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Spin-isospin excitations in13N have been studied by means of thes3He,td and s3He,tpd reactions at a
bombarding energy ofEs3Hed=450 MeV. The zero-degrees3He,td spectrum is found to be similar to those
from the sp,nd reactions at intermediate energies, suggesting a simple direct reaction mechanism atEs3Hed
=450 MeV. The Gamow-TellersGTd states withJp=1/2− and 3/2− have been strongly excited atulab=0°. The
angular distribution of cross sections for the13Cs3He,td13N reaction and the elastic3He scattering off13C were
obtained atulab=0° –17° and atulab=2° –22°, respectively. The obtained experimental results were compared
with calculations performed in distorted-wave Born approximation. Microscopic structures of the states in13N
have further been studied by observing decay protons in coincidence with high-energy tritons measured at
ulab=0°. The branching ratios for proton decay from the GT states in13N to the final low-lyingT=0 states in
12C were obtained. The wave functions of the excited states in13N are discussed on the basis of obtained
experimental data and relevant theoretical calculations.
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I. INTRODUCTION

The study of the nuclear structure of theA=13 mirror
nuclei is an interesting subject from the point of view of
isospin symmetry. The levels in13C and 13N are isobaric
mirrors. The isobaric relation between13C and 13N is basi-
cally valid although small isospin violation is caused by dif-
ferences in the radial wave functions due to differences in the
binding energies. These small effects are actually observed in
the mirrorg decays from the lowestT=3/2 level in 13C and
13N. The Seattle group[1] reported that theE1 g decay from
the T=3/2, 15 MeVanalog states in13C and 13N shows a
pronounced charge asymmetry, which is not explained by
simple binding-energy effects.

In the past, protons emitted from theT=3/2, 3/2− state at
Ex=15.06 MeV in 13N were measured using the
11Bs3He,npd12C reaction at low incident energies[2]. It has
been found that the 15.06-MeV state has strong decays by
proton emission to the 9.64-MeV, 3− and 1083-MeV, 1−

states in12C, indicating the presence of configurations with
two particles in thesd-shell orbitals. The Stanford group[3]
studied proton decays from the excited states in13N. They
detected decay protons in coincidence with emittedp0 par-
ticles in the13Csp+,p0pd12C reaction, and reported that the
analog giant resonance in13N mostly decays into theT=1
state in the daughter nucleus12C. Suzukiet al. [4] reported
the measurement of neutron decay from the isovector giant

quadrapole resonancesIVGQRd in 13C, which was excited
by the se,e8nd reaction on13C. Neutron decay from13C
should have a complete isobaric relation to proton decay
from 13N if we neglect the presence of the Coulomb force
acting on the decay protons. They observed a strong neutron
population to theT=1, 15.11 MeV 1+ state in12C from the
IVGQR in 13C.

The s3He,td charge-exchange reaction at bombarding en-
ergies above 100 MeV/nucleon has several advantages such
as (1) the relatively strongVst interaction at high energies,
(2) a simple reaction mechanism,(3) a high resolution and
high detection efficiency compared with those ofsp,nd reac-
tions, and(4) a large cross section of excitation of spin-flip
states with a transferred angular momentumDL=0. The ad-
vantages mentioned above enable us to measure decay par-
ticles in coincidence with high-energy tritons from the
s3He,td reaction. Such coincidence experiments with proton
decay have been performed successfully[5–7].

With the assumption of a direct charge-exchange reaction
mechanism, simple arguments are possible to understand the
excited states in13N. The ground state of13C has a main
configuration with a 1p1/2 neutron above the12C core. The
sp,nd ands3He,td reactions can excite states with configura-
tions having one proton in the 1pp1/2 or sd-shell orbitals, one
neutron in the 1np1/2 orbit, and one neutron hole in the
1np3/2

−1 orbit. When the charge-exchange reaction leads to one
neutron hole in the12C core and one proton particle above
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the p3/2 orbit while leaving onep1/2 neutron as a spectator,
the Gamow-TellersDL=0d states and the spin-flipsDL=1d
dipole states are expected to be excited very strongly.

In recent publications[8–10], the 0+ states at Ex
=7.65 MeV andEx,10 MeV in 12C are discussed with the
conjecture of threea-particle condensation. On the basis of
this conjecture, Yamadaet al. [11] suggest that the 1/2− and
3/2− states should appear as the spin-orbit partners with the
12Cs0+d+N configuration in13C and13N. If the ground state
of 13C has a configuration with threea-cluster plus one neu-
tron, the 13Cs3He,td13N reaction is expected to lead to the
excited 1/2− and 3/2− states in13N with such 12Cs0+d+p
configurations.

Thus, it is very interesting to study the proton decays
from the 1/2− and 3/2− states in13N to the 0+ states in12C.
If the 1/2− and 3/2− states in13N have a strong configuration
coupling with the 0+ states in12C, some hints for such cou-
plings would be found in the proton-decay measurements.

