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Structure of 18Ne and the breakout from the hot CNO cycle
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We used the16O(3He,n) 18Ne, 12C(12C,6He!18Ne, and20Ne(p,t) 18Ne reactions to study18Ne states up to an
excitation energy of 10 MeV, with emphasis on levels corresponding to14O(a,p) 17F and 17F(p,g) 18Ne
resonances that could strongly affect these reaction rates in hot stellar environments. Excitation energies,
widths, absolute cross sections, and angular distributions were measured. We found previously unidentified
states atEx56.1560.01 MeV, 7.1260.02 MeV, 7.3560.02 MeV, 7.6260.02 MeV, 8.3060.02 MeV, ~8.45
60.03 MeV!, 8.5560.03 MeV, 8.9460.02 MeV, and 9.5860.02 MeV. We combined level width, cross
section, and angular distribution data to inferJp values for a number of the new levels as well as for the
previously known 5.1-MeV doublet. Using information from our experiments, we recalculated the14O(a,p)
17F reaction rate, which constitutes a possible path out of the hot CNO cycle into the rp process and could play
an important role in transforming nuclei involved in the hot CNO cycle into heavier nuclei withZ>10.
@S0556-2813~96!03709-0#

PACS number~s!: 26.20.1f, 25.55.Hp, 27.201n, 97.39.Qt
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I. INTRODUCTION

The 14O(a,p) 17F and 17F(p,g) 18Ne reactions play cru-
cial roles in the advanced stages of astrophysical hydro
burning. The 14O(a,p) 17F(p,g) 18Ne(b1n) 18F(p,a) 15O
reaction sequence can provide a path around the relati
slow positron decay of14O in the hot CNO cycle, while the
reaction sequence 14O(a,p) 17F(p,g) 18Ne(b1n) 18F(p,
g) 19Ne can provide an alternate path from the hot CN
cycle to the rapid proton burning~rp! process. The energy
release in the hot CNO cycle is limited by the decay rate
14O(t1/2570.6 s! and 15O(t1/25122 s!. Wallace and Woos-
ley @1# have shown that at sufficiently high temperatures a
densitiesa capture on14O and15O competes favorably with
b decay. This breaks the hot CNO cycle and makes the t
sition into the rp process where the energy generation
can increase by two orders of magnitude.

The 14O(a,p) 17F and 17F(p,g) 18Ne reaction rates de
pend sensitively on the excitation energies, spins, and pa
and total widths of the relevant resonances in18Ne. For ex-
ample, a previous@2# study of the16O(3He,n) 18Ne reaction
found that the missing 31 level lies;230 keV higher than
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calculated by Wiescher, Go¨rres, and Thielemann@3#; this
caused its contribution to the17F(p,g) reaction rate to be
about two orders of magnitude smaller than they had pr
dicted.

Two calculations@4,5# of the 14O(a,p) 17F reaction rate
have recently appeared. These studies were necessarily ba
largely on theoretical expectations as experimental inform
tion about the level structure of18Ne at Ex.5 MeV was
very sparse. In fact, the summary of previous experiment
results@2,6# for 18Ne and18O displayed in Fig. 1 shows that
the 18Ne analogs of a number of18O levels in the region
Ex.5 MeV were yet undiscovered. Because these cou
have a large effect on the predicted17F(p,g) 18Ne and 14O
(a,p) 17F reaction rates, we have investigated the structu
of 18Ne at high excitation energies. We describe ou
studies of the 16O(3He,n) 18Ne, 12C(12C,6He! 18Ne, and
20Ne(p,t) 18Ne reactions in Secs. II, III, and IV, respectively.
These results are analyzed to yield information on the stru
ture of 18Ne in Sec. V. This information is then used to
recalculate the14O(a,p) 17F reaction rate in Sec. VI.

II. 16O„3He,n… 18Ne REACTION

A. Experimental setup

The 16O(3He,n) 18Ne studies were made using the pulsed
beam time-of-flight spectrometer at the University of Wash
ington tandem accelerator. Details of this facility are given i
Refs. @2,7,8#. For this work, we used a set of three un
shielded 12.7-cm-diam liquid-scintillation detectors. Two o
these BC-501 scintillators were 5.1 cm thick and the thir
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2000 54K. I. HAHN et al.
2.5 cm thick; all had excellent neutron-gamma discrimin
tion capabilities. The efficiencies of our detectors as fun
tions of neutron energy were determined using t
7Li( p,n) reaction, for which the absolute cross section
well known @9,10#.

The oxygen targets were prepared by anodizing hig
purity Ta blanks in 0.1N sulfuric acid@11#. The resulting
Ta2O5 layers had thicknesses of approximately 150mg/
cm2. The targets were mounted in a clean cryo-pump
chamber operating at pressures below 531027 Torr. To
avoid any residual C buildup, we moved the target perio
cally so that the beam again struck a ‘‘fresh’’ surface. Th
only detectable contaminant in our spectra was12C. Its effect
on our spectra was determined by always taking data wit
C target under the same conditions as the16O(3He,n) 18Ne
data.

B. Results

Choosing the best beam energy to study a particular le
with the (3He,n) reaction involves a trade-off between goo
energy resolution~which implies lower beam energies! and
appreciable cross section for populating the level~which
usually implies higher beam energies!. Figure 2 shows a

FIG. 1. Previous level diagrams of18O and 18Ne from Ref.@6#
including the 4.56-MeV state in18Ne from Ref.@2#.
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time-of-flight spectrum taken atE3He510.9 MeV; the smooth
curve is a fit obtained using the procedure explained in Re
@2#. This spectrum was used to extract energies and widths
the 18Ne doublet atEx'5.1 MeV and of the level at
Ex55.45 MeV. The extracted values are shown in Table I

Figure 3 shows a 0° neutron time-of-flight spectrum take
atE3He514.0 MeV to study energy levels at higher excitation
in 18Ne. Several previously unobserved levels were seen. W
obtained an angular distribution atE3He514.5 MeV in order
to ~1! confirm that the new levels belonged to18Ne and not
to another nucleus produced via a target contaminant,
observing the kinematic behavior of the correspondin
peaks, and~2! extract spin and parity information about these
levels by comparing the measured angular distribution
distorted-wave Born approximation~DWBA! calculations.

