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Abstract

The radiative width of the 3/2+ state at 6.793 MeV in15O has been experimentally determined to beΓγ = 0.95+0.60
−0.95 eV

by intermediate-energy Coulomb excitation. Our result independently supports the recent studies which point to
contribution of this state to the astrophysical rate of the14N(p,γ )15O reaction in the CNO-cycle hydrogen burning in mass
stars.
 2003 Elsevier B.V. All rights reserved.
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The 14N(p,γ )15O reaction at low energies has a
tracted much interest in regards to nuclear as
physics [1,2]. This reaction is particularly essen
in the hydrogen-burning stage of a massive ma
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sequence star as this reaction, being the slowest in
main CNO cycle in stellar conditions, dominates t
rate of energy generation through the entire cycle
This reaction also contributes to the rate of solar
drogen burning processes [3]. So far, several exp
ments have been made of the14N(p,γ )15O reaction at
Ep > 100 keV, either by measuringβ+ activity of the
residual15O nucleus [4–6], or by observing prom
.
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captureγ -transitions [7–10]. Recently, an attempt w
made to extract the14N(p,γ )15O reaction cross sec
tions at lower energies from the transfer reaction
14N(d,n)15O through the measurement of the asym
totic normalization coefficient for15O [11].

The behavior of the low-energy (p,γ ) capture yield
is influenced by the tails of a few discrete levels [2,1
Among them, the s-wave resonance located 504
below the p+ 14N threshold, which corresponds
the 3/2+ state at 6.793 MeV excitation energy
15O, has attracted much attention [3,10]. Schröde
al. extracted the radiative width of the 3/2+ state
to be Γγ = 6.3 eV by an R-matrix fit to their
experimental excitation function [10]. This width
much larger than other evaluations. Assuming isos
symmetry with the 7.301 MeV 3/2+ analog state in
15N, Γγ = 1.08 ± 0.08 eV [12], we obtain aΓγ =
0.87 eV for the 6.793 MeV state in15O. A recent R-
matrix analysis by Angulo and Descouvemont giv
the width Γγ = 1.75 ± 0.60 eV [13], based on th
same data as those used in Ref. [10]. These width
0.87 eV and 1.75 eV lead to negligible contributi
of the 3/2+ state to the14N(p,γ )15O reaction rate
while the width of 6.3 eV increases the astrophys
S-factor at zero energy by about 50% compa
with the one estimated without any resonance eff
Here, theS-factor is defined asS = σE exp(2πη)

with the Sommerfeld parameterη = e2Z1Z2/h̄v [14].
A recent lifetime measurement using the Doppl
shift attenuation method reported the mean life
1.60+0.75

−0.72 fs for the 3/2+ state in15O [15], which
corresponds to a widthΓγ = 0.41+0.34

−0.13 eV, suggesting
again negligible contribution of the 3/2+ state to the
14N(p,γ )15O reaction rate.

The present article reports on a measuremen
the radiative width for the 3/2+ state at 6.793 MeV
in 15O by intermediate-energy Coulomb excitati
using inverse kinematics [16,17]. Energies, angu
distributions, andγ -yields from de-excitationγ -rays
from fast-moving ejectiles are measured with Dopp
shift correction. For E1 transitions, inelastic cro
sections are almost free from the nuclear-excita
contribution even for light nuclei as in the present c
[18–20]. Since this method is independent of the o
employed in the earlier experiments [4–11,15],
present study is expected to provide complemen
information and help resolve the conflicting situati
mentioned above.
The experiment was performed at the RIKEN A
celerator Research Facility. An15O beam was pro
duced by using the projectile fragmentation of
135A MeV 16O beam incident on a 740 mg/cm2

thick 9Be target, and was isotopically separated
the RIKEN Projectile-fragment Separator (RIPS) [2
To preventγ -ray background caused by primary16O
beam interactions downstream of the RIPS prim
target, a swinger magnet directly upstream of the
mary target offset the primary16O beam by 4 degree
with respect to the central axis of the RIPS syste
This method stopped the primary16O beam in a heav
ily shielded area just after the primary target. The t
ical 15O intensity was about 4× 105 counts per sec
ond, and the energy was 100A MeV with an energy
spread of about 2.5%. The isotopic purity of15O in
the secondary beam was approximately 64%, and
jor contamination was14N, which was able to be re
jected by the time-of-flight TOF measurement. T
beam was focused onto a lead target of 1480 mg/cm2

thickness placed at the final focal plane (F3) of RIP
The average energy in the middle of the lead tar
was about 85A MeV. Identification of15O in the sec-
ondary beam was carried out event-by-event by m
suring the (TOF) using a 1.0 mm thick plastic scin
lator installed at the second focal plane (F2) of RI
and cyclotron RF signals.