In the present paper, we report the results obtained from
the singles measurement of the13Cs3He,td13N reaction at the
intermediate energy of 450 MeV, and from the coincidence
measurement in the13Cs3He,t -pd reaction. The experimental
angular distributions of thes3He,td cross sections are com-
pared with microscopic DWBA calculations. The branching
ratios of proton decays are compared with the results of
simple shell-model calculations for the excited states in13N.

II. EXPERIMENT

The experiments were carried out at the Research Center
for Nuclear PhysicssRCNPd, Osaka University. The3He++

beam at 150 MeV/nucleon was obtained through the cascade
acceleration with theK=120 MeV AVF cyclotron and the
K=400 MeV ring cyclotron. The3He++ beam was trans-
ported to the target position with an achromatic beam-
transport mode. Reaction products, tritons and3He, were
momentum analyzed using the spectrometer “Grand Raiden”
[12] and were measured with a focal-plane detection system.

The focal-plane detection system consisted of two sets of
multiwire drift chambers(MWDC’s) and two plastic scintil-
lation counters. The ray-tracing technique with the MWDC’s
allowed us to obtain information on both the positions and
the incidence angles of reaction ejectiles at the focal plane of
the spectrometer. The plastic scintillators with a thickness of
5 mm were utilized for particle identification, for generating
trigger signals, and for providing signals of stopping timing
for the MWDC’s.

Two 13C targets were used in the experiment. One was a
self-supporting13C foil with a thickness of 1.72 mg/cm2 for
proton-decay coincidence measurements. The energy resolu-
tion of the final states was determined by the energy loss of
decay protons in the target used. Another target was a13C
polyethylene foil with a thickness of 11 mg/cm2 for singles
measurements. The typical energy resolution[full width at
half maximumsFWHMd] was 300 keV.

A. Singles measurements

The cross sections for the13Cs3He,td13N reaction were
measured atulab=0° –17°. The cross sections for3He+13C

elastic scattering were measured atulab=2° –14°. The open-
ing angles, which were defined by the entrance slit of the
spectrometer, were ±10 mrad vertically and ±20 mrad hori-
zontally atulab=0° and atulabù6°. At the scattering angles
of ulab=2° –4°, the slit set at ±10 mrad was used only for
defining the limitation of the vertical angle. The horizontal
scattering angles were determined by the ray-tracing tech-
nique. The beam intensity was varied in the range between 3
and 15 nA, depending on the scattering angles and the type
of measurements.

B. Coincidence measurements

Decay protons from the excited states in13N were mea-
sured in coincidence with tritons from thes3He,td reaction.
The spectrometer was set at 0°. The opening angles of the
slits were set at ±20 mrad horizontally and at ±20 mrad ver-
tically. The typical beam intensity was 4 nA, which was de-
termined to achieve a good signal-to-noise ratio for thet -p
coincidence measurements.

Decay protons from the excited states in13N were de-
tected using an array of 40 lithium-drifted silicon detectors
(SSD’s) [13], which were mounted at backward angles with
respect to the incident3He++ beam to reduce the nuclear
continuum events which dominate at forward angles due to
the quasifree processes with three-body final states. The
SSD’s were located atulab=100° –160° with intervals of
10°.

The effective area of each silicon detector was about
450 mm2. The thickness was 5 mm, enough to stop decay
protons with an energy up toEp=30 MeV. The distance be-
tween the target and the front surface of each detector was
150 mm. The total solid angle for proton detection covered
by the SSD array was 5.7% of 4p.

The frame of the SSD’s array was copper plate with a
thickness of 2 mm, which was connected to a copper cooling
pipe. The SSD’s were cooled down to −25°C by circulating
ethylene-glycol liquid to reduce the thermal noise of SSD’s
and to improve the resolution. Each SSD was electrically
insulated by ceramic plates to reduce the noise.

III. RESULTS AND DISCUSSION

A. Singles spectra

Figure 1 shows the13Ns3He,td13C singles spectra atulab

=0°, 2.25°, 6.25°, and 8.75°. In the 0° spectrum, we ob-
served several discrete states with the transferred angular
momentum ofDL=0. The excitation energies andJp values
for these states are labeled in Fig. 1(a). In the spectra at large
scattering angles, other discrete states withDLù1 were
prominently excited. These states are indicated by the arrows
in Fig. 1. In Fig. 1(b), the 2.36-MeV 1/2+, 6.36-MeV 5/2+,
and 6.89-MeV 3/2+ states are indicated as those excited
with the transferred angular momentum ofDL=1. At 6.25°,
the 7.38-MeV 5/2−, 16-MeV, and 21-MeV states have been
observed as those withDL=2.

As seen in Fig. 1(b), some broad peaks have been ob-
served at excitation energies,Exù16 MeV. These broad
peaks are inferred to be due to the excitation of spin-dipole
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resonances(SDR’s) with DL=1. These broad peaks are su-
perimposed on a nonresonant continuum from the quasifree
three-body processes. This becomes dominant at large scat-
tering angles.

Table I lists the discrete states in13N observed in the
presents3He,td measurements. These are compared with the
previous experimental results taken from Ref.[14]. In order

to determine the cross sections of the discrete states, we first
fitted the peak shapes. In the case that the widths of the states
were very narrow, compared with the resolution of the
present experiment, and the excitation energies were well
known, we used the widths taken from Ref.[14] in the spec-
trum fitting procedure except for the states atEx=10.83,
11.74, and 16 MeV.