Figure 4 displays time-of-flight data obtained at seven di
ferent neutron angles. The data, transformed into excitati
energy spectra, show previously unobserved levels
Ex56.1560.01 MeV and 7.3560.02 MeV, and an apparent
doublet atEx'7.07 MeV ~see Table I!. In order to facilitate
normalization we fixed one of our three neutron counters
zero degrees and moved the other two to laboratory angles
11°, 23°, 34°, 47°, 64°, and 79°. The data were fitted usin
the program described in Ref.@2#, with the constraint that the
level widths and excitation energies be identical in all spe
tra. The program included an exponential tail in the detect
resolution function to account for neutron scattering by ma
ter close to the target or detector. These tails were assum
to be a function of the detector only. Note, however, that, i
contrast to the situation of the lower excitation energy level
there is a now background contribution from three- and fou
body reactions, especially16O(3He,np)17F, which has a

FIG. 2. Time-of-flight spectrum showing the 5.1-MeV double
and 5.4-MeV level in18Ne. This was taken atun50°, E3He510.90
MeV, and a flight path of 4.53 m. The expanded region of th
spectrum covers the region of very slow ‘‘wrap-around’’ neutron
~i.e., neutrons whose flight times exceeded the beam burst repetit
period!. The peak labeled ‘‘g ’’ is a small residue of the intense
promptg flash.



n

m
in

e

al-

ets

,
c-
of

a-

as
a
k-
ay
he

s-

a
he
er,
he
at
en
ar-
am

le
he

ted

54 2001STRUCTURE OF18Ne AND THE BREAKOUT FROM THE . . .
threshold at a18Ne excitation energy of 3.922 MeV.
Angular distributions of the observed neutron groups a

plotted in Fig. 5, along with DWBA calculations performe
with the codeDWUCK4 @12# using the parameters of Ref
@13#. Our measurements ofEn as a function ofun demon-
strated that all the observed groups did arise from the16O
(3He,n) 18Ne reaction. However, the angular distributions o
the higher-lying levels generally do not exhibit any clea
structures that could be used to extract the transferred orb
angular momentum. The top two panels show the grou
state and first excited state that are clearly resolved in
spectra~see Fig. 3! and whoseL values are known. The
reasonable agreement of the observed and calculated d
butions supports our parameter set. Note that the ang

FIG. 3. Neutron time-of-flight spectrum atE3He514 MeV,
un50°, and a flight path of 4.53 m.

TABLE I. 18Ne levels with Ex >5 MeV observed in
16O(3He,n) 18Ne.

This work Previous resultsa

Ex ~MeV6keV! G ~keV! Ex ~MeV6keV! Jp G ~keV!

5.10668 50610 5.09068 ~21,32) 40620
5.15368 <20 5.14667 ~21,32) 25615
5.45468 <20 5.453610 ~22) <50
6.15610 <40
6.30610 6.297610 <60
6.35610 6.353610 <60
7.07610b 200640 7.062612 180650
(7.05630)b (<120)
(7.12630)b (<120)
7.35618 <50
7.72610 <30 7.713610 <50

7.915610 <50
7.94610 40610 7.949610 <60
8.11610 <30 8.10614 <50

8.50630 <120
9.20610 <50

aReference@6#.
bWe fitted our spectra with either one level atEx57.07 MeV and
G5200 keV or the doublet indicated in parentheses. For this l
case we consistently found a smallerx2 per degree of freedom.
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distribution for theEx55.45 MeV level (Jp522) is not
forward peaked, which is consistent with its being a
unnatural-parity level.

III. 12C„12C,6He…18Ne REACTION

A. Introduction

Almost all previous experimental studies of18Ne were
done using the16O(3He,n) and 20Ne(p,t) reactions. These
are dominated by a direct two-nucleon transfer mechanis
and so preferentially populate only natural-parity states
18Ne. We, therefore, also investigated the12C(12C,6He! re-
action @14#, which proceeds primarily by a compound
nuclear mechanism. This reaction is not particularly selectiv
and can populate all but theJp502 states of 18Ne. Our
results are discussed and compared to statistical model c
culations below.

B. Experimental setup

A 30–300-pnA beam of 80-MeV12C ions from the Yale
ESTU tandem accelerator bombarded natural carbon targ
with thicknesses between 20 and 50mg/cm2. The 12C1
12C reaction products at laboratory angles of 1°, 2°, 4°
6°, 7°, and 10° were analyzed in an Enge split-pole spe
trograph. The spectrograph focal-plane detector consisted
a gas proportional counter and a plastic scintillator@14#. The
isobutane-filled proportional counter had a cathode that me
sured the energy loss in the gas,DE, and two position-
sensitive wires separated by 10 cm. Each of these wires w
surrounded by a series of small copper split rings with
2.5-mm segmentation that served as tapped-delay-line pic
ups connected to lumped delay-line chips. The relative del
between the signals at the two ends of a wire determined t
rigidity of the particle,r. After passing through the gas vol-
ume, most particles stopped in a 6.4-mm-thick BC-404 pla
tic scintillator that determined the residual energyE.

For measuring absolute cross sections, we used both
Faraday cup and a silicon surface-barrier detector. T
surface-barrier detector, located at 40° in the target chamb
was used to calibrate the Faraday cup and normalize t
beam current integrator readings from the Faraday cup
various angles. The 2°, 4°, 6°, 7°, and 10° data were tak
using a Faraday cup located in the target chamber. This F
aday cup was removed for the 1° run and replaced by a be
stop located on the focal plane.

C. Data analysis and results

Because the12C1 12C reaction produces about 105 times
morea particles than6He particles it would be difficult to
separate the6He group cleanly from thea group with con-
ventional nE^E particle identification techniques. The
spectrometer provided an additional parameter of partic
momentum that was used to help separate and identify t
various particle groups. The6He group was identified by
three 2-dimensional gates placed on the parameters,DE, E,
andr.

Because we used natural carbon targets, we expec
some contributions from the13C(12C,6He! 19Ne reaction;
these were determined by running with a13C target in the

ast
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FIG. 4. ‘‘Excitation energy’’ spectra taken at
different angles andE3He514.5 MeV. The fits
were obtained using identical level parameters
each angle and letting the program fit the area.
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middle of each of the natural carbon target runs, witho
changing any experimental conditions or parameters. T
6He spectra at 4° obtained with natural carbon and13C tar-
gets are shown in Fig. 6. No evidence of other contamina
was observed.

FIG. 5. 16O(3He,n) angular distributions taken atE3He514.5
MeV. The lines show DWBA calculations for different values o
the transferred orbital angular momentum; solid line,L50; dashed
line, L51; dotted line,L52; dot-dashed line,L53; solid line,
L54.
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The 12C(12C,6He! 18Ne spectra were quite clean eve
though the strongest states had cross sections of only;1
mb/sr. Data were obtained at six angles in the interv
1°<u lab<10° ~Fig. 7! to measure the kinematic shifts of
each 6He group and test that it did arise from the12C(12C,
6He! 18Ne reaction, and to compare the resulting angular d
tributions with statistical-model compound-nucleus calcul
tions discussed in Sec. III D below.

Several previously unobserved18Ne levels were seen~see
Table II!: states atEx56.15 MeV andEx57.35 MeV that
confirm the 16O(3He,n) 18Ne results in Sec. II, as well as
new states atEx57.12 MeV, 7.62 MeV, 8.30 MeV, 8.55
MeV, 8.94 MeV, 9.58 MeV, and possibly 8.45 MeV~only
observed at two angles!.

D. Angular distributions

Figure 7 shows6He spectra obtained at six angles. For th
1° run, it was necessary to put a 0.125-mm-thick Al foil i
front of the gas detector to stop the12C41 particles~from a
small fraction of12C51 projectiles that picked up an electron
in the target! with the same rigidity as the6He particles
corresponding to 3.5–4.5-MeV states of18Ne. Although the
absorber was thick enough to stop the12C projectiles, their
interactions in the foil produced light particles that entere
the detector and produced the background in t
3.5,Ex,4.5 MeV region of 18Ne seen in the 1° spectrum
shown in Fig. 7. Multiple scattering in the absorber reduce
the position resolution for the6He particles in the 1° run,
resulting in an energy resolution of;100 keV, compared to
;70 keV at other angles.

