
37.162.0 0.2560.12 20.0060.13

F 21.661.0 0.2260.11
21.061.6 0.2760.16 20.0060.17

G 17.560.6 0.2960.12
15.661.1 0.0560.17 20.3060.19

H 25.960.8 0.0260.05
25.260.9 0.0960.08 20.1060.12

I 10.360.5 20.5260.09
10.460.8 20.5460.11 0.0460.19

Proton decay to the 4.3 and 4.8 MeV states in11C

E 61.360.9 20.0660.03
60.261.2 20.0260.04 20.1060.07

F 36.160.4 0.1560.04
35.461.2 0.2060.09 20.0060.10

G 33.960.7 0.2560.04
33.360.8 0.2960.05 20.0060.07

H 59.761.4 0.1760.05
57.461.8 0.2660.07 20.1060.08

I 27.260.4 20.2260.05
28.860.8 20.2460.05 0.2060.08

TABLE III. Same as Table I, but for decay from the excitatio
energy regions G–I to the 6.3 and 8.1 MeV states in11C.

Proton decay to the 6.3 MeV state in11C
Region A0(mb/sr2) a2 a4

G 11.761.4 20.2560.21
13.062.2 20.3760.22 0.2760.30

H 23.064.7 0.2560.41
23.465.9 0.2160.55 0.0660.53

I 9.960.5 0.2060.10
8.560.9 0.5960.27 20.4060.27

Proton decay to the 8.1 MeV state in11C

G 19.661.9 0.1760.19
19.663.3 0.1760.33 0.0060.23
b-
ly
at-
n

angle, it would be difficult to fit the data with the 22 as-
sumption for the 7.7 MeV resonance. Thus, the measurem
of the neutron angular correlation favors the conclusion t
the 7.7 MeV resonance hasJp512 with the (1p3/2

211d5/2)
configuration and is excited by spin flip.

B. Structure of 12N

The strongly excited peak atEx54.1 MeV in 12N has
been observed in the12C(3He,t) 12N reaction. This peak is
known to be mainly due to the 22 state although a smal
peak due to the 42 state, which is actually excited with
weak intensity atu50° @15#, could be present. The reso
nance region denoted by A (Ex53.0–5.0 MeV! in Fig. 8 is
further divided into two bins A1 (Ex53.5–4.5 MeV! and A2
(Ex54.5–5.0 MeV!, and the angular correlations are o
tained for each region. This binning is similar to that given
the previous (3He,t1p) work @26#. The obtained results ar
shown in Fig. 9 and listed in Table I. The present experim
shows that the angular correlations for proton decay from
subdivided regions A1 and A2 are not the same. In Ref.@26#,
it was also reported that the proton decay correlation patte
for the A1 and A2 regions differ from each other, and t
difference could be explained by including some 32 or 42

excitation. In the present (3He,t) measurement at 450 MeV
andu'0°, admixtures of the 32 and 42 states are expecte
to be small. This indicates that two levels of different stru
tures contribute to the 4.1 MeV broad peak. This further m
explain the fact that the observed width of 1.36 MeV in t
present experiment is much larger than the 0.83 MeV wi
reported by Ref.@14# for the 22 state at 4.1 MeV. The an
gular correlation of decay protons from the 4.1 MeV res
nance to the3

2
2 ground state in11C is well fitted by includ-

ing theP2(cosu) term only. TheP4(cosu) term is not needed
in fitting the data although the coefficienta4 is, in principle,
required in the case ofJp522 states.