Since the proton-separation energy of13N is very low,
Sp=1.9435 MeV, all the excited states have intrinsic natural
widths. Thus, Lorentzian shapes were employed in fitting the
peak shapes of the discrete states. When the beam resolution
of 300 keV was not negligibly small compared with the
width of a discrete state, the Lorentzian shapes were folded
with the beam resolution. The background shape was as-
sumed to be fitted with a second-order polynomial function
and the shapes of the discrete states were not affected by the
choice of the function for the background shapes.

Although the width of the 10.83-MeV 1/2− state was not
been obtained in previous work, the peak shape for this state
was found to be sharp compared with that of the 11.88-
MeV state. In the peak fitting process with the Lorentzian
shape, the level widths for the 10.83- and 11.88-MeV states
were set as free parameter. The width of the 10.83-MeV
state obtained in this fitting was almost zero. From its angu-
lar distribution, the 11.88-MeV state in13N is inferred to be
excited withDL=0. This state corresponds to the 3/2− state
at Ex=11.74 MeV reported in Ref.[14]. The width of
98 keV obtained for this state is smaller than the values of
530±80 keV given in Ref.[14].

Figure 2 shows the high-excitation energy parts of the
13Cs3He,td13N spectra atulab=0°, 2.25°, and 6.25°. We ob-
served several broad peaks(resonances) above the excitation
energy of 16 MeV. These peaks are well observed at back-
ward angles, and are inferred to correspond to the SDR’s
with DL=1. Yanget al. [15] have reported the results of the
multipole decomposition analysis for the13Csp,nd13N reac-
tion at Ep=186 MeV to obtainDL=1 strengths. They found
that a considerable amount ofDL=1 strengths exists atEx

FIG. 1. Singles energy spectra of the13Cs3He,td13N reaction at
Es3Hed=450 MeV and atulab=0°, 2.25°, 6.25°, and 8.75°.

TABLE I. Excitation energies and widths of the discrete states in13N.

Ex sMeVda Jp; T G skeVda Ex sMeVdb G skeVdb

0.0 1/2−; 1/2 t1/2=9.965±0.004 min

2.3649±0.0006 1/2+ 31.7±0.8

3.502±0.002 3/2− 62±4

6.364±0.009 5/2+ 11

6.886±0.008 3/2+ 115±5

7.155±0.005 7/2+ 9±0.5

7.376±0.009 5/2− 75±5

8.918±0.011 1/2− 230

9.476±0.008 3/2− 30

10.833±0.009 1/2−

11.74±0.009 3/2− 530±80 11.88 98.0

15.06457±0.0004 1/2−;3/2 0.86±0.12

16.0 163.0

aReference[14].
bDetermined by fitting present experimental data.

NUCLEAR STRUCTURE OF THE SPIN-ISOSPIN… PHYSICAL REVIEW C 69, 064327(2004)

064327-3



=10,30 MeV, making the SDR in13N. When we compared
the sp,nd and s3He,td spectra, we noticed that the shape of
the sp,nd spectrum [see Fig. 1(f) in Ref. [15]] and the
s3He,td spectrum atulab=2.25° are rather similar and the
bump corresponding to the SDR’s consists of many broad
peaks.

To extract the shapes of the broad peaks, the nonresonant
continuum was subtracted. The nonresonant background
from the quasifree three-body processes was assumed to be
described by a semiphenomenological function based on the
Fermi-gas model developed by Erellet al. [16] for fitting the
spectrum shape obtained in thesp± ,p0d reactions. In this
procedure, the quasifree continuum was assumed to have a
Lorentzian shape with an exponential cutoff that simulates
the Pauli blocking effect at the low-excitation-energy side.
The parameters for fitting the shape of the quasifree con-
tinuum were taken from Ref.[17].

The shape of the broad peaks was assumed to be a Lorent-
zian shape. The widths and the excitation energies of these
peaks were determined by fitting these three spectra simulta-
neously. The results are listed in Table II. It is very difficult
to find the one-to-one correspondence between the obtained
resonance locations and those tabulated in the compilation
work by Ajzenberg-Selove[14]. However, it is worthy to
note that the global shape of the13Cs3He,td13N spectrum at
ulab=2.25°, where the spin dipole resonancesSDRd is ex-
pected to be strongly excited, is mainly fitted with the four
broad bumps atEx=17.68, 19.83, 22.14, and 24.50 MeV.