The 12C(12C,6He! 18Ne reaction is expected to take place
at the 80-MeV 12C beam, via a mechanism in which the
compound nucleus decays to various channels with relat
strengths that can be predicted via a statistical-model cal
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54 2003STRUCTURE OF18Ne AND THE BREAKOUT FROM THE . . .
FIG. 6. Position spectrum from the12C(12C,6He!18Ne experi-
ment. Top: natural carbon target at 4°. Bottom:13C target. The
asterisks indicate previously unobserved levels.

FIG. 7. 12C(12C,6He!18Ne position spectra taken at severa
angles withElab580.0 MeV.
lation @15#. We used the computer codeSTATIS @16# to
calculate the compound-nucleus cross sections for th
12C(12C,6He! reaction populating the various states in
18Ne. The optical-model parameters used to calculate th
transmission coefficients are listed in Table III.

Figure 8 compares the measured cross sections and t
statistical-model calculations for some of the states in
18Ne. The statistical model reproduces expected trends in th
data. Note that the angular distribution for theEx55.45
MeV level (Jp522) is not forward peaked, which is consis-
tent with its being an unnatural-parity level. The angular dis
tributions for the other18Ne levels did not present clear
structures that could be used to extract reliable spin values

IV. 20Ne„p,t… 18Ne REACTION

A. Introduction

We used the20Ne(p,t) 18Ne reaction to study the higher
excitation energy region of18Ne with better resolution

l

TABLE II. 18Ne levels withEx>6 MeV observed in12C(12C,
6He!18Ne.

Q 5 4° Q 5 6° Weighted average valuea

Ex ~MeV6keV! Ex ~MeV6keV! Ex ~MeV6keV!

6.149620 6.148620 6.15620
6.30b 6.30b

7.122620 7.108630 7.12620
7.353620 7.363630 7.35620
7.618620 7.630620 7.62620
7.733620 7.732620 7.73620
7.940630 7.948620 7.94620
8.11c 8.11c

8.295620 8.311620 8.30620
~8.451630! ~8.445630! ~8.45630!
8.535620 8.574630 8.55630
8.943620 8.947620 8.94620
9.199620 9.170620 9.18620
9.593620 9.571620 9.58620

aIncludes values from the other angles 2°, 7°, and 10°.
bThe 6.30/6.35-MeV doublet could not be resolved. Because th
calibration favored 6.30 MeV as explained in the text, this numbe
was used for the calibration along with 0.00-, 1.89-, 3.38-, 5.45-
and 8.11-MeV states.
cUsed for the calibration.

TABLE III. Optical-model parameters used in the analysis of
the 12C(12C, 6He! data.

Channel Vreal Vimag Rreal areal Rimag aimag RCoulomb

~MeV! ~MeV! ~fm! ~fm! ~fm! ~fm! ~fm!

18Ne16Hea 14.0 0.82b 6.18 0.35 6.41 0.56 6.0
20Ne1aa 50.0 2.0b 4.94 0.59 4.94 0.46 3.92
23Mg1na 48.2 11.5c 3.56 0.65 3.55 0.47 0.0
23Na1pa 56.0 13.5c 3.56 0.65 3.56 0.47 3.66
12C112Cd 52.2 9.8c 4.76 0.53 4.76 0.53 3.92

aReference@17#.
bSurface absorption potential.
cVolume absorption potential.
dReference@18#.
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than was possible in the 16O(3He,n) 18Ne and
12C(12C,6He! 18Ne work, and to confirm, if possible, the pre
vious observation@2# of the 31 state at 4.561 MeV. The keys
to our measurements were implanted20Ne targets and the
high-resolution magnetic spectrometers at the Indiana U
versity Cyclotron Facility~IUCF! and at the Princeton Uni-
versity AVF cyclotron. The targets, consisting of;7
mg/cm2 of 20Ne implanted into 40mg/cm2 carbon foils
@19#, allowed us to use dispersion matching techniques t
would not have been possible with an extended gas tar
The IUCF and Princeton results are discussed separatel
the following sections.

B. Indiana experiment

1. Experimental setup

Data were taken with a 88.4-MeV proton beam with a
average intensity of 130 nA. Measurements were made
laboratory angles of 6° and 11° using the high-resoluti
K600 spectrometer and its associated focal-plane detec
@20#. The focal-plane detector@20# consisted of two vertical
drift chambers and two plastic scintillators located immed
ately after the chambers. The scintillator thicknesses w
chosen so that the tritons from the20Ne(p,t) 18Ne reaction
passed through the first scintillator and stopped in the s
ond. This allowed us to separate the tritons cleanly fro
deuterons generated via the20Ne(p,d) 19Ne reaction. Disper-
sion matching was used to optimize the position resoluti
For the 6° run the dispersion was matched using the inte
proton group from the12C(p,p) 12C~g.s.! reaction at 7°
which had the same kinematic factor (k51/p dp/du) as the
20Ne(p,t) 18Ne reaction at 6°. For the 11° run (k50.024),

FIG. 8. Absolute Hauser-Feshbach statistical-model calculati
compared to experimental angular distributions for18Ne states
populated in the12C(12C,6He!18Ne reaction atElab580.0 MeV.
The solid lines indicate experimental values; the dashed lines
model calculations.
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we interpolated the settings between the 6° (k50.012! val-
ues and those appropriate for12C(p,p) 12C at 23°
(k50.036!.

2. Data analysis and results

It was impossible to focus a wide range of18Ne states on
the focal-plane detector because the focal surface w
slightly curved and we used a large solid angle of 3.98 m
However, with the angle as well as position information
was possible to make corrections and recover optimum p
formance at all positions without losing statistics. After co
rections, we obtained an energy resolution of 20–25 keV
the 18Ne levels of interest.~See Ref.@14# for a detailed de-
scription of the data-processing procedure.!

The final corrected triton position spectrum measured
11° is shown in Fig. 9. All the peaks are identified a
states of 18Ne or of 11C, 10C, 14O, and 26Si from the
20Ne(p,t) 18Ne, 13C(p,t) 11C, 12C(p,t) 10C, 16O(p,t) 14O,
and 28Si(p,t) 26Si reactions, respectively. The origin of sa
ellite peaks around the intense peaks from the ground
3.353-MeV states of10C was never conclusively identified
@21#.

Figure 10 shows the energy region of 4.0,Ex,6.5 MeV.
We saw no indication of the 31 state in the middle of the
4.5-MeV doublet or in the 4.60,Ex,5.10 MeV region; we
could not investigate the region belowEx,4.52 MeV due to
the intense10C ground state. We observed three levels,
6.29, 6.35 MeV, and 7.92 MeV, in the energy range
Ex>6.0 MeV; all of these were also seen in the16O(3He,
n) 18Ne and12C(12C,6He! 18Ne reactions. The results of this
experiment are listed in Table IV and are discussed in S
V.

ons

are

FIG. 9. Position spectrum from the Indiana20Ne(p,t) 18Ne ex-
periment atu t511°.
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C. Princeton Experiment

1. Introduction

At the maximum proton energy for the Princeton AV
cyclotron,;44 MeV, we were not able to study18Ne levels
with Ex>6.0 MeV because at this energy the elastic proto
have the same magnetic rigidity as the tritons of intere
Therefore, we were restricted to studying18Ne states below
6.0 MeV.