In the regions B and C corresponding to the 7 MeV re
nance in12N, the angular-correlation patterns are essentia
similar to those for the 4.1 MeV, 22 resonance decay to th
3
2

2, ground state of11C. Each fitteda4 coefficient for proton
decay is significantly small, and thea2 coefficients are simi-
lar to those obtained by fitting the proton decay pattern fr
the 4.1 MeV region to the ground state. It should be no
that the proton-decay angular correlation from the excitati
energy region at;7 MeV in our 12C(3He,t1p) 11C experi-
ment is clearly different from that of the neutron-decay c
relation pattern in the12C(d, 2He1n) 11B experiment; the
proton-decay correlation pattern increases with increas
proton emission angle while that of neutron decay has
opposite behavior. If the substate population of the exci
12 states in the 7 MeV region in12N differs from that of the
(d, 2He! reaction, or if the resonance observed in12N in-
cludes several spin-flip and non-spin-flip states, then it m
be possible to explain the observed difference~see below!.
At present, a model-independent conclusion to make a s
parity assignment,Jp512 or 22, for the 7 MeV resonance
is not feasible on the basis of the experimental data alon

The observed resonance atEx;7 MeV in the
12C(3He,t) 12N singles spectrum~seen in Fig. 8! obviously
consists of many peaks: there are many structures includi
sharp state at 7.1 MeV. This suggests that in the 7 M
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region, there are several states possibly consisting of 12 and
22 states and possibly other states with a mixture of spin-
and non-spin-flip natures. This is consistent with the sh
model predictions@15#. Experimentally, it is difficult to ex-
tract the distributions of spin-flip and non-spin-flip strengt
for the DL51 transitions.

Figure 14 shows the coincidence spectra gated on pr
decays to the 1p3/2

21 , 3
2

2 ground state, the first12
2 state, and

to the first 5
2

2 and second3
2

2 states in11C. One can clearly
observe different populations from the intermediate re
nances in12N to these final states in11C. The broad reso-
nance at 4.1 MeV seems to split into two resonances:
decaying to the3

2
2 ground state of11C @Fig. 14~a!#, and the

higher one to the1
2

2 first-excited state@Fig. 14~b!#. Consid-
ering that at these low decay energies for protons,l 50 decay
will be favored compared tol52 decay, since in the latte
case, protons will have to penetrate both the Coulomb
centrifugal barriers, it appears that the lower resonance p
corresponds to a 22 state and the higher one to a 12 state.

FIG. 14. Coincidence12C(3He,t1p) spectra gated on proto
decay to~a! the 3

2
2 ground state, to~b! the 1

2
2 state, and to~c! the

5
2

2, 3
2

2 states in11C.
p
l-

on

-

e

d
ak

This observation that two resonances may be involved in
4.1 MeV bump is in agreement with the results from t
angular correlations measured for regions A1 and A2, an
also consistent with the observation of the broader width
the present (3He,t) measurement mentioned above.

The decay patterns from the 7 MeV resonance in12N to
the 3

2
2 ground state@Fig. 14~a!#, the first 1

2
2 state @Fig.

14~b!#, and to the first52
2 and second3

2
2 states@Fig. 14~c!#

also differs from each other. A clear peak corresponding
the 6.4 MeV peak seen in region B in Fig. 8 is also identifi
in Fig. 14~a!. However, the same peak disappears in F
14~b!. This suggests that the resonance at 6.4 MeV~denoted
by region B in Fig. 8! mainly decays into the32

2 ground state
in 11C. On the other hand, the sharp peak at 7.1 MeV is
observed in the spectrum gated on proton decay to the3

2
2

ground state in11C. Instead, the 7.1 MeV state strong
populates the first12

2 state, and the first52
2 and second3

2
2

states.
These observations on the proton-decay mode clearly

dicate different microscopic structures for the two res
nances at 6.4 and 7.1 MeV. When we put a gate on the
MeV resonance region in the (3He,t) spectrum~correspond-
ing to region C in Fig. 8!, the ratio of proton decays to th
3
2

2, g.s. and to the first12
2 state is 1:0.48, whereas tha

obtained with a gate on the 6.4 MeV resonance region~cor-
responding to region B! is 1:0.25.