B. Angular distribution of Gamow-Teller „GT… states

Cross sections for the13Cs3He,td13N reaction at 450 MeV
were calculated in the framework of the distorted-wave Born

approximation(DWBA) using the codeDWBA98 [18]. The
transition densities used were calculated with the code
OXBASH [19]. The Cohen and Kurath two-body interaction
(CKII ) [20] was used for the 0"v 1p→1p transitions. For
calculations in both the 0"v and 2"v spaces, the Warburton
and BrownsWBTd [21], and the Millener-Kurath interaction
sPSDMK2d [22], those taken from the recent work by Ot-
suka(PSDMK2 No. 1[23]), and those by Suzuki(PSDMK2
No. 2) [24] were used. The single-particle states were calcu-
lated in the Saxon-Woods potential. Using the elastic scatter-
ing data measured in the present work, the3He+13C optical-
potential parameters based on the Saxon-Woods
parameterization were obtained with the codeECIS79 [25].
The obtained parameters areVr =19.07 MeV,rv=1.554 fm,
av=0.696 fm, Vi =35.98 MeV, r i =0.937 fm, and ai
=0.860 fm. Figure 3 shows the comparison between the re-
sults of the optical-model calculation and the experimental
angular distribution for the3He+13C elastic scattering. The
reducedx2 value for the best-fit parameters was 2.46. For
tritons, the optical-potential parameters were assumed to be
similar or equal to the3He parameters. However, the
potential-well depths were taken 85% of the depths for the
3He particles. For thes3He,td reactions at the bombarding
energies of 60–90, 177, and 410 MeV, it was found that by
taking the well depths of the optical potential for the outgo-

FIG. 2. The13Cs3He,td13N energy spectra atulab=0°, 2.25°, and
6.25°. The dotted lines show the results of peak fitting. The dash-
dotted lines show the background shape due to the quasifree pro-
cesses. The solid lines are the superposition of peak fitting and the
assumed background.

TABLE II. Excitation energies and widths of excited states ob-
served in13N aboveEx=16 MeV.

Ex sMeVd GskeVd

17.68±0.03 1212±74

18.12±0.02 276±41

18.37±0.01 23

19.11±0.01 183±41

19.83±0.02 1542±84

21.20±0.01 581±44

22.14±0.01 1706±82

24.50±0.04 2466±218

26.9±0.9 4380±470

FIG. 3. Experimental angular distribution of the3He+13C elas-
tic scattering atEs3Hed=450 MeV. The experimental data are com-
pared with the result of the optical-model calculation.
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ing triton channel 85% of the incoming3He channel and by
keeping the other parameters equal to the3He parameters,
good fits for the angular distributions of thes3He,td reactions
were achieved[26–28].

An effective 3He-nucleon interaction can be obtained, in
principle, by folding the effectiveNN interaction over the
3He ground-state density. Using a form similar to the isovec-
tor part of theNN interaction with one range for each com-
ponent, while the effectiveNN interaction has three or four
ranges for each component, the cross sections of the
42Cas3He,td42Sc reaction at 30 MeV were microscopically
well described in DWBA as a one-step process[29]. In this
calculation, the various interaction terms were represented
with Yukawa shapes with the ranges ofRt=Rst=1.415 fm
and RTt=0.878 fm, for the isospinsVtd, spin-isospinsVstd,
and tensorsVTtd interactions. This3He-n force was also used
at 66–90 MeV to describe thes3He,td reaction cross sec-
tions for several target nuclei[26]. In spite of the fact that the
energy of 90 MeV is about three times higher than 30 MeV,
the procedure mentioned above was found to be successful in
quantitatively describing the cross sections of the various
multipole excitations. As a first trial, we used the effective
3He-n interaction at 450 MeV with the same form and the
same ranges that were used at lower incident energies.

At scattering angles around 0°, GT transitionssDT
=1,DL=0,DS=1d are mainly mediated byVst, and Fermi
transitions sDT=1,DL=0,DS=0d are mediated byVt. By
fitting the angular distributions of the pure GT transitions in
13N, we defined the strength of the isovector central term
Vst. Since theJp transfer in the 13Cs1/2−d→ 13Ns3.50-
MeV,3/2−d reaction is 1+, it is enough to take into account
only theVst component. Figure 4(a) shows the experimental
differential cross sections for the 3.50-MeV 3/2− state in
13N in comparison with the results of DWBA calculations. In
the DWBA calculations, the effective interactionVst was
assumed to have a Yukawa-shape function with a range of
Rst=1.415 fm which was the same as those used at lower
bombarding energies. In the calculations, two types of wave
functions were used: One was obtained with the Cohen and
Kurath two-body interactions(CKII ) in the 0"v space and
the other was with the WBT in the 2"v space. Both results
of the DWBA calculations were found to agree well with
each other. The calculated results with the other transition

densities[not plotted in Fig. 4(a)] were only slightly different
from those with the CKII and WBT. From the comparison
with the data, we conclude that aVst value of −3.0 MeV is
appropriate for the DWBA calculations to describe the
13Cs3He,td results.

There is no pure Fermi transition in the case of the
13Cs3He,td13N reactions since theDL=0 transition from the
1/2− ground state of13C to the 1/2− analog ground state of
13N is allowed both withDJp=0+ and 1+. Both the Fermi and
GT transitions contribute to the cross section for the
13Cs1/2−d→ 13Ns1/2−,g.s.d transition at ulab,0°. In the
present work, the strengthVt was determined using the ratio
of the volume integrals of the effective interactionsuJt /Jstu2.
With the value ofuJt /Jstu2=0.12±0.01[30,31], theVt value
was set at 1.039 MeV. To check the validity of the values of
Vt and Vst, the DWBA calculation for the
13Cs3He,td13Nsg.s.d reaction has been performed. Figure
4(b) compares the results of the DWBA calculations and the
experimental angular distributions. The shape of angular dis-
tribution near 0° agrees with the experimental data. The
magnitude of calculated differential cross section is, how-
ever, a factor of 2 smaller than the experimental data.