2. Experimental setup

We studied the20Ne(p,t) 18Ne reaction atEp540 MeV
and u lab510° and 20° using a QDDD spectrograph@22#.
Although the large dispersion of the spectrograph limited t
range of energies that could be examined at any one set

FIG. 10. Position spectra from the Indiana20Ne(p,t) experi-
ment showing the 4.0,Ex,6.8 MeV region of 18Ne, taken at
u t56° and 11°. The arrow in the 11° spectrum shows where
6.15-MeV level, which was seen in the16O(3He,n) and 12C(12C,
6He! reactions, should lie.

TABLE IV. 18Ne states seen in the Indiana experiment.

Q 5 6° Q 5 11°
Ex ~MeV6keV! G ~keV! Ex ~MeV6keV! G ~keV!

5.095a 4966 5.095a 4966
5.150a <20 5.150a <20
6.286610 <20 6.286610 <20
6.343620 6.346610 45610
7.924620 70620 7.920620 70620

aThese states together with the seven lowest18Ne states were used
for the energy calibration.
F
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of the magnetic field, we were able to study the18Ne level
structure from 3.5 MeV to 5.3 MeV with one magnet setting

The focal-plane detector consisted of two position
sensitive resistive-wire gas proportional counters that me
sured the position and the rate of the energy loss of t
incident ions and a 6.4-mm-thick scintillator that measure
the residual energy. Signals from these detectors were u
to determine the momentum and the identity of particles.

3. Data analysis and results

Figure 11 shows the triton position spectra measured
10° and 20°, which have an energy resolution of'15 keV.
These spectra show the previously known18Ne states, but
give no evidence for new levels such as the 4.56-MeV leve
seen in the16O(3He,n) reaction between the two establishe
levels at 4.5 MeV. The measured widths of the 5.11/5.1
MeV doublet are listed in Table V.

V. STRUCTURE OF 18Ne

Our studies of 18Ne using the 16O(3He,n), 12C(12C,
6He!, and 20Ne(p,t) reactions discussed in Secs. II~includ-
ing Ref. @2#!, III, and IV, respectively, have yielded new
information on the level structure of18Ne above the17F1
p and 14O1a thresholds (Ex.4.0 MeV!. These new results
are summarized below and in Fig. 12 and Table V.

A. ‘‘Missing’’ 3 1 state

This state is expected to provide a strongl 50 resonance
in the 17F 1 p channel which, depending on its resonan

the

FIG. 11. Position spectra from the Princeton20Ne(p,t) experi-
ment, showing the 3.0,Ex,6.0 MeV region of 18Ne, taken at
u t510° and 20°.
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TABLE V. Summary of 18Ne states withEx>4 MeV.

16O(3He,n) 18Ne 12C(12C,6He!18Nea 20Ne(p,t) 18Neb

Ex G Ex Ex G Jp

~MeV6keV! ~keV! ~MeV6keV! ~MeV6keV! ~keV!

4.52067 966 4.520c 12d

4.56169 25e 31

4.58967 464 4.589c 01d

5.10668 50610 5.106c 4966; 4565f 21

5.15368 <20 5.153c <20; <15f 32

5.45468 <20 5.45g 22

6.15610 <40 6.15620 ~12)
6.30610 6.286610 <20 ~32)
6.35610 6.345610 45610 ~22)
7.07610 200640
~7.05630! (<120! ~41)
~7.12630! (<120! 7.12620
7.35618 <50 7.35620 ~12)

7.62620
7.72610 <30 7.73620
7.94610 40610 7.94620 7.92620 70620
8.11610 <30 8.11g

8.30620
~8.45630!
8.55630
8.94620
9.18620
9.58620

aThe multiplets atEx54.5, 5.1, and 6.3 MeV are not resolved in the12C(12C,6He!18Ne data.
bFrom the Indiana experiment unless specified otherwise.
cFrom our 16O(3He,n) 18Ne experiment.
dFrom Ref.@6#.
eEstimated from a Woods-Saxon calculation.
fFrom the Princeton experiment.
gUsed for the energy calibrations.
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energy and partial widths, could greatly influence the the
monuclear reaction rate of this channel. The only experime
tal evidence of this 31 state has been found in the
16O(3He,n) 18Ne reaction, where a level in the middle of th
4.5-MeV doublet was observed in a single high-resolutio
spectrum at a backward angle (u lab5124.7°) @2#. Although
we did not see any evidence of this state in20Ne(p,t) 18Ne
measurements at forward angles, this is not surprising a
31 level cannot be populated in the direct two-nucleon tran
fer process that dominates the (p,t) reaction at forward
angles, and was only seen in16O(3He,n) 18Ne under kine-
matic conditions that stronglyinhibit direct processes~back-
ward angles and low neutron energies!. The relatively poor
resolution of our12C(12C,6He! study prevented us from see
ing a level in the middle of the 4.5-MeV doublet. Howeve
the fact that no new levels were seen in the excitation reg
from 4 to 5 MeV provides indirect, albeit weak, support fo
the (3He,n) result.

B. 5.1-MeV doublet

Based on energy considerations and16O(3He,n) 18Ne
strengths, the 5.11- and 5.15-MeV levels of18Ne are ex-
pected to correspond to the 5.10-MeV (Jp532) and 5.25-
r-
n-

e
n

s a
s-

-
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r

MeV (Jp521) levels of 18O, although it is not obvious
which 18Ne level is 32 and which is 21. Wiescheret al. @4#
assigned 32 to the 5.11-MeV level and 21 to the 5.15-MeV
level on the basis of calculated Thomas-Ehrman shifts of
mirror 18O and 18Ne levels. Funcket al. @5# used a micro-
scopic multichannel calculation to arrive at the same doub
spin assignments as Wiescheret al.

However, the two levels of the 5-MeV18Ne doublet lie so
close together that calculated levelshiftscannot give a reli-
able assignment of the spins. On the other hand, thewidths
of the two levels,G(5.11)54565 keV andG(5.15)<15
keV, are very different, and these widths can be used
discriminate reliably between the two possible spin assi
ments@7#, and provide strong evidence that the previous s
assignments of Refs.@4,5# should be reversed.