In order to detect and identify reaction particle
a plastic scintillator hodoscope [22,23] of a 1×
1 m2 active area consisting of a 5 mm thick�E

plane and a 60 mm thickE plane was placed in
vacuum 5.0 m downstream from the lead targ
Isotopic identification of the particles was perform
by measuring the energies deposited in the�E and
E hodoscope detectors and the TOF between the
plastic scintillator and the hodoscope. It was fou
that 15O was clearly separated from other oxyg
isotopes. For E1 Coulomb excitation, 90% of t
inelastically scattered15O particles were detected b
the hodoscope. In evaluating this value, loss of eve
due to nuclear reactions in the detector materia
well as the detector solid angle were taken i
account. More details of the hodoscope are descr
in Refs. [22,23].

A NaI(Tl) array (DALI) placed around the lea
target was used to detect de-excitationγ -rays from
scattered15O particles. As shown in Fig. 1, DAL
consisted of sixty-four NaI(Tl) scintillators and ea
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Fig. 1. A schematic view of the DALI array, with sixty-four NaI(T
scintillators. The intersection of the three straight lines penetra
the array indicate the target center.

scintillator crystal was of 6× 6 × 12 cm3 volume.
The scintillators were arranged to form four laye
and the average angles of the layers were 63, 86,
and 127 degrees, respectively, with respect to the b
direction. The Doppler shift was corrected for eve
by-event using theγ -ray emission angle determine
with an accuracy of about 20 degrees (FWHM). T
spread in the direction of the scattered15O was
neglected, since the particles were measured on
forward angles up to about 6 degrees. The detec
at 63 degrees were mainly used for measuringγ -rays
from 15O, while the detectors at 127 degrees w
used for estimating theγ -ray yield due to targe
excitation, the details of which will be describe
later. The absolute efficiency and line shape ofγ -ray
energy spectra were simulated using the GEA
Monte Carlo code [24]. The calculated efficien
of the fourteen detectors at 63 degrees was 5%
6.793 MeV γ -rays from15O nuclei in flight with a
relativistic velocityβ = 0.40.

Since the energy of theγ -rays measured in th
present experiment is high (around 7 MeV), the
ergy deposited is usually spread over several de
tors, mainly through electron–positron pair creati
Hence, theγ -ray energy spectra are constructed
,

Fig. 2. Energy spectrum ofγ -rays measured at 63 degrees obtain
for the15O + Pb inelastic scattering. The spectrum is Doppler-s
corrected to be in the rest frame of15O. The expected spectrum fo
the 3/2+ → 1/2−

g.s. transition withΓγ = 6.3 eV is shown by the
dashed curve. (See text for details.)

adding up the energy deposited in a “cluster” of cr
tals. The size of the cluster was chosen so as to ach
a high full-energy-peak efficiency with a reasona
low probability of including two independentγ -rays.
Based on the GEANT calculation, we adopted a 15
radius between crystal centers as the definition o
cluster. Among the crystals in a cluster, the one h
ing the largest energy deposition was assigned to
detector of the firstγ -interaction, and the angle of th
first detector was used for the Doppler correction. T
probability of a misassignment of the first hit was c
culated by the Monte Carlo simulation, and was ta
into account in calculating the line shapes descri
shortly.

Fig. 2 shows the Doppler-corrected energy sp
trum ofγ -rays measured in coincidence with scatte
15O by the array detectors placed at 63 degrees. A
dicated by the arrows in Fig. 2, twoγ -ray peaks asso
ciated with excitation of the target nucleus208Pb were
also observed at 2.3 MeV and 3.6 MeV, which cor
spond to theγ -decays from the 2.6 MeV 3− state and
4.1 MeV 2+ state, respectively. The energy shifts a
due to the Doppler correction for movingγ -emitters
with β = 0.40. In order to avoid admixture of the ta
get excitation components into the energy region of
γ -rays in15O, only theγ -ray yields obtained from th
set of detectors placed at 63 degrees, the most forw
angle in the presentγ -ray detector setup, were use



268 K. Yamada et al. / Physics Letters B 579 (2004) 265–270

t
ra-

b-
y of

lcu-

ed
er
am
olu-
ef-
ted
with
ad-
as

25].
is
en-

a-
e-
six
ns

nd
be

ate

all
ent
ned
ees

de-

ry
er-
ield

mi-
e
-
ar-

six

y the

e of
med
the
ns
the
und

ex-
the
es-
ts,

e
lu-
d-

the
te
fit-
the

in
e

d by
ult-

-
r

For the 63 degree detectors, the 6.793 MeVγ -rays
from the 3/2+ state in15O, our focus in the presen
experiment, are shifted up to 7.61 MeV in the labo
tory flame, where essentially noγ -ray from 208Pb is
expected.