From theNN t-matrix interaction, it is known that the
range of the central terms has three or four components to
describe the long- and short-range parts due to the one-pion-
exchange processsOPEPd and due to the heavy-meson ex-
changes. The ranges in the Yukawa functions have been cho-
sen to reproduce the long-range OPEP behavior of the force.
At low bombarding energies, the short-range components
arising fromr-meson or two-pion exchange in theNN force
are smeared out and give rise to the ranges close to the OPEP
values when the relevant components are averaged over the
volume of the3He particle. On the other hand, at higher
bombarding energies such as 150 MeV/nucleon, we may
need to add components of shorter ranges to the effective
3He-n force. This is especially true in the case of the Fermi
transition, which is primarily associated with the two-pion
and heavy meson exchange processes.

To see the necessity of shorter ranges, the DWBA calcu-
lation with transition densities obtained using the WBT in-
teraction in the 2"v space was performed with rangesRt

shorter than 1.415 fm. For simplicity, only the range ofVt

was replaced to shorter one and the strength was calculated
to keep the constant ratio of the volume integral of

FIG. 4. Experimental differen-
tial cross sections and the results
of DWBA calculations. The solid
curves are the results of the
DWBA calculations with the tran-
sition densities obtained using the
Cohen and Kurath two-body inter-
actions. The dashed curves are
those with the WBT transition
densities.(a) The cross sections
for the 13Cs3He,td13Ns3.50-
MeV,3/2−d reaction. (b) The
cross sections for the
13Cs3He,td13Nsg.s.,1 /2−d reac-
tion.
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uJt /Jstu2=0.12. Assuming ofRt=0.4 fm, the magnitudeVt

becomes 45.92 MeV, and in the case ofRt=0.2 fm, Vt is
358 MeV. The changes of the shapes of the calculated angu-
lar distribution were very small near 0° even if we used the
different ranges. The change in magnitude of the calculated
differential cross section was also small near 0° and there
was no drastic change in the angular distribution.

The difficulty of describing the 13Cs1/2−,g.s.d
→ 13Ns1/2−,g.s.d transition in the DWIA calculation has al-
ready discussed by Wanget al. [32,33] using cross sections
and complete sets of polarization-transfer coefficients. Wang
et al. [33] used the normalization factor for the GT compo-
nent in adjusting the absolute cross sections. Similar renor-
malization processes may be needed to obtain an agreement
between the 13Cs3He,td13Nsg.s.d cross section and the
DWBA calculation. However, reexamination of the used
wave functions in describing the ground states of13C and the
states in13N would be needed at first.

The angular distributions of the GT states atEx=8.92,
9.48, 10.83, 11.88, and 15.06 MeV are shown in Fig. 5. We
found that the shapes of the experimental differential cross
sections of the GT states are much the same. The shapes of
the present DWBA calculations, however, were not the same,
especially for the 11.88-MeV 3/2− state when we used the
Cohen and Kurath wave function. This disagreement be-
tween the experimental data and the DWBA calculation

might be due to the incorrectness of the wave function cal-
culated with the two body interactions. On the other hand,
Yamadaet al. [11] recently discussed that the 1/2− and 3/2−

states in13N result from the12Cs0i
+d+p configurations. Thus,

it is interesting to discuss the structures of the observed 1/2−

and 3/2− states atEx,15 MeV from the clustering aspect.

C. Coincidence spectra

Figure 6(a) shows a two-dimensional scatter plot of pro-
ton energy versusExs13Nd for t -p coincidence events in-
duced by the13Cs3He,td13N reaction at 0°. A 0° singles
s3He,td spectrum, which has been measured at the same
time, is compared with the two-dimensional scatter-plot of
decay protons[Fig. 6(b)] for easy reference. For proton-
decay from an excited state in13N, the energyEf of the final
state in12C is given as

Ef = Exs13Nd − Ep − Sp − Erecoil, s1d

where Erecoil, Ep, and Sp are the recoil energy of the12C
nucleus, the kinetic energy of decay proton, and proton sepa-
ration energy, respectively. The loci for proton decay from
the excited states in13N to the 01

+ ground, 4.44-MeV 2+,
7.65-MeV 02

+, 12.71-MeV 1+, and 15.11-MeV 1+ T=1,
16.11-MeV 2+ T=1 states in12C are clearly identified as
lines corresponding toExs13Nd−Ep.const. The proton and

FIG. 5. Experimental cross sections and the
results of DWBA calculations. The solid curves
are the results with the Cohen and Kurath transi-
tion densities in the 0"v space. The dashed
curves are the results with the WBT transition
densities in the 2"v space.
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neutron separation energies of13N areSp=1.9435 MeV and
Sn=20.064 MeV, respectively. Thus, proton decay from the
excited states in13N dominates at excitation energies be-
tween Sp and Sn since the probabilities ofa and deuteron
emissions are relatively low. It should be noted here that
proton-decay events with energies lower thanEp,12 MeV
were cut off by an electronic threshold in the present experi-
ment.