As a result of penetrability considerations, a level em
ting protons with lowl values will generally have a large
width than a state which must emit protons with a high
l . We placed this argument on a quantitative footing
Woods-Saxon calculations of the Coulomb energy shifts a
widths of a 21 state (s1/2d5/2 configuration! and a 32 state
~either @d5/2#

3@p1/2#
21 or d5/2f 7/2 configurations! as outlined

below and in the Appendix.
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The Thomas-Ehrman shift of the 21 state was estimated
by finding the Woods-Saxon potential (V547.5 MeV! that
placed the 21 level in 18O at its observed energyEx55.25
MeV. We then used this potential plus the added Coulo
interaction to predict the excitation energy of the correspon
ing 21 state in 18Ne. This gave a Thomas-Ehrman energ
shift nE520.83 MeV for a pure single-particle case. Mu
tiplying this energy shift by the17O(d,p) 18O spectroscopic
factor @24# of the analog level,S(s1/2) 5 0.3560.09,
we predict an excitation energyEx(

18Ne!5Ex(
18O)

1nE3S55.0 MeV which is close to the actual excitatio
energy of either member of the 5.1-MeV doublet.

The expected width of the 21 18Ne state was computed a
follows. First we adjusted slightly the potential depth~to
V549 MeV! to reproduce the actual excitation energy
18Ne @2#. Then we computed the single-particle widt
GSP5240 keV, as described in the Appendix, and multiplie
GSP by the 17O(d,p) 18O spectroscopic factor to obtain
predicted width of 84622 keV. This is not too different from
the observed width of the thelowermember of the doublet,
G54565 keV, but much larger than the<15 keV width of
the upper member. In fact, the observed width of the low
level implies a spectroscopic factorS50.2360.02 that is not
inconsistent~considering the realistic uncertainties in ex
tracting spectroscopic factors! with the 17O(d,p) value@24#.

The expected Coulomb energy shift and width of the 32

state were calculated for two configurations: (d5/2)
3(p1/2)

21

with a p1/2 decay andd5/2f 7/2 with a f 7/2 decay. This calcu-
lation yieldedEx'5.09 MeV andG<2 keV. The estimated
width agrees with the observed widthG<15 keV of the
highermember of the doublet.

If we were to reverse the spin assignments of the doub
to those of Wiescheret al. and Funcket al., we would pre-
dict G~5.106 MeV! '1 keV andG~5.153 MeV! '50 keV, in

FIG. 12. Level diagrams of18O and18Ne including results from
this work, Ref.@2#, Ref. @23#, and accepted values from Ref.@6#.
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sharp disagreement the observed widths. This strongly su
gests that the correct assignments areJp(5.106)521 and
Jp(5.153)532.

C. 5.45-MeV level

The 5.45-MeV level was observed in both the16O(3He,
n) 18Ne and12C(12C,6He! 18Ne reactions with angular distri-
butions characteristic of an unnatural-parity state, with ve
weak population at forward angles. This state is not seen
20Ne(p,t) 18Ne at the most forward angles, and is ver
weakly populated atu lab511° ~see Fig. 10!. The angular
distributions of the 5.45-MeV level in these three reaction
together with the Coulomb energy shift calculation and th
fact that all other 18Ne analogs of 18O levels between
5.0<Ex<6.0 MeV have now been identified, strongly sug
gest a spin assignment ofJp522.

D. 6.0–7.0-MeV energy region

A previously unobserved level atEx56.15 MeV was ob-
served in both the12C(12C,6He! 18Ne and 16O(3He,n) 18Ne
experiments. A doublet atEx56.28660.010 MeV and
Ex56.34560.010 MeV, consistent with the earlier results o
Nero, Adelberger, and Dietrich@25#, was observed in the
16O(3He,n), 18Ne(p,t), and ~unresolved! in the 12C(12C,
6He! studies. Table VI lists our proposed spin assignmen
for these states, as well as those assumed by Wiescheret al.
@4# and by Funcket al. @5#.

The well-studied mirror nucleus18O has only three
known levelsJp 5 12, ~22), and 32 in this excitation en-
ergy range. Our Coulomb shift calculations and the calcul
tions of Wiescheret al.both indicate that the18Ne analog of
the 12 6.20-MeV level in 18O is expected to lie at
Ex'6.15 MeV. The18Ne level observed at this energy ha
an 16O(3He,n) angular distribution consistent withL<2 as
shown in Fig. 5. Using the procedure described in the prev
ous section, its width was predicted to be'1 keV, which is
consistent with our observed value ofG<40 keV. The strong
population of this state in the16O(3He,n) 18Ne reaction sug-

TABLE VI. Spin assignments for18O and 18Ne levels withEx

5 4–7 MeV.

18O 18Ne
This work Wiescheret al.a Funcket al.b

Jp Ex Jp Ex Jp Ex Jp Ex

12 4.456 12 4.520 12 4.520 12 4.520
32 5.098 31 4.561 31 4.33c

21 5.255 01 4.589 01 4.590 01 4.590
01 5.336 21 5.106 ~32) 5.090 ~32) 5.090
31 5.378 32 5.153 ~21) 5.146 ~21) 5.146
22 5.530 22 5.454 22 5.453 22 5.453
12 6.198 ~12) 6.15 ~12) 6.125c

~22) 6.351 ~32) 6.286 ~41) 6.294 ~12) 6.294
32 6.404 ~22) 6.345 ~32) 6.353 ~32) 6.353

aFrom Ref.@4#.
bFrom Ref.@5#.
cTheoretical calculations.
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gests it has natural parity, which eliminates the possibility
Jp522.

Because we have identified theJp512 level in 18Ne at
Ex56.15 MeV, the 6.3-MeV doublet in18Ne must contain
the remainingJp532 and Jp5~22) states. The16O(3He,
n) and 20Ne(p,t) both preferentially populate natural-parit
states, but unnatural-parity levels can be weakly popula
via complicated multistep processes. The20Ne(p,t) 18Ne
spectrum in Fig. 10 shows that the 6.286-MeV level is pop
lated much more strongly than the 6.345-MeV level. T
12C(12C,6He! 18Ne results are also consistent with the
(p,t) data; although we could not resolve the 6.30/6.35 do
blet in the heavy-ion reaction, we consistently obtained b
ter fits to other observed peaks with the assumption that
peak of the doublet was at 6.30 MeV rather than 6.35 M
or the averaged value of 6.325 MeV. Therefore, we sugg
the 6.286-MeV state hasJp532 and the remaining state a
Ex56.345 MeV hasJp5~22). These assignments diffe
from those of Wiescheret al. @4# who did not have the
(p,t) data and had to rely on their Thomas-Ehrman sh
calculations.

E. Excitation energy region above 7.0 MeV

Along with the previously observed levels at 7.06 MeV
7.71 MeV, 7.92 MeV, 7.95 MeV, 8.10 MeV, 8.50 MeV, an
9.20 MeV ~see Fig. 1!, we found new levels at 7.12 MeV
7.35 MeV, 7.62 MeV, 8.30 MeV~8.45 MeV!, 8.55 MeV,
8.94 MeV, and 9.58 MeV~Fig. 12!. These new levels help
considerably in completing the spectrum of high excitati
energy states in18Ne compared to those in18O. However,
definite spins for these new states could not be determin

Our Coulomb shift calculation predicted that the analog
the 18O 41 level at 7.11 MeV should lie at'7.05 MeV in
18Ne. We observed a single peak atEx57.07 MeV in the
16O(3He,n) 18Ne experiment, but we obtain a better fit to th
peak assuming two states atEx57.05 MeV andEx57.12
MeV. The combination of our12C(12C,6He! 18Ne data and a
previous 20Ne(p,t) 18Ne experiment@25# is consistent with
two levels atEx57.05 MeV andEx57.12 MeV. The isospin
mirror of the 18O~7.11 MeV,Jp541) state is most probably
one of these two states. For the purpose of calculating
14O(a,p) rate, we assumed that theJp541 level is at 7.05
MeV; changing this energy to 7.12 MeV had an insignifica
effect on the predicted rate over the temperature range
propriate for novas and supernovas. We also suggestJp

512 for the 7.35-MeV level~the mirror of the 7.62-MeV
level in 18O! based on the angular distribution shown in Fi
5.