As one can see in Fig. 2, no distinct peak is o
served at energies around 6.793 MeV, the energ
the 3/2+ → 1/2−

g.s. transition in 15O. The dashed
curve in the figure represents the peak shape ca
lated from the radiative widthΓγ = 6.3 eV evaluated
by Schröder et al. [10]. This line shape was obtain
by a Monte Carlo calculation, in which the “clust
method” described above was simulated. The be
spot size, energy losses in the target, energy res
tion and efficiency of the detectors, and Doppler
fects were also taken into account. It should be no
that the single- and double-escape peaks overlap
the full-energy peak due to the large Doppler bro
ening. The E1 Coulomb excitation cross section w
calculated by the coupled-channel code ECIS97 [
As clearly seen in Fig. 2, the choice of width 6.3 eV
too large to be consistent with the present experim
tal data.

In order to extract more quantitative inform
tion on Γγ , the spectrum obtained by the 63 d
gree detectors was analyzed with the following
components: four line-shapes from the transitio
in 15O (5.241 MeV (5/2+ → 1/2−

g.s.), 6.176 MeV
(3/2− → 1/2−

g.s.), 6.793 MeV (3/2+ → 1/2−
g.s.), and

7.276 MeV (7/2+ → 1/2−
g.s.)) obtained by the Monte

Carlo calculation; a target excitation component, a
a continuous background component. It should
noted that the 5.183 MeV line due to the ground st
transition from 1/2+ state in 15O was included in
the 5.241 MeV component by neglecting their sm
energy-difference. The target excitation compon
was determined from the energy spectrum obtai
by the backward angle array detectors at 127 degr
The energies of photons from the excited15O nuclei
were greatly reduced by the Doppler effect at 127
grees. The backward emittedγ -ray from the15O was
shifted to energies lower than 5 MeV in the laborato
frame, which corresponds to 4.5 MeV in the Doppl
corrected spectrum at 63 degrees. Hence, the y
above 5 MeV in the 127 degree spectrum is do
nated by theγ -rays from the target. In addition, th
backwardγ -ray yield from15O was found experimen
tally to be much smaller than the yield due to the t
.

Fig. 3. Fits of the Doppler-correctedγ -spectrum from Coulomb
excitation of15O. The experimental data for the15O + Pb inelastic
scattering measured at 63 degrees are plotted with their 1σ error
bars. The curves show the results of the best fits of the
components: four spectra due to the15O excitation, target excitation
component, background component. The total sum is shown b
solid curve through the data points. (See text for details.)

get excitation in the same energy region. The shap
the continuous background component was assu
to be an exponential function. The amplitude of
5.241 MeV-, 6.176 MeV-, and 6.793 MeV-transitio
in 15O; the magnitude of the target excitation; and
slope and amplitude of the exponential backgro
were treated as fitting parameters. The slope of the
ponential background was mainly determined by
γ -ray spectrum above 8 MeV. Its uncertainty was
timated to be 60% by changing the region of the fi
which led to the 20% error for theγ -ray yield of the
6.793 MeV transition. In the fit, the amplitude for th
7.276 MeV transition was fixed to the value eva
ated from the lifetime and branching ratio by distorte
wave calculations discussed later. Ambiguities in
lifetime and branching ratio of the 7.276 MeV sta
were taken into account in estimating errors in the
ting results together with the one for the slope of
exponential background.