The discrete final states in12C are seen in Fig. 7, which
has been obtained by projecting the two-dimensional scatter
plot onto the excitation energy axis of12C. As shown in Fig.
7(a), the states in13N with excitation energies lower than
Ex=15.06 MeV mostly decay by proton emission to the 01

+

and 21
+ states in12C. It is interesting to point out that the

7.65-MeV 02
+ state in12C is mainly fed by proton emission

from the states atEx=10–15.06 MeV. Figure 7(b) shows the
final-state spectrum for proton decay from highly excited
continuum states in13N to the ground state and the low-lying
states in12C as well as to higher discrete excited states in
12C. A characteristic feature of the final-state spectrum in
Fig. 7(b) is the fact that the broad resonances at high excita-
tion energies in13N decay by proton emission into the highly
excited states in12C.

Figures 8 and 9 show the coincidence13Cs3He,tpd energy
spectra in13N, which are again compared with the singles
13Cs3He,td13N spectrum[Fig. 8(a)] for easy reference. Each
coincidence spectrum is obtained by gating the decay-proton
events to the final discrete states in12C. In the t -p coinci-
dence spectrum for the events to the ground state of12C [Fig.
8(b)], we observe that the proton decay from the 10.83-
MeV 1/2− state in13N to the ground state of12C is strongly

suppressed, while the proton decay from the same 10.83-
MeV state to the 4.44-MeV 21

+ and 7.65-MeV 22
+ states in

12C are clearly observed[see Figs. 8(c) and 8(d)]. This sup-
pression is qualitatively interpreted in the framework of the
shell-model calculations and is discussed in detail later.

As indicated in Fig. 8(b), proton-decay events in the con-
tinuum region suddenly decrease above the threshold energy
of the 11C+d decay sSd=18.44 MeVd. This decrease of
proton-decay events is not recognized, for example, in Fig.
8(c). It is well known that when the neutron-decay channel
opens, other decay channels by charged-particle emission are
suppressed because of a high probability of neutron emis-
sion. However, the probability of deuteron emission is not
higher than that of proton emission. Thus, the present obser-
vation remains as an unanswered question and requires a
special enlarged deuteron-decay channel near the threshold.

The 15.06-MeV 3/2− T=3/2 state decays to theT=0
states in12C [see Figs. 8(b)–8(d)]. On basis of the isospin
selection rule that the isospin is conserved as a good quan-

FIG. 6. (a) Two-dimensional scatter plot of proton-triton coinci-
dence events induced by the13Cs3He,td13N reaction at
150 MeV/nucleon and atulab,0°. The loci indicate proton-decay
events from the excited states in13N to the final states in12C. (b)
Singles spectrum of the13Cs3He,td13N reaction atulab,0°.

FIG. 7. Final-state spectra of12C after proton decay(a) from the
states in the excitation energy region ofExø15.06 MeV in 13N
where GT states are mainly excited and(b) from the states at
15.06 MeV,Ex,25.0 MeV in 13N where the SDR region is
mainly excited.
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tum number in the system, proton decay from the pureT
=3/2 states to theT=0 states is forbidden because the decay
proton carries only the isospinDT=1/2. Thus, we can con-
clude that the 15.06-MeV state has a considerable amount of
the isospin violation component in the wave function, sur-
passing the weakg-decay rates.

In the t -p coincidence spectra obtained by gating on the
proton-decay events to the higher excited states in12C, we
observed some sharp peaks, which are indicated by arrows at
Ex=17 and 19 MeV in Figs. 9(b) and 9(c), andEx=21 and
22.5 MeV in Figs. 9(c) and 9(d), respectively. These new
sharp peaks have never been reported in previous works on
the singles measurements. These states in13N could be the
isobaric analog states of the excited states in13C with isospin
T=3/2.

D. Branching ratio

The escape widthG is expressed as the sum of the proton
partial escape widthsGi to the final nuclei since decay by
g-ray emission is negligibly smaller than that by proton
emission. The escape width is written as

G = o
i

Gi . s2d

The branching ratio defined by the partial escape width di-
vided by the total width is expressed in terms of the coinci-
dence double-differential cross section to the singles cross
section

Gi

G
=E d2sisu,fd

dVtVp
dVpY ds

dVt
. s3d

The experimental branching ratios for proton decay from the
states in13N to the final states in12C are summarized in
Table III.