Andersonet al. predict three 13
2 , 14

2 , 15
2 , states at 7.1,

7.8, and 8.5 MeV and two 23
2 , 24

2 states at 6.1 and 6.8 MeV
in the 7 MeV resonance region in12N. They give the parent-
ages for proton decay from the calculated 12 and 22 states
to the low-lying neutron hole states in11C @15#. We have
estimated the proton transmission coefficients (Tp) for these
states using optical potentials and deduced the de
branches to the low-lying states in11C. The results are given
in Table IV together with the parentages (St) given in Ref.
@15#. By summing upSStTp for each final state, we get th
theoretical estimations for the branching ratios. The res
are 1:0.1, 1:0.5, 1:0.0, 1:0.4, and 1:0.2 for the 13

2 , 14
2 , 15

2 ,
23

2 , and 24
2 states, respectively. If the 6.4 and 7.1 Me

resonances correspond to the 13
2 and 14

2 states, the observe
branching ratios are rather consistent with the theoretical
on

2

1.1
TABLE IV. Parentages (St) and penetrabilities (Tp) for proton decays from the states in the SDR regi
to the low-lying hole states in11C. The parentages are taken from Table V in Ref.@15#. The branching ratios
(R) are obtained by summing upSt3Tp for each final state.

13
2 14

2 15
2 23

2 24
2

Ex(
12N) 7.1 MeV 7.8 MeV 8.5 MeV 6.1 MeV 6.8 MeV

St Tp R St Tp R St Tp R St Tp R St Tp R

3
2 1

2
^ s 0.056 0.91 1.0a 0.004 0.91 1.0a 0.006 0.90 1.0a 0.005 0.92 1.0a 0.021 0.92 1.0a

3
2 1

2
^ d 0.579 0.73 0.289 0.78 0.158 0.81 0.446 0.64 0.275 0.71

1
2 1

2
^ s 0.1 0.057 0.92 0.5 0.0 0.4 0.2

1
2 1

2
^ d 0.104 0.50 0.105 0.60 0.001 0.68 0.400 0.31 0.088 0.45

5
2 1

2
^ s 0.0 0.0 0.1 0.015 0.53 0.0 0.062 0.75 0.

5
2 1

2
^ d 0.127 0.09 0.030 0.20 0.027 0.33 0.042 0.01 0.010 0.06

3
2 2

2
^ s 0.048 0.77 0.1 0.097 0.85 0.6 0.61 0.89 4.2 0.021 0.42 0.0 0.310 0.71

3
2 2

2
^ d 0.011 0.07 0.353 0.17 0.061 0.29 0.027 0.01 0.173 0.04

aNormalized to 1.0.
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culations. However, we cannot exclude the presence of
23

2 , and 24
2 states in the 7 MeV region with a small prob

ability, since these states are also expected to decay into
3
2 1

2 and 1
2 1

2 states in11C with comparable strengths. Thes
arguments are obviously somewhat qualitative, since to
rive at good qualitative comparisons, the excitation pro
abilities of each state should be used to weight the branc
ratios. This is imperative because the experimental res
are obtained for regions in which different states with diffe
ent cross sections and different branching ratios contribu

As mentioned above, Sterrenburget al. @26# reported
the presence of a sharp state atEx57.63 MeV
in the 12C(3He,t) 12N reaction atE(3He!581 MeV and 75
MeV. They found that this state has strong proton decay
the 5

2
2 state in 11C. However, we could not find any ev

dence for such proton decays in the12C(3He,t) 12N reaction
at E(3He!5450 MeV.

The angular correlations of proton decay from the 7.9,
Ex(

12N!,10.9 MeV region~D and E regions in Fig. 8! to the
ground state in11C were well fitted by theP2(cosu) term.
There is a sharp state at;8.4 MeV, which is clearly identi-
fied in both spectra gated on proton decays to the first1

2
2

state and to the first52
2 and 3

2
2 states in11C. There is an-

other peak observed at;9.5 MeV, which is rather broad
(G'0.7 MeV! and observed only in the spectra gated
proton decays to the the first52

2 and 3
2

2 states@see Fig.
14~c!#.