VI. 14O„a,p… 17F REACTION

A. Introduction

The transformation of the hot CNO cycle nuclei into nu
clei with Z>10 is only possible viaa-induced reactions on
14O and15O @1,26#. It is therefore important to determine th
14O(a,p) 17F and 15O(a,g) 19Ne reaction rates that link the
hot CNO cycle to the rp process. Magnuset al. @27# calcu-
lated the 15O(a,g) 19Ne reaction rate using their measure
ments of the spectroscopic properties of low-lying15O1a
resonances. They found contributions of individual res
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nances that differed by up to a factor of 25 from earlie
estimates@28#. For temperatures 0.5<T9<2.0 (T951 de-
notes 109 K!, their rate showed an overall decrease compar
to the previous estimate of Langankeet al. @29#.

In very hot environments, the14O(a,p) 17F reaction may
compete with15O(a,g) 19Ne. @The 14O(a,g) 18Ne rate is ex-
pected to be several orders of magnitude slower than t
14O(a,p) 17F rate at astrophysically interesting temperature
because the outgoing protons in14O(a,p) are not strongly
suppressed by the Coulomb barrier.# Predictions of the14O
(a,p) 17F reaction rate by Wiescheret al. @4# and by Funck
et al. @5# have recently appeared. These disagree for te
peraturesT9<0.3, largely because Funcket al. included the
contribution of the 5.15-MeV level in18Ne which, as it is
only ;40 keV above the14O1a threshold, increased their
reaction rate by up to three orders of magnitude for tempe
turesT9<0.3. However, as explained in Sec. V B the spi
assignment of Funcket al. for the 5.15-MeV level is incon-
sistent with our experimental results. In the following sec
tion, we have therefore combined our new information abo
the 18Ne level scheme together with the direct-reaction ca
culations of Funcket al. @5# to make an improved calculation
of the 14O(a,p) 17F reaction rate for temperatures up to
T951.

B. Calculation of the reaction rate

1. General framework

Funcket al. @5# found that direct-reaction contributions to
the l 51 partial wave are comparable to or even greater th
the resonant contributions at certain temperatures. We the
fore computed the14O(a,p) 17F reaction rate under the as-
sumption that the reaction proceeds via a combination
compound-nuclear resonances and direct reactions plus
interference between these two mechanisms. The interf
ence between the direct-reactionl 51 partial wave and the
6.15-MeV ~12) excited state was included by using the ex
pression@30#

S~E!5Sres~E!1SDR~E!

62~SresSDR!1/2cosF tan21S G~E!

2~E2Er !
D G . ~1!

Interference of the 7.35-MeV~12) state and thel 51
direct-reaction background and interference of the 6.29-Me
~32) state and thel 53 direct-reaction background do not
have a significant effect onS(E) and were not included in
the rate calculations described in Sec. VI B 2, below. Th
7.35-MeV ~12) state has an order of magnitude smalle
strength@Sres(Er)#, a narrower width~12 vs 20 keV!, and a
higher energy than the 6.15-MeV level, all of which reduc
the importance of the interference term involving the 7.35
MeV state. In the energy range of interest,T951 ⇒
E051.13 MeV~with nE0560.36 MeV!, the 7.35-MeV in-
terference term is never more than'43104 MeV b, at least
an order of magnitude smaller than the 6.15-MeV interfe
ence term. Interference of the 6.29-MeV~32) resonance is
an order of magnitude weaker than the 6.15-MeV stat
while the l 53 direct-reaction background is an order o
magnitude smaller than thel 51 background as well.
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TABLE VII. Predicted 14O1a resonance parameters based on known properties of corresponding18O
states.

Ex E0 Jp C2Sa
a Ga C2Sp

b Gp Gexpt. vg(a,p)
~MeV! ~MeV! ~keV! ~keV! ~keV! ~MeV!

5.153 0.039 32 0.023 4.3310255c 0.03 1.7 <15 3.0310257

6.150 1.036 12 0.023 2.231023 0.03 20 <40 6.631026

6.286 1.172 32 0.019 3.431024 0.03 25 <20 2.431026

7.05 1.94 41 0.11 4.831022 0.13 53 <120 4.331024

7.35 2.24 12 0.01d 1.7 0.01d 12 <50 4.531023

aFrom Ref.@31# unless otherwise noted.
bFrom Ref. @24# unless otherwise noted. AssumedC2Sp50.01 for the channels not observed in the17O
(d,p) reaction.
cBecauseBIND cannot accurately calculate widths of states lying barely above threshold, the width of
level was computed using Eq.~5!. For this resonance to have an appreciable affect on the cross section
width would have to be increased by four orders of of magnitude.
dAssumed value taken from Ref.@4#.
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Wiescher et al. @4# calculated the contribution to the
14O(a,p) 17F rate from direct 14O(a,g) 18Ne capture to
proton-unbound states and found that these processes
only a minor role. We omitted this mechanism in our calc
lation.

The resonant reaction cross section was assumed to h
a Breit-Wigner form

s~E!5p|2(
i

2Ji11

~2JT11!~2JP11!

Ga
i ~E!Gp

i ~E!

~E2ER
i !21@G i~E!/2#2

.

~2!

Because both the target and the projectile haveJp501

ground states, the sum oni runs over natural-parity levels o
18Ne. The energy dependence of the widths was taken
account by letting the partial widthsGa andGp vary as

Gx
i ~E!5Gx

i ~ER
i !
Pl ~E!

Pl ~ER
i !
, ~3!

where thePl are Coulomb penetrabilities calculated at rad
of 4.99 fm and 4.47 fm for thea and p channels, respec-
tively.

The partial widthsGa(ER) and Gp(ER) are not known
directly, and had to be inferred from the mirror nucleu
18O using isospin symmetry. They were obtained from t
expression

Gx
i ~ER

i !5C2SiGx
i ,SP, ~4!

where the proton and alpha spectroscopic factorsSi were
taken from 17O(d,p) @24# and 14C(6Li,d) @31# transfer-
reaction data. The18Ne single-particle widthsGx

i ,SP were
computed in two ways

~1! Using a Woods-Saxon code as discussed in Sec. V
above and in the Appendix. For consistency, we took t
geometry of the 14O1a potential (R5Rc55.00 fm,
a50.65 fm! to be identical to the14C1a potential used in
the DWBA analysis of the14C(6Li,d) data@31#; the number
of nodes in thea1 14O wave function was taken from the
harmonic-oscillator model assuming the particles to be in
lowest available shell-model orbits. The geometry of t
play
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17F1p potential (R5Rc53.21 fm,a50.65 fm! was identi-
cal to the 17O1p potential used in the DWBA analysis of
the 17O(d,p) data@24#.