The 3.50-MeV 3/2− state in13N decays by proton emis-
sion only to the ground state(g.s.) in 12C. Therefore, the
branching ratio from the 3.50-MeV state to the12C g.s.
should be nearly 1. However, the result obtained in the
present experiment was 0.71±0.17, which was much lower
than 1.0. This is due to the inefficiency of proton detection
due to the energy loss of the low-energy decay protons in the
carbon target depending on the emission angle and the reac-
tion position of proton; the detection efficiency of low-
energy decay protons decreases near the electronic threshold
[see Fig. 6(a)]. In the case of the detection of proton decay
from the 3.50-MeV 3/2− state, the energy of decay protons

FIG. 8. Comparison between the13Cs3He,td13N singles spec-
trum (a) and the spectra obtained with thet -p coincidence gates.
Both the singles13Cs3He,td13N spectrum and thet -p coincidence
spectra have been obtained atulab=0°. The coincidence energy
spectra in13N have been obtained by projecting the event loci for
decay protons to the three final states in12C: (b) the ground state,
(c) the 4.44-MeV 2+ state, and(d) the 7.65-MeV 0+ state.

FIG. 9. Thet -p coincidence spectra in13N obtained by project-
ing the event loci to the four final states in12C: (a) the
12.71-MeV 1+ state,(b) the 14.08-MeV 4+ state,(c) the 15.11-
MeV 1+ T=1 state, and(d) the 16.11-MeV 2+ T=1 state. The
arrows indicate the discrete states atEx=17, 19, 21, and 22.5 MeV,
which could be the isobaric analog states in13C with T=3/2.
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was not high enough to correctly accumulate all the decay
events and the branching ratio obtained became less than 1.
The total branching ratio from the 11.88-MeV 3/2− state is
also less than 1. Since only proton decay occurs from this
state, the total branching ratio to the ground, 4.44-MeV 2+,
7.65-MeV 0+ states should be 1. The reason why the total
branching ratio is less than 1 has not yet been understood.

In the resonance scattering of the12Csp,p8d12C* reaction,
proton decays from the 15.06-MeV 3/2−, T=3/2 state in
13N to the final states in12C have already been measured
[14]. The branching ratios of proton decays reported are
0.228±0.016 to the 0+ g.s., 0.140±0.014 to the 4.44-MeV
2+ state, and 0.049±0.015 to the 7.65-MeV 0+ state in12C,
respectively. The present branching ratios of proton decays
from the 15.06-MeV state agree with these values reason-
ably well (see Table III).

The branching ratios of direct proton decay for various
channels depend on the penetrability of the Coulomb and
centrifugal barriers as well as the nuclear wave functions.
The branching ratios are written as

Gi

G
=

o
n,l,j

Ssn,l, jdiTljsExd

o
i

o
n,l,j

Ssn,l, jdiTljsExd
, s4d

whereSsn, l , jd and Tlj are the spectroscopic factor and the
transmission coefficient, respectively. The transmission coef-
ficients were calculated using the codeECIS79. The optical
potential used was taken from Ref.[34]. The spectroscopic
factors were calculated with the codeOXBASH [19]. The two-
body interactions used were taken from the works of Cohen
and KurathsCKII d [20], WBT [21], PSDMK2 [22], Otsuka
et al. [23], and Suzuki[24]. The shell-model calculations
were performed in the 0"v space for the interaction of Co-
hen and Kurath, and in the 2"v space for the other four
interactions. The experimental branching ratios are listed in
Table IV, and are compared with the results of the calcula-
tions. It should be noted that the theoretical results are nor-
malized to make the proton decay branching ratiooGi /G
,1, for easy comparison between the experimental branch-
ing ratios and the theoretical results. The calculations for the
proton decay from the 15.06-MeV 3/2− T=3/2 state to the
low-lying T=0 states in12C were not performed since the
proton decay from theT=3/2 states to theT=0 state is iso-
spin forbidden and since the isospin violation is not taken
into account in the shell-model calculations.

From the comparison between the experimental results
and the calculations shown in Table IV, we can easily judge
the validity of the theoretical calculations to give a better
description for the proton decay data. For the 8.92-MeV
1/2− state in13N, the branching ratios calculated by using
the two-body interactions of Otsukaet al. [23] and Suzuki
[24] are similar, and well reproduce the experimental branch-
ing ratios. For the 9.48-MeV 1/2− and the 10.83-MeV 3/2−

states in13N, the branching ratios with WBT[21] are rather

TABLE III. Branching ratios for proton decay from the GT
states in13N. The uncertainties of the effective area of SSD are
included in the errors of the present measurements.

Ex in 13N Ex in 12C

sMeVd 0.0s0+d 4.42s2+d 7.65s0+d

3.50s3/2−d 0.71±0.17

8.92s1/2−d 0.60±0.09 0.30±0.05

9.48s3/2−d 0.58±0.11 0.43±0.09

10.83s1/2−d 0.05±0.01 0.54±0.09 0.43±0.16

11.88s3/2−d 0.08±0.01 0.35±0.05 0.10±0.02

15.06s3/2−d 0.16±0.02 0.13±0.02 0.03±0.01

TABLE IV. The Ssn, j , ldTl values. Spectroscopic factorsSsn, j , ld are calculated using the codeOXBASH. Transmission coefficientsTl are
calculated using the codeECIS79with the Perey and Perey optical potential[34]. The shell-model calculations are performed in the 0"v space
for Cohen and Kurath(CKII ) interaction [20], and in the 2"v space for the Warburton and Brown(WBT) [21], the Millener-Kurath
interaction(PSDMK2) [22], those taken from the recent work by Otsuka(PSDMK2 No. 1[23]) and those by Suzuki(PSDMK2 No. 2) [24].