In the theoretical calculation@44#, a 02 state is predicted
in the region of 9.1,Ex(

12N!,10.9 MeV ~region E!. Actu-
ally, we observed a clear bump at 9.9 MeV. If the bum
corresponds to the 02 state, the angular correlation should
isotropic. Our experimental result shows that the angu
correlation pattern is not isotropic, but is similar to those
the 7 MeV resonance@see Figs. 9~d!, 9~e!, and 10~c!#. Thus,
we cannot find any evidence for the presence of the 02 state
in this excitation energy region. The resonance at 9.9 M
strongly decays by proton emission into the3

2
2 ground state

in 11C. The bump is clearly observed in the spectrum ga
with proton decays to the32

2 ground state as shown in Fig
14~a!, but cannot be identified in Figs. 14~b! and 14~c!.

We observed a small bump at 13.5 MeV on top of t
nuclear continuum in the singles (3He,t) reaction~region G
in Fig. 8!. The presence of this bump is not reported in t
old (p,n) experiments. In the coincidence spectra, the bu
structure is fairly seen in Figs. 14~a! and 14~b!. However, the
presence of the resonance at 13.5 MeV is not evident.

The angular correlations of proton decays from regio
E–F were fitted with Legendre polynomials. We found th
the data can be well fitted with only theP2(cosu) term and
the contribution of theP4(cosu) term is generally small.

V. SUMMARY

The measurements of the (3He,t) and (d, 2He! reactions
on 12C were performed to study the spin-isospin states in
mirror residual nuclei of12B and 12N. We compared three
spectra from the12C(d, 2He!, 12C(g,n), and 12C(3He,t) re-
actions in view of their analog relation. Similar resonanc
populated with theDL51 transferred momentum are foun
to exist in all the spectra. By comparing the12C(3He,t) 12N
and 12C(d, 2He! 12B singles spectra at zero degrees, we o
e

the

r-
-
g

lts
-
.

to

r-
r

V

d

e
p

s
t

e

s

-

serve a remarkable difference in the shape of the br
bumps corresponding to the spin-dipole resonances. This
ference could be attributed to the different natures betw
the (d, 2He! and (3He,t) reactions; the former excites onl
DS51 states and the latter excites bothDS51 and 0 states
although at the present bombarding energy there is a st
preference forDS51 states near zero degrees.

We succeeded to detect neutron decays from the exc
states in12B following the 12C(d, 2He! 12N reaction using a
triple coincidence method. This is an observation of dir
neutron decay from spin-isospin resonances in12B. The an-
gular correlation for neutron decay from the 7.7 MeV bum
in 12B to the ground state of11B has been best fitted with th
assumption that the 7.7 MeV resonance is mainly of2

nature with a (1p3/2
211d5/2) confuguration.

Proton decays from12N were also measured through th
(3He,t) reaction. In the case of the proton-decay measu
ment, we observed the decay branches from the exc
states in 12N to the low-lying neutron-hole states in11C.
Through the study of the angular correlations of the 4.1 M
broad peak, and its decay branching to the ground state
first-excited state in11C, it was possible to infer that this
broad peak is due to two resonances most probably ha
Jp522 and 12, respectively, for the lower and higher res
nance.

Contrary to the case of neutron decay, the angular co
lation of the mirror proton decay from the 7 MeV resonan
in 12N differs from that of the neutron decay. The branchi
ratio determined for decay to the32

2 ground state and to the
first 1

2
2 state in11C was compared with the theoretical 1p–

1h calculations. We conclude that the 7 MeV resonance
12N excited via the (3He,t) reaction at 450 MeV consists o
several different states, which are excited with simi
strengths. The branching ratio indicates the presence of2

states. But, we cannot exclude the contribution of 22 states.
This makes it very difficult to try to fit the angular correla
tions model independently since each resonance can d
with more than one partial wave. In addition, the decay
the overlapping resonances will be adding coherently. Th
two points imply the necessity of a large number of fr
parameters to fit the angular correlations.

However, the present reliable experimental angular co
lations and branching ratios give severe constraints on
various models used to predict the microscopic structure
the spin-isospin excitations in12B and 12N. For example, in
order to clarify the nature of the 7 MeV resonance, furth
theoretical analyses are in progress by combining the Tam
Dancoff approximation to obtain the wave functions with t
distorted-wave Born approximation code to get the excitat
strengths and the decay branch calculations to get
branching ratios for decay into the final states in the resid
nuclei @51#.
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