~2! Using the simple expression

GSP~Er !53
\2

mR2Pl ~Er !, ~5!

where the alpha and proton penetrabilities were calculated
radii of 4.99 fm, and 4.47 fm respectively.

The results from these two procedures agreed reasona
well, typically within a factor of 3 and within a factor of 5
for the worst case. We adopt and tabulate the widths o
tained from the Woods-Saxon approach as these were ba
on a consistent approach for relating transfer-reaction cro
sections to the widths of levels in the mirror nucleus. Th
predicted partial alpha and proton widths of the lowe
14O(a,p) 17F resonances are listed in Table VII.
We have restricted our calculations to temperatures belo

T951, relevant for nova explosions and some x-ray burs
and supernovas. At these temperatures, the compou
nuclear contributions to these reaction rates are domina
by resonances in the region we studied in this work.

2. Results and astrophysical implications

Funck et al. @5# predicted a strong contribution to the
l 52 partial wave ofStotal that arose almost entirely from the
5.15-MeV state. We have shown that this state is much mo
likely to haveJp532, which greatly reduces thel 52 con-
tribution. Because of the much narrower width of the 32

state, its tail has a much smaller influence onStotal.
Figure 13 shows theStotal(E) resulting from the summed

resonant contributions of the 5.153-MeV (Jp532), 6.15-
MeV (Jp512), 6.286-MeV (Jp532), 7.05-MeV (Jp5
41), and 7.35-MeV (Jp512) states, together with the direct
l 51 contribution and its interference with the 6.15-MeV
resonance, in comparison with the previous calculations
Funcket al. @5#. The figure shows that our new information
about the resonances~especially, the 6.15-MeV resonance!
make significant contributions to the14O(a,p) 17F reaction
rate.
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The reaction rate, expressed in terms ofS(E), is given by

NA^sv&5NAS 8

pm~kT!3
D 1/2E

0

`

S~E!expS 2
E

kT
2
EG
1/2

E1/2DdE.
~6!

For isolated resonances this reduces to

FIG. 13. The 14O(a,p) S factor predicted from the partial
widths in Table VII. The solid and dashed lines showStotal for the
two choices of the sign of the interference between the direct p
cess and the 1.036-MeV resonance; the dotted line shows thS
factor from the previous work of Funck, Grund, and Langanke@5#,
which did not include contributions from the new resonances fou
in this work. The figure shows that our new information about t
resonances~especially, the 6.15-MeV resonance! makes significant
contributions to the14O(a,p) 17F reaction rate.
NA^sv&51.5431011~AT9!
23/2(

i
vg iexpS 211.605

Ei

T9
D ,
~7!

which for the 14O(a,p) 17F reaction for the 5.153-, 6.286-,
7.05-, and 7.35-MeV states, respectively, becomes

NA^sv&58.42310247~T9!
23/2exp~20.453/T9!

16.743104~T9!
23/2exp~213.60/T9!

11.213107~T9!
23/2exp~222.51/T9!

11.263108~T9!
23/2exp~226.00/T9!. ~8!

The integral in Eq.~6! for the 6.15-MeV state, thel 51
direct-reaction background, and their associated interferen
was evaluated numerically and then added to the express
for the other four resonances. The resultingNA^sv& values
are presented as a function ofT9 in Table VIII and in Fig.
14. For all the temperatures in the rangeT9,1, the 6.15-
MeV state, thel 51 direct-reaction background, and thei
interference account for more that 92% of the total reactio
rate; for T9,0.5, appropriate for all nova explosions, they
account for more than 98% of the total reaction rate.

For comparison, the calculated14O(a,g) 18Ne reaction
rate @4# and the 15O(a,g) 19Ne reaction rate based on the
recently revised estimate of the strength for the lowest~un-
measured! resonancevg520meV @32# are also plotted in
Fig. 14. While both the14O(a,p) and 15O(a,g) reactions
may serve to initiate breakout paths from the hot CNO cycl
our results indicate that15O(a,g) is significantly faster than
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TABLE VIII. Reaction rates.

T9
14O(a,p) a 14O(a,p) b 14O(a,g) c 15O(a,g) d

~cm3 mol21 s21) ~cm3 mol21 s21) ~cm3 mol21 s21) ~cm3 mol21 s21)

0.10 2.07310221 4.34310222 4.19310251 7.03310225

0.15 8.44310217 1.37310217 2.18310234 1.12310216

0.20 7.15310214 8.66310215 4.38310226 1.25310212

0.25 9.03310212 7.78310213 3.89310221 3.10310210

0.30 3.85310210 2.72310211 7.38310218 1.1731028

0.35 9.1631029 1.4431029 1.56310215 1.5131027

0.40 1.7031027 6.7131028 8.43310214 1.0131026

0.45 2.4331026 1.5131026 1.84310212 4.4231026

0.50 2.4231025 1.8431025 2.13310211 1.4631025

0.55 1.6931024 1.4231024 1.56310210 4.0331025

0.60 8.6831024 7.7231024 8.08310210 1.0131024

0.65 3.4931023 3.2231023 3.2331029 2.4031024

0.70 1.1531022 1.0931022 1.0531028 5.5631024

0.75 3.2331022 3.1431022 2.9031028 1.2431023

0.80 7.9331022 7.8631022 7.0331028 2.6531023

0.85 1.7531021 1.7631021 1.5331027 5.3931023

0.90 3.5231021 3.6131021 3.0531027 1.0331022

0.95 6.5831021 6.8331021 5.6531027 1.8731022

1.00 1.15 1.21 9.8631027 3.2231022

aAssuming constructive interference below the 1.036-MeV resonance.
bAssuming destructive interference below the 1.036-MeV resonance.
cFrom Ref.@4#.
dFrom Ref.@32#.
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14O(a,p) at temperatures belowT9;0.48 ~covering the ex-
pected range for nova explosions! and will therefore domi-
nate the breakout from the hot CNO cycle into the rp pr
cess. However, in higher-temperature explosions~such as
x-ray bursts associated with accreting neutron stars!, the
14O(a,p) reaction will dominate. It is also clear tha
14O(a,g) does not compete significantly with14O(a,p)
anywhere in this entire temperature range.

Some words of caution are in order. The low-temperatu
rates for both the14O(a,p) and the15O(a,g) reactions de-
pend, in each case, almost entirely on a single resona
where the important widths that determine the resona
strength,vg, had to be extracted from indirect measur
ments. Furthermore, at temperatures aboveT9;1.5, the
14O(a,p) reaction rate contains very significant contribu
tions from resonances, about which very little is known b
yond their energies.