13N state
Ex sMeVd

12C state
Ex sMeVd experiment

Theory

CKII WBT PSDMK2 PSDMK2 No. 1a PSDMK2 No. 2b

8.92s1/2−d 0.00s0+d 0.60±0.09 0.33 0.56 0.32 0.64 0.69

4.44s2+d 0.30±0.05 0.67 0.45 0.68 0.36 0.31

9.48s3/2−d 0.00s0+d 0.58±0.11 0.95 0.47 0.78 0.24 0.15

4.44s2+d 0.43±0.09 0.05 0.53 0.22 0.76 0.85

10.83s1/2−d 0.00s0+d 0.05±0.01 0.06 0.14 0.09 0.18 0.10

4.44s2+d 0.54±0.09 0.60 0.54 0.59 0.34 0.37

7.65s0+d 0.43±0.16 0.34 0.33 0.32 0.47 0.52

11.88s3/2−d 0.00s0+d 0.08±0.01 0.03 0.13 0.13 0.12 0.17

4.44s2+d 0.35±0.05 0.44 0.28 0.32 0.50 0.29

7.65s0+d 0.10±0.02 0.52 0.59 0.55 0.38 0.54

aTwo-body interaction forSnjl from the work by Otsukaet al. [23].
bTwo-body interaction forSnjl from the work by Suzuki[24].
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similar to the experimental results. The experimental branch-
ing ratios for the 11.88-MeV 3/2− state in13N are not re-
produced in any calculations. The 7.65-MeV 02

+ state in12C
is well known to have a considerable amplitude of the
a-cluster wave function. The branching ratios to this 0+ state
calculated in the shell-model framework are considerably
higher than the experimental value.

At the present stage, we conclude that there is no two-
body interaction which can reproduce the branching ratios of
all the GT states consistently. Therefore, more sophisticated
theoretical calculations are inevitable to describe the proton
decay data. In other words, it is fair to say that the proton-
decay data obtained in the present experiment serve as a
stringent test for the microscopic structure of the excited
states both in13C and13N.

IV. SUMMARY

The spin-isospin excited states in13N were studied
through thes3He,td and s3He,tpd reactions. The measure-
ments of thes3He,td, s3He,tpd, ands3He,3Hed reactions on
13C were performed at the bombarding energy of
150 MeV/nucleon. To obtain the phenomenological optical-
potential parameters, elastic scattering of3He particles from
13C was measured at the scattering angles ofulab=2° –22°.
The angular distributions of cross sections for the
13Cs3He,td13N reaction were obtained atulab=0° –17°. De-
cayed protons from the excited states in13N were measured
in coincidence with tritons from thes3He,td reactions at the
scattering angle of 0°.

Microscopic DWBA calculations of the13Cs3He,td13N re-
actions were performed at 150 MeV/nucleon with the pro-
gram codeDWBA98 and compared to the experimental re-
sults. The effective interaction used had the same form as
obtained at lower incident energies, but the strengths of each
term were modified to fit the obtained angular distributions.
Several transition densities in both the 0"v and 2"v spaces
were used. There were slight differences between the calcu-
lated results with different transition densities. The shapes of
the experimental differential cross sections for GT states
were reasonably reproduced in the calculations.

The branching ratios for decay from the GT states in13N
to the low-lying12C T=0 state were determined. The experi-

mental branching ratios disagreed with the prediction of
shell-model calculations. At the present stage, there is no
two-body interaction which consistently reproduces the
branching ratios of all the GT states. The branching ratios
give a severe limitation on the nuclear wave function. It is
demonstrated that the proton-decay data can be a good
means to test the microscopic structure of nuclear wave func-
tions.

Recently, Tohsakiet al. reported that the 02
+ state in12C is

a dilute Bose condensed state of threea particles[8]. The
dilute states have a reduced density and it was found that the
wave function of the 7.65-MeV 02

+ state in12C expands spa-
tially very much compared with that of the ground states01

+d.
Under this assumption, the spin-orbit splitting felt by an ex-
tra nucleon is correspondingly weakened. The spin-orbit pair
of the 1/2− and 3/2− orbitals with respect to the12Cs02

+d state
correspond to the 8.92-MeV 1/2− and 9.48-MeV 3/2−

states in13N [11], respectively. These two states can not
decay to the 7.65-MeV 02

+ in 12C, energetically. Around
10 MeV in 12C, there is the 03

+ state with a width of around
3 MeV. This state is also expected to have 3a cluster struc-
ture. The spin-orbit partners coupled with the 03

+ state could
be the 10.83-MeV 1/2− and 11.88-MeV 3/2− states. We can
recognize from Table III that the pair with12Cs03

+d+p con-
figuration prefer to decay to the 7.65-MeV 02

+ in 12C even it
can be energetically allowed to decay to the ground 01

+ state.
This supports the existence of the dilute Bose condensed
state with a 3a-cluster configuration. To reproduce the ex-
perimental branching ratios of proton decay, we may need to
take into account the 3a-cluster wave functions for a more
detailed comparison.
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