The result of the fit is shown by the solid curve
Fig. 3 together with the individual contributions of th
other six components. The data are well reproduce
the sum of the six components. From the fit, the res
ing cross sections are found to be 4.3± 0.9, 5.3± 1.1,
and 0.55±0.35 mb for the 5.2, 6.2, and 6.8 MeV com
ponents, respectively. The detection efficiencies foγ -
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ray and scattered-particle measurements were t
into account in deducing the above cross sectio
The errors include the ambiguities associated with
present fitting procedure, and the common syst
atic uncertainties in the detection efficiency (12%
the beam intensity (7%), particle identification (10%
distorted-wave calculation (5%), and theγ -ray an-
gular distribution (5%). The radiative width for th
3/2+ state,Γγ = 0.95± 0.60 eV, was derived from
the cross section for the 6.8 MeV component w
the help of a distorted-wave calculation assuming p
E1 Coulomb excitation. The optical potential param
ters were taken from Ref. [26], where the data of
17O + 208Pb scattering at 84A MeV were analyzed
to obtain the potential. Note that the Coulomb exc
tion method determines the partial width correspo
ing to theγ -decay to the ground state. In the pres
case, however, the radiative width is directly obtain
from the Coulomb excitation cross section, beca
the 3/2+ state is known to decay to the ground st
in 100% probability. Since the effects of nuclear e
citation are expected to be very small as mentio
earlier, uncertainties regarding the nuclear compon
are not included in the error. Contributions from oth
γ -transitions feeding the 6.8 MeV state could cau
the Γγ = 0.95 ± 0.60 eV value to be smaller tha
determined. Because the 1σ upper bound cannot b
made smaller by feeding, it is appropriate to prov
an experimental radiative width of 0.95+0.60

−0.95 eV. This
result is compatible with the recent lifetime measu
ment that gives the width of 0.41+0.34

−0.13 eV [15], while
the higher value of 6.3 eV reported in the R-mat
analysis of14N(p,γ )15O data [10] is excluded. A new
analysis on the same (p,γ ) data of Ref. [10] predicts
the width of 1.75± 0.60 eV [13], and the present re
sult is almost compatible with this new analysis. T
small radiative width below 2 eV is expected to gi
only a minor effect of the 3/2+ state on the low-energ
14N(p,γ )15O cross section which is of importance
the CNO-cycle hydrogen burning.

To examine the results for the 5.2 and 6.2 M
components, their cross sections were compared
estimates based on distorted-wave calculations
known spectroscopic information. We assumed
angular momentum transfer� to be the lowest pos
sible value, i.e.,� = 1 for 1/2+ excitation, � = 2
for 3/2−, and � = 3 for 5/2+ and 7/2+. Both the
Coulomb (E�) and nuclear excitations were includ
except for� = 1 where only E1 Coulomb excitatio
was taken into account. Magnetic excitation proces
were neglected because of their small inelastic c
sections. The nuclear excitation amplitudes were
culated with the collective deformation model. T
probabilities of theγ -decay transitions were take
from Ref. [27]. Referring to Fig. 3, the first peak
5.2 MeV is expected to be formed by the direct ex
tation to the15O 1/2+ state at 5.183 MeV and 5/2+
state at 5.241 MeV, while the excitation to the high
state (7/2+ at 7.276 MeV) also contributes by the ca
cadeγ -decay via the 5.241 MeV 5/2+ state. The sum
of the estimated cross sections for the 1/2+, 5/2+,
and 7/2+ states (0.08, 2.4, and 5.4 mb, respective
amounts to 8± 5 mb. The contributions to the erro
come from those of the half lives (45%), optical p
tential dependence of the calculated nuclear excita
cross sections (30%), and possible difference betw
the nuclear and Coulomb deformations (20%). T
present result of 4.3 ± 0.9 mb for the two states nea
5.2 MeV is consistent with this estimation. For the s
ond peak at 6.2 MeV, only an upper limit (1.74 fs)
known for the half life of 3/2− state at 6.176 MeV
which leads to the lower limit of the inelastic cro
section of 0.31 mb. The value from the present stu
5.3± 1.1 mb, is larger by an order of magnitude th
the quoted lower-limit, implying a lifetime shorter b
an order of magnitude.

We have studied experimentally the Coulomb
citation of 15O to its 3/2+ state at the excitation en
ergy of 6.793 MeV, which was expected to affect t
low-energy14N(p,γ )15O reaction, a key reaction o
the CNO cycle in massive stars. A radioactive15O
beam bombarded a lead target at 85A MeV average
energy, and de-excitationγ -rays were measured i
coincidence with inelastically scattered15O particles.
A radiative width of the 3/2+ state was extracted to b
Γγ = 0.95+0.60

−0.95 eV. The present result provides ind
pendent support to other recent studies that give s
Γγ values, 0.41+0.34

−0.13 eV [15], and 1.75±0.60 eV [13].
However, the prediction of 6.3 eV by Schröder
al. [10] is not compatible with the present Coulom
excitation result. This suggests that the role of
3/2+ subthreshold state is considerably small and n
ligible for the low-energy14N(p,γ )15O cross section
and possible increase of theS-factor toward zero en
ergy is not favorable in contrast to the prediction
Ref. [10].
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