VII. CONCLUSIONS

Our revised spin assignments for the 5.11- and 5.15-M
levels of 18Ne,Jp521, andJp532, respectively, lower the
14O(a,p) 17F reaction rate calculated by Funcket al. @5# by
up to three orders of magnitude at temperaturesT9<0.3. Our
discovery of new18Ne levels atEx56.1560.01 MeV, 7.12
60.02 MeV, 7.3560.02 MeV, 7.6260.02 MeV, 8.30
60.02 MeV ~8.4560.03 MeV!, 8.5560.03 MeV, 8.94
60.02 MeV, and 9.5860.02 MeV allowed us to find18Ne
analogs for all18O states up toEx57.5 MeV. Armed with
information about these new levels, we have computed a
for the 14O(a,p) 17F reaction forT9<1 that is on much

FIG. 14. The14O(a,p) 17F reaction rate as a function of tem
perature. The solid line and dashed lines correspond to the
possible signs of the interference of the 1.036-MeV resonance
direct reactions. The dotted line is the competing15O(a,g) reaction
rate from Ref.@32#. The 14O(a,g) reaction rate from Ref.@4# is
also plotted. The inset shows a comparison of the present14O
(a,p) 17F rate with the previous rates of Caughlan and Fowler@33#
~solid line! and Funcket al. @5# ~dotted line!.
o-
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firmer experimental grounds than previous calculations.
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APPENDIX

Because our experiments determined only thetotalwidths
of the 18Ne levels, thepartial widths for thea andp decay
channels had to be inferred from knowna and n spectro-
scopic factors of the corresponding levels in the mirro
nucleus18O. This required identifying probable isobaric cor-
respondences, based on measured spectroscopic prope
and on the expected Coulomb energy shifts between18Ne
and 18O. The shifts were calculated as explained in Sec. V
using a standard Woods-Saxon programBIND @7#.

We also needed the single-particlea andp widths for the
18Ne levels. We encountered a problem in computing leve
widths when the particle decay was not substantially inhib
ited by the barrier. Optical model codes conventionally com
puteGSP using the expression

GSP52@dd l /dE~d l 590°!#21. ~A1!

This yields widths that are too large for very broad reso
nances where the energy dependence of the width is not ne
ligible. We therefore deduced the single-particle width from
the full width at half maximum~FWHM! of the S̃ factor,
defined by

S̃5
sE

Pl
2 , ~A2!

wherePl is the Coulomb penetrability ands is the cross
section,

s5
4p

k2
~2l11!sin2d l , ~A3!

calculated from the phase shiftd l (E) predicted byBIND; this
procedure is also valid for a narrow resonance.

The results of our Woods-Saxon calculations are shown
Table IX, whereEn5Ex2E(threshold) denotes the energy
of the neutron orbiting around17O andV the depth of the
strong potential well that produces a stationary state wit
energyEn . Ep is the corresponding energy of a proton or-
biting around17F in the same strong potential plus a Cou
lomb term;DSP would be the Coulomb energy if the level
had the pure single-particle configuration specified in th
fourth column. The column ‘‘C2S’’ gives the spectroscopic
factors from Ref.@24# that were used to predict the excitation
energies and widths of the18Ne levels listed in columns 9
and 10.

-
two
and
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TABLE IX. Coulomb shifts calculated using the code BIND.

Measured Calculated Measured
Jp Ex(

18O! En(
18O! Decaya V Ep(

18Ne! D Gsp ~keV!b C2Sc Ex* (
18Ne!d G* ~keV!e Ex(

18Ne! G ~keV!

01 0.00 28.04 d5/2 69.7 23.82 0.10 1.22 0.12 bnd 0.00 bnd
21 1.98 26.06 d5/2 60.2 21.96 20.02 bnd 0.83
21 1.98 26.06 s1/2 55.5 22.24 20.30 bnd 0.21 1.82 bnd 1.89 bnd
41 3.55 24.49 d5/2 46.9 20.60 20.23 bnd 1.57 3.19 bnd 3.38 bnd
01 3.63 24.41 d5/2 62.3 20.37 20.08 bnd 0.28 3.61 bnd 3.58 bnd
21 3.92 24.12 s1/2 50.8 20.53 20.53 bnd 0.35 3.72 bnd 3.62 bnd
12 4.46 26.63f s1/2

f 59.0 22.74 20.18 bnd h
12 4.46 26.63f d5/2

f 64.9 22.50f 0.06 bnd h 4.46 bnd 4.52 966
32 5.10 22.94 p1/2 25.5 10.80 20.38 85 0.02
32 5.10 22.94 f 7/2 87.1 10.98 20.20 1 0.03
32 5.10 26.00f d5/2

f 55.0 21.97f 20.05 bnd h 5.09 1.7 5.15 <15
21 5.25 22.79 s1/2 47.5 10.50 20.83 353 0.35 4.96 125 5.10 4565
01 5.34 22.70 d5/2 58.5 11.19 20.23 0.3 0.16
01 5.34 23.57g s1/2

g 53.1 20.06g 20.98 <0.1 h 5.29 <0.1 4.59 464
31 5.37 22.67 s1/2 44.1 10.59 20.86 27 1.0 4.51 27 4.56 ?
22 5.53 25.56f d5/2

f 59.0 21.48 10.01 bnd h 5.53 bndf 5.45 <20
12 6.20 21.84 p3/2 26.7 11.70 20.58 660 0.03
12 6.20 24.89f s1/2

f 55.1 21.19 20.35 bnd h
12 6.20 24.89f d5/2 61.4 20.86 20.04 bnd h 6.18 20 ~6.15! (<40)
32 6.40 21.64 p1/2 22.9 11.79 20.69 830 0.03 6.38 25 ~6.29! (<20)
41 7.12 20.92 d3/2 40.1 12.57 20.73 400 0.13 7.04 53 ~7.05! (<120)
12 7.62 20.42 p1/2 23.1 13.07 20.63 1200 h 7.61 12 ~7.35! (<50)

aTo the ground state unless otherwise noted.
bSingle-particle widths estimated by modifying the potential depthV until we obtained an energy in agreement with the experimental valu
and according to the method described in the Appendix.
cFrom Ref.@24# unless otherwise noted.
dExpectedEx in

18Ne taking into account the spectroscopic factor.
eThis width was estimated as the sum of products of the single-particle widths in column 8 times theC2S’s.
fWith respect to17O~1/22)1n or 17F~1/22)1p.
gWith respect to17O~1/21)1n or 17F~1/21)1p.
hC2S not known, assumed50.01.
s,

n-
s
ct
Our predicted Coulomb shiftsD5Ex(
18Ne)2Ex(

18O)
were related to the single-particle Coulomb shifts by

D5(
i
Si*D i

SP. ~A4!

For particles in different configurations, such ass1/2, or
d5/2, S* is just the spectroscopic factor. However, for pa
ticles in identical configurations whereS52, such asd5/2

2 or
s1/2
2 we setS*5S/2 because the Coulomb shift due to one
the particles was already taken into account when we ca
lated excitation energies with respect to the appropri
n117O or p117F thresholds, as theA517 states contain the
Coulomb shift of one particle.
r-

of
lcu-
ate

The level widths were estimated as

G*5(
i
SiG i

SP, ~A5!

where the sum was taken over all possible configuration
Si denotes the spectroscopic factor, andG i

SP denotes the
single-particle width computed as described above. For co
figurations with two particles in the same orbit, such a
d5/2
2 or s1/2

2 the spectroscopic factor of 2 accounts for the fa
that either particle 1 leaves particle 2 plus the16O core or
vice versa